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ABSTRACT: Sulfate radical anion (SO,°”) is a potent oxidant
capable of destroying recalcitrant environmental contaminants
such as perfluoroalkyl carboxylic acids. In addition, it is thought to
participate in important atmospheric reactions. Its standard @
reduction potential (E°) is fundamental to its reactivity. Using
theoretical methods to accurately predict the aqueous phase E°
requires solvation with explicit water molecules. Herein, using e
density functional theory, we calculated the aqueous E° of SO,*~

B3LYP(CPCM)/
6-311+G(2d,2p)

and evaluated sensitivity to explicit water count. The E° increased —

considerably with more waters until ca. 24 were included, after 2.47V

which change in E° was small. When a proton was added to these SO."E® 0 97 \J
4 *=(aq)

systems, the E° was similar regardless of the explicit water count
and this value was similar to the E° for systems with a large
number of explicit waters but no proton. This result agrees with literature evidence that the E° is pH independent. Natural Bond
Orbital natural population analysis indicated that in the case of both SO,>~ and SO,*~, considerable charge was donated from the
SO, center to the explicit solvation shells.

Bl INTRODUCTION contaminants. "> These studies did not individually report
the E°s for the electrochemical half-reactions that were
involved. We put forth that these values are useful benchmarks
for evaluating the accuracy of the computational model being
employed.

Activating persulfate (S,04>7) to produce sulfate radical anion
(SO,*7) is a noteworthy approach to destroylng recalcitrant
environmental contaminants in water." SO4 is a potent

oxidant that can destroy contaminants in situations where

- dati The prior li 1 ielectri i im-
other advanced oxidation processes (AOPs) (e.g, the Fenton _the prior literature emp oyed dielectric continuum (1m

plicit) solvation models to account for the aqueous reaction
reaction) might be insufficient such as is the case of

i t. However, implicit solvation becomes inaccurate
fl Tkyl li PFCA li -6 ehvironmen ’
el Loroa’y ca'rboxy fc acid ( .C ) mmer'fl 1zat10n. for systems with regions of highly concentrated charge.'”
SO,°” is also an important species in atmospheric chemistry

2~ -
that had been theorized to participate in SO, oxidation leading i?e; )hﬁtzlse sEZﬁdrc;cceii\rlsoET];elfrrlorr; §1 ;l;bslzrcjlstrenott(;o Sl?io 1;
to H,SO, formation.”® Furthermore, its potential role in P ’ 8 sy P

. . . that interacts strongly with it is solvation shell.'® For such a

atmospheric pollutant transformations has also been consid-

9 system, it is appropriate to explicitly include solvent molecules.
ered. .. . . Herein, we report the first estimations of the E° of SO,*” as a

SO,"” is selective for single electron transfer (SET) although . . .

. ) . function of explicit water numbers and these calculations are
it can also perform hydrogen atom abstraction and addition to benchmarked against the empirical value, 2.437 V vs SHE.!”
double bonds.”'”'' The thermodynamic favorableness of & P - )

In addition to includi licit wat lecules i
electron transfer (ET) is provided by comparing the standard D acdition fo MCCINg expiclt warer morerues m ot
) ) o calculations, we explored systems that also included a proton.
reduction potentials (E°s) of the electron donor and the

Within the literature, there are reports of enhanced PFCA
electron acceptor.'”"” In fact, the difference in reduction ’ P

potentials between reactants is the thermodynamic driving
force of ET. This parameter, coupled with the reorganization
energy required for ET, determines the ET activation energy."
Previously, researchers have used electronic and free energy
values from density functional theory (DFT) studies in order
to determine ET transition state energies and predict ET
kinetics for reactions between SO,°” and environmental
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degradation by thermally activated persulfate at low pH.'® One 3.0+
theory to explain this phenomenon is that sulfate radical s -
protonation occurs, leading to a higher E° for putative HSO,* 2540 o W g £ S
vs SO,°™ as well as reduced electrostatic repulsion between the PP . Ca
PFCA and the radical oxidant.">'® Nonetheless, to the best of 2.0 ) ‘x’."" g S &
our knowledge, there is no literature report of an increased E° % i
for SO,*” at low pH. Our proton-bearing systems provide S 151 + o =

W o & (H[SO4(H20),]" /[HSO4(Hz0), 1)

insight into the effect of pH on the E° of SO,*".

