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ABSTRACT

Models suggest BrHgONO to be the major Hg(II) species formed in the global oxidation of Hg(0),
and BrHgONO undergoes rapid photolysis to produce the thermally stable radical BrHgOe. We
previously used quantum chemistry to demonstrate that BrHgO® can, like OH radical, readily abstract
hydrogen atoms from sp’-hybridized carbon atoms as well as add to NO and NO,. In the present
work, we reveal that BrHgO¢ can also add to C;H, to form BrHgOCH,CHze, although this addition
appears to proceed with a lower rate constant than the analogous addition of *OH to C,H..
Additionally, BrHgO¢ can readily react with HCHO in two different ways: either by addition to the
carbon or by abstraction of a hydrogen atom. The minimum energy path for the BrHgO* + HCHO
reaction bifurcates, forming two pre-reactive complexes, each of which passes over a separate
transition state to form a different products. Rate constants computed using Master Equation
simulations indicate that hydrogen abstraction dominates over addition at atmospheric temperatures
(200 K = T = 333 K) and pressures (0.01 atm < P < 1 atm). Subsequently, we compute the
atmospheric fate of BrHgO¢ in a variety of air masses and find that BrtHgOH formation via hydrogen
abstraction will be the predominant fate (~70-99%), with the major competition (~20%) coming
from addition to NO and NO; in polluted urban regions and stratospheric air. Given the absence of
cither field data on the identity of Hg(II) compounds or experimental data on the kinetics of BrHgO®
reactions, the present manuscript should provide guidance to a range of scientists studying
atmospheric mercury.
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INTRODUCTION

Mercury (Hg) in the atmosphere exists primarily as gaseous elemental mercury (GEM, Hg(0)) due to
its high equilibrium vapor pressure and low aqueous solubility.! Only after being oxidized to Hg(II)
can mercury readily undergo deposition and enter aquatic ecosystems.> Here, oxidized mercury
compounds are transformed into organic mercury compounds and bioaccumulate up the food chain,
damaging human health globally due to their neurotoxic effects.! The rate and mechanism of mercury
oxidation in the atmosphere are poorly understood, largely due to the near-absence of experimental
kinetic data. This ignorance introduces large uncertainties in global and regional models of
atmospheric mercury oxidation.”®

Field and modeling studies implicate atomic bromine (Bre) as the species initiating oxidation of Hg(0)
in bromine-rich environments, including the marine boundary layer and polar regions during the

%1213 assert that oxidation

atmospheric mercury depletion events.”" Furthermore, recent global models
by Bre, alone, can account for the extent of global oxidation of Hg(Il) in the atmosphere.
Experimental* and theoretical studies” have confirmed the potential of Bre as an oxidant and

determined the rate constants for the initiating step:
Bre + Hg + M < BrHge + M 1)

The subsequent chemistry of BrHg® remained relatively uncertain until recently. Given the high
concentrations of HO, and, especially, NO,, Dibble et al."” proposed that the addition of BrHg* to
these radicals dominates the atmospheric fate of BrHge:

BrHge + NO, — BrHgONO @)
BrHg® + HO, — BrHgOOH 3)

Indeed, using rate constants computed by Jiao and Dibble,” models which include these reactions
have found improvements in model-measurement agreement of seasonal variations and deposition
fluxes of mercury on both the regional® and global scales.'” Notably, an extension of the CMAQ
regional model® reproduced for the first time the diurnal pattern of a gaseous oxidized mercury (GOM,
mostly Hg(I)) daytime maximum at a marine site. Although other reactions of BrHge have been
considered (addition to Bre and *OH," addition to halogen oxides'”* and ROO=<?* hydrogen
abstraction from sp’-hybridized carbons,” and addition to sp>hybridized carbons™), these reactions
are much less important due to significantly lower reactant concentrations than NO, and HO,,"” or
due to unfavorable reaction enthalpies (for hydrogen abstraction and addition). These results further
highlight BrHgONO as the major Hg(II) species produced by the bromine-initiated oxidation of

Hg(0).

Previous computational studies™**

identified the dominant fate of BrHgONO: it undergoes photolysis
on a timescale of ~30 minutes. The photolysis produces NO and BrHgO-:

BrHgONO + hv — BrHgO* + NO “

BrHgOe has been theoretically calculated to possess strong bonds (60 kcal mol " and 70 kcal mol™ for

Br-Hg and Hg-O, respectively),” enabling it to react with trace gases before dissociating. Lam et al.*’



computed rate constants for hydrogen abstraction by BrHgO¢® from CH,4 and C,H (reactions 5 and
6), and suggested rate constants for BrHgOe addition to NO and NO; (reactions 7 and 8).

