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ABSTRACT: We report on the first experimental determination of the absolute
rate constant of the reaction of BrHg + NO in N, bath gas using a laser
photolysis—laser-induced fluorescence (LP-LIF) system. The rate constant of the
reaction of BrHg + NO is determined to be 7.02G3 X 107'* cm® molecule™ s7*
over 50—700 Torr and 315—353 K. The absence of a pressure or temperature
dependence suggests that this reaction leads mainly to mercury reduction (Hg +
BrNO) rather than mercury oxidation (BrHgNO). Our theoretical calculations
using NEVPT2 energies on density functional theory (DFT) geometries are
consistent with a barrierless reaction to form Hg + BrNO. The equilibrium
constants and the rate constants of the reaction BrHg + O, = BrHgOO are
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computed theoretically because they are too low to be measured in the LP-LIF system. Molecular oxygen quenches the LIF signal of

BrHg with a large rate constant of (1.7 + 0.1) X 107" cm® molecule™

s !. Thus, different techniques that capture the absolute

[BrHg(X)] would be advantageous for kinetics studies of BrHg reactions in the presence of O,. The computed equilibrium constant
suggests a non-negligible upper limit of the fraction of BrHg stored as BrHgOO (up to 0.5) at low-temperature conditions, e.g., in
the upper troposphere and in polar winters at ground level. Preliminary results indicate that BrHgOO behaves like HOO or organic

peroxy radicals in reactions with atmospheric radicals.

I. INTRODUCTION

Mercury is a pollutant of global concern due to its long
atmospheric lifetime (0.5—1 year), enabling long-range
transportation via the atmosphere. Deposition from the
atmosphere to ecosystems is followed by bioaccumulation
and biomagnification to neurotoxic levels that harm the well-
being of animals and humans.'~* Atmospheric mercury is
primarily emitted as gaseous elemental mercury (GEM, Hg(o))
by anthropogenic and natural sources, as well as reemissions."”’
However, gaseous oxidized mercury (GOM), mostly as
divalent mercury (Hg(H)), is more prone than GEM to wet
deposition or dry deposition in oceans, due to its higher water
solubility and lower vapor pressure.”” So mercury primarily
enters ecosystems as Hg(H).

In the atmosphere, Hg cycles among elemental Hg®,
oxidized monovalent Hg D ‘and divalent Hg(H).2 Atomic
bromine (Br) is considered the main oxidant, and the
oxidation of Hg(o) by ozone (O;) or the hydroxyl radical
(OH) is inefficient since the Hg(l) products of these reactions
are weakly bound.®™'® Br-initiated Hg® oxidation to Hg™
proceeds via a two-step process: first, Hg® reacts with atomic
Br to produce BrHg radicals,'" an Hg(l) intermediate that can
photolytically or thermally decompose back to Hg(o);é’g’12
second, BrHg reacts with other radicals, such as HOO, NO
Br, OH, and BrO, to form inorganic oxidized Hg(II
compounds.”*™"’ Field and modeling studies indicate that
Br-initiated oxidation dominates in a range of environments,
including the polar regions, salt lakes, tropical marine boundary
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layer, and the free troposphere, where Br chemistry is active
and Br is relatively abundant.”’°”*® The most recent
theoretical and experimental kinetics studies have shown that
BrHg could react with O; to produce BrHgO + 0,.'”***
Reaction with ozone would dominate the oxidation of Hg(l) to
Hg" and enable the OH radical to initiate Hg® oxidation via
HOHg.>' 0225
We are still unveiling the major aspects of the redox
chemistry of atmospheric mercury. Recent theoretical calcu-
lations have found that the major divalent species (BrHgOOH,
BrHgOH, BrHgONO, etc.) strongly absorb UV light, leading
to fast photolysis (mostly photoreduction) in the gaseous
phase, which dominates the reduction of oxidized mercury in
the atmosphere,'>>*>%*7 3! Hg(H) species can be absorbed and
dissolved by aqueous particles/cloud droplets and become
Hg2+ ions, which form complexes with various ligands, such as
halides and organic groups.”> Aqueous-phase photoreduction
3735 The presence of hi§h [CI"] may lead
particles to emit HgCl, to the gas phase.”® GOM can also be
absorbed on dry particles, where photoreduction may also

can also occur.
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Figure 1. Schematic of the LP-LIF system.

occur.””* Reduction of gas-phase Hg™ and Hg"V radicals can
occur in thermal reactions, such as BrHgO reacting with CO to
produce BrHg and CO,,* and BrHg reacting with NO, to
produce Hg(0 and BrNO,.'®"” O; potentially reduces HgBr,/
HgCl, to Hg(o) under irradiation, according to a new
laboratory result.”” Most of these gas-phase reduction reactions
are only known from computational chemistry and have not
been validated by experiments. Most of the aqueous-phase and
surface-based photoreduction reactions have only been studied
empirically and lack a solid mechanistic basis. These factors
limit our understanding of mercury redox chemistry, which
hinders efforts to predict how emission reductions impact the
spatial distribution of mercury entry into ecosystems.”'*'~**
The kinetics of the reaction between BrHg and NO have not
been studied theoretically or experimentally. A previous
thermodynamics study has shown that BrHg—NO bond is
weak (12 kecal mol™) so that BrHgNO would rapidly undergo
thermal dissociation.'”'* This means that NO is unable to
effectively oxidize BrHg. We are interested in whether the
reaction of BrHg and NO could lead to Hg'" reduction

BrHg + NO — Hg + BrNO (R1)

analogous to the reduction channel of the reaction of BrHg +
NO,.""” We report here on our combined experimental and
theoretical study of the new reduction reaction R1. The rate
constant of this reduction pathway is measured as a function of
temperature and pressure using the laser photolysis—laser-
induced fluorescence (LP-LIF) system used in the previous
kinetics study for the reaction of BrHg + NO, and O5.'”"” We
also have used computational chemistry to determine the
potential energy profile for this reaction and compute the rate
constant versus temperature.