B COMPUTATIONAL DETAILS

Computational work was performed using the Gaussian
09(d.01) software suite.'” The initial molecular coordinates
used to discover stationary points for [SO,(H,0),]*” were
gas-phase low-energy structures from Kulichenko et al, who
optimized initial coordinates taken from prior art (vide infra),
except in the n = 3 case, for which the structure was a putative
potential energy global minimum (GM) structure obtained
using the Coalescence Kick procedure.20 For n = 6, the original
structure was a putative GM structure taken from Wang et al,,
which was determined by comparing electron binding energies
of structures evaluated by ab initio methods with photo-
electron spectra of hydrated sulfate clusters.”’ For n = 9—40,
the original structures were taken from Smeeton et al.,, who
represented SO,>~ and water molecules as rigid bodies and
applied force fields in a basin-hopping algorithm to find low-
energy isomers.”” This approach reproduced previously
reported GM structures for n < 6 as low—energy isomers or
as global minima.

In this study, structures from Kulichenko et al. were
submitted to geometry optimization at a given level of theory,
and the presence of a stationary point for each structure
reported herein was confirmed by analytical frequency
calculations. The resulting coordinates were taken as the
starting points to discover stationary points for [SO,(H,0),]*~
for which geometry optimizations were performed using a
charge and multiplicity of —1 and 2. The starting structures for
H*[SO,(H,0),]>~ were obtained by taking the initial
molecular coordinates for [SO,(H,0),]>” and incorporating
a proton coordinated to either the SO, center or one of the
water molecules within the first solvation shell, while slightly
adjusting the orientation of the water molecules along a
corresponding hydrogen bond network to account for the
additional proton. Stationary points for H*[SO,(H,0),]*”
were then obtained according to a protocol analogous to
that for [SO,(H,0),]*” and [SO,(H,0),]*” as described
above. Additional [SO,(H,0),]*” isomers reported in Figure
S3 were obtained by arranging explicit water molecules in
distinct hydrogen bonding networks around the SO, center.
Corresponding [SO,(H,0),]*” isomers were then obtained by
oxidizing and reoptimizing the resulting stationary point
structures.

Natural atomic population analysis was performed using the
NBO program,”’ and NBO spin was calculated by taking the
difference between @ and f natural populations.

B RESULTS AND DISCUSSION

Standard Reduction Potential Calculations. The
aqueous phase E° of SO,*~ was calculated according to eq 1
at the B3LYP(CPCM)/6-311+G(2d,2p) level of theory from
systems using 0, 3, 6, 9, 12, 18, 24, 27, 30, and 40 explicit water
molecules in the solvation shells of SO,*~ and SO,*~ (Figure
1). AG,,, corresponds to eq 2, F is the Faraday constant and

rxn
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Figure 1. SO,*~ E° for systems with increasingly greater numbers of
explicit water molecules (blue trace) and then for similar systems that
included a proton (red trace). The empirical E° is the horizontal
dashed line."” Proton-bearing radical systems involved HSO,® and
[HSO4(H,0);]* for 0 and 3 explicit water molecules and
H;0*[SO4(H,0),_1]°" CIPs or SBIPs for 6—40 explicit waters.
Proton-bearing reduced systems consisted of [HSO,(H,0),]™.
Calculations were performed at the B3LYP(CPCM)/6-311+G-
(2d,2p) level of theory.

Egup = 447 V, an empirical value.'” For 0 explicit water
molecules, the E° begins at 0.97, which is far below the
experimental value of 2.437 V,'” demonstrating that implicit
solvation is inadequate for estimating the thermodynamic
properties of this system. With an increasing number of explicit
waters, E° values increased considerably at first until the region
of 24—40 explicit waters, within which additional waters
provided minimal change in E° values and within this region
E°s were near the empirical value. Similar results were obtained
using the IEF-PCM and SMD implicit solvent models (Figure
S1). M06-2X and wB97-XD functionals were also investigated,
and these functionals substantially overestimated the E° when
large numbers of explicit waters were used but demonstrated
similar trends with respect to the response of E° to explicit
water molecule count (Figure S2). The remainder of results
discussed were obtained using B3LYP(CPCM).

To probe whether the observed trend in E° as a function of
explicit water count was an artifact of insufficient conformation
space sampling, isomers with different arrangements of waters
around the SO, center were investigated for both singlet and
radical systems with 3—18 explicit waters. A similar trend was
observed as to when only the low-energy arrangements from
Kulichenko et al. were used as starting geometries (Figure S3).

o= 286w _ g
- F SHE (1)
8O,"” + e - SO, )

The Empirical Benchmark. At first it seemed difficult to
benchmark our calculations because aqueous phase reduction
potentials quoted in the literature vary considerably. For
example, a range of 2.52—3.08 V vs NHE is commonly
referenced.””**> However, the upper value in this range was
derived from efforts to fit Marcus theory electron transfer
kinetic parameters to experimental rate constants for the
reactions between ArH and SO,*7,** and it lacks a direct
empirical basis. The lower value in this range was determined
from tabulated thermodynamic values. Ultimately, various

https://doi.org/10.1021/acs.jpca.1c09459
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approaches have been taken to estimate the aqueous E° of
$0,*.'7?% We favor the value of 2.437 + 0.019 vs SHE
determined using an active thermochemical tables method,
which was provided in an TUPAC technical report."”