BrHgOe® + CH4 — BrHgOH + *CH; )
BrHgO* + C,Hs — BrHgOH + *C,H; (6)
BrHgO* + NO — BrHgONO (7)
BrHgOe® + NO, — BrHgONO, (8)

They concluded that abstractions of hydrogen atoms from alkanes are important globally, although
additions to nitrogen oxides may compete in urban air masses. Nonetheless, their assessment of the
fate of BrHgO* did not consider other plausible reactions, including reactions with oxygenated volatile
organic compounds (VOCs) and unsaturated hydrocarbons.

In the present work, we use quantum chemistry to explore the reactions of BrHgOe® with ethylene
(C:Hy) and formaldehyde (HCHO), which serve as model compounds for a range of olefins and
carbonyl compounds:

BrHgO* + C;Hy — BrHgOCH,CH,* ©)
BrHgO® + HCHO — BrHgOH + *CHO (102)
— BrHgOCH,Oe (10b)

We report potential energy profiles and rate constants for reactions 9 and 10. Additionally, we provide
an assessment of the atmospheric fate of BrHgOs.

METHODS

The present study uses the same quantum chemistry methods as reported in our previous paper on
BrHgO¢ reactions.” All quantum chemistry calculations were performed using Gaussian 09 revision
D.01.” The standard Dunning correlation consistent basis set aug-cc-pVTZ** was used for
hydrogen, carbon, and oxygen atoms. Calculations on Br and Hg atoms used the small-core
Stuttgart/Cologne scalar relativistic pseudopotentials corresponding to the 10 and 60 innermost
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electrons of Br*’ and Hg,” respectively; a correlation-consistent augmented triple-zeta basis set as

used for electrons treated explicitly. References to this combination of basis set are simplified as
AVTZ.

Unless specified, geometries of all stationary points (reactants, products, and saddle points) and all
points along the minimum energy path (MEP) were optimized using the M06-2X functional.” Here,
the MEP refers to the reaction path, whether mapped by the intrinsic reaction coordinate (IRC)
calculation or by a relaxed scan of an internuclear distance. The optimizations and frequency
calculations used a pruned “ultrafine” grid of 99 radial shells with 590 angular points per shell. The
identities of local minima and transition states were verified based on the presence of all real harmonic
frequencies and one imaginary frequency, respectively. For points along the MEP, projected
frequencies for vibrations perpendicular to the MEP were computed. Zero-point vibrational energies
(ZPE) and Gibbs free energies were computed using the harmonic oscillator and rigid rotor



approximations with unscaled vibrational frequencies. Spin-unrestricted calculations were performed
on open-shell species. Energies of all stationary points and selected points along the MEP were
computed using the coupled cluster singles doubles and perturbative triples (CCSD(T)) method™
along with the AVTZ basis set. CCSD(T) calculations only correlated electrons described by the
atomic orbitals of Hg (5d6s), Br (4s4p), C (2s2p), O (2s2p), and H (1s). It should be noted that
Gaussian 09 defaults to a different definition of the frozen cores of Hg and Br.

Due to the presence of pre-reactive complexes (PRCs) in both the BrHgO* + C,H, and BrHgO* +
HCHO systems, rate constants for these reactions were computed in two steps. In the first step,
RYBI(T), were calculated in the high-
pressure limit using variational transition state theory (VIST). £™"(T) corresponds to the minimum
canonical rate constant, £77(T), found along the MEP for forming the PRC, via:

EST(TY = (ks T/ ) exp(-AGH(T)/RT) (11a)

temperature-dependent rate constants of the PRC-forming step,

/éVTST(D — miﬂ /éCTST(J.’ ’1’) (llb)

where g, 4, and R are the Boltzmann’s constant, Planck’s constant, and gas constant, respectively,
AGT(T) is the molar Gibbs free energy of activation, and s is the position along the reaction coordinate.

To determine effective second-order rate constants £([M], T) as a function of number density of gas
particles (pressure) and temperature, Master Equation simulations were carried out using the
MultiWell Program Suite.”* These simulations were initiated with chemically activated PRCs, whose
initial energy distribution was convolved with £""°" for the PRC-forming step. These PRCs were
allowed to dissociate to isolated reactants or overcome barriers to form products. Microcanonical rate
constants £(E) were computed using Rice-Ramsperger-Kassel-Marcus (RRKM) theory. For both
dissociation of PRCs, these rate constants were treated using the quasi-microcanonical approximation.
In other words, the position of the canonical variational transition state was used to compute £(E).”>*
At each temperature and pressure simulated, we determined the fraction, A[M], T), of PRCs going on
to react. Accordingly, £([M], T) is given by £ ™(T) X f[M], T). Rate constants were computed for
temperatures between 200 K and 333 K and pressures between 0.01 atm and 1 atm, covering the
atmospheric conditions from ground level to the stratosphere. 1,000,000 simulations were carried out
at each pressure and temperature to enable good precision (6 < 1%). In these simulations, Lennard-
Jones (L]) parameters for species except for the bath gas N, were estimated as e/ 4 = 1.21 X T\, where
Ty, is the boiling point of the species, and o = 1.45 (ZV,)” ? where V;, is the additive volume of the /*
atom in the species, and the summation being over all atoms in the species.”” Here, we assume the
boiling point of HgBr, (at 595 K) to be that of any species containing Br and Hg. All L] parameters
including those for N are listed in the Supporting Information (Table S3). A single-exponential down

model was used for energy transfer, with (AEqow) = 200 cm™.