Similarly, the kinetics of the reaction between BrHg and O,
have not been studied theoretically or experimentally. A
previous thermodynamics study has suggested that the reaction
of BrHg + O, is unlikely to result in much BrHgOO due to the
weak BrHg—OO bond (computed at 7 kcal mol™').°
Furthermore, the reaction of BrHg with O, to produce
BrOO and Hg, analogous to reaction R1, is endothermic since
the enthalpies of formation at 298 K for BrHg, O,, BrOO, and
Hg are 24.9 + 2.4, 0.00, 28.6 + 1.4, and 14.67 + 0.01 kcal
mol ™!, respectively.*> Therefore, the mechanism for the
reaction of BrHg + O, should be described by the equilibrium
process

BrHg + O, = BrHgOO (R2)

Given the abundance of O, in the atmosphere and the
uncertainty in the bond energy, we think it is necessary to
study this reaction experimentally and computationally. We
report on our combined experimental and theoretical studies of
the reaction R2 and discuss the atmospheric impact of reaction
R2 and BrHgOO as an intermediate on mercury redox
chemistry, as well as the challenges for experimental measure-
ment using LIF spectroscopy due to fluorescence quenching of
BrHg by O,.

IIl. METHODS AND MATERIALS

ILI. Experimental Methods. The photolytic precursor of
the BrHg radical, mercury(Il) bromide (HgBr,), vapor was
generated by heating HgBr, powder (Acros Organics, 99+%)
to 305 K in a flow tube, and transferred to the reactor by N,
gas (Airgas, 99.999%)."® The HgBr, concentration was 6 X
10" molecule cm™, extrapolated from the literature data®’
using the Clausius—Clapeyron equation. NO gas (Airgas, 2534
ppm in N, with the NIST-certified accuracy of <1%) was
purified using an Ascarite trap (Sigma-Aldrich)** and
characterized by UV—vis spectroscopy.” The absence of
impurities, e.g., NO,, was verified by capturing the UV—vis
absorption spectrum of the gas mixture from 192 to 660 nm.
[NO,] is estimated to be <2% of [NO] even without using an
Ascarite trap. The measured rate constants of BrHg + NO
varied only by <8% (within the experimental uncertainty) with
or without an Ascarite trap inserted in the gas line, which
shows an insignificant impact by NO,. NO and O, were
diluted in N, before being transferred to the reactor.

The laser photolysis—laser-induced fluorescence (LP-LIF)
apparatus is shown in Figure 1 and is similar to the one used in
our previous work.'”'” Therefore, the experimental setup is
described briefly here. BrHg radicals were generated from
photolysis of HgBr, at 266 nm using an Nd:YAG laser
(Spectra-Physics PRO-350, energy flux of <127 m] pulse™
cm™? at the reaction region). BrHg was probed by a dye laser
(Radiant NarrowScan, linewidth ~0.05 cm™, at ~256 nm,
~10 pJ) that was pumped by another Nd:YAG laser
(Continuum Powerlite 8020, at 355 nm). The (1321_[3/2, v =
2) « (X2YF, v" = 0) transition at 255.97 nm was used to
probe the BrHg radicals.””*" The intensity of a small fraction
of the probe laser was measured by a photodiode (Thorlabs
DET 210) to normalize the LIF signal at each laser shot. The
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photolysis beam and the probe laser were focused at the center
of the reactor to maximize BrHg generation and the LIF
intensity and intersect each other at a sharp acute angle of
~11°. The resulting fluorescence emissions from the excited
radicals were detected orthogonally to the two laser beams by a
photomultiplier tube (PMT, Hamamatsu R7400U-03). The
LIF signal around 500 nm from the B*}}7/, — X*Y* transition
was found to be stronger than that around 260 nm from the
D,,, — X>Y* transition,” so the PMT was screened with a
500 + 20-nm band-pass filter to detect the fluorescence from
the B2Y 1), »X*Y" transition.

The PMT signal was amplified (ORTEC 9305) and
transmitted to a boxcar system (Stanford Research System
SR250) before feeding into the in-house-developed data
acquisition software. The delay time between the photolysis
laser and the probe laser was controlled by a digital delay
(Stanford Research System DG 535) and automatically
scanned from 1 to 1000 us depending on experimental
conditions. Normalized LIF signals were averaged over 10—20
laser shots at each delay time. The change in the LIF signal as a
function of delay time was used to determine the rate of BrHg
radical disappearance in the reaction with NO or O,. A 20-
point scan of the delay time for one experiment condition
typically took <60 s, which minimized the uncertainty due to
the fluctuations in the photolysis laser energy.

The reactor was made of a six-way CF port cross stainless
steel high-vacuum chamber (MDC) that consists of three
perpendicular axes. One axis at the horizontal plane was used
for the laser beams passing through, one also at the horizontal
plane for the gas mixtures flowing, and one axis at the vertical
plane for the LIF detection. The flow rate was regulated by
mass flow controllers (MFC, Parker 601CVNAAD22V; Alicat
MCS-5SLPM-D) with a total flow rate of 0.97—13.66 SLPM
and a short residence time of 1.4 s in the reactor. Gas flow
rate/residence time was varied to investigate the influence of
side reactions. The reactor and gas-flow tubes were jacketed
and insulated, and their temperature was controlled (MDC
BDTC-K-120) at 315—353 K, at least 10 K higher than the
HgBr, reservoir to prevent vapor condensation. The temper-
ature and the pressure in the reaction region were measured by
a calibrated thermocouple (Omega) and a calibrated
manometer (MKS 626A13TAE, 1—1000 Torr), respectively.
The deviation between the actual pressure and the nominal
pressure reported was ~5—8 Torr, depending on the
experimental conditions. Experiments at low pressures such
as 50 Torr usually have higher uncertainty (up to 10%) due to
greater difficulty in stabilizing the pressure in the dynamic flow
experimental setting,

The concentration of BrHg radicals in the experiments was
estimated to be ~2 X 10" molecule cm™ based on the
absorption cross section of HgBr, at 266 nm (~7 X 107

m2)27’52 and the HgBr, concentration in our experiment
setting (3.0 X 10" molecule ecm™),*” and the BrHg quantum
yield (~0.6).”* The concentrations of NO and O, were derived
from the mole fraction based on the ratio of their flow rates to
the total flow rate and were set to be (3.5—30.8) X 10'* and
(1.2—4.9) x 10" molecule cm™, respectively, to establish
pseudo-first-order conditions and mitigate side reactions.