Reduction Potential Estimations from Computed Electro-
chemical Cell Potentials. We investigated whether it was
possible to exclude explicit water molecules and account for
solvation error by referencing the SO,°” E° against half-
reactions calculated at the same level of theory (Table 1).

Table 1. SO,°*~ E° Values Estimated Using a Reference Half-
Reaction”

E. hterature estimated SO,*~
electrochemical cell V) E.q'” (V) E° (V)
SO, + cof* +1.33 +0.87 +2.90
5 80 + COy*"
SO, +ClI" - SO +Cl* —125 +0.01 +1.18
SO,*” + SCN™ -0.37 +0.83 +1.24

— SO, + SCN*

“Calculations were performed at the B3LYP(CPCM)/6-311+G-
(2d,2p) level of theory.

Three different reference redox couples were investigated:
(SCN®*/SCN™), (CI*/CI7), and (CO;°"/CO5*"). The last
couple in this series bears the same charge as the (SO,*”/
SO,*7) couple, and CO;*” is a highly kosmotropic ion like
$O,*~*” The 2.90 V SO,*~ E° estimated using this reference
couple was closer to the benchmark value than when the other
reference couples were used, but it was still further away than
the value obtained by using a large number of explicit water
molecules and referencing against the empirical SHE potential.

Proton-Bearing Redox Couples. In order to gain insight to
the influence pH has on the electron transfer behavior of
SO,°*", we added a proton into our systems. For the reduced
proton-bearing systems (H*[SO,(H,0),]*”) consisting of 0—
40 explicit waters, stationary points were found consisting of an
HSO, center ([HSO,(H,0),]”). In addition, contact ion pairs

(CIPs) were found for 9—40 explicit waters, and solvent-
bridged ion pairs (SBIPs) were found for 12—40 explicit
waters. Ton pairs will be denoted as H;0*[SO,(H,0),_,]*".
Ion pairs were not found for lower numbers of explicit waters
because those optimizations exclusively yielded
[HSO,(H,0),]”

Within the radical proton-bearing systems
(H*[SO4(H,0),]°7), the only case that HSO,* was observed
was in the absence of explicit water molecules or when only
three were included as shown in Figure 2. With six or more
explicit waters, the proton was coordinated to a water molecule
within the solvation shell of SO,*” to form an ion pair
(H;0*[SO4(H,0),_1]°7). A three explicit water ion pair was
also found. In a previous study, we found that there was no
stationary point corresponding to HSO,® in the presence of
three and six water molecules.”® In that study, H;O* was
coordinated by two H,0O molecules, whereas in the present
study the three explicit H,O molecules were spatially separated
from each other. Beyond the structures already described,
there were no other isomers involving HSO,* found at any
level theory we investigated, excluding incorrect structures
within which the solvation shell was oxidized and anticipated
HSO,* was actually HSO,™.

In the radical systems, the stereoelectronics of the SO,
center shared many similarities (Table S1). In the absence of
explicit water molecules, SO,*” had approximately C,,
symmetry, while HSO,® sans explicit waters had reduced
symmetry that was approximately C,. For SO,*~, the NBO spin
on two of the four SO,*~ oxygen atoms was 0.98 au (with 0.49
au at each oxygen) which is close to the total NBO spin of 1
au; meanwhile, considerably more negative charge was present
on the other two oxygen atoms. The results are in good
agreement with prior theoretical work.””*°
explicit waters with or without a proton were in close
approximation to the aforementioned stereoelectronic charac-
teristics (Figure 2). The NBO spin on two of the four SO,

The structures with
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Figure 2. (Top) Examples of SO," structures of with 3, 12, and 24 explicit water molecules. (Bottom) Similar structures that include a proton
(which is highlighted in fuchsia). For three explicit waters, the stationary point involves HSO,". For all structures, waters in the first solvation shell
of SO,"” are shown as sticks, and those in the second shell are shown as lines. Structures with three explicit waters include the natural charge (au)
on each SO, oxygen and the corresponding NBO spin (au) in brackets. Geometry optimizations were performed at the B3LYP(CPCM)/6-

311+G(2d,2p) level of theory.
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oxygens for [SO4(H,0),]*” and H[SO,(H,0),]*” for all n
was 0.991 + 0.006 au (10).