As implied by our use of RRKM theory, we assumed fast intramolecular vibrational relaxation (IVR)
within the PRCs, as others have done.”™* Though unlikely, it seems reasonable to use this assumption
for the first-ever study of these reactions. Accounting for IVR would require computationally
demanding quasi-classical trajectory (QCT) calculations, and these calculations are not without their
own limitations.

RESULT AND DISCUSSION



BrHgOe* + C:H, reaction. Figure 1 displays the potential energy profile for the BrHgO® + C,H,4
reaction. The reaction proceeds by first forming a PRC before overcoming a small barrier to form
BrHgOCH,CH,e. Although the M06-2X energy of the saddle point displays a 3.6 kcal mol™ critical
energy (relative to the PRC), CCSD(T) calculations indicate a saddle point submerged by 0.3 kcal
mol . Note that relative energies reported here are corrected for ZPE except where specified.
However, CCSD(T) energies computed along the M06-2X reaction path revealed a positive critical
energy relative to the PRC (by 0.5 kcal mol™) on the reactant side of the saddle point. This positive
critical energy was used in the kinetics calculations. Energies along the path at both levels of theory
are displayed graphically in the Supporting Information (Figure S1).
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Figure 1. ZPE-corrected potential energy profile for the BrHgOe + C;H; reaction at
CCSD(T)//M06-2X/AVTZ. Values in brackets ate energies at M06-2X/AVTZ.

The structures of reactants, products, and all saddle points of the reaction are displayed in Figure 2.
There are two conformers of the product: a more stable adduct of C; symmetry with @®[HgOCC] =
40° (termed folded), and another located 2.2 kcal mol™ above the conformer of C, symmetry with
O[HgOCC] = 180° (termed extended). These structures are connected by a rotational saddle point
(TS (iso)), which lies 2.8 kcal mol” above the folded conformer.
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Figure 2. Reactants, products (BrHgOCH,CH,*), and all saddle points of the BrHgO® + C,H,4
reaction at M06-2X/AVTZ. Product (folded) and TS (isomerization) possess C; symmetry, whereas
all other species belong to the C; point group. Distances are listed in A and angles in degrees.

As introduced in the Methods section, the presence of a PRC divides the potential energy surface
(PES) into two transition-state regions: an outer region corresponding to long-range interactions
between the isolated fragments, and an inner region (related to the saddle point) where bonds between
the fragments are formed.”* As discussed elsewhere, in systems with a PRC and a submerged saddle
point, the inner transition state generally gains importance as temperature increases, and vice versa,
the outer transition state becomes more important as temperature decreases.” The effect of either
transition state on reaction rate constants further depends on the depth of the PRC and the extent to
which the inner transition state lies beneath the reactants. One may treat these systems using the
unified statistical model (two-transition-state model),* which microcanonically accounts for the
presence of multiple transition states along the same reaction path. Due to the unreliability of
computed partition functions along the reaction paths near both transition-state regions (discussed
below), we treated the transition states individually and considered the PRC as a local minimum on
the PES in our Master Equation simulations.

We investigated the path containing the long-range transition state by performing a relaxed scan on
the Hg—C bond distance of the PRC and computing vibrational frequencies perpendicular to the path.
The left side of Figure 3 displays the absolute energies, enthalpies at 298 K, and Gibbs free energies
at 298 K (G) along the relaxed scan. Unfortunately, we found multiple maxima in G at large separations
(5 A < riec <9 A). These extreme spikes in the Gibbs free energy curve are not due to enthalpy and
absolute energy changes, but instead a result of the values of some low-frequency modes changing
between real and imaginary at various points along the path. One clearly sees this issue by comparing
the positions of some G maxima at long Hg—C distances in Figure 3 with the presence of one or
more imaginary frequencies at that point in Figure 4.
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Figure 3. Left: absolute energies without ZPE (SCF, red circles), Gibbs free energies at 298 K (G,
blue squares), and enthalpies at 298 K (H, green diamonds) relative to those at the PRC (ryec ~ 3 A)
along the PRC-forming path for the reaction BrHgO® + C;Hy at M06-2X/AVTZ. Right: Gibbs free
energies (blue squares, identical to blue squares on the left) and the adjusted Gibbs free energies
(orange squares) at 298 K relative to that at the PRC. The adjusted free energies were computed by
changing imaginary frequencies to the value of the non-imaginary frequency for the same mode at the
nearest step (of lower ry, c) on the reaction path.
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Figure 4. Harmonic frequencies of the six lowest vibrational modes along the PRC-forming path for
the reaction BrHgO* + C,H4 at M06-2X/AVTZ. The black line at 0 cm™ distinguishes between real
and imaginary frequencies.

