Downloaded via SUNY COLG ENVIRON SCIENCE FORESTRY on September 28, 2023 at 21:32:12 (UTC).

See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL
CHEMISTRY

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JPCA

Atmospheric Chemistry of HOHg!"O* Mimics That of a Hydroxyl

Radical

Darshi T. Hewa Edirappulige, Ilena J. Kirby, Camille K. Beckett, and Theodore S. Dibble*

Cite This: https://doi.org/10.1021/acs.jpca.3c04159

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations |

@ Supporting Information

ABSTRACT: HOHg(H)O', formed from HOHg(I)' + O, is a key
intermediate in the OH-initiated oxidation of Hg(o) in the atmosphere. As
no experimental data are available for HOHg(H)O', we use computational
chemistry (CCSD(T)//M06-2X/AVTZ) to characterize its reactions with
atmospheric trace gases (NO, NO,, CH,, C,H,, CH,0 and CO). In
summary, HOHg(H)O’, like the analogous BrHg Do* radical, largely mimics
the reactivity of *OH in reactions with NO,, alkanes, alkenes, and aldehydes.
The rate constant for its reaction with methane (HOHg™O* + CH, —
Hg(H)(OH)Z + *CH,) is about four times higher than that of ¢OH at 298 K.
All of these reactions maintain mercury as Hg(!V, except for HOHgO*® +
CO — HOHg(U' + CO,. Considering only the six reactions studied here, we
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find that reduction by CO dominates the fate of HOHg(H) O° (79—93%) in many air masses (in the stratosphere and at ground level
in rural, marine, and polluted urban regions) with only modest competition from HOHg(H)O° + CH, (<15%). We expect that this

work will help global modeling of atmospheric mercury chemistry.

1. INTRODUCTION

Mercury (Hg), a potent neurotoxic pollutant detrimental to
both human and environmental health, is emitted to the
atmosphere largely in the form of elemental mercury (Hg(®).'
The concern over Hg in the atmosphere emerges from its
deposition into terrestrial and aquatic ecosystems, where it can
be converted into methyl mercury (CH;Hg").”™* Methyl
mercury can be biomagnified through aquatic food chains,
leading to high Hg levels in fish consumed by humans. Mercury,
especially methyl mercury, is highly neurotoxic and poses a
severe risk to human and wildlife health. Elemental mercury is
removed from the gaseous atmosphere either by uptake into
vegetation, dry deposition to oceans, or via oxidation into
Hg(H). Unlike Hg(O ) Hg(H) compounds are fairly water-soluble
and can undergo either wet deposition or dry deposition into
oceans.”” As a result, we must gain an understanding of mercury
redox chemistry in the gas phase if we are to predict when and
where mercury enters ecosystems.® Experimental studies of the
kinetics and mechanism of gas-phase reactions of Hg(o) face
challenges due to surface-catalyzed reactions. Most regional and
global models”™"* of atmospheric Hg assume oxidation occurs
irreversibly in reactions with O, and OH, where Hg™O is the
main product (R1 and R2, respectively).'>'*

Hg(o) +0; — Hg(H)O + O, (R1)

Hg® + OH + {0,} —» HgWO + HO, (R2)

However, Hg™O in the gas phase is so unstable (D, ~ 4 kcal
mol )" that it would dissociate to Hg(o) + O orreact with O, to
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make 03;16 as a result, no net mercury oxidation would occur.
Since 2006, some models of atmospheric mercury oxidation
treated Hg(o) oxidation as a two step process initiated by atomic

bromine and followed by addition of a radical:"”"*
Br + Hg® + M s BrHg"" + M (R3)
BrHg*® + °Y + M — BrHg™Y + M (R4)

where M is another molecule of air and Y* are relatively
abundant atmospheric radicals (Y = NO,, HOO, halogen oxides,
etc.). This Br-initiated mechanism is kinetically plausible and
explains observations in the marine boundary layer'”~" and the
gas phase chemistry of rapid mercury depletion events in the
Artic spring.”””** However, field measurements in continental
areas are harder to explain without invoking the participation of
OH and/or 0,.>"*° The existence of two sets of models with
completely different oxidation mechanisms introduces large
uncertainties into efforts to understand of the behavior of
atmospheric mercury.””*’

More recently, Shah et al.*® proposed an alternative way to
convert Hg(l) to Hg(H), one that may resolve the discrepancies
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Figure 1. Structures of reactants and products of the reactions HOHg(H)O' + NO and HOHg(H)O' + NO, at M06-2X/AVTZ. Angles and bond
distances are given in degrees and A, respectively. HOHg®™*, syn,cissHOHg™ONO, and HOHg™ONO, possess C, symmetry, while all other

molecules with more than three atoms possess C; symmetry.