In stark contrast to the systems without a proton, when no
explicit water molecules were included, the calculated E° was
2.51 V (Figure 1). Interestingly, adding explicit water
molecules did not substantially alter this value. E° values for
systems including a proton and any number of explicit waters
were similar to E° values for systems without a proton and
large numbers of explicit waters. The calculated E°s were
relatively insensitive to the position of the proton and similar
E°s were calculated when the redox couple involved (HSO,*/
HSO, ), (H;0*S0O,*"/HSO,”), or (H;0*S0O,*"/
H,0%S0,>"), with an average value of 2.29 + 0.17 V (10).
For example, the ([HSO,(H,0),]*/[HSO,(H,0);]”) redox
couple had a 2.43 V E°, while the (H;0[SO,(H,0),]*"/
[HSO,(H,0);]7) couple had a 2.24 V E°; both were within 1o
of the average value for proton-bearing redox couples.
Meanwhile, (H;0*[SO,(H,0),_,]*"/H;0*[SO,(H,0),_,1*"
CIP or SBIP) redox couples had very similar E°s to
(H,0*[S0,(H,0),_,]°"/[HSO,(H,0),]”) redox couples
(Figure S4).

The similar E° for systems with or without a proton (as
long as sufficient explicit water molecules were included in
systems without a proton) is in accord with the chemical
literature in which no pH dependence for the E° of SO,*™ has
been described to the best of the authors’ knowledge.
Furthermore, one can estimate the E° of SO,*” under acidic
conditions using the equilibrium present in eq 3. This
equilibrium is equal to the ratio between the corresponding
forward and reverse reaction rates (kfam,d =35+ 05 x 10°
M sk = 649 M~ 57! using the molarity of water =
55.5 M),

reverse

Korard
OH"® + HSO; = H,0 + SO,*~

reverse

3)

Application of eq 4 to chemical eq 3 provides a 27 kJ mol™
better stability of the products vs reactants, corresponding to a
0.28 V difference in potential for 1 e” transfer. Referencing this
difference to the known E° for the (H*, OH*/H,0) redox
couple, 2.73 V, provides a E° for the (H*, SO,*"/HSO,")
redox couple of 2.45 V. This value is within error of the value
for the (SO,*7/SO,*") redox couple: 2.437 + 0.019 V.'” This
suggests that the E° of SO,*” is largely insensitive to pH.

_AGe uili
K= exp(irlflb]
4)

Linear Correlation Between Frontier Molecular Orbital
Energies and Standard Reduction Potentials. The reduction
potential for a given species is often linearly correlated to its
HOMO or SOMO/LUMO energy (depending on whether the
reduced or oxidized species in the redox couple is being
considered).’” The E° values for ([SO,(H,0),]*"/
[SO,(H,0),]*") redox couples reported herein were linearly
correlated to [SO,(H,0),]>” HOMO energy levels with an R*
value of 0.933 (Figure 3). The HOMO—1 energies were nearly
degenerate and showed a similar linear correlation (HOMO
and HOMO-1 isosurfaces are shown in Figure S8). In
addition, f§ electron [SO,(H,0),]*” LUMO energy levels were
linearly correlated to the corresponding E°s with a 0.963 R%.
However, for proton-bearing systems there was little linear
correlation between E°s and frontier molecular orbital
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Figure 3. Linear relationship between calculated E°s for
([S0,(H,0),1°7/[SO0,(H,0),]*>”) redox couples and
[SO,(H,0),]* HOMO energies or [SO,(H,0),]*” B electron
LUMO energies.

energies, with R values less than or equal to 0.34 (Figures
S5 and S6).

Charge Transfer To Solvent. It is evident in Figure 1 that
in the chemical computations, the interaction of SO,°~ and/or
SO,>” with their solvent shells contributes dramatically to
calculated E°s. It is well-known that SO,>” is stabilized by
water molecules, requiring at least three to stabilize the
Coulomb repulsion preventing the isolation of SO,*~.*****
Furthermore, SO,*” has a large, 1059 kJ mol™, enthalpy of
hydration.”® We investigated the stabilization of SO,>~ as well
as SO,°” as a function of explicit water count by characterizing
the charge localized on SO, and HSO, centers by Natural
Bond Orbital (NBO) natural population analysis. Both systems
with and without a proton were explored. Results of this
analysis are presented in Figure 4.