The magnitude of these imaginary frequencies remained essentially unchanged when we used tighter
optimization criteria than the default, nor did they depend on whether we used ultrafine or default



grids for calculating vibrational frequencies. Therefore, it seems that the imaginary frequencies did not
arise from a lack of convergence or numerical instability. The issue of extra imaginary frequencies was
discussed in a study of hydrogen abstraction by OH.* In that study, non-physical imaginary
frequencies obtained on the MEP using a Cartesian coordinate system (as used in Gaussian) are largely
eliminated by using redundant internal coordinates. We suspect the same approach might reduce or
remove the non-physical imaginary frequencies observed in this work.

To determine if the issue persists at other levels of theory beside M06-2X, we optimized the PRC and
carried out the relaxed scans using the PBE1PBE (PBE(O) and MPW1PW91 functionals. These
functionals were selected based on their success in previous calculations for structures and vibrational
frequencies of mercury compounds.***” Unfortunately, these scans ran into similar problems to those
occurring at M06-2X. Curiously, these functionals yield different PRC geometries from M06-2X:
PBEO predicts a C; geometry, whereas MPW1PW91 produces a C; geometry with the C=C bond of
C,H4 perpendicular to the Hg—O bond. Geometries of the complexes computed at the various levels
of theory are displayed in the Supporting Information (Figure S2). The presence of imaginary
frequencies in the scans and the sensitivity of the PRC geometries to the level of theory both suggest

the PES for forming the PRC to be quite flat.

Using the M06-2X scan left us with the issue of spurious maxima in G due to presence of imaginary
frequencies at long separations. To minimize these artifacts, we changed the value of each imaginary
frequency to the non-imaginary value for the same mode at the nearest step (of lower ry, ) on the
reaction path. In this manner we retained most of the entropy contribution of that mode to G at that
step, and, therefore, largely removed the spike in G at that step of the MEP. The resulting adjusted
free energy curve, displayed in Figure 3 on the right side, has its most prominent maximum in G at
tugc = 4.5 A. It should be noted that the position of the maximum in G remains unchanged over the
temperature range considered here. Despite the uncertainty in the Gibbs free energies, we decided to
use this maximum to compute the temperature-dependent £'™" for the PRC-forming step (values are
provided in Table S4 of the Supporting Information).
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Figure 5. Effective second-order rate constants at 1 atm (£, in cm’ molecule™ s™) for the BrHgO* +
C.Hy (red circles) and the BrHgOe + HCHO (blue squares and green diamonds, for hydrogen
abstraction and addition, respectively) reactions at CCSD(T)//M06-2X/AVTZ.

The PRC-forming rate constants £'7(T) stay relatively constant at 3.7 to 4.2 X 10> cm’ molecule™
s (200 K < T < 333 K). Additionally, the fraction forming products from PRC decreases only
moderately with increasing temperature from 0.65 to 0.44 but remains essentially unchanged (varying
by < 1% at any given temperature) with changes in pressure over the range 0.01 atm < P < 1 atm. We
briefly investigated the effect of tunneling by performing a simulation at 298 K with Eckart tunneling
in the inner barrier for BrHgOe® + C,H,. The inclusion of Eckart tunneling increased the fraction
going to form product by ~2% (from 0.65 to 0.66). As a result, we do not include tunneling effects in
results reported for BrHgOe® + CH.. Values of the PRC-forming rate constants £'"(T), the fractions
forming product A[M], T), and the effective rate constants £([M], T) are provided in Table S4 of the
Supporting Information. Figure 5 displays £([M], T) for the BrHgO® + C;H, reaction. The reaction
rate constant varies from 1.8 to 2.6 X 10" cm’ molecule” s over the range of temperature and
pressure in our simulations. By comparison, the experimental OHe + C;H, rate constants are at least
four times as high (8 X 10" cm’ molecule™ s at 296 K and 1 atm),*” and exhibit a strong negative
temperature dependence (rising by a factor of 2 as the temperature decreases to 200 K at 1 atm). Our
results therefore suggest that (1) BrHgO¢® adds to C;Hy slightly less favorably than does OHe, and (2)
addition to C;Hy by BrHgO¢ has a weaker temperature and pressure dependence than addition by
*OH. Experiments or more refined calculations would be needed to verify these conclusions.