ILIl. Computational Methods. All calculations presented
in this article were carried out using a combination of basis
sets. Dunning’s augmented correlation-consistent triple- basis
sets (aug-cc-pVTZ)>*** was used for oxygen and nitrogen
atoms. Energy-consistent pseudopotentials (PP) represented

the 60 innermost electrons of Hg (ECP60MDF) and the 10
innermost electrons of Br (ECP10MDEF),*>*° while the aug-cc-
pVTZ-PP”" basis set was used for the explicitly treated
electrons. This combination of basis sets is denoted below as
AVTZ. The frozen-core approximation was applied to the first
8 and 18 explicitly treated electrons of Hg and Br, respectively,
when post-Hartree—Fock methods were used. The AVTZ basis
set was selected based on the reliability offered by the
combination of augmented correlation-consistent Dunning-
type basis sets with the pseudopotentials implemented by
Stuttgart/Cologne group. This type of basis sets allow
inclusion of scalar relativistic effects arising from the innermost
electrons of Hg and Br atoms while at the same time offering
the flexibility provided by a polarized triple-{ basis set and the
addition of diffuse functions.

The reactants and products were fully optimized at coupled-
cluster singles and doubles with the perturbative triples
(CCSD(T)) method,”™*” followed by frequency calculations
at the same level of theory in ORCA program 5.0.1.°° The
gradients and Hessians were fully calculated using two-sided
numerical differentiation. To study the energy profiles, we
performed relaxed scans at the DFT level, which involves
energy calculations at short, equilibrium, and long distances. A
good option to evaluate the interactions between the electron
clouds of reactants at longer ranges is the use of dispersion
corrections, long-range corrected functionals, or a combination
of both. Therefore, for BrHgNO, the topography of the
potential energy surface (PES) of the ground state along the
reaction coordinate dg, (Br—N distance) was studied using
relaxed scans at B97D3°"°* in Gaussian 16.”> For BrHgOO,
the dyeo (Hg—O distance) was scanned using ORCA and the
CAM- B?,LYP64 and wB97X®° functionals, including the
D3BJ°>% empirical dispersion correction. In cases where we
only estimated the enthalpy for other reactions (energies at
equilibrium geometries), we used PBEO hybrid functional as a
rapid alternative to estimate the enthalpy change, given that it
has been shown to provide good bond energies on Hg
derivatives at a low computational cost.'® The scans were
carried out after obtaining the most stable wavefunctions
within the unrestricted approach. Then, the highly correlated
CCSD(T) method was used for single points along the
geometries obtained from the scans. In addition, in the case of
BrHgNO, the complete active space self-consistent field
(CASSCF) method”” was used to generate the reference
wavefunction as a full configuration interaction expansion in an
active space composed of 10 electrons in 8 orbitals (see Figure
S1 in the Supporting Information), leading to a configuration
space formed by 784 configuration state functions for singlets.
State-specific (SS) and state-average (SA) calculations were
performed for the lowest two singlets and two triplets. Then,
strongly contracted N-electron valence state second-order
perturbation theory (SC-NEVPT2)**™"" was used to take the
dynamic electron correlation into account. Standard and quasi-
degenerated (QD) NEVPT2 energies were evaluated to take
possible interactions of the states into account. The QD-
NEVPT?2 approach’” uses a multidimensional reference space
and constructs an effective Hamiltonian, which is computed
perturbatively, allowing the CASSCF states to interact via
nondiagonal terms. The spin—orbit coupling was calculated
along the path by calculatlng the matrix elements of the spin—
orbit Hamiltonian (H*°), and its diagonalization led to mixed
states.
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To get zero-point energy (ZPE) and Gibbs free energies
corrections (Ge,,,), frequency calculations were performed at
the corresponding DFT level at each point along the scans.
Free energy corrections (G.,,) were obtained at different
temperatures. Then, the free energy (G) along each point of
the paths was calculated by adding G, to the energy (E..)
from CCSD(T) (for BrHgOO) or NEVPT2 (for BrHgNO).
The normal modes and the ZPE-corrected energy of the
maximum along the free energy paths (AG*) were used in the
thermo program from the MultiWell Program Suite”*~"* to
estimate the rate constants at 200, 220, 240, 260, 280, 298.15,
313, 323, 353, and 373 K through the canonical transition state
theory (CTST) implemented in the MultiWell Program
Suite.”*””> The minimum value of the CTST rate constant,
kcrst(T), along the path corresponds to the variational
transition state theory (VTST) rate constant, kyrsr(T).

