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Accurat 0 K enthalpies have been calculated for reactions of mercury with a series of small iodine-containing
molecules @, IBr, ICI, and I0). The calculations have been carried out with the coupled cluster singles and
doubles method with a perturbative correction for connected triple excitations [CCSD(T)] using sequences of
correlation consistent basis sets and accurate relativistic pseudopotentials. Corrections have been included to
account for core-valence correlation, spiorbit coupling, scalar relativity, and the Lamb shift. In a few
cases coupled cluster calculations with iterative triple (CCSDT) and quadruple (CCSDTQ) excitations have
been carried out to estimate the effects of higher order electron correlation. The pseudopotential calculations
have also been compared to all electron calculations using second- and third-order B&uglasHess
Hamiltonians. In addition to the reaction enthalpies, heats of formation, bond lengths, and harmonic vibrational
frequencies have been calculated for the stable triatomic producss HgBr, HgICl, and HglO. Accurate
dissociation energies, equilibrium bond lengths, and harmonic vibrational frequencies have also been calculated
for each of the diatomic molecules involved in this study (Hgl, HgBr, HgCl, HgQRBIr, ICI, and 10). The
reported enthalpies are expected to have accuracies of 1 kcal/mol or better.

Introduction containing species. Similar attention has not been given to the
. ) ) possible role of iodine in mercury depletion events. Goodsite
In the atmosphere, mercury exists predominately in the gaset 117 reported density functional theory (DFT) calculations
phase and zero oxidation state. Mercury in this form is fairly that included the molecules Hgl and HgIBr as well as a rate
inert, giving it long atmospheric residence times that are on the -gnstant for the recombination of Hg and | atoms using RRKM
order of -2 yr. This allows mercury to be transported far from theory. Also, Calvert and Lindbetperformed an atmospheric
its .anthropogenic and natural sources and gives mercury a near')fnodeling study of Arctic tropospheric mercury that included
uniform background concentration across the gibBeisodic iodine chemistry. This and other modeling studies could benefit
depletions of this background atmospheric mercury concentra-from an accurate characterization of the reactions of mercury
tion in the Arctic troposphere during