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Abstract It is well-known that the equilibrium isotope
fractionation of mercury (Hg) includes classical mass-
dependent fractionations (MDFs) and nuclear volume effect
(NVE) induced mass-independent fractionations (MIFs).
However, the effect of the NVE on these kinetic processes
is not known. The total fractionations (MDFs + NVE-
induced MIFs) of several representative Hg-incorporated
substances were selected and calculated with ab initio
calculations in this work for both equilibrium and kinetic
processes. NVE-induced MIFs were calculated with scaled
contact electron densities at the nucleus through systematic
evaluations of their accuracy and errors using the Gauss-
1an09 and DIRAC19 packages (named the electron density
scaling method). Additionally, the NVE-induced kinetic
isotope effect (KIE) of Hg isotopes are also calculated with
this method for several representative Hg oxidation reac-
tions by chlorine species. Total KIEs for 2**Hg/!**Hg rang-
ing from —2.27%o to 0.96%o are obtained. Three anomalous
22Hg-enriched KIEs (8**?Hg/!**Hg=0.83%0, 0.94%0, and
0.96%0,) caused by the NVE are observed, which are quite
different from the classical view (i.e., light isotopes react
faster than the heavy ones). The electron density scaling
method we developed in this study can provide an easier way
to calculate the NVE-induced KIEs for heavy isotopes and
serve to better understand the fractionation mechanisms of
mercury isotope systems.
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1 Introduction

As an important diagenetic and metallogenic element widely
distributed and one of the most toxic heavy metal pollut-
ants, mercury is widely used to trace biogeochemical reac-
tion processes, global mercury cycle processes, and mer-
cury pollution (Xu et al. 2021). Hundreds of works have
focused on the characteristics of mercury isotope composi-
tions, including definitions, variations in natural samples,
and fractionation mechanisms (Blum et al. 2014; Blum and
Johnson 2017). Due to the diverse chemical behaviors of
mercury in different redox states, fractionations of Hg iso-
topes have been widely used as a redox tracer (Blum 2011).
Different chemical mechanisms lead to the fractionation of
mercury isotopes, including biological and abiotic MDFs,
and MIFs caused by the magnetic isotope effect (MIE) and
NVE (Bergquist and Blum 2007, 2009; Estrade et al. 2009).
They can be used to trace the boiling of fluid during the
process of mineralization (Smith et al. 2005; Fu et al. 2020;
Liu et al. 2021), the source of ore-forming materials (Xu
et al. 2018; Zhu et al. 2020), etc.

Mercury is a transition metal with strong sulfur (S) and
copper (Cu) affinity. Mercury exists in three main oxida-
tion states: Hg (0) (elemental mercury), Hg (I) (mercurous
mercury) and Hg (II) (mercuric mercury). The most com-
mon oxidation state in natural solid substances is mercury
(IT), which usually forms sulfide, chloride, selenide and
telluride (Blum and Johnson 2017). There are seven stable
isotopes of mercury in nature (\°°Hg, °®Hg, '*’Hg, 2*°Hg,
2Ong, 202Hg and 204Hg), and their abundances are 0.15%,
10.04%, 16.94%, 23.14%, 13.18% and 6.82% respectively
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according to Bergquist and Blum (2007). For high-precision
mercury isotope measurements, these MIFs of Hg isotopes
are defined as the deviations between the measured mercury
isotope values and the calculated ones based on the theoreti-
cal mass fractionation law and are expressed as follows (Li
et al. 2005; Bergquist and Blum 2007):

A"™Hg = §'"Hg — (8°"Hg x 0.2520)
A*Hg = §* Hg — (5*?Hg % 0.5024)
A*"Hg = 8""'Hg — (8*"*Hg x 0.7520)

A*™Hg = §*"Hg — (5*"*Hg x 1.4930)

where 8%Hg(%o) represents the composition of mercury
isotopes, that is, the deviation of the sample from the stand-
ard material (e.g., NIST SRM3133). Mercury is one of the
few elements with both significant MDFs and MIFs. Two
types of MIFs have been observed for mercury isotopes:
odd-numbered (A'”Hg and A?°'Hg) in photochemical
reactions and even-numbered MIFs (A2Hg and A?**Hg)
associated with the photoredox of atmospheric tropopause
mercury (Bergquist and Blum 2007; Chen et al. 2012; Yin
et al. 2014; Sun et al. 2019). These specific physicochemical
and biological processes make it an advantageous tool to
study the mercury cycle. The NVE and MIE are believed to
be the two main causes of odd-numbered mercury isotope
MIFs (Dzurko et al. 2009; Li et al. 2016; Lin et al. 2020).
Nowadays, many experimental studies have confirmed the
effect of NVE during volatilization, reduction, and adsorp-
tion of liquid mercury. For example, the ratio or slope of
A'”Hg/A»'Hg caused by NVE is approximately 1.5-1.6
(Sial et al. 2013; Yang and Liu 2015; Sun et al. 2016; Thi-
bodeau et al. 2016).

To our knowledge, nearly all theoretical works have focused
on the NVE of equilibrium mercury isotope fractionation (e.g.,
Schauble 2007; Yang and Liu 2015, 2016). However, how the
NVE performs for these kinetic isotope effects (KIEs) remains
to be explored. Theoretically, significant NVE-induced kinetic
mercury isotope fractionations can be expected. Therefore,
based on previous works, we first calculated the equilib-
rium isotope mass fractionation of mercury-containing spe-
cies through ab initio calculations via two different methods.
Several representative Hg-related substances, Hgo, Hg*,
Hg**, HeCl,, HgBr,, Hg(CH;),, Hg(CH,)CI, [Hg(H,0)4]*,
Hg(OH), and [HgCl,]*>~ were selected. Both equilibrium
MDFs and NVE-induced MIFs were calculated. Furthermore,
since experiments have shown that mercury chlorine species
are the main products of coal combustion, the study of the
mechanism and the mercuric chloride species are conducive
to controlling the emission of mercury from air pollutants. The
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kinetic isotope fractionations of mercury oxidation by chlorine
species also calculated by taking 6 mercury oxidation reactions
with chlorine species from Li et al. (2003) as follows:

Hg + HOCI1 — HgCl + OH @)
Hg + HCl — HgCl + H 2)
HgCl + HCl - HgCl, + H 3)
HgO + HCl - M )]
M — HgCl + OH (5)
Hg + HgCl, — Hg,Cl, (6)

Reactions 4 and 5 belong to the same reaction because this
reaction goes through two steps: (1) HgO reacts with HCI
through transition state TS to form intermediate M; (2) Inter-
mediate M decomposes into the final products through tran-
sition state TS’. Two different Hg atoms in Reaction 6 were
calculated separately, and the results are approximated as their
averages. Finally, the total KIEs (MDFs +NVE-induced MIFs)
of these 6 reactions were calculated.