In the BrHgO* + C,H, system, both the PRC-forming rate constants and the efficiency of product
formation are roughly independent of temperature. Pressure has a negligible effect on A[M], T)
because both PRC dissociation and product formation largely occur prior to a single collision: at 298
Kand 1 atm, 90% of the PRCs has reacted within the first 120 ps, whereas the PRCs have only had a
7% chance of undergoing a collision in this time. By contrast, £([M], T) for *OH + C,H4 exhibits a
large pressure dependence, likely due to the smaller binding energy of the PRC as compared to the
BrHgOe system. That being said, given the problems with the M06-2X frequencies in the long-range



transition state region and, most importantly, the absence of experimental data with which we may
evaluate our results, non-trivial uncertainties are expected for the computed BrHgOe® + C,H, rate
constants. In this system, the two dominant sources of uncertainties are in (1) the height of the Gibbs
Free Energy barrier (AG'(1)) in the outer transition state region and (2) the bartier (Eine) for product
formation in the inner transition state region.

To study the combined effect of uncertainty in the saddle point energy and AG' for the outer transition
state on BrHgO¢® + C;H, rate constants, we carried out Master Equation simulations for the full range
of temperatures (200 K = T' < 333 K) and pressures (0.01 atm < P < 1 atm) while varying Einer up
and down by 0.5 kcal mol”. We simultaneously varied the energy of the variational outer TS (Eouer)
up and down by 0.5 kcal mol™, thereby varying the corresponding AG'(T) by the same amount at each
temperature. This change in AG" affects both the PRC-forming rate constants £"(T) and the initial
energy distribution of the chemically activated PRCs. By simultaneously varying Fine and AG' for the
outer TS, we explored a 3 X 3 matrix of possible values for each £([M], T). Table S5 displays all
product-forming fractions and effective rate constants from this sensitivity analysis. Generally, the
uncertainty in AG' has a stronger impact on the (effective) reaction rate constants than the inner
critical energy. In the extreme case of 200 K, a shift by 0.5 kcal mol™ in AG' changes £([M], T) by a
factor of 3, whereas a shift by the same amount in the inner barrier can cause the effective rate
constants to change by only 40%. However, at the highest temperature studied here (T = 298), the
impacts on the rate constants become somewhat comparable. By contrast, in the *OH + C,H system,
the rate constant at 300 K depends largely on the inner critical energy: an increase in the energy of the
inner saddle point by 1.0 kcal mol" reduces the high-pressure effective rate constant by a factor of 5.*
Maximum and minimum rate constants £([M], T) computed in the sensitivity analysis at various
temperatures are depicted in Figure S3 of the Supporting Information.
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Figure 6. ZPE-corrected potential energy profile for the BrHgOe + HCHO reaction at
CCSD(T)//M06-2X/AVTZ. Values in brackets are energies at M06-2X/AVTZ. The diverging path
between the reactants and the PRCs signifies the point of bifurcation on the PES.

BrHgO+ + HCHO reactions. Figure 6 displays the potential energy profile for the BrHgOs® +
HCHO reaction. The system possesses two channels: BrHgO¢ may either abstract a hydrogen atom
to form BrHgOH or add to the carbon atom of HCHO to form BrHgOCH,O¢. Each channel
contains a2 PRC, a submerged saddle point (by 4.7 kcal mol" and 3.2 kcal mol" at the CCSD(T) level
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of theory, respectively), and an exothermic product or product set. Note that for the analogous *OH
+ HCHO system, only abstraction occurs under atmospheric conditions, as the addition channel
possesses a ~5 kcal mol” barrier.” Figure 7 displays the structures of reactants, products, PRCs, and
all saddle points of the BrHgO* + HCHO reaction. The two PRCs are connected to each other via a
rotational saddle point, TS(isomerization).
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Figure 7. Reactants, products, and all saddle points of the BrHgO* + HCHO reaction at M06-
2X/AVTZ. All species belong to the C, point group, except for TS(isomerization) (C,).