We used Rice—Ramsperger—Kassel-Marcus (RRKM)
theory/Master Equation calculations in MultiWell*~" to
compute k,([M], T), where [M] is the total concentration of
gas-phase molecules, ie, N, in this study. Lennard-Jones
parameters for N, are ¢ = 3.70 A and &/K = 85;° for
BrHgOO, we used 6 = 5.0 A and ¢/K = 700.% Energy transfer
was modeled as a single exponential with @ = 100 cm™".
MultiWell simulations were carried out at 200—333 K and [M]
of 2.5 X 10'-2.5 x 10" molecule cm™. The Lindemann
mechanism was applied to the reaction of BrHg + O,

ky* (T) %
BrHg + O, —— BrHgOO

s ko (E)
BrHgOO" —— BrHg + O,

kquench (IM1), T

BrHgOO* + N, BrHgOO + N,

where k3°(T), k_,(E), and kgenn([M], T) represent the rate
constant for the formation of activated BrHgOO, i.e,
BrHgOO* (which equals k,(T) in the high-pressure limit),
for the dissociation of BrHgOO¥, and for the collisional
quenching of BrHgOO%*, respectively. We initiated simulations
with BrHgOO* populated from BrHg + O,, from which we
determined the fraction of BrHgOO* that was quenched to
thermalized BrHZOO, fyuencn([M], T). The number of Monte
Carlo trials was adjusted to achieve <5% statistical uncertainty
in fienn at all T and [M]. ky([M], T) was determined as
fquench([M] , T) X K°(T). A preliminary investigation of
reactions of BrHgOO with the atmospheric radicals, i.e.,, NO,
NO,, and HOO, was conducted in this study. This
investigation applied the PBEO functional with the AVTZ
basis set, a combination that has proven to provide a reliable
guide to BrHg chemistry in our previous investigations.16’19

lll. RESULTS AND DISCUSSION

According to the CCSD(T) and CASSCF calculations, the
BrHg radical (doublet) possesses an electronic structure
characterized by a delocalized unpaired electron that leads to
an almost equally distributed spin-density on Br and Hg atoms
(Figure 2). This explains why BrHg can react with radicals, Y
(such as Br and NO,), to either reduce Hg" to Hg'® + BrY or
oxidize Hg(l) to Hg ) as BrHgY, as discussed in Section L It
seems that the products of BrHg reactions should strongly
depend on the orientation of the molecular collisions with
other radicals or species such as O,. If the collision occurs
between Hg atom and another radical center, the reaction can
easily proceed toward the oxidation process to Hg™; however,

BrHg Spin-Density

Br0.41

Hg 0.59

Figure 2. Spin-density based on Mulliken population analysis from
CCSD(T)/AVTZ calculation using linearized density from CCSD-
(T). The spin densities were confirmed by the orbital-optimized
coupled-cluster doubles (OOCCD) method.

when the radical collides with the Br atom, a reduction
reaction to Hg(o) takes place.

lil.l. Rate Constants of BrHg + NO. /ILl.Il. Experimental
Results. The temporal disappearance of [BrHg] should be well
expressed by a single-exponential decay under pseudo-first-
order conditions, as in eq 1

1[@] e

[BrHg], (1)

where ki is the pseudo-first-order rate constant for the
disappearance of BrHg that follows eq 2

kI, = kl[NO] + kother (2)

where k; is the second-order rate constant for the reaction of
BrHg + NO, and kg, is the effective rate constant for other
loss processes such as side reactions and diffusion.

Figure 3a shows typical plots of the natural logarithm of
BrHg LIF intensity versus the delay time between the
photolysis laser and the probe laser at different [NOJ; data
is shown at five different [NO] along with their weighted linear
fits. The absolute values of the slopes of these linear fits, i.e,,
the pseudo-first-order rate constant kj, are plotted against the
corresponding [NO] to obtain the second-order rate constants,
k,, as shown in Figure 3b. Values of k; under different
experimental conditions are listed in Tables S1 and S2.

The data in Figure 3a,)b exhibit the high linearity expected
from pseudo-first-order conditions with R? > 0.96 and >0.995,
respectively. The nonzero y-intercepts can be interpreted as the
sum of the pseudo-first-order rate constants from all loss
processes other than the reaction with NO. The pseudo-first-
order rate constants kj at [NO] = 0, measured to assess those
loss processes, are included in the linear least-square fits.
Excluding the data points in the absence of NO in the linear
fits affects the resulting slope by less than +8%, which is well
within the uncertainty of the rate constant measurement. This
suggests minimal loss of BrHg results from side reactions with
species relevant to NO gas, such as BrNO, BrHgO, and NO,,
but that loss arises, instead, from diffusion and side reactions
with species such as BrHg and Br. In selected experiments, by
increasing the total gas flow rate to decrease the residence time
from 1.4 to 0.6 s at 150—700 Torr and 315 K, the resulting rate
constants are affected by less than 11%, which is within the
uncertainty of the rate constant measurement. This suggests
the accumulation of photolytically produced species from
multiple laser shots does not occur to a significant extent,
probably due to the diffusion of the unwanted species out of
the photolysis region (<0.5% of the reactor volume).

The measured absolute rate constants k; at different
temperatures and pressures over the range 315—353 K and
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Figure 3. (a) Typical linear decays of In(LIF) as a function of the decay time (between the photolysis laser and the probe laser) for the reaction of
BrHg with NO at different [NO] at 100 Torr and 315 K. Straight lines represent weighted linear fits. Error bars are 1o of the average over 10
normalized LIF signals. (b) Typical plots of the pseudo-first-order rate constant, kj, for BrHg + NO versus [NO] at different pressures (at 315 K)
with weighted linear fits. Error bars are 20 of the fitted slopes of In(LIF) decays.

50—700 Torr are listed in Table 1 and displayed in Figure 4.
The rate constant exhibits no pressure and temperature

Table 1. Second-Order Rate Constants k,(p, T) for BrHg +
NO with Error Bars of 26

ky (X107 cm® molecule™ s71)

31S K 323 K 333 K 353 K

50 Torr 6.43 + 0.16 743 + 1.36 743 + 1.02 8.24 + 0.31
100 Torr 6.93 + 0.39 7.17 + 1.08 7.12 + 0.28 7.32 £ 0.59
200 Torr 6.70 + 0.32 6.66 + 0.24 7.36 £ 0.27 6.81 + 0.66
400 Torr 6.27 + 0.45 6.63 + 0.34 6.85 + 0.11 6.88 + 0.21
700 Torr 6.08 + 0.21 6.68 + 0.31 6.66 = 0.15 6.45 + 0.22
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Figure 4. Measured rate constant k; of BrHg + NO versus [N,] at
315, 323, 333, and 353 K. Error bars represent 20 of the fitted slopes
of kj versus [NO].

dependence under experimental conditions. The measured rate
constants at 50 Torr usually have larger uncertainties than the
others, mainly due to the greater difficulty in maintaining the
pressure with minimal fluctuation (<10%) at low pressure,
resulting in greater uncertainty of [NO] determination. The
average of the rate constants listed in Table 1 is 7.0753 X 1072
cm® molecule™ s7! which can be used as the overall rate
constant over the range 315—353 K and 50—700 Torr.