between the two sets of models. They considered a two-step
oxidation mechanism initiated by Br (R3) or OH (RS):

OH + Hg® + M 5 HOHge" + M (RS)

and concluded by reaction of the Hg(l) intermediate with
03:29—31

Bng'(I) + 0; > Bng(H)O' + O, (R6)

HOHg"" + 0, -» HOHg™O" + O, (R7)

The resulting Hg(H) species, HOHg(H)O’, has never been
characterized by experiment or computational chemistry. In
order to guide modelers of atmospheric mercury, we carried out
an extensive survey of the atmospheric fate of HOHg(H)O'.

Peterson and Balabanov®” reported that BrHg™O*® possesses
two strong bonds (D, = 70 kcal mol ™" for Br—HgO and 60 kcal
mol ™" for BrHg—0), so that it must be stable with respect to
dissociation in the gas phase. Given that R6 and R7 possess fairly
similar AH® (42.1 and 47.0 kcal mol ™, respectively),*" it follows
that HOHg(H)O° is thermally stable in the atmosphere, so that
its fate is reaction with trace gases.

In the current study, we study reactions of HOHg(H)O° with a
range of abundant trace gases (NO, NO,, CH,, C,H,, CH,0,
and CO):

HOHg™O* + NO —» HOHg™ONO (RS)

HOHg"0® + NO,

— HOHg™ONO,or HOHg™OONO (R9)
HOHg"0" + CH, — Hg"(OH), + *CH, (R10)
HOHg™O* + C,H, —» HOHg"WOCH,CH,* (R11)
HOHg™0* + CH,0 — Hg"(OH), + HCO  (R12a)
HOHg"0" + CH,0 — HOHg""OCH, 0" (R12b)
HOHg™0* + CO —» HOHg*" + CO, (R13)

Methane, in addition to being abundant in the atmosphere,
serves as a model for a wide range of volatile organic compounds

(VOCs) containing sp*-hybridized carbon atoms bound to
hydrogen atoms. Ethene is considered as the prototype for
alkenes, including isoprene and terpenes, which constitute a
large fraction of the mass of VOCs emitted to the atmosphere.
We chose formaldehyde as the model compound to represent a
range of aldehydes emitted to the atmosphere or produced in
photooxidation of VOCs. The relative abundance of NO, in
urban air masses (several parts per billion) and typical [CO] in
the atmosphere (~100 ppbv) enhance their potential
significance in determining the atmospheric fate of HOHg(H)O'.
Immediately below, we discuss the theoretical methods for
quantum chemistry and computational kinetics. We then
present calculated potential energy profiles (PEPs) for
HOHg(H)Oo reacting with NO and NO,. Next, we discuss the
energetics and kinetics of the reaction with CH,. This is followed
by presentations of the PEPs for the HOHg™O* reaction with
C,H,, CH,0, and CO. We estimate rate constants for reactions
of HOHgWO* with species other than CH, by analogy to
calculated values for Bng(H)O'. Finally, we evaluate the likely
fates of HOHg(H)O’ in four specific regions of the atmosphere
with respect to the six trace gases considered in this study.

2. METHODS

Quantum chemistry calculations were performed using
Gaussian16.”® Geometries of all stationary points and points
along minimum energy paths (MEPs) were optimized using
density functional theory (DFT) methods followed by harmonic
vibrational frequencies calculations. We used the functionals
PBEO (called PBEIPBE in Gaussian16) and M06-2X as they
have performed well for structures, frequencies, and energies in
previous studies of mercury compounds.”*™** For the reaction
between HOHg(H)O' and CO, PBEO did not optimize the
prereactive complex, probably because of its poor treatment of
dispersion forces.”” As a result, we rely here on M06-2X
structures and frequencies. The standard Dunning’s aug-cc-
pVTZ40‘41 basis set was used for C, O, N, and H atoms. The
relativistic effect of Hg cannot be ignored as it is a heavy atom, so
we used the Stuttgart/Cologne pseudopotentials to account for
the scalar relativistic effect of the innermost 60 electrons of the
Hg atom. The remaining 20 electrons were explicitly treated
with the aug-cc-pVTZ (-PP) basis set of Peterson and co-
workers.*”~* The combination of these basis sets is abbreviated
as AVTZ. Spin-unrestricted calculations were performed on the
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Figure 2. ZPE-corrected potential energy profiles for HOHg(H)O' +NO

and HOHg™O* + NO, at CCSD(T)//M06-2X/AVTZ are from this work.