To map the reaction path connecting these PRCs to the isolated reactants, we performed relaxed scans
of the bond distance between the Hg and the O of HCHO starting from each of the PRCs. Figure 8
plots the resulting energies along the relaxed scan starting from the addition and abstraction PRCs,
and displays geometries at a few points on the scan. The two reaction paths are the same for rp, 0 =
6.1 A. As the two reactants approach each other from large distances, BrHgOse lies collinear to the
carbon and oxygen atoms of HCHO, and all the atoms are in the same plane (structures A and B).
Once the paths diverge, BrHgO¢ internally rotates either (1) in this plane (structure C) to form the
hydrogen abstraction PRC (PRC.) or (2) perpendicularly to this plane (structure D) to form the
addition PRC (PRC.qaq). It should be noted that we were unable to identify a local minimum in the
region where the paths split (rue 0 = 6.1 A). The divergence of reaction paths without an intervening
intermediate strongly points towards the existence of a bifurcating surface.”’ Bifurcations are
commonly identified when the reaction paths are initially one and the same but diverge after
overcoming an initial barrier (all within a one-step mechanism). In our case, the reaction path
overcomes a variational transition state (as opposed to a saddle point) for approach of two reactants.
Subsequently, the surface splits into two non-equivalent paths at the bifurcation point, each forming
a distinct PRC leading to a different set of products. Generally, on a bifurcating surface, the shape of
the PES and dynamics controls the branching ratios of product formation.”' Due to the asymmetry of
the PRC-forming reaction paths past the bifurcation point, they are not expected to be formed in

11



equal proportions,” but the factors controlling product ratios in bifurcations are not yet fully

understood.
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Figure 8. Relaxed scan on the Hg—OCH; internuclear distance along the hydrogen abstraction and
addition PRC-forming paths at M06-2X/AVTZ for the BrHgO* + HCHO reaction. Reported
energies are relative to that of the reactants (rug0 > 9 A). A few geometries along the path are displayed
to illustrate the orientation of the reactants and the internal rotations leading to each PRC.

> our work presents a bifurcating path towards

In contrast to many studied cases of bifurcation,
PRCs as opposed to directly towards reaction products. The one previous work to study bifurcation
on the analogous *OH + HCHO system* showed that the approaching *OH and HCHO form a
single PRC, and the reaction path subsequently bifurcates into two superimposable mirror-image
paths. In this case, the bifurcation affects the rate constants but not the structure of the products. Our
BrHgO¢ + HCHO system differs from the analogous *OH + HCHO system in that it has two distinct
PRCs, and each can be formed by two equivalent reaction paths (due to the symmetry of HCHO).
Computing rate constants for the BrHgOe + HCHO system presents two challenges: (1) that the
PRCs are not likely to exhibit fast IVR,** and (2) more generally, that determining the effect of the
bifurcation would require expensive dynamical calculations. Given that our work presents the first-
ever study on the BrHgO® + HCHO reaction, we decided to use only the long-range (pre-bifurcation-
point) transition state as the rate-determining transition state for both PRC-forming steps. Our
assumption that the rate-determining transition state precedes the bifurcation point seems common
in the literature on bifurcation.*> Additionally, reliably treating the PRC-forming path would require
accounting for all dynamic effects in all paths, including around the saddle point by which the PRCs
are connected to each other.
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Figure 9. Absolute energies without ZPE (SCF, red circles), Gibbs free energies at 298 K (G, blue
squares), and enthalpies at 298 K (H, green diamond) relative to those at the bifurcation point (rug—c
~ 6 A) along the Hg—OCH, coordinate for the reaction of BrHgO® + HCHO at M06-2X/AVTZ.

To determine the £ST

Hg—O bond distances. Figure 9 displays the Gibbs free energies at 298 K together with the absolute

prior to the bifurcation point, we mapped out the Gibbs free energies at long

energies, and enthalpies (at 298 K) along the relaxed scan. Despite the jagged free energy curve, a
maximum in G near r, 0 = 9.3 A appears to be the variational transition state. Note that this long
intermolecular distance arises from using Hg and O of HCHO for the relaxed scan; the BrHgO—-C
and BrHgO-H distances are much shorter. The spikes in the free energy curve, similar to those in the
BrHgOe® + C;H, system, are correlated to the change in the values of some low-frequency modes from
real to imaginary. These frequencies along the relaxed scan are available in the Supporting Information
(Figure S4). We used the maximum in G near i, o = 9.3 A to compute £"7(T) for the PRC-forming
steps in both channels. It should be noted that this position of the maximum in G does not change

with temperature (200 K < T < 333 K). Over the same temperature range, £'""

(T) increases from
8.4 x 10" to 1.2 x 10" cm’ molecule” s™. These rate constants are presented in the Supporting

Information (Table S7).