The lack of pressure dependence of the measured rate
constants for BrHg + NO suggests that this reaction may not
lead to recombination.* Dibble et al. reported that the bond
energy of BrHg—NO is sufficiently small (12 kcal mol™')"*"*
such that BrHgNO would dissociate rapidly in the experiment.
Assuming the Arrhenius pre-exponential A for the dissociation
is as low as 1 X 10" s, BrHgNO has a lifetime as short as 1.4
ps at 315 K. The reaction BrHg + NO = BrHgNO would
reach equilibrium in less than 10 ps at 315 K, yet Figure 3a

shows that single-exponential decay of the BrHg signal extends
out to hundreds of us at 315 K. Instead of the association
reaction to form BrHgNO, the temperature- and pressure-
independence of k; is more consistent with a barrierless
disproportionation reaction forming Hg + BrNO (reaction
R1). This could occur if the N atom of NO approaches the Br
of BrHg. The rate constant of reaction R1 may be considered
nearly pressure-independent under our experimental condi-
tions, analogous to the reaction of BrHg + NO, — Hg +
BrNO,.'”"” Both reactions correspond to the reduction of
mercury from Hg(l) to Hg(o). The lack of temperature
dependence of the measured rate constant indicates that the
reaction R1 could be barrierless. The computational results
presented immediately below are consistent with the absence
of a barrier.

liLLIl. Computational Results. The unpaired electron of the
NO radical can be on the two equivalent singly-occupied
molecular orbitals (SOMOs) #fyo or #fyo (see Figure S1);
however, as BrHg approaches along the axis of 7o, the
degeneracy is lost and the lower-energy doublet is described by
the unpaired electron on 71,NO*. At long dp distances, the
wave function is described by an open-shell configuration,
which gradually becomes a closed shell as dg approaches the
equilibrium distance.

The ZPE-corrected energy profiles at B97D3 and CAM-
B3LYP-D3BJ for the reduction reaction show a barrierless
potential energy surface along the reaction coordinate, whose
minimum is a final complex (FC) that is expected to be
vibrationally excited and should rapidly dissociate to BrNO
and Hg®. The inclusion of electron correlation via single
points at CCSD(T) and the subsequent addition of the ZPE
corrections from B97D3 show a barrier of 2.4 kcal mol™". This
barrier is likely an artifact, as is often observed at CCSD(T)
along the barrierless reaction path for two radicals forming
singlet products (see Figure $2).”””® According to CCSD(T)
calculations, AH?(0 K) and AG? (298 K) for the reduction
reaction (forming BrNO and Hg) are —13.4 and —0.5 kcal
mol™!, respectively. For the oxidation reaction (forming
BrHgNO), AH?(0 K) and AG? (298 K) are —11.9 and
—2.4 kcal mol ™, respectively. When the energy profile is built
using QD-NEVPT2 electronic energies, there is an initial
baseline of 0.37 kcal mol™" at very long distances (Figure S2a).
The nature of the wavefunction along the path acquires an
important multiconfigurational character, where in the range
from 2.75 to 2.95 A, the wavefunctions are mainly described by
three configurations with weights of 0.40, 0.39, and 0.12. The
barrier shown on the CCSD(T) profiles is located at 2.85 A,
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which is within this range. From this point on, we are going to
discuss the results from QD-NEVPT?2, given that it can better
describe the multiconfigurational character of the wavefunction
during bond-breaking and formation. The reaction coordinate
is mostly defined by the dg.y and dpyy, distances, as shown in
Figure S. The dp distance dominates the reaction that forms

2.15A N 4.95A

10

5

i
7.59A dsmg 3.59 A AG* BrHg + NO

_ 0
© —— AE(NEVPT2 + ZPE)
£ AG(200)
< AG(220)
<10 ——AG(240)
——AG(260)
Hg + BrNO —AG(280)
-15 —AG(298.15)
——AG(300)
-20 —AG(320)

Figure 5. Energy profiles (kcal mol™') along the dy, and dpg
distances. Energies have been calculated with respect to the reactants

separated at infinite distance. G = E(QDNEVPT2) L GBOD3. B

corr )
Ee&D—NEVPTZ) + ZPEB97D3.

the final complex (Hg—BrNO) from BrHg and NO. The dpeig
distance dominates the formation of separated products (Hg
and BrNO) from Hg—BrNO. This complex is ~18 kcal mol™"
lower than reactants, and it is characterized by dg = 2.15 A
and dpyy, = 3.59 A.