2 Methods
2.1 Isotope fractionations

Considering whether an isotopic exchange reaction reaches
equilibrium or not, isotope fractionations can be simply
divided into equilibrium isotope fractionations and kinetic
isotope fractionations.

2.1.1 Equilibrium isotope mass-dependent fractionation

For an isotope exchange reaction, Urey (1947) and Bigeleisen
and Mayer (1947) proposed the classical isotope equilibrium
fractionation theory by adopting the ideal gas hypothesis, Born
Oppenheimer Approximation (BOA), rigid rotator and har-
monic oscillator approximations and the Teller-Redlich pro-
duction rule (Redlich 1935). For a reaction involving only one
substitutable X atom with X" denoting its heavy isotope, the
equilibrium isotopic fractionation factor o, x_px between AX
and BX molecules can be expressed as:

RPFR (AX*/AX)
RPFR (BX*/BX)

)

XAX-BX =

RPFR is called the reduced partition function ratio of an
isotopologue pair and is expressed as:



Acta Geochim (2024) 43:411-423

413

dax*

uf a-ui/2 1 _ ey
RPFR(AX*/AX) = —2 _ _T[L - 1=¢
6 (m*)2
(%)
®)

i ui e_“i/2 1 — e_ui*
where 6 is the rotational symmetry number, q is the partition
function, and m and m" are the masses of X and X, respec-

hv _ hco

tively. u = — = —— where h is the Planck constant, ky is
kgT ~ KT

the Boltzmann constant and T is the temperature in kelvin.
v and o are the harmonic vibrational frequencies in Hz and
wavenumber cm™!, respectively.

2.1.2 Kinetic isotope fractionation

The classical theory of kinetic isotope fractionation for an
elementary reaction (A — B) was proposed by Bigeleisen
and Wolfsberg (1958) through combining the canonical tran-
sition state theory (CTST) (Eyring 1935) with the classical
equilibrium isotope fractionation theory (Urey 1947; Bige-
leisen and Mayer 1947). The kinetic isotope fractionation
factor (o g, heavy over light will be used in this study) can
be expressed by the ratio of two RPFRs between the transi-
tion state (Ai) and the reactant (A) as:

vi* RPFR(AY)

v 9
*KIE = ¥ RPFR(A) ©)

where v* denotes the imaginary vibrational mode along the
reaction path at the saddle point. By excluding this imagi-
nary mode, the RPFR value of the transition state is defined
as:

3N-7 * _?/2 ey
RPFR(A1)=Hu_Ieu 1—e™
i=1

u et et {10

where 3N — 7 means that one degree of freedom for the
imaginary vibration mode is excluded for a non-linear tran-
sition state (for a linear transition state, 3N — 6 degrees of
freedom will be used). For most kinetic processes o < 1,
the reaction rate of light isotopes is faster than that of heavy
isotopes.

2.2 Nuclear volume effect (NVE)

Because the MDFs are proportional to the relative mass
difference between two isotopes, they will be rather small
for heavy isotope systems with large atomic numbers.
The nuclear volume effect (NVE) is actually a simplified
nuclear field shift effect (NFSE) (King 1984; Fujii et al.
2009). Previously, researchers such as Stacey (1966), Auf-
muth et al. (1987) first proposed the concept of nuclear
field shift effect, i.e., an electronic energy shift between

two isotopes due to a slight change in the nuclear charge
distribution-induced variations in static electric fields.
When the atomic number Z becomes large (generally
larger than 40), the NFSE becomes significant and must be
carefully checked for heavy isotope systems (e.g., Schau-
ble 2007, 2013; Yang and Liu 2015, 2016; Fang and Liu
2019). The magnitude of the NFSE depends on the elec-
tron density at the nucleus and the charge, shape, and size
of the nucleus (Bigeleisen 1996). In this study, the com-
monly used Gaussian model (spherical) for nuclear charge
distribution was adopted to estimate NFSE, so only the
effect of charge size of the nucleus, i.e., the volume, which
is therefore called the nuclear volume effect was consid-
ered (Schauble 2007, 2013; Yang and Liu 2015, 2016).
Currently, two methods have been proposed for calculating
the NVE through abinitio calculations. The first one is to
calculate the electronic energy difference of the two iso-
topes (which can be named as the energy method), whose
fractionation factor, K¢ (AY — AX), can be expressed as
(e.g., Schauble 2013; Yang and Liu 2015, 2016):

InK = kBLT{ [E°(A’X) - E°(AX)] — [E°(A'Y) — E*(AY)]}

1D

where AX and AY represent two different substances con-

taining the same element A, respectively. A and A’ represent

the light and heavy isotopes of element A, respectively. E°
is the calculated electronic energy.