The relative energies of HOHg™NO,, HOHg"* + NO,, and the TSs are at CCSD(T)//PBE0/AVTZ.*
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Figure 3. Isomer energies (at 0 K) of possible products for XO radicals

reacting with NO,.

radical species. Spin—orbit corrections were ignored as they
should be modest for non-radical products and for the O- and O-
centered radicals that make up the key species in the chemistry
we are exploring.

All calculations in the present work were initially performed
without imposing any symmetry. However, if a C;-symmetric
geometry appeared to be close to C, symmetry (the highest
symmetry we found), we symmetrized the structure, reopti-
mized it, and then recalculated the vibrational frequencies to
verify that the C structure was a minimum on the potential
energy surface.

We checked that reactants and products possessed only real
vibrational frequencies and that each transition state had only a
single imaginary frequency. The identities of transition states
were validated by visualizing the motion of their imaginary
frequencies and running intrinsic reaction coordinate (IRC)
calculations.

Single-point energy calculations on DFT-optimized geo-
metries were done using coupled cluster single and double
excitations with perturbative triples, CCSD(T),* along with the
AVTZ basis set. The frozen-core approximation was used to

correlate only the Sd and 6s electrons of Hg plus the valence
electrons of H, C, and N.

Canonical rate constants, k“TST(T), for the reaction
HOHg(H)O' + CH, were refined using 1-dimensional variational
transition state theory®*” for 200 K < T < 325 K. Tunneling
corrections were estimated using the asymmetric Eckart
potential®® and incorporated to compute the effective rate
constants, kVTST+Eckart(T),

3. RESULTS AND DISCUSSION

All of the relative energies mentioned in this study are enthalpies
at 0 K reported at CCSD(T)//M06-2X/AVTZ, unless
otherwise specified.

3.1. Adding NO and NO, to HOHg™0*. HOHg"O* can
form stable compounds by reaction with NO, via addition.
Figure 1 illustrates the optimized geometries of the reactants and
products. In characterizing the dihedral angles for HOH-
g(H)ONO in Figure 1, syn or anti refers to p[HgONO] and cis or
trans refers to the ¢[HOON]. Because the OHgO angle is
almost linear in every structure, definitions of dihedral angles
around the Hg—O bond are not informative.

https://doi.org/10.1021/acs.jpca.3c04159
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Figure 4. Structures of reactants, products, and saddle point of the HOHg(H)O' + CH, reaction at M06-2X/AVTZ. The angles and bond distances are
given in degrees and A, respectively. HOHg(H)O' possesses C, symmetry, while the transition state (TS) and Hg(m( OH), hold C; and C, symmetries,

respectively.

As shown in Figure 2, the syn,cis-HOHg(H)ONO conformer
lies 5.6 kcal mol™" below the anti-conformer and possesses a
HOHg(H)O—NO bond energy of 52 kcal mol™l. A syn,trans
conformer with almost the same energy as syn,cis-HOH-
g"ONO was found and optimized with both functionals but
had an imaginary frequency at M06-2X/AVTZ (see Table S1).
Hence, this conformer was not included in Figures 1 or 2.

HOHg(H)O' reacts with NO, to form HOHg(H)ONOZ with a
reaction enthalpy of —52 kcal mol™". These reactants can also
produce both syn and anti-conformers of HOHg'""OONO, but
these reaction channels are only exothermic by 19 and 15 kcal
mol ™!, respectively.

Both anti- and syn-HOHg(H)ONO form without a barrier
from HOHg(H)O' + NO. Isomerization of anti-HOHg(H)ONO
to syn-HOHg(H)ONO requires overcoming a critical energy of
6.9 kcal mol™'. Addition of HOHg(H)O° to NO, forms
HOHg™ONO, without a barrier (Figure $3). We found saddle
points separating both syn and anti conformers of HOH-
g(H)OONO from reactants. Formation of the anti-conformer
will not occur under atmospheric conditions due to its high
energy barrier (15.3 kcal mol™). The transition state for the
formation of syn-HOHg™OONO was found to be submerged
with respect to the reactants at CCSD(T)//M06-2X/AVTZ
(—1.2 kcal mol™, versus +3.7 kcal mol™ at M06-2X/AVTZ).
Barriers for reactions of prereactive complexes (PRCs) are often
submerged (lower in energy than isolated reactants), but in this
case, the negative energy appears to arise from a discrepancy
between the nature of the potential energy surfaces at M06-2X
versus CCSD(T). We were not encouraged to resolve this
discrepancy as we expect that syn-HOHg(H)OONO, like
HOONO,”>" to rapidly fall apart to reactants, making its
formation insignificant. As shown in Figure 3, the much greater
stability of HOHg™ONO, than HOHg!"OONO conforms to
the trend for a wide range of XO°®, including HO, Bng(H)O°,
halogen oxides, and alkoxy radicals (ROe).>>3