The free energy surface has a barrier from reactants to the
exit channel complex, and it gets displaced to slightly shorter
dpa as the temperature increases. The free energy barrier,
AG?*, at QD-NEVPT2//B97D3, at 200 K, is 5.5 kcal mol™! and
it is located at dpyy = 3.55 A, whereas at 320 K, this barrier
becomes 8.6 kcal mol™! with dp = 3.45 A. At 298.15 K, AG*
is 7.5 kcal mol™". As can be seen from Figure 6, the computed
rate constant for the reduction reaction varies only modestly
with temperature (less than a factor of 3 in the range 200 K <
T < 360 K), and this weak temperature dependence agrees
qualitatively with the experimental results shown in Figure 6b.
The calculated rate constant is ~12 times smaller than the
experimental value, a level of error that is unfortunate, but not
surprising, given the sources of uncertainties: computing
NEVPT?2 energies with B97D3 geometries, the use of B97D3

for thermal corrections, and the fact that NEVPT2 only
includes dynamic electron correlation to second order.

lILII. Kinetics Study of BrHg + O,. lilIl.l. Experimental
Results. We studied BrHg temporal behavior in the presence of
a high O, concentration of (1.2—4.9) X 10" molecule cm™
and determined the pseudo-first-order rate constant k; at 333
K and 85 + S Torr. Figure 7 shows that k; does not depend on
[O,]. This suggests that the observed loss of BrHg is not due
to the reaction with O, but to diffusion out of the reaction
zone and/or side reactions. In terms of the BrHg + O,
reaction, there are two likely interpretations. One is that the
BrHg + O, reaction reaches equilibrium before we obtain the
first one or two BrHg LIF signals (10—20 us), but our
computational simulations suggest otherwise (see computa-
tional discussion below). The other explanation is that the
reaction of BrHg with O, is negligible on the ~1 ms time scale
of the experiment. If we assume that no more than 50% of the
observed kj in Figure 7b is due to BrHg reaction with O,, this
would imply a rate constant of <2.4 X 107® cm® molecule™
s~ (considering the highest [O,] used), which is much higher
than our computational results (4.2 X 107" cm® molecule™
s7!; listed in Table S5).

An increase in [O,] above those used here would enable us
to gain more insight into the rate constant. Unfortunately, this
is not possible in the present experiment because O, efficiently
quenches the fluorescence of Bng(EZZDZ). This is evident
from the decrease of the initial LIF signal (at 20 us) with the
increase of [O,], as shown in Figure 7a. We measured the
fluorescence lifetime of the excited state BrHg(B*Y.i/,) by
capturing its fluorescence intensity in a 400 MHz oscilloscope
as a function of time, starting right after the excitation light was
switched off. The fluorescence intensity decays exponentially
with the excited state population of Bng(BZZI/Z) at the rate
that follows the Stern—Volmer relationship’®

ke + ke + kg[O,] = 1/75 + kg[O,] = 1/7, (3)
where k;, k, and k, represent the rate constant of the radiative
decay for BrHg(B), the total rate constant of first-order
processes that do not lead to fluorescence, such as nonradiative
deactivation and internal conversion, and the rate constant of
fluorescence quenching by O,, respectively. 7, and 7, are the
lifetimes of the B state with and without the quencher,
respectively.

Figure 8a shows decent linear decays in the plots of the
natural logarithm of the fluorescence intensity versus time with
R* of >0.968; the slopes of such linear fits produce the
reciprocals of the fluorescence lifetimes of the excited BrHg(B)
state at different [O,]. Figure 8b exhibits a typical Stern—
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Figure 6. (a) Calculated rate constants (k;) based on CTST at different temperatures ranging from 200 to 360 K. (b) Experimental (at 700 Torr
with error bars of 26) and computational rate constants (k;) at 313, 315, 323, 333, and 353 K.
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Volmer plot using the fluorescence lifetimes at different [O,]
with an R? of 0.9988. The fluorescence lifetime of the B state in
the absence of O,, 7y, is 24.8 + 0.6 ns derived from the y-
intercept of Figure 8b, which is close to the previously reported
data (measured to be 23.2 + 0.5 ns).*° The rate coefficient, kg
for the BrHg(B) quenching process by O, at 333 K is
determined to be (1.7 + 0.1) X 107! cm® molecule™ s™! from
the slope of the linear fit in Figure 8b. This is slightly higher
than the previously reported one by a factor of 1.8, which is
acceptable considering the uncertainty of this type of
experiments (typically within a factor of 2 based on the survey
of the literature).”’ The fluorescence quenching by undis-
sociated parent species HgBr, and its photofragments (BrHg*,
BrHg, Br and Hg), bath gas N,, and the impurity gases, are
possible contributing factors, but their impacts are modest due
to their low concentrations (such as HgBr,) or low quenching
rates (such as N, with a quenching rate of <1.5 X 107" cm®
molecule™ s7).*"* The thermodynamic threshold for O,
photolysis is 242 nm (at 0 K), and O, has an extremely small
collision-induced absorption cross section at 256 and 266 nm
(<0.05 x 107 cm?);*>* therefore, photodissociation and
excitation of O, should not be a concern in this experiment.
The origin of the discrepancy needs further investigation.

If the equilibrium is established before the first measurement
takes place at 20 us, BrHg + O, = BrHgOO can be also
responsible for the decrease of [Bng(i()] (thus the LIF
signal). However, Figure 9 shows that the measured BrHg
fluorescence intensities in the kinetics experiments at a delay of
20 ps are close to those predicted from the Stern—Volmer
relationship. This means the formation of BrHgOO does not
contribute significantly to reducing the LIF signal in the kinetic
experiments. Instead, this finding supports the interpretation
that the reaction BrHg + O, = BrHgOO either has a very

10 B Measured
1 ® Derived from S-V relationship|
S
Eos
by
0.0
0 2 4 6 8

[0,] (x10" molecule cm™®)

Figure 9. Plot of BrHg fluorescence intensities versus [O,].
Experimental data measured at 20 us is shown in black, where error
bars are 1o of the average over 100—200 LIF signals. Predicted values
from the Stern—Volmer relationship using the 7, and k; from this
work are shown in red, with the error bars computed from error
propagation.

small equilibrium constant or reaches equilibrium only after
times much longer than those for our experiment.