The second one estimates the NVE by adopting the

electron density at the nucleus (named the density method)
as in (Almoukhalalati et al. 2016; Fang and Liu 2019):

1 Zxe? [—A

K, = —— AX —_AAY]62
n Ky KT 66, P, (AX) — p, (AY)|or (12)

AA

where Z, is the atomic number of element A, e is an
elementary charge (1.60217733 x 1071°C), g, 1s the per-
mittivity of vacuum (8.854187817 x 107'*F/m), and
5<r2)AA/ represents the mean square deviation of the
nuclear charge radius between light and heavy isotopes
with 8(r?), v = (r?),» — (r?) (Angeli 2004; Angeli and
Marinova 2013). For Hg isotopes, the radius data of Angeli
(2004) are used here for comparison with the data of Schau-
ble (2007). Thus, the nuclear charge radius data of Angeli
(2004) are used in equilibrium isotope fractionation. 5? is
called the effective electron density at the nucleus of A in
the target substance. Since 5: is actually the electron density
within a certain radius of the nuclear center, it can also be
approximated as the electron density at the origin r =0,
that is, the contact electron density (|¥(0)|%). However, such
an approximation will generally cause a systematic error of
about 10% (Almoukhalalati et al. 2016).
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2.3 Ab-initio calculations

First, to evaluate the precision and accuracy of our ab initio
calculations, several representative Hg-incorporated spe-
cies, Hg', Hg*, Hg?*, HgCl,, HgBr,, Hg(CH;),, Hg(CH;)
Cl, [Hg(H,0)4]**, Hg(OH), and [HgCl,]*~ from Schauble
(2007) were chosen for the test and validation calculations.
For equilibrium MDFs (denoted as 1000InpMP), the classi-
cal theory and method proposed by Bigeleisen and Mayer
(1947) and Urey (1947) are used with these harmonic vibra-
tional frequencies obtained by the Gaussian09 D.01 package
(Frisch et al. 2009). For NVEs, we followed the methods
and procedures used by Schauble (2007) and Yang and Liu
(2015).

The equilibrium geometry and harmonic vibrational fre-
quencies are optimized and calculated by the Gaussian09
D.01 package (Frisch et al. 2009) using density functional
theory (DFT) with the B3LYP exchange—correlation func-
tional (Becke 1993). For Hg, the double-zeta cc-pVDZ-PP
with a relativistic effective core potential (ECP) (Peterson
and Puzzarini 2005) was adopted. For these light elements
(H, C, O, Cl and Br), the double-zeta correlation-consistent
basis set of cc-pVDZ was used (Dunning 1989; Wilson et al.
1999). We choose DIRAC19 software (Gomes et al. 2019)
to perform all-electron relativistic calculations for NVE
using effective electron density methods (Almoukhalalati
et al. 2016). The relativistic electronic structure is calculated
by four-component all-electron Dirac-Hartree—Fock (DHF)
and B3LYP methods. The optimized geometries with Gauss-
ian09 D.01 were used for DIRAC calculations. For these
DIRAC calculations, the uncontracted Dyall’s double-zeta
all-electron basis set dyall.ae2z (Dyall 2023) was adopted for
Hg atoms, and the uncontracted cc-pVDZ basis set was used
for these light elements (H, C, O, Cl, and Br). In particu-
lar, nuclear charge radius data from Angeli (2004) are used
here for comparison with previous works (e.g., Schauble
2007). All the nuclear volume effect (NVE) fractionation
factors (denoted as1000InpNY) and the total fractionation
factors (denoted as1000Inf) were compared with the results
of Schauble (2007) and Yang and Liu (2015) to validate the
accuracy of the calculations in this study (Table 1).

Second, we calculated the contact densities by Gauss-
1an09 D.01 and Multiwfn 3.8(dev) (Lu and Chen 2012) at
the B3LYP level with 4 different settings (two different all-
electron basis sets for Hg atoms, SARC-DKH2 (Pantazis
et al. 2008) and x2c-QZVPPall (Franzke et al. 2020) with
second-order Douglas-Kroll-Hess scalar relativistic cor-
rections (DKH2, Barysz and Sadlej 2001) or not: SARC-
DKH2, SARC-DKH2 + DKH2, x2¢c-QZVPPall and x2c-
QZVPPall + DKH2. Because the contact electron density
calculated by Gaussian09 D.01 is relatively rough compared
to these effective densities calculated by DIRAC and these
precise and accurate DIRAC calculations are always too
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expensive to be applied for medium and large systems, we
fitted the results of Gaussian09 D.01 with these of DIRAC19
with DHF and B3LYP methods, respectively, to obtain a
scaling factor for these Gaussian09 results to reproduce
“accurate” relativistic DIRAC effective densities with rough
contact density calculated by Gaussian09 D.01 with accept-
able and controllable errors.

Finally, a transition state search and corresponding fre-
quency analysis for the 6 reactions above were performed
with Gaussian09 D.01. The B2-PLYP double-hybrid DFT
functional (Grimme 2006) was adopted with the DFT-D3
dispersion correction (Grimme et al. 2010). The triple-zeta
basis set def2-TZVP with ECP (Weigend and Ahlrichs 2005)
was used for Hg, and cc-pVDZ was used for light elements
(H, C, O, CI and Br). All 6 transition states (TSs) were suc-
cessfully searched, and it was confirmed that there was only
one imaginary vibrational mode at the saddle point along
the reaction path for each transition state. The corresponding
contact densities for all the Hg-incorporated species of the
reactants and the transitions of all 6 reactions were calcu-
lated by the combination of Gaussian09 D.01 with Multiwfn
3.8 (dev) using the same 4 different settings: SARC-DKH?2;
SARC-DKH2 + DKH2; x2c-QZVPPall; and x2c-QZVP-
Pall + DKH2. Then, these contact densities are scaled to
reproduce the corresponding pseudo-DIRAC results. Mean-
while, the effective electron density data for Hg atoms were
also calculated with DIRAC19 with both DHF and B3LYP
methods using the same basis sets above (Hg: dyall.ae2z;
Light elements: cc-pVDZ) to evaluate the accuracy of those
scaled results. Due to the improved calculation method com-
pared with the data of Angeli (2004), the deviation between
the calculated data and the experimental results is reduced
from Angeli and Marinova (2013). Finally, these corre-
sponding total KIEs (also denoted as 1000Inp™MP, 10001npNY
and 1000Inp values) for these 6 reactions were calculated
with the latest and more accurate nuclear charge radius data
from Angeli and Marinova (2013).