We did not calculate the rate constants for the barrierless
addition of NO, to HOHg(H)O' in the current study due to (a)
the uncertainty inherent in DFT calculations; (b) the computa-
tional cost of the methods (multireference + dynamical
correlation) required to obtain more reliable energies; and (c)
the uncertainties in energy transfer parameters necessary to
obtain k(P,T). For the present, we suggest (as we did for
Bng(H)O° + NO,)* that the rate constants will be similar to
those for CH;0°® + NO + M — CH;ONO + M and CH;0°® +
NO, + M — CH;0NO, + M. At 298 K and 1 atm, these
correspond to 2.9 X 107" and 1.7 X 107*! molecules cm™s 7%,
respectively.”

3.2. HOHg"'0* + CH, — Hg""(OH), + *CH,. HOHg 0",
like OH and Bng(H)O', reacts with CH, via H atom
abstraction.”® Figure 4 depicts the structures of reactants,
products, and the saddle point for the HOHg(H)O' + CH,
reaction.

As shown in Figure 4, on going from HOHg(H)O° to
Hg™(OH),, the OHgO angle becomes more nonlinear by 1.1°
and the HO—Hg and Hg—O bond distances change by less than
0.01 A.

We compared the barrier heights (at saddle points) for
hydrogen abstraction from methane by OH using both PBEO
and M06-2X versus highly accurate results by Ellingson et al.*®
(Figure S1). M06-2X agreed with the benchmark results much
better than did PBEO. Consequently, we used the energies of the
stationary points refined at CCSD(T)//M06-2X/AVTZ to
determine the PEP for HOHg(H)O' + CH,. Figure S displays the
corresponding PEPs for the XHg(H)O' + CH, (X = Br, OH)
reactions.

-
o
(=]
g
=
(5]
=
N’
>
=11}
S
=
= . 22— HOHgO-
o108
124 ] rHgO-
XHgOH + «CH,

Figure S. ZPE-corrected potential energy profile for the BrHgWO*® +
CH,*® (dashed lines) and HOHg(H)OO + CH, (solid lines) reactions at
CCSD(T)//M06-2X/AVTZ. Relative energies of transition states are
given at the saddle points.

The reaction HOHg(H)O' + CH, proceeds via a modest
energy barrier of 3.8 kcal mol ™. Both this barrier and the energy
of the products are 1.2 kcal mol™" higher than those for
Bng(H)O’ + CH,. The final products, XHg(H)OH are thermally
stable. While BrHg™OH is photolyzed in about a day in the
troposphere,®” the tropospheric photochemistry of Hg™)(OH),
remains unclear. The one previous calculation suggests that
photolysis occurs slowly in the troposphere due to the high
vertical excitation energy (at least 6.3 €V = 197 nm).*

Table 1 lists the harmonic vibrational frequencies, integrated
intensities, and mode descriptions for Hg™(OH),. Notably, the
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Table 1. Vibrational Mode Descriptions, Symmetries, Temperature (K)
Harmonic Frequencies (V) from this Work and the 25 = A fEckart+VTST
. L. 325300 250 275 25 2
Literature, and Integrated Intensities of Hg(n) (OH), at M06- P . ' —m— fCTST
2X/AVTZ 354 Ay | e JVIST
-
Intensities
140+ = - Lo -
(em™) (km mol™) - a 16 -
H a -
experiment”  B3LYP this -:1: -14.5 + = o kY
mode description  symmetry ref 59 ref 59 work 2 = - §
- o B - 1 =
O—H wag A 123 100 105 130 . 0% 3§
" Lol
O-Hg—Obend B 152 175 5.8 1554 . L g
O—-Hg—O bend A 167 180 0.09 - ™
Hg—O symmetric A 541 583 0.05 -16.0 + . 1016
stretch 2= ”: = t !; J
Hg—O anti- B 637, 644 607 640 136 - o " e o0
symmetric 1000/T (K")
stretch
Hg—-O—Hanti- B 927,929 946 921 97 Figure 6. Canonical (k™T), variational (k""*), and variational rate
symmetric bend constants with Eckart tunneling (KE*VIST) jn units of (cm®
Hg—O—H A 957 926 8.1 molecule™ s7') for the HOHg(H)O' + CH, reaction at CCSD(T)//
symmetric bend MO06-2X/AVTZ.
O—H anti- B 3629, 3642 3827 3896 119
tri .
e Table 2. Temperature Dependence of the Canonical Rate
stretch CTI;T P
O—H symmetric A 3328 3897 18.6 Constant (l‘c/T o ), Position of the Variational Transitci;)sl; State
stretch Position (s"**', in a,), Canonical Rate Constant (k“™°"),

“Experimentally observed frequencies given for an argon matrix and
then a neon matrix.

computed harmonic frequencies of 640 and 921 cm™ for the
Hg—O bond stretching and Hg—O—H bending agree well with
the experimental frequencies of 637 and 927 cm™ reported by
Wang et al. (2005) in solid argon.>”

To determine the HOHg(H O—H bond dissociation energy
(Dy), we considered the same two isodesmic reactions used by
Lam et al,, (2019)* to calculate D, of BrHgWO—H.