The excited state BrHg(B) may follow several kinetics
pathways in the presence of O,: nonradiative relaxation from B
to X resulting from energy transfer between Bng(B) and O,
(reaction R3), and reactive dissociation (reactions R4 and
RS),*" as shown in Figure 10. In the case of the energy transfer
process R3, O, may be excited to the Herzberg II forbidden
system (S'Y5 — X3Z ),** as some emission bands such as the
progression of (0— 8), (0—9), and (0—10) are located in the
spectral range of 480—507 nm that could lead to resonance in
the energy transfer process between Bng(B) and O,. There is
no existing study on the reactions of the excited state Bng(B)
with O, (reactions R4 and RS). However, we know reactlon
R4 is exothermic by 51 keal mol™, as D, for BrHg(X)* is only
~16 keal mol™ and T, for BrHg(B?Y},) is 23 485 cm™ (67.1
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BrHg(B) + 0, - BrHg(X) + O,  (R3)
BrHg(B) + 0, » Hg+Br+0, (R4)
BrHg(B) + 0, » HgO + BrO (RS)
BrHg(X)+ 0,=HgBr00 (R2)

Figure 10. Excitation scheme for the LIF of BrHg along with possible
kinetics pathways for BrHg(B) and BrHg(X). The excitation
transition is at ~256 nm, with subsequent fluorescence transition
near 500 nm.

kcal mol™).* Reaction RS appears to be endothermic by 8 +
5 kcal mol™". Thus, reaction RS is unlikely to decrease the
BrHg fluorescence, but reaction R4 is feasible. Similar
processes may remove Bng(f)) (the source of Bng(B) in
our experiment), which would further reduce the LIF signals.
To study the reaction of BrHg(X) + O, at high [O,], a
different approach, such as cavity ringdown spectroscopy, is
needed to quantify and track absolute [BrHg(X)] without the
issue of fluorescence quenching.

HLILI. Computational Results. According to the ZPE-
corrected CCSD(T) energies at 0 K, the product (BrHgOO)
from oxidation of BrHg by O, is 7.2 kcal mol™" lower than
reactants, whereas the BrOO and Hg obtained from the
reduction reaction are 15.2 kcal mol™" higher than reactants.
The endothermicity of forming BrOO + Hg leads to rate
constants far too low to occur in the atmosphere or in our
experiments. Scanning the approach of O, to BrHg, we were
surprised to find a barrier to reaction, albeit a small one (see
Figure 11). Our CCSD(T) geometry optimizations confirmed
the CAM-B3LYP-D3BJ and wB97X-D3B] results. According
to the three different methods used, this barrier on the ZPE-
corrected energy profiles is between 0.6 and 2.6 kcal mol™,
with the highest value obtained with CCSD(T) and the lowest
value at CAM-B3LYP-D3B]J level, as shown in Figure 1la.
CCSD(T) relative energies with a triple-{ basis set commonly
show errors of 1—2 kcal mol™, and DFT with a triple-{ basis
set exhibits larger uncertainties. So the three model chemistries
used here agree well by the standards of quantum chemical
calculations, although the resulting variation in the rate
constant will be high by the standards of the experiment.

The transition state has only modest multireference character,
as the T, diagnostic is only 0.026 (see Figure S3).

At CCSD(T), the equilibrium constant, K., for the
formation of BrHgOO, can be represented as 1.4 X 1072
ePSYT cm® molecule™, corresponding to 7 X 107% cm®
molecule™ at the 333 K temperature of our experiments.
Compared to the CCSD(T) values over the range 200 < T <
373 K, K. at @B97X-D3BJ are higher by a factor of 4—20, and
K. at CAM-B3LYP-D3B]J are lower by a factor of 2.6—5.9 (see
Table S3).

The Gibbs free energy profiles at 298 K show maxima of
11.5, 10.1, and 9.4 kcal mol™" with respect to separated
reactants at CCSD(T)//@wB97X-D3BJ, wB97X-D3B]J, and
CAM-B3LYP-D3BJ, respectively, as shown in Figure 11b.
The positions of these maxima define the variational transition
state for each theoretical method and are used to compute rate
constants with VTST. The variational transition state has d0
= 2.473 A at all temperatures and levels of theory used. The
rate constants k,(T) for the formation of BrHgOO were
estimated along with the equilibrium constant K.(T). Then,
the rate constant for the dissociation reaction k_,(T) was
calculated as k,(T)/K.(T). Figure 12 illustrates the temper-
ature dependence of K.(T) and k,(T), and the values are listed
in Table S3. Note that, because of the barrier to reaction, the
rate constant for this association reaction has a positive
temperature dependence. Arrhenius pre-exponential factors are
derived in Figure SS.

The rate constants computed from VTST are in the high-
pressure limit, but the low BrHg—OO bond energy argues for
the actual rate constants being closer to the low-pressure limit.
At the experimental conditions of 333 K and 85 Torr, k, = 4.2
x 107" cm® molecule™ s™. Given the range of [O,] used in
our experiments, the pseudo-first-order rate constant, k, for
loss of BrHg in reaction with O, ranged from 0.05 to 0.2 s™".
Based on these results, loss of BrHg from reaction with O, was
negligibly small over the times monitored in the experiments.
As a sensitivity test, we increased D, for BrHg—OO by 2 kcal
mol™!, increasing K.(333 K) by a factor of 21. This only
increased k, by a factor of 5, confirming the conclusion that the
reaction with O, could not account for the observed losses of
BrHg in our experiments.

Table S4 presents the values of k, versus T and [M]. k, was
at or very near the low-pressure limit for [M] < 2.5 X 10'®
molecule cm™ at all temperatures. We did not attempt to fit
ky,([M], T) to the Troe expression%’87 because the maximum
deviation from the low-pressure limit was only 17% (at 200 K).