As the two PRCs are connected to each other via a submerged barrier, they can isomerize, and the
reaction can proceed via addition or abstraction regardless of the path the system follows past the
bifurcation point (i.e., the identity of the PRC initially formed). Using Master Equation simulations,
we studied the competition between these two channels by initially populating either PRC.aq or PRCips
(chemically activated) and allowing them to dissociate to reactants, isomerize, or react to form
products during the simulation. Each simulation initiated from a given PRC produces a fractional yield
for addition, faa([M], T), and another for abstraction, fu([M], T) at a given temperature and pressure.
If we assume, parsimoniously, that the two PRCs are formed in identical yields, the effective fraction
reacting via addition at a given pressure and temperature, fudei([M], T), is given by the average of the
two fua([M], T) computed for each initial population distribution. Likewise, the fraction proceeding
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via abstraction is given by the averaged fi(|[M], T). These effective fractional populations correspond
to the branching ratios of the BrHgO* + HCHO reactions. The branching ratios are subsequently
used to compute the effective bimolecular rate constant for each reaction channel (e.g., £aa([M], T) =
Jraaer([M], T) X £7T(T)). The fractions and the effective rate constants are available in the Supporting
Information (Table S7). Regardless of PRC initially populated, the system proceeds via abstraction
(fus(IM], T) ~ 0.65 to 0.39) more than addition (f.([M], T) ~ 0.06 to 0.03) at any given temperature
and pressure, suggesting that the identity of the reaction products appears to be insensitive to the
initial PRC branching ratios produced by the bifurcation. Note that tunneling was neglected in the
results reported here; a simulation that included Eckart tunneling increased the fraction going to form
product by < 2%.

Figure 5 displays the effective second-order rate constants for the BrHgO® + HCHO reactions at 1
atm. Hydrogen abstraction proceeds with a rate constant ten times higher than does addition at all
temperatures and pressures. Furthermore, similar to our previous finding on BrHgO¢ hydrogen
abstraction,” BrHgOe® abstracts from HCHO with a higher rate constant than does *OH (4.8 X 10"
cm’ molecule™ s vs. 8.5 X 107"* cm’ molecule™ s at 298 K and 1 atm).*

As temperature increases from 200 K to 333 K| the fractions going to products via either channel
decreases somewhat (from 0.65 to 0.39 for abstraction at 1 atm), counteracting the small increase in
the PRC-forming rate constants. As a result, the effective rate constants of both BrHgO* + HCHO
channels exhibit only a weak temperature dependence, staying relatively constant at 4.3 — 5.8 X 10"
and 4.7 — 5.5 X 10" cm’ molecule s for addition and abstraction, respectively. Pressure has a much
smaller effect on these fractions (< 1% across 0.01 atm = P = 1 atm at any given temperature).
Similatly, *OH + HCHO rate constants vary little over this temperature and pressure range.” As
mentioned previously, the absence of experimental kinetic data hinders us from evaluating our results
directly. These uncertainties include uncertainties in AG' for PRC formation, the critical energy for
reaction product formation from PRCs, and the critical energy for isomerization between the PRCs.

To investigate some of the uncertainties in the rate constants of this system, we carried out Master
Equation simulations while varying (1) the energy of the outer TS (Eouer) leading to the bifurcation up
and down by 0.5 kcal mol”, theteby varying AG' for PRC formation by the same amount at each
temperature; and (2) increasing the height of the (submerged) barrier for PRC isomerization by up to
1.0 kecal mol™. Fractions going on to form products for these simulations (averaged over the 50:50
initial population distribution of the two PRCs) are listed in the Supporting Information (Table S8).
Rate constants are more sensitive to change in Eoue than in Eie: a 0.5 kcal mol™ shift in can induce a
change in the reaction rate constant by a factor of ~2, whereas a shift in Fi, by the same amount only
changes the rate constants by ~30%. Note that raising the barrier height for PRC-isomerization by
1.0 kcal mol™ does not change the dominant behavior of the system: producing BrHgOH by hydrogen
abstraction. These lines of evidence suggest that the uncertainty in the outer transition state region
(i.e., before the PRCs are formed and where the bifurcation occurs) matters more to the BrHgOe® +
HCHO rate constants than the uncertainty in the inner region. Maximum and minimum rate constants
£([M], T) for each reaction channel computed in the sensitivity analysis as a function of temperature
are depicted in Figure S5 of the Supporting Information. Additional uncertainty arises from the
challenges of treating the bifurcation in this system.
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ATMOSPHERIC IMPLICATIONS

Given the reactivity of BrHgOe® with C,H,, we expect BrHgOe® to add to larger alkenes and other
compounds containing carbon-carbon double bonds. These compounds would include isoprene, the
most abundantly emitted VOC, globally. By analogy to trends in rate constants for *OH addition to
alkenes,” BrHgO* would react with isoprene with a higher rate constant than with C,Ha.

The subsequent fate of BrHgOCH,CH,* would most likely be similar to that of other carbon-centered
radicals: O; addition followed by reaction with NO or HO, as illustrated by Scheme 1. The formation
of BrHgOCH,CH,e, its larger analogs (BrHgORZe in Figure 10), and their subsequent reaction
products represent conversion of inorganic Hg(II) compounds to organomercury species.

BrHgOCH,CH,

| o

BrHgOCH,CH,00 BrHgOCH,CH,O' + NO,

BN

?

BrHgOCH,CH BrHgOGH, ?

+ HO, + O=CH,
Scheme 1. Predicted fate of BrHgOCH,>CH,* by analogy to HOCH.CH,e.