HOHg™0* + H,0 - HOHg"WOH + *OH (R14)

HOHg™0® + CH,0H — HOHg"OH + CH,0"
(R15)

We calculated D, of HOHg'™WO—H as 113.7 = 0.1 kcal mol ™
by averaging results from R14 and R1S (see Table SS5). HO—H
and Bng(H O—H possess larger D, than does HOHg(H)O—H
by 3.9 and 0.8 kcal mol ™', respectively.

Figure 6 displays the temperature dependence of the rate
constants for HOHg™WO® + CH,, while Table 2 lists the
canonical rate constant, variational correction, and tunneling
correction versus temperature. At 298 K, the rate constant is 2.4
X 10™"* molecules cm ™ s ™!, approximately 10 times lower than
that for Bng(H)O' + CH, and four times higher than that of
OH® + CH,. Tunneling increases the rate constant by factors
ranging from 38 at 200 K to 4 at 325 K. The variational effect
significantly lowers the rate constants; k""S7(T)/k“™"(T) rises
from 0.66 at 200 K to 0.75 at 325 K. The position of the
variational transition states, s'7°7, is negative at all temperatures,
and its position ranges from —0.062 to —0.125 a,.

3.3. HOHg"0* + C,H, - HOHg"OCH,CH,"*. We found
that HOHg(II O° readily adds to C,H, via a submerged energy
barrier, while hydrogen abstraction from C,H, possesses a
critical energy of 3.3 kcal mol™" (Table S9). The structures of
reactants, products, and all saddle points for the addition
reaction are displayed in Figure 7, while Figure 8 compares the
PEPs for HOHg™WO* + C,H, versus BrHg"WO* + C,H,.*

The HOHg(H O°* + C,H, reaction proceeds via a prereactive
complex (PRC) before going through a modest energy barrier to

Variational (k"57/k“"8T) Correction, Eckart Tunneling
Correction (kE*"*), and Best Calculated Rate Constant
(KEckart+VIST) for the HOHg(H) O°® + CH, Reaction at
CCSD(T)//M06-2X/AVTZ*

T (K) KCTST gVTIST KVTST /kCTST yEckart k(Eckart+VTST)
200 1.4 x 10716 —0.125 0.66 37.8 3.5%x 1078
225 4.6 x 1071 —0.104 0.70 18.6 59 %1078
250 12 x107% —0.083 0.73 11.1 9.4 x 107"
275 27 %1078 —0.083 0.75 7.48 1.5 x 107
300 54 %1071 —0.062 0.80 5.53 24 %1071
325 9.9 x 107" —0.062 0.75 4.35 32x 1071

“All rate constants possess units of cm® molecule™ s 7L,

form a carbon-centered radical (HOHg"WOCH,CH,"). Two
conformers of the product were found: the more stable
conformer with ®[HgOCC] = 44° (which we term folded)
and the other conformer with ®[HgOCC] = 176° (termed
extended), and both possess C; symmetry.

The PEP for the HOHg(H)O' + C,H, system is more complex
than that for HOHg(H)O' + CH, due to the presence of a PRC
and two conformers of the product. The PRCs in Bng(H)O' +
C,H, and HOHg(H) O° + C,H, lie below the separated reactants
by 4.7 and 3.7 kcal mol ™, respectively. The saddle point (labeled
as TS, 44) lies 0.5 kcal mol™ above the PRC for both systems.60
The extended conformer of HOHg(H)OCHZCHZ' lies approx-
imately 1.6 kcal mol™" above the more stable folded conformer.
These two conformers are linked through a rotational saddle
point (labeled as TS,,) that lies 1.0 kcal mol™ above the
extended conformer. As this PEP is very similar to that observed
for Bng(H)O' + C,H,," we make a zeroth-order approximation
that they share the same rate constants (~2 X 107'* cm?
molecule™ s 7}, 200 K < T < 333 K and 0.01 atm < P <1
atm). However, we suggest that the rate constant for
HOHg(H)O' + C,H, is less than that of the Bng(H)O' +
C,H, system on account of the weaker binding of the PRC and
the higher relative energy of the saddle point. We did not
consume further resources for calculating the rate constant for
the HOHg(H)O' + C,H, system.
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3.4. HOHg"O* Reactions with CH,0. We used CH,0
(formaldehyde) to model the reaction between HOHg(H)O'
and aldehydes as a class. Figure 9 depicts the structures of
reactants, products, PRCs, and saddle points of the HOHg(H)O'
+ CH,O reaction for the most stable conformers of those
stationary points. The Supporting Information (see Table S1)
provides Cartesian coordinates of less stable conformers.

Like BrHg™O*, HOHg™O* can react with CH,O by two
channels: either by abstracting a hydrogen atom (giving
HgW(OH), + HCO) or by adding to the carbon atom of

el \\‘ o R CH,O to produce HOHg™OCH,Oe. We found two con-
\“‘%}I e : formers of HOHg™OCH,0°*, where ¢p[HgOCO] is either 0°
Folded (the more stable, included in Figure 9) or 178.6° (Table S1).

Figure 8. ZPE-corrected potential energy profiles for the HOHg(H)O°
C,H, and BrHg™O® + C,H, reactions at CCSD(T)//M06-2X/
AVTZ.

Each reaction channel includes a PRC, a submerged saddle point
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Figure 9. Reactants, products, and saddle points of the HOHgm)O' + CH,0 reaction (distances in A, bond angles and dihedral angles in degrees)
optimized at M06-2X/AVTZ. HOHg(H)O PRC i tractions T Sadditiony a0d HOHg(H)OCHZO possess C, symmetry, and Hg(OH), possesses C,
symmetry. All other mercury species belong to the C; point group.
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contrasts that for OH + CH,0, for which a significant energy
barrier (~ 5 kcal mol™") renders the addition reaction negligible
at atmospheric temperatures.”' Figure 10 displays the PEP for
the HOHg(H)O' + CH,O system for the most stable conformers
of each species.

The potential energy profile for HOHg"VO® + CH,O closely
follows that of Bng(H)O’ + CH,0, asis evident in Figure 11. An
interesting difference is that the potential energy surface for
Bng(H) O°® + CH,O exhibits a bifurcation.’” That is, the
minimum energy path of C,, symmetry branches to become two
paths of C, symmetry that each lead to a PRC and a subsequent
transition state. The lack of symmetry in TS y.cion and
PRC,44iion fOr HOHg(H)O' + CH,O suggests that no such
bifurcation exists here. For OH + CH,O, a single PRC leads to
transition states for both abstraction and addition.®!

We find the rotational saddle point (TS omerisation) that
connects the two PRC:s lies slightly below the PRC for addition
in both XHg(H) O°* + CH,O systems, which is unphysical. This
ordering of energies was present before correcting for zero-point
energies. Presumably, M06-2X/AVTZ does not accurately
describe the weak intermolecular forces controlling the structure
of this transition state. We explored two structures for PRC,g4ition
with two different symmetries. The structure with C; symmetry
lies ~0.5 kcal mol™" below another complex with Cg symmetry.
If isolated reactants form the PRC action and PRC 4giion With

comparable yields, it seems highly probable that the abstraction
reaction dominates because, as shown in Figure 11:

(1) TS,pstraction lies lower in energy than TS,ggions SO
formation of PRC,paction 1S more likely to lead to
reaction than is formation of PRC 400

(2) PRC,pgiraction lies below PRC,44ii0n SO the conversion of
PRC, g4ition t0 PRC praction Will have a higher rate constant
than the reverse process.

Given the similarities in potential energy profiles for both
XHg(H)O° + CH,O systems, we also did not compute the rate
constants for the HOHg(H)O' + CH,O0 reaction in the current
study. However, the relative energies of the saddle points for
each pathway of HOHg(H)O' + CH,O are more positive than
those of the Bng(H)O' + CH, O system, which suggests that rate
constants for HOHg(H)O' + CH,0 are smaller than those for the
Bng(H)O' + CH,O system. In terms of the ratio kpgaction/
k,aditiony considering the similarities in potential energy surfaces,
we suggest that the ratio K,paction/ Kaddition fOr the HOHg(H)O' +
CH,O system would approximate the 10:1 value calculated for
BrHg™O* + CH,0.