R (@) (b)
3 12
O —_
Eo B9
- o
S €
é —_—
=3 S 6
m 2
N6 Qs
- b
& —=— 0BY7X-D3BJ —=— 0B97X-D3BJ
1 —e— CAM-B3LYP-D3BJ —e— CAM-B3LYP-D3BJ
-9 —A—CCSD(T) 0 —a—CCSD(T)
1.8 20 22 2.4 26 1.8 2.0 22 24 26
dHgo (A) dhgo (A)

Figure 11. ZPE-corrected energy (a) and Gibbs free energy (b) profiles along the dygo distance at 298.15 K. Energies have been calculated with
respect to the reactants separated at infinite distance. The ZPE and G_,,, applied to the CCSD(T) energies along the path were taken from wB97X-
D3B]J thermochemistry. The energy corrections for the reactants were obtained directly from CCSD(T) optimizations and frequency calculations.
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Figure 12. (a) Equilibrium constant K(T) for the reaction BrHg + O, = BrHgOO. (b) Rate constants k,(T) for the formation of BrHgOO.

The low-pressure limiting rate constant ky(T) could be
expressed as (shown in Figure S6)

29874
ko(T) = ky(298 K)( T ) @
where ky(298 K) = 7.0 X 1073® cm® molecule™ s7!.

The major fate of BrH% in the atmosphere appears to be the
reaction with ozone.'””*** While the low rate of reaction R2
makes it unlikely to be at or near equilibrium, the computed
equilibrium constant provides an upper limit on the abundance
of BrHgOO relative to BrHg. Figure 13 shows the equilibrium
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Figure 13. Equilibrium ratio of [BrHgOO] to [BrHg] as a function of

altitude for U.S. Standard Atmosphere, using CCSD(T) value of
K(T).

ratio, [BrHgOO]/[BrHg], versus altitude for U.S. Standard
Atmosphere.*® The ratio is about 0.02 at ground level. Because
the ratio is highest at low temperatures, it rises rapidly to a
maximum of nearly 0.46 at the tropopause and then falls with
increasing altitude. We also expect non-negligible equilibrium
ratios of [BrHgOO] to [BrHg] during polar winters at ground
level (e.g., 0.19 at 250 K). These results suggest that BrHgOO
could be a significant intermediate in Br-initiated oxidation of
Hg(o) under some atmospheric conditions. For that reason, we
carried out a preliminary investigation of reactions of BrHgOO
with the atmospheric radicals NO, NO,, and HOO. The
results shown in Table 2 indicate that BrHgOO can react
exothermically with these radicals in much the same way as
would HOO or an organic peroxy radical.**~"" That is, it
combines with NO, and HOO, forming weak covalent bonds.
In addition, it reacts exothermically with NO to form BrHgO +
NO, and with HOO to form BrHgOOH + O,.

IV. CONCLUSIONS

We determined the rate constant of the reaction of BrHg and
NO, k;, to be 7.0*53 X 107> cm® molecule™ s™* in the N, bath

Table 2. Enthalpy of Reaction (kcal mol ™" at 0 K) of Some
Possible Reactions of BrHgOO in the Atmosphere at the
PBEO/AVTZ Level of Theory

reaction AH? (0 K)
BrHgOO + NO — BrHgO + NO, -9.1
BrHgOO + NO — BrHgOONO —18.2
BrHgOO + NO, — BngOONOZ —189
BrHgOO + HOO — BrHgOOOOH -S54
BrHgOO + HOO — BrHgOOH + O, -29.7

over the range of pressure and temperature of 50—700 Torr
and 315-353 K, respectively. Our theoretical work confirms
that this reaction proceeds to Hg + BrNO without a barrier,
which is consistent with the observed lack of temperature
dependence. This reaction corresponds to reduction of Hga) to
Hg(o). The products of the oxidation channel of the reaction
BrHg + NO (BrHgNO) appear to be unimportant, as
suggested previously.* Our study of BrHg + NO shows the
potential for BrHg to react at both the Br and Hg atoms,
leading to reduction and oxidation, respectively. The reaction
R1 represents a new reduction channel of atmospheric
mercury, which, alon_g with the analogous reduction reaction
for BrHg + NO,,'®"” should be adopted by modelers in the
simulation of mercury redox chemistry. Furthermore, similar
reduction reactions may be possible for CIHg, which is a key
intermediate in mercury oxidation in the stratosphere. This is
supported by the exploration of the minimum energy path for
ClHg + NO — Hg + BrNO at @B97X-D3BJ/AVTZ. Chlorine
and bromine are used in coal-fired power plants to drive
mercury oxidation, as part of efforts to limit mercury
emissions.”” Some present models of Hg(0) oxidation in
these power plants suggest that NO inhibits Hg(0) oxidation
by Cl and Br, while experiments show no effect of NO.”>~"* If
those models were to include reduction of Hg(I) to Hg(0) in
reactions of CIHg and BrHg with NO and NO,, this
discrepancy would be exacerbated.

Our experimental investigation of the reaction BrHg + O,
revealed no evidence for this reaction, and our theoretical work
confirms that the reaction is too slow to occur on the short
time scales of our experiment. The LIF signal of BrHg is found
to experience fluorescence quenching at a rate constant of (1.7
+ 0.1) X 107 cm® molecule™ s7!, close to the published
result.”’ The kinetics pathways (reactions R3—RS) illustrated
in Figure 10 potentially lead to a decrease of the BrHg LIF
signals in the presence of O,, which challenges efforts to
measure the rate constant using LIF spectroscopy. Different
techniques that can capture the temporal behavior of
[Bng(X)] are needed to study the kinetics of BrHg reactions
in the presence of O,. The computed equilibrium constant for
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this reaction suggests that a non-negligible fraction of BrHg
may be stored as BrHgOO in the upper troposphere and in
polar winters at ground level. Our computations suggest that
the reaction is at or near the low-pressure limit under
atmospheric conditions. The computed forward rate constants,
k,([M], T), and rate constants, K., will enable scientists to
consider this chemistry in kinetic models. We present
preliminary results indicating that BrHgOO reacts with
atmospheric radicals in much the same manner as HOO or
organic peroxy radicals. We look forward to investigations of
the kinetics of such reactions.
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