In systems without a proton, the natural charge on SO,*~
decreased considerably with the addition of a few explicit water
molecules. As the number of explicit waters increased, the
decrease in natural charge on the SO, center was continually
less on a per-water basis. Overall, there was a decrease in
natural charge on SO, from —2.00 to —1.75 au between 0 and
40 explicit water molecules, in good agreement with the results
of Kulichenko et al.** It is important to note that even when no
explicit waters were included, the CPCM implicit solvent
model was employed, and the natural charge on the SO, center
was —2.00 au. This highlights the inadequacy of implicit
solvation models—which do not properly treat charge transfer
to solvent’®*’—to characterize the stabilization of SO, by its
aqueous environment. For SO,*”, the charge on the SO,
center decreased from —1.00 to —0.92 au between 0 and 40
explicit water molecules. Evidently, SO,*” can also be
stabilized through interactions with its solvation shell.
Presumably, convergence of charge transfer with respect to
explicit water count indicates that a sufficiently large solvent
shell has been incorporated.

The charge distribution in the systems incorporating a
proton is more intricate. When the proton was coordinated to
SO,>” to form HSO,”, the natural charge on the SO, center
was consistently near —1.50 au regardless of explicit water
count. Meanwhile, taking into consideration the proton, the
natural charge localized on the HSO, center remained near
—1.0 au, deviating a maximum of 0.05 au. Of course, one must
also consider the contribution of electron density from water

https://doi.org/10.1021/acs.jpca.1c09459
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Figure 4. Natural charge on SO, centers for SO,>~ and SO,*~ ions in water clusters with or without a proton as a function of explicit water count.

Radical systems ion pairs are either CIPs or SBIPs.

molecules coordinated to this acidic proton when explicit
waters are included, yet we reiterate that the natural charge on
the SO, center remained similar. Ultimately, these results
demonstrate that HSO,™ contributes considerably less charge
to its solvation shell than SO,>~, and is consistent the empirical
observation that HSO,™ alone in the gas phase has a positive
vertical electron detachment energy.” In the stationary points
consisting of CIPs and SBIPs, the natural charge on the SO,
center did not dramatically change with explicit water count
either. The natural charge on the SO, center in SBIP systems
was similar to systems that excluded a proton but that had a
large number of explicit waters. In CIP systems, the natural
charge on the SO, center was smaller than in SBIP systems but
of similar magnitude.

The natural charge analysis for radical systems that included
a proton was also interesting. The zero and three explicit water
structures involved HSO,®, and there was much less natural
charge on the SO, center as compared to the structures with
greater numbers of explicit waters wherein the proton was
coordinated instead to water. For H;0O" ion-paired SO,°~, the
natural charge on the SO, center was consistently near —0.92
au: the value to which the SO, natural charged seemed to
converge with increasing explicit waters in systems without a
proton. Evidently, having H;O" proximal to the SO, center
affected its natural charge similarly to incorporating a large
number of explicit waters.

B CONCLUSION

Our DFT results demonstrated that SO,*~ and SO,>~ both
interact with explicit aqueous solvent shells through charge
transfer, and furthermore that explicit solvation dramatically
influenced the E° calculated for their redox couple relative to
only using an implicit continuum solvent model. Furthermore,
when a proton was added to these systems, it was seen that the
E° changed minimally as a function of explicit water count, at
least for the specific structures and corresponding redox
couples reported herein. Notably, in these cases, there was
little change in charge of the SO, center. These results suggest
that charge transfer to solvent is descriptive of the role explicit
solvation plays in modulating calculated E° values. Interest-
ingly, there was a strong linear correlation between both the
[S0,(H,0),]* HOMO and [SO,(H,0),]*” B electron
LUMO energies and the corresponding E° that was calculated,
whereas for proton-bearing systems there was little linear
correlation.

Our characterization of the impact explicit solvation has on
(S0,*7/S0,*") redox couple properties will greatly accelerate

1426

efforts to model electron transfer kinetics for reactions
involving $O,*” in the aqueous phase.'®'® The different
physicochemical properties of SO,*” that we describe for
different sized SO,*"(H,0), water clusters will also provide
useful insight to researchers investigating the atmospheric
reactions of SO,°~ considering that hydration is an important
aspect of that chemistry.>**

Further work is needed to determine which DFT functionals
are most appropriate for quantitatively evaluating the E° of
SO,*". In addition, it remains to be understood why the
(SO,*~, H"/HSO,") redox couple has the same E° value as the
redox couples without a proton when sufficient explicit water
molecules are included. Finally, the extent to which
incorporating a representative population of solvent shell
conformations influences E° calculations remains to be
determined, and this is a known challenge for the explicit/
implicit solvation approach used herein.'”
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