For the BrHgO® + HCHO mechanism shown in Scheme 1, the alkoxy radical product intermediate,
BrHgOCH,Oe°, may lose a hydrogen atom to form an aldehyde, either unimoleculatly or via
bimolecular reaction with O,:

BrHgOCH,O* — BrHgOCH=0 + H» (12)

BrHgOCH,O* + O, — BrHgOCH=0 + HO:* (13)

However, due to the dominance of the hydrogen abstraction rate constants, the BrHgO¢ reaction with
aldehydes primarily represents a source of BrHgOH. BrHgO¢ reaction with ketones (as opposed to
aldehydes) may be a more important source of alkoxy radicals with BrHgO substituent. Note that
larger alkoxy radicals, including analogs of the BrHgOCH,CH,O¢ intermediate in Scheme 1, would

likely undergo more diverse chemistry than is depicted above.***

Considering the toxicity of organomercury compounds,**

to carbonyl compounds and alkenes may appear disconcerting. Nonetheless, as detailed below, we

their formation in the gas phase via addition

expect most BrHgOe to form BrHgOH, so these organomercury compounds may not be cause for
alarm. The fate of BrHgOH was previously suggested to be wet and dry deposition,” or photolysis.**

All in all, BtHgO¢ behaves similarly to *OH radical, in that it can abstract hydrogen atoms from sp’-
hydridized carbons atoms, and can add to sp>hybridized carbons, and to NO and NO,.* These
reactions are depicted in Figure 10 in the context of bromine-initiated oxidation of Hg(0).
Additionally, we expect that BrHgO® can add to aromatic compounds, although we have yet to
investigate these reactions.
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BrHgOH
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N NO, hv NO,
Hg(0) BrHg* —— BrHgONO — BrHgO+* — BrHgONO,
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BrHgY BrHgORZ:

Figure 10. Mechanism of Hg(0) oxidation initiated by Bre including the various reactions of BrHgOe.

/ (a) Urban air / (b) Rural air

(ground level) (ground level)

CH,0 92%
C.H, 5%
CH, 3%

Fate of BrHgO* in an urban air
\moss at ground level (285 K, 1 atm)

/ (c) Marine air

(ground level)

Fate of BrHgO:+ in an rural air

\moss at ground level (285 K, 1 atm)
/ (d) Stratosphere \
(25 km)
R

CH, >99%
CH,0 0%
C,H, 0%

Fate of BrHgO* in an marine air
\moss at ground level (285 K, 1T atm)

Fate of BrHgO- in stratospheric

\oir mass at 25 km (220 K, 0.06 atm) /

Figure 11. Predicted fates of BrHgO¢ in three air masses at ground level (a, b, and ¢) and one in the
stratosphere (d). Values are calculated from pseudo first-order rate constants (£'a = £[A] where £ is
the bimolecular rate constant for reaction BrHgOe reacting with compound A computed at

CCSD(T)//M06-2X/AVTZ). Concentration values are adapted from data obtained in field
campaigns and listed in the Supporting Information (Table S9).

Finally, we estimate the atmospheric fate of BrHgO® under a variety of conditions by computing
pseudo first-order rate constants of its reactions (£’ = £[A] where £ is the bimolecular rate constant
for reaction of BrHgOe with compound A). These values are computed for four air masses
representing stratospheric air and lower-tropospheric air in urban, rural, and marine environments
using concentration data from selected field campaigns. The concentrations are listed in the
Supporting Information (Table S9). We included previously studied hydrogen abstractions from
alkanes along with NO and NO; addition.”” Figure 11 displays the predicted fates of BrHgO® in these
four air masses. BrHgOH formation dominates in all air masses due to the high global concentration
of CH4. However, addition to nitrogen oxides can compete in urban regions and in stratospheric ait.
Photolysis of BrHgONO, and perhaps, BtHgONO., provides a channel whereby BrHgO® can be
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regenerated. Two factors limit the reliability of the results in Figure 11: (1) that these rate constants
are uncertain and require verification from experiments, and (2) that we only include a few species and
reactions whose rate constants were computed. That being said, it seems likely that BrHgOH
constitutes a major Hg(II) compound formed in the bromine-initiated oxidation of Hg(0). We hope
that these results inspire experimentalists to refine the rate constants reported here.

SUPPORTING INFORMATION

Tables of absolute energies, ZPEs, Cartesian coordinates, vibrational frequencies, and rotational
constants for all species are available in the Supporting Information. Tables of temperature-dependent
PRC-forming rate constants, fractions reacting to form products, effective rate constants, along with
figures of Gibbs free energies and vibrational frequencies along reaction paths are also presented. In
addition, atmospheric concentrations and rate constants used for predicting the fate of BrHgO® are
included.
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