3.5. HOHg"0* + CO — HOHg"* + CO,. The reaction
HOHg(H)O' + CO — HOHg(I)' + CO, follows the same
mechanism as Khiri et al,** found for Bng(H)O' + CO.
HOHg(H)O' can interact with CO to form two isomeric van der
Waals complexes. The less stable HOHg™0*--OC complex
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does not appear to be involved in the overall reaction. The
complex HOHg"O*--CO constitutes the PRC for the overall
reaction. This PRC can react via a submerged energy barrier
(TS1) to form HOHg™OCO. The initially formed conformer
has the hydroxyl hydrogen cis to the C=O moiety and
¢(HgOCO) of 180°, and we label it cis,trans (note that neither
conformer is actually planar). This conformer can isomerize
over a rotational saddle point (TS,,) to the cis,cis conformer.
Figure 12 depicts geometries of potential energy minima, and
Figure 13 shows the structures of transition states. Both isomers
of HOHg™OCO can easily reorganize to produce a HOHg*--

CO, complex that will rapidly dissociate to HOHg(I)' + CO,.
Each conformer of HOHg(H)OCO possesses two TSs for
dissociation to HOHg(I)'——COZ, as shown in Figure 13. Figure
14 shows the potential energy profile of the overall reaction.
As seen from Figure 14, HOHg(H)O' + CO and Bng(H)O' +
CO share very similar potential energy profiles. For both
reactions, the more stable entrance channel complex
(XHgWO*--CO) is the prereactive complex. The barrier from
XHg™MO*--CO to trans-XHg™WOCO (TS1) lies submerged by
1.2 kcal mol™" (HOHg™OCO) or 1.5 kcal mol™!
(BrHg™WOCO) with respect to the separated reactants. If this
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Figure 14. Potential energy profiles for HOHg™Oe + CO and BrHg™0* + CO®* at CCSD(T)//M06-2X/AVTZ and CCSD(T)/CBS + ACV +
APP + ASO level of theories respectively. Relative energies are corrected for zero-point energies.

difference is real rather than an artifact of different model
chemistries, it would tend to make k(HOHg™O® + CO)
smaller than k(BrHg™O® + CO). The two conformers of
XHg(H) OCO are linked by a rotational saddle point (labeled as
TS,,) and lie well below separated reactants (26—33 kcal
mol™"), making the back reaction unlikely. The barrier for trans-
XHg(H)OCO dissociating to XHg(I)°——COZ complex (TS2) is
quite small (~1—3 kcal mol™"), so that chemically activated
XHg(H)OCO will promptly dissociate to XHg(U' + CO,.”
There was no energy barrier going from cis,cis-HOHg(H)OCO to
HOHgV*--CO, as the transition state connecting the two
minima was submerged by 0.3 kcal mol™" with respect to the
former. Readers wishing to compare these systems to the
potential energy profile for OH + CO are directed to the
references cited here.”>%*

Khiri et al.”> speculated that energy deposited in Bng(I)'
produced from BrHg™O® + CO might enable prompt
dissociation of BrHg"*. In the analogous reaction studied
here, we note that in HOHg(H)OCO itself, the O—C—O angles
are very nonlinear and the HgO-C=0 distance is much longer
than in CO,. This suggests that much of the vibrational energy in
the products will be in the OCO bend and CO stretch. By
contrast, the HOHg"®* moiety has nearly the same bond angle
and HO distance as in the isolated HOHg radical. The O—Hg
distance does increase significantly upon forming HOHgVe
(from 1.96 to 2.10 A), which might lead one to expect HOHg"*®
to be formed with significant vibrational energy. However, the
HO—-Hg" vibrational frequency of ~400 cm™" corresponds to a
force constant of only 141 kg s>. This means that compressing
HOHg(I)' from 2.10 to 1.96 A without accessing the classically
forbidden region is already possible at v = 2 (in the harmonic
oscillator approximation). Two quanta of 400 cm™" constitute
only 20% of the 3850 cm™ (11.0 kcal mol™') bond energy of
HOHg(I)'.49 Consequently, we think it unlikely that HOHg(I) ¢
produced in this reaction will promptly dissociate.

4. ATMOSPHERIC IMPLICATIONS

The reactions of HOHg(H)O° with NO and NO, could be
significant in determining the fate of HOHgWO® in the
continental boundary layer, given the high reaction rate
constants and relatively high concentrations of NO,. By analogy
to BrHg'™WONO,* we expect HOHg'™WONO produced from
HOHg'WO* + NO to photolyze fairly rapidly by HOHg™O-

NO bond dissociation. Hence, the reaction with NO does little
to determine the fate of HOHg'"WO®. The reaction HOHg"O*
+ NO, likely plays a larger role due to the formation of thermally
stable HOHg(H)ONOZ. HOHg(H)ONOZ would most likely
undergo dry or wet deposition or, potentially, photolysis.