3 Results

3.1 Equilibrium isotope mass dependence and nuclear
volume fractionations

Table 1 shows our calculated equilibrium fractionation fac-
tors 1000InB}> o (MDFs), 1000Ing}? .. (NVE-induced
MIFs) and 1000Inf,,_ ;g (total fractionations) of Hg", Hg™,
Hg’*, HgCl,, HgBr,, Hg(CH;),, Hg(CH,)CI, [Hg(H,0)4]*,
Hg(OH), and [HgCl4]2_ and their comparison with those
of Schauble (2007) (DIRACO04) and Yang and Liu (2015)
(DIRACI13.1) from 273 to 573 K. The nuclear charge radius
data of Angeli (2004) were used for consistency when com-

pared with those of Schauble (2007). Our results are in good
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Table 1 Calculated stable isotope fractionation factors for Hg-bearing species relative to Hg® (%o), including conventional mass-dependent

effect (MD) and (1000111[5’2"([)'23_198), nuclear volume effect (NVE) (10001nﬁ12\10\;_198) and total fractionations (10001nf,(,_;9s)
Species This study Schauble (2007)* Yang and Liu (2015)°

273K 298K 373K 573K 273K 298K 373K 573K 273K 298K 373K 573K
MD fractionation factors (IOOOIHB'ZV([)';_I%)
Hg® 0 0 0 0 0 0 0 0 0 0 0 0
Hg* 0 0 0 0 0 0 0 0 0 0 0 0
Hg>* 0 0 0 0 0 0 0 0 0 0 0 0
HgCl, 0.97 0.82 0.53 0.23 1.08 0.92+0.1 0.6 0.26 1.00 0.84 0.55 0.24
HgBr, 0.84 0.71 0.46 0.20 0.95 0.80+0.1 0.51 0.22 0.88 0.74 0.48 0.21
Hg(CHy), 1.09 0.93 0.62 0.27 1.14 0.97+0.1 0.65 0.29 1.13 0.97 0.64 0.28
Hg(CH;)Cl 0.99 0.84 0.55 0.24 1.04 0.89+0.1 0.58 0.25 1.02 0.87 0.57 0.25
[Hg(H,0) >t 1.08 0.92 0.59 0.26 1.13 0.96+0.4 0.62 0.27 0.71 0.60 0.39 0.17
Hg(OH), 1.42 1.21 0.81 0.36 1.54 1.32 0.88 0.39
[HeCl,1*~ 0.48 0.40 0.26 0.11 0.67 0.56+0.7/-0.1  0.36 0.15 0.49 0.41 0.26 0.11
NVE fractionation factors (1000InpYY | )
Hg 0 0 0 0 0 0 0 0 0 0 0 0
Hg* 1.38 1.26 1.01 0.66
Hg>* 3.47 3.18 2.54 1.65 3.47 3.17+0.6 2.54 1.65 3.94 3.61 2.89 1.88
HgCl, 1.39 1.27 1.02 0.66 1.39 1.27+0.3 1.02 0.66 1.58 1.45 1.16 0.75
HgBr, 1.32 1.21 0.97 0.63 1.34 1.23+0.2 0.98 0.64 1.53 14 1.12 0.73
Hg(CHjy), 0.62 0.57 0.45 0.29 0.62 0.57+0.1 0.45 0.3 0.71 0.65 0.52 0.34
Hg(CH;)Cl1 0.86 0.79 0.63 0.41 0.88 0.80+0.2 0.64 0.42 0.99 0.91 0.73 0.47
[Hg(H20)6]2+ 2.97 2.72 2.18 1.42 3.01 2.75+0.6 2.2 1.43 3.45 3.16 2.52 1.64
Hg(OH), 1.15 1.05 0.84 0.55 1.22 1.12 0.9 0.58
[HgCl,1*~ 242 221 1.77 1.15 242 2.22+04 1.77 1.16 2.76 2.53 2.02 1.31
Total fractionations (1000Inf,g,_;9g)
Hg 0 0 0 0 0 0 0 0 0 0 0 0
Hg* 1.38 1.26 1.01 0.66
Hg>* 3.47 3.18 2.54 1.65 3.47 3.17+0.6 2.54 1.65 3.94 3.61 2.89 1.88
HgCl, 2.36 2.09 1.55 0.89 247 2.19+0.3 1.62 0.92 2.58 2.29 1.71 0.99
HgBr, 2.16 1.92 1.42 0.82 2.29 2.03+0.2 1.49 0.86 241 2.14 1.6 0.94
Hg(CH,), 1.71 1.50 1.07 0.57 1.76 1.54+0.1 1.1 0.59 1.84 1.62 1.16 0.62
Hg(CH,)Cl1 1.85 1.63 1.18 0.65 1.92 1.69+0.2 1.22 0.67 2.01 1.78 1.3 0.72
[Hg(H,0)]**  4.05 3.64 2.77 1.67 4.14 3.17+0.7 2.82 1.7 4.16 3.76 291 1.81
Hg(OH), 2.56 2.26 1.65 0.91 2.76 2.44 1.78 0.97
[HgCl,1*~ 2.89 2.61 2.02 1.26 3.09 2.78+0.8/0.4 2.13 1.31 3.25 2.94 2.28 1.42

Calculated by DIRAC04 fromSchauble (2007)
bCalculated by DIRAC13.1 fromYang and Liu (2015)

agreement with the data from Schauble (2007). The maxi-
mum error of MDFs exists between our results (0.48 %o) and
those of Schauble (2007) (0.67 %o) for [HgCl4]2_ at 273 K.
For NVE-induced MIFs, a maximum error of 0.04 %o was
observed for [Hg(H,0)¢]*" at 273 K.

Compared with the data of Yang and Liu (2015), our
results for 10001n|31;/([)]23_198 are in good agreement. However,
systematic overestimations of 10001n[312\10\;_198 exist. We
believe that this discrepancy can be attributed to the differ-
ence in the nuclear charge radius ((r?),9g 29,) between ours
and that of Yang and Liu (2015). In their study, the data of

Fricke and Heilig (2004) were adopted through DIRAC13.1,
which is 13.7% larger than the one we used in this study.
With simple scaling (1/1.137) of their results, the maximum

error of 1000InB) o significantly decreased to only 0.09
%o.

3.2 Correlations and linear fittings between the contact
and effective densities

Correlations and linear fitting results between these
contact density differences relative to Hg® (A|‘P(0)|2)

@ Springer
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Fig. 1 Density difference fitting of the SARC-DKH2 basis set with
the DKH2 relativistic effects with the B3LYP and DHF methods for
mercury-related substances
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Fig. 2 Density difference fitting of the SARC-DKH2 basis set with-
out the DKH2 relativistic effects with the B3LYP and DHF methods
for mercury-related substances

calculated with Gaussian09 D.01 with Multiwfn 3.8(dev)
(4 sets at the B3LYP level: SARC-DKH2 + DKH2; SARC-
DKH2; x2¢-QZVPPall + DKH2; x2¢c-QZVPPall) and the
corresponding effective density differences (AE?) calcu-
lated with DIRAC19 (2 sets at the DHF and B3LYP levels)
are plotted in Figs. 1, 2, 3, 4. Four sets of linear fitted scale
factors/slopes (8 in total) are obtained:

SARC-DKH2 +DKH2 (Fig. 1):

DIRAC-DHF: 6.61 +£0.14;

DIRAC-B3LYP: 0.59 +0.01.

SARC-DKH?2 (Fig. 2):
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Fig. 3 Density difference fitting of the x2c-QZVPPall basis set with
the DKH2 relativistic effects with the B3LYP and DHF methods for
mercury-related substances
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Fig. 4 Density difference fitting of the x2c-QZVPPall basis set with-
out the DKH2 relativistic effects with the B3LYP and DHF methods
for mercury-related substances

DIRAC-DHF: 8.04 +0.16;

DIRAC-B3LYP: 7.41 +0.34.

x2c-QZVPPall + DKH2 (Fig. 3):

DIRAC-DHF: 0.28 +0.01;

DIRAC-B3LYP: 0.263 +0.003.

x2¢-QZVPPall (Fig. 4):

DIRAC-DHF: 6.61 +0.14;

DIRAC-B3LYP: 6.09+0.30.

All 4 sets of data with 8 fittings in total show well lin-
earity with relatively small standard errors for slopes, indi-
cating that good linear correlations between A|¥(0)|? and
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AE? can be expected and applied for other isotope systems
and processes. Additionally, we noticed that these A|¥(0)|?
results without DKH2 corrections show significant underes-
timations when compared to the corresponding AE? values,
which may be directly related to the neglection of relativistic
effects.

The fitting errors of the density difference results among
these four sets of linear fitting results are also obtained (root
mean standard errors):

SARC-DKH?2 + DKH2:

DIRAC-DHF: 13.8;

DIRAC-B3LYP: 11.6

SARC-DKH2:

DIRAC-DHF: 8.9;

DIRAC-B3LYP: 18.5

x2¢-QZVPPall + DKH2:

DIRAC-DHF: 14.0;

DIRAC-B3LYP: 4.0

x2¢c-QZVPPall:

DIRAC-DHF: 14.5.

DIRAC-B3LYP: 19.9

The combination of x2c-QZVPPall + DKH2 and DIRAC-
B3LYP had the smallest fitting errors.

3.3 Kinetic isotope mass dependent and nuclear volume
fractionations of Hg

For all 6 reactions introduced above, these calculated activa-
tion energies (E, in kJ/mol) at 298.15 K and the correspond-
ing rate constants are summarized in Table 2. The activa-
tion energy was calculated by taking the Gibbs free energy
(electronic energy + thermal correction) difference between
the transition state and reactant with Gaussian09 D.01 at
the B2-PLYP level with def2-TZVP for Hg and cc-pVDZ
for light elements (H, C, O, Cl and Br). The results show
that Reaction 5 has the fastest reaction rate and Reaction
2 has the slowest reaction rate. The calculated activation
energy of Reaction (5) is negative different from others. Due
to the presence of an intermediate state and two transition
states in the process of reactants generating products through

Table 2 Activation energy E, (kJ/mol) and reaction rate constant k
(s™") of Reactions 1, 2, 3, 4, 5, 6 at 298.15 K

Reaction E,(kJ/mol) k(s™h

Hg +HOCI — HgCl+OH 172.06 4.54%10718
Hg+HCl— HgCl+H 434.27 1.30x 10763
HgCl+HCl— HgCl,+H 155.23 1.63x 1071
HgO +HCl—-M 13.10 7.80x 10°
M — HgCl+OH —3.44 1.65x 101
Hg +HgCl, — Hg,Cl, 161.58 1.53x 1071

Reactions 5 and 6. In order to facilitate readers’ understand-
ing, M is used uniformly. Therefore, it is normal for M in
Reaction (5) to be used only as an intermediate in the transi-
tion state search process to calculate a negative activation
energy value. The negative energy difference calculated by
Li et al. (2003) also proves this point.

All the A|¥(0)|? values calculated by Gaussian09 D.01
and Multiwfn 3.8(dev) at the B3LYP level with 4 differ-
ent settings, the corresponding scaled values (denoted as
A|‘I’(O)|f) using fitted scale factors/slopes in Sect. 3.2, and

the AB: values calculated by DIRAC19 at both the DHF
and B3LYP levels for the 202Hg/lggHg of Reactions 1, 2, 3,
4,5, 6 are summarized in Table 3. Additionally, the corre-
sponding 1000Inj .. at 273.15 K are also calculated and
summarized in Table 4.

Furthermore, 1000In 12\10\;_198 at 273.15 K calculated by

Al‘P(O)li (4 sets and 8 groups in total for DHF and B3LYP)

and AB? (2 groups of DHF and B3LYP) are plotted and
compared in Figs. 5 and 6. Generally, a better linear cor-
relation can be observed for these results calculated at the
B3LYP level (Fig. 6). We also noticed significant deviations
for these data calculated at the Hartree—Fock level, espe-
cially for Reaction 5 in Fig. 5.

4 Discussion
4.1 On accuracy of NVE calculations

For the Hg-incorporate species Hg®, Hg*, Hg**, HgCl,,
HgBr,, Hg(CH;),, Hg(CH,)CI, [Hg(H,0)4]**, Hg(OH),
and [HgCl,]*~, excellent agreement between our results and
those of Schauble (2007) and Yang and Liu (2015) (scaled
for differences in nuclear charge radius data) was obtained.

To further evaluate the accuracy of these fittings, a sim-
ple statistical analysis was performed on the Al‘P(O)lf and

AEeA values of Reactions 1, 2, 3, 4, 5, 6 and the results
are summarized in Table 3. We compared our two sets
of results calculated with DIRAC19 (effective density:
DHF and B3LYP) with four scaled sets of results calcu-
lated by Gaussian09 D.01 + Multiwfn 3.8(dev) results
(B3LYP: SARC-DKH2 + DKH2; SARC-DKH2; x2c-
QZVPPall + DKH2; x2c-QZVPPall) using the slopes pre-
viously obtained in Sect. 3.1. The statistical results for this
comparison are summarized in Table 5. The results show
that the maximum standard deviation and average absolute
error of DHF are 51.97 a.u. and 51.67 a.u. respectively,
while the maximum standard deviation and average abso-
lute error of B3LYP are 18.58 a.u. and 14.48 a.u. respec-
tively. Therefore, at least for the 6 reactions studied in this
work, the scaled contact density calculated by Gaussian09
D.01 and Multiwfn 3.8(dev) at the B3LYP level exhibited
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Table 3 Calculated scaled

contact density (A|‘P(0)|§) and DIRAC-DHE A|‘I’(0)|f(a.u.) ApeA(a.u.)

effective density differences SARC- SARC-DKH2 x2¢-QZVP-  x2c-QZVPPall

(Aﬁ:) for Reactions 1, 2, 3,4, 5, DKH2 + DKH2 Pall + DKH2

6 for **Hg/"*"Hg Hg+HOCI>HgCl+OH  —543 ~76.9 ~546 ~71.0 —65.6
Hg+HCl—HgCl+H —56.1 -824 -56.3 -175.7 —-65.3
HgCl+HCl—HgCI2+H -333 -19.9 —24.3 —19.1 -16.7
HgO+HCI-M -33 -45 -34 -4.6 -6.4
M — HgCl+OH -33.0 —45.8 -34.0 —43.0 -90.6
Hg+HgCl,—Hg,Cl, (Hgl) —-674 —-64.7 -67.3 -63.0 -72.0
Hg+HgCl,— Hg,Cl, (Hg2) 10.0 -03 7.5 -1.0
DIRAC-B3LYP
Hg+HOCI— HgCl+OH -50.6 -70.9 -50.9 -70.5 -514
Hg+HCl—HgCl+H -52.2 -76.0 -524 -75.2 —49.5
HgCl+HCl—HgCl,+H -31.0 —18.4 —-22.7 —19.0 —-12.6
HgO+HCl-M -3.0 —-4.2 -3.1 —-4.6 —4.1
M — HgCl+OH -30.7 —42.2 -31.7 —42.8 -314
Hg+HgCl,—Hg,Cl, (Hgl) —62.8 -59.7 —-62.7 —62.6 -58.1
Hg+HgCl,—Hg,Cl, (Hg2) 0.0 9.2 -03 7.5 2.6

Table 4 Calculated nuclear Combination SARC- SARC-DKH2  x2c-QZVP-  x2c-QZVPPall

volume effect (10001nﬁ12‘10‘; 108) DKH2 +DKH?2 Pall+ DKH2

fractionation factors at 273.15 K

for Reactions 1, 2, 3,4, 5,6 DIRAC-DHF 10001n 12\1(;;7198
Hg+HOCI— HgCl+ OH 0.74 1.05 0.75 0.97
Hg +HCl—HgCl+H 0.77 1.13 0.77 1.04
HgCl+HClI—HgCI2+H 0.46 0.27 0.33 0.26
HgO+HCI-M 0.04 0.06 0.05 0.06
M — HgCl+OH 0.45 0.63 0.47 0.59
Hg+HgCl,—Hg,Cl, (Hgl) 0.92 0.89 0.92 0.86
Hg+HgCl,—Hg,Cl, (Hg2) 0.00 -0.14 0.00 -0.10
DIRAC-B3LYP 1000InBYY oo
Hg+HOCI— HgCl+OH 0.69 0.97 0.70 0.97
Hg+HCl—HgCl+H 0.72 1.04 0.72 1.03
HgCl+HCl—HgCl,+H 0.43 0.25 0.31 0.26
HgO+HCI-M 0.04 0.06 0.04 0.06
M—HgCl+OH 0.42 0.58 0.43 0.59
Hg+HgCl,—Hg,Cl, (Hgl) 0.86 0.82 0.86 0.86
Hg+HgCl,—Hg,Cl, (Hg2) 0.00 -0.13 0.00 -0.10

better precision and accuracy. Generally, better correla-
tions are observed for these equilibrium data (Figs. 1, 2,
3, 4). However, significant deviations of Reaction 5 are
detected for these results calculated at the DHF level
(Table 5). Such phenomenon indicates that such scaling
methods for two types of electron densities at the nucleus,
namely, the contact density |¥(0)|* and effective density
5?, have different sensitivities to which type of NVE-
induced isotope fractionation we are interested in. For
these equilibrium NVEs, the different methods (DHF or
B3LYP) used to describe electronic structure have limited

@ Springer

effects on the quality and errors of the fitting results. In
other words, electron correlations seem to have negligible
effects on the 5? of common Hg-incorporated molecules
in the ground state. However, things are more complicated
for these kinetic NVEs. A better linear correlation can
be obtained when using the B3LYP method rather than
the DHF. It indicates that for these systems with more
complex electronic structures, i.e., transition states, more
accurate descriptions of their electronic structures are nec-
essary to guarantee the accuracy of the scaling method to
estimate kinetic NVEs. Therefore, we recommend using
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Fig. 5 The correlation between the kinetic Hg isotope fractionations
(1000InB,g,_19g) (%0) of Hg-related chloride species mercury oxide at
273.15 K calculated using the scaled contact densities from Gauss-
ian09 and the effective densities from DIRAC19 (at the DHF level)
with 4 different settings: SARC-DKH2; SARC-DKH2 + DKH2; x2c-
QZVPPall; x2c-QZVPPall + DKH2

M SARC-DKH2 + DKH2
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Fig. 6 The correlation between the kinetic Hg isotope fractionations
(1000InP,g,_19g) (%0) of Hg-related chloride species mercury oxide at
273.15 K calculated using the scaled contact densities from Gauss-
ian09 and effective densities from DIRACI19 (at the B3LYP level)
with 4 different settings: SARC-DKH2; SARC-DKH2 + DKH2; x2c-
QZVPPall; x2¢c-QZVPPall + DKH2

more accurate methods such as DFT rather than DHF
when calculating NVEs with 5? when using the DIRAC
package.

Finally, we chose to use these results calculated at the
B3LYP level with DIRACI19 for all 6 subsequent reac-
tions. For these results obtained by Al‘I‘(O)lf, the fitting
results in Fig. 3 show a maximum deviation of +0.15%o for

1000InBYY o at 273.15 K, which can be directly used as a
scale for systematic errors of the scaling method we used
in this study.

4.2 NVE-induced kinetic Hg isotope fractionation
during mercury oxidation by chlorine species

Taking 2°Hg/!'”®Hg at 273.15 K as an example, all the
1000InBYP oo, 1000InpY oo and total fractionations
1000InPyy,_19g at 273.15, 298.15, 373.15, 573.15 and
1273.15 K calculated at the B3LYP level with DIRAC19
for Reactions 1, 2, 3, 4, 5, 6 are summarized in Table 6. For
MDFs at 273.15 K, Reactions 1, 2, 3 show abnormal KIEs
of +0.13%o, +0.25%0¢ and +0.63 %o, respectively, indicat-
ing that heavy *’Hg reacts faster than light '**Hg. Reac-
tions 4, 5, 6 show normal KIEs of —1.74%0, —1.23%0 and
(—=1.11%o for Hgl atom and —2.28 %o for Hg2 atom), where
1%8Hg reacts faster than 2°*Hg. Things are simpler for NVE-
induced MIFs at 273.15 K, all 6 reactions show abnormal
KIEs from 0.00%0 (Hg2 atom of Reaction 6) to+0.86%o
(Hg1 atom of Reaction 6). For total KIEs at 273.15 K, Reac-
tions 1, 2, 3 show an abnormal KIE of +0.83%o0, +0.96%o0
and + 0.94%o, respectively, in which Reactions 1 and 2
are mainly caused by the relatively large abnormal NVE
of +0.70%0 and +0.72%o, and Reaction 3 mainly is caused
by the relatively large abnormal MDF of +0.63%o.

Additionally, we noticed that the KIEs for Reaction 1 will
even be reversed if the NVEs are not included at 573.15 K
and 1273.15 K, i.e., —0.09%0 to +0.24%0 and —0.14%o to
0.01%o, respectively. Therefore, we believe that the NVE
plays an important role on accurate estimations of KIEs for
Hg isotopes. Meanwhile, similar inferences can be reached
for other heavy isotope systems with significant NVEs, such
as Pb, TI, and U.

4.3 KIEs of Hg isotopes and their geochemical
implications

Hg isotopes have been widely used to trace multiple pro-
cesses through different patterns in the geochemistry and
environmental sciences communities: A®Hg vs. 8*?Hg,
A?Hg vs. §20?Hg, A?%*Hg vs. 5%°2Hg and A'*’Hg vs.
A™'Hg (e.g., Blum et al. 2014). Figures 7, 8, 9, 10 show
the relationships between A'”’Hg and 6?°*Hg (odd MIF
and MDF), A’ Hg and §°°’Hg (even MIF and MDF),
A*"Hg and 8*°’Hg (even MIF and MDF) and A!'°’Hg
and A?°'Hg, respectively. The data points in Fig. 7 fall
on a line with a slope of —0.008, and Reactions 1, 2, 3
show a trend consistent with that of fractionation during
microbial reduction of Hg(II) and demethylation of MeHg.
Reactions 4, 5, 6 are similar to the behavior of the meth-
ylation of mercury (II) by sulfate-reducing bacteria. The
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Table 5 Standard deviation

o DIRAC method DHF B3LYP
and mean absolute deviation
between the scaled contact Reactions Standard devia- Mean absolute Standard devia- Mean
density and effective density tion deviation tion absolute
deviation
Hg+HOCI— HgCl+OH 10.0 9.7 13.7 10.0
Hg+HCl—HgCl+H 11.9 114 18.6 14.5
HgCl+HCl—HgCl,+H 9.4 7.5 11.3 10.1
HgO+HClI—-M 2.6 2.5 0.8 0.6
M — HgCl+OH 52.0 51.7 7.9 5.8
Hg+HgCl,—Hg,Cl, (Hg 1) 6.6 6.4 4.0 38
Hg+HgCl, —Hg,Cl, (Hg2) 7.0 53 4.5 4.2
Table 6 Calculated KIE Reation 27315K  29815K  373.15K  ST3.I5K  1273.15K
fractionation factors for the
kineti.cs of mercury ox.idatior'l by MD fractionation (1000InB}> )
chlorine species (%o), including
conventional mass-dependent Hg+HOCI— HgCl+OH 0.13 0.09 0.00 -0.09 -0.14
(10001[1[312\/([)12)7198)’ nuclear Hg+HCl—HgCl+H 0.25 0.21 0.13 0.06 0.01
volume effect (10001nl312\10\;7198 HgCl+HCl—HgCl,+H 0.63 0.53 0.34 0.14 0.01
and total (1000InB,4,_;4g) HgO+HCl-M —-1.74 —1.65 —1.48 -1.27 -1.14
fractionation factors M —HgCl+OH -1.23 -1.23 —1.24 —1.24 —1.24
Hg+HgCl, —Hg,Cl, (Hgl) —1.11 -1.17 -1.27 —1.38 —1.44
Hg+HgCl, —Hg,Cl, (Hg2) -2.28 -2.23 -2.13 -2.02 -1.95
NVE fractionation (1000Inp}y .o
Hg+HOCI— HgCl+ OH 0.70 0.64 0.51 0.33 0.15
Hg+HCI—HgCl+H 0.72 0.66 0.53 0.34 0.15
HgCl+HCl—HgCl,+H 0.31 0.28 0.23 0.15 0.07
HgO+HCl-M 0.04 0.04 0.03 0.02 0.01
M —HgCl+OH 0.43 0.40 0.32 0.21 0.09
Hg+HgCl, —Hg,Cl, (Hgl) 0.86 0.79 0.63 0.41 0.18
Hg +HgCl, —Hg,Cl, (Hg2) 0.00 0.00 0.00 0.00 0.00
Total fractionation (1000Inf,4,_;9g)
Hg+HOCI—HgCl+OH 0.83 0.72 0.51 0.24 0.01
Hg+HClI—HgCl+H 0.96 0.86 0.66 0.40 0.17
HgCl+HCl—HgCl, +H 0.94 0.82 0.57 0.28 0.08
HgO+HCl-M —1.69 —1.61 —1.44 -1.25 —1.13
M —HgCl+OH —0.80 -0.84 -0.92 -1.03 —1.15
Hg+HgCl, —Hg,Cl, (Hgl) -0.25 -0.38 -0.64 -0.97 -1.25
Hg +HgCl, —Hg,Cl, (Hg2) -2.27 -2.22 -2.12 -2.02 -1.95

data points fall on lines with slopes of 0.001 in Fig. 8,in  and 1.36 for natural samples measured by Blum et al.
which no significant even-numbered Hg isotope anomalies ~ (2014). This is consistent with the current thought that
were found. The data points fall on lines with slopes of  the value of A'”’Hg vs. A>'Hg produced by NVE is about
0.026 in Fig. 9, and there is a negative even-numbered 1.6 (Ghosh et al. 2013). As mercury is a highly redox sen-
Hg isotope anomaly (Reaction 5). A small amount of  sitive element and the only metal element in nature with
0dd-MIF (< ~0.5%0) can be produced in equilibrium and  mass fractionation (MDF) and non-mass fractionation
kinetic reactions due to the nuclear volume effect (Blum  (MIF), the isotopic composition of mercury varies in dif-
and Johnson 2017). We speculate the negative anomaly is  ferent degrees in chemical reactions such as atmosphere,
also caused by nuclear volume effect. The slope in Fig. 10 ocean and sediments (Blum and Johnson 2017; Sherman
is 1.589, which is larger than the boundary range of 1.00 et al. 2010). Therefore, MDF and MIF of mercury isotopes
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Fig. 7 Plot of AlggHg versus 6202Hg for Reactions 1, 2, 3, 4, 5, 6 at
different temperatures. The hollow inverted triangle represents Reac-
tion (1), the filled square represents Reaction (2), the hollow circle
represents Reaction (3), the solid inverted triangle represents Reac-
tion (4), the hollow triangle represents Reaction (5), and the filled tri-
angle represents Reaction (6)
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different temperatures. The hollow inverted triangle represents Reac-
tion (1), the filled square represents Reaction (2), the hollow circle
represents Reaction (3), the solid inverted triangle represents Reac-
tion (4), the hollow triangle represents Reaction (5), and the filled tri-
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can accurately trace the biogeochemical processes of the
Earth’s surface and mercury pollution, reveal the evolution
of planets, identify large igneous provinces in geological
history, and trace the sources of mineral deposits (Xu et al.
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Fig. 9 Plot of A204Hg versus 6202Hg for Reactions 1, 2, 3, 4, 5, 6 at
different temperatures. The hollow inverted triangle represents reac-
tion (1), the filled square represents Reaction (2), the hollow circle

represents Reaction (3), the solid inverted triangle represents Reac-
tion (4), the hollow triangle represents Reaction (5), and the filled tri-
angle represents Reaction (6)
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Fig. 10 Plot of Ayy'*Hg versus Ay, 2°!'Hg for Reactions 1, 2, 3, 4,
5, 6 using x2c-QZVPPall+DKH2 and DIRAC-B3LYP at different
temperatures. The hollow inverted triangle represents Reaction (1),
the filled square represents Reaction (2), the hollow circle represents
Reaction (3), the solid inverted triangle represents Reaction (4), the
hollow triangle represents Reaction (5), and the filled triangle repre-
sents Reaction (6)

2021). The study on the fractionation mechanism of mer-
cury isotopes and the genesis of ore deposits requires more
verification of abnormal fractionation such as A2°’Hg and
A204Hg (Blum and Johnson 2017).
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5 Conclusion

In this paper, the equilibrium mass dependence and nuclear
volume fractionations of mercury-related substances
(Hg’, Hg*, Hg**, HgCl,, HgBr,, Hg(CHj;),, Hg(CH;)ClI,
[Hg(H,0)¢]*", Hg(OH), and [HgCl,]*") are calculated with
both energy and electron density methods. Additionally,
the accuracy and errors for the method of scaling contact
density to reproduce correct effective density for calculat-
ing NVEs are evaluated. Finally, 6 Hg oxidation reactions
through chlorine-related species are chosen to estimate the
KIEs of the MDFs and NVE-induced MIFs. The following
conclusions can be obtained: 1. NVEs calculated through
effective density show excellent agreements with those data
calculated by taking electronic energy differences from
Schauble (2007) and Yang and Liu (2015, 2016). 2. These
scaled contact densities calculated with the x2¢c-QZVPPall
basis set considering the DKH2 relativistic correction at
the B3LYP level using Gaussian09 D.01 and Multiwfn
3.8(dev) can be good candidates reproducing more pre-
cise and accurate effective density data by DIRAC19 at the
same B3LYP level with four-component relativistic Hamil-
tonians for NVE calculations. 3. Taking 2**Hg/!**Hg as an
example, significant NVE-induced KIEs for Reactions 1, 2,
3,4,5,6at273.15 K are obtained from 0.00%0 to —0.80%o.
4. Taking NVEs into account, these KIEs of Hg oxidation
by chlorin species can serve as new tracers for Hg isotope
research with A'”’Hg vs. 8*?Hg, A>Hg vs. 8*>Hg and
A" Hg vs. A?'Hg.
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