HOHg(II O° reacts with CH, by abstracting an H atom to
form Hg(H)(OH)Z, and this behavior will extend to abstracting
hydrogen from sp*-hybridized carbon atoms of other volatile
organic compounds. We suggest that the rate constants for these
reactions are laréger than that for HOHg(H)O' + CH,, just as this
is true for OH.“”%° The fate of Hg™"(OH), is suggested to be
wet and dry deposition or photolysis. However, currently, we do
not have the data required to estimate the photolysis rate
constant for Hg(H) (OH),. Stromberg et al.>® reported the low-
lying excitation of Hg(H)(OH)Z molecule to have a vertical
excitation energy of 6.3 eV, suggesting 1., of 197 nm. But they
did not calculate absorption cross sections versus wavelength, so
we do not know if this transition extends to wavelengths
reaching the troposphere (1 > 300 nm).

HOHg(H)O' adds to C,H, exothermically through a
submerged barrier, and we expect the same reaction mechanism
to hold in reactions with larger alkenes. By analogy to OH +
alkenes, we anticipate the rate constant to be higher for larger
alkenes than for ethylene.”>*® We assume that the HOH-
g(H)OCHZCHZ' product of the HOHg(H)O' + C,H, system
reacts like any carbon-centered radical; that is, it adds O, to form
HOHg(H)OCHZCHZOO', which might then react with HOO or
NO.

The reaction HOHg(H)O° + CH,O will mostly produce
Hg"™W(OH), via H-atom abstraction rather than undergo
addition to form HOHg(H)OCHZO'. Larger aldehydes tend to
have larger RC(=0)-H bond energies than CH,0,>” so the
preference for addition may not hold for larger aldehydes. We
have not investigated HOHg"VO*® addition to ketones (RC(=
O)R’) or larger aldehydes to produce HOHg(H)OCRR’O'.
These reactions, along with HOHg(H)OO + alkenes, lead to
organic mercury compounds, which are generally believed to
pose greater health risks than inorganic mercury.®’

Unlike the reactions discussed above, HOHg(H)OO + CO
leads to the reduction of Hg(H) into Hg(l). The HOHg(I)o
formed from this reaction may dissociate back to Hg(o) + OH,
either thermally or (although we think it unlikely) via chemical
activation. Hence, the competition between HOHgWOe + CO
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Figure 18. Predicted fates of HOHg(H)O' in four air masses at the ground level (a- urban air; b- rural air; c- marine air; and d- stratospheric air).

and HOHg"WOe reactions forming stable Hg™) compounds
could greatly affect the burden of Hg(H) in the atmosphere.
Finally, we assessed the fate of HOHg(H)O' under various
atmospheric conditions, while taking all six reactions into
account. We calculated the fraction of HOHg(H)O' reacted with
each trace gas, A, by computing their pseudo-first order rate
constants k', = ky[A] where k, is the bimolecular rate constant
for HOHg(H)O° reacting with trace gas A. Rate constants were
assumed to equal those adopted for BrHg™O*® + A computed at
CCSD(T)//M06-2X/AVTZ)**° (see Table S12) with two
exceptions. For HOHg(H)O' + CH,, we used the rate constants
calculated here. For HOHg(H)O' + CO, we take the value
assumed by Shah et al. (2021)*® in the latest GEOS-Chem
simulations. We considered compositions representative of four
air masses: ground level air in urban, rural, and marine
environments, plus stratospheric air. Table S12 lists the
concentration values and data sources. Figure 15 displays the
calculated fate of HOHg(H)OO at four different air masses.
Based on previous results for Bng(H)O', we expected that
CH, and CO would compete to largely determine the fate of
HOHg(H)O'. Instead, we find that the reaction with CO
dominates (79—93%) in all four air masses. The lesser role for
reaction with CH, here (<15%) arises from the lower rate
constant for HOHg(H)O' + CH, versus Bng(H)O' + CH,. In
urban air, where [NO,] is high, NO, (8%) can outcompete
methane (5%). The addition reactions of HOHg™O® with
C,H, and CH,O contribute 0.5% or less in all four air masses.
The accuracy of these estimates is largely limited by two major
factors. The first is that better rate constants are needed for
HOHg(H)O' reactions with CH, and CO to more reliably
determine whether HOHg(H)O' is reduced to Hg(l) or forms
closed-shell Hg(H) compounds. Second, we only considered a
few reactions of HOHg DO*, whereas HOHg(H)O' could react
with a myriad of VOCs, and possibly with ozone.”” To improve
the reliability of modeling of regional and global mercury, our
group is working on improving rate constants for reactions of

XHg(H)O° with methane and CO and determining rate
constants for XHg(H)O' + 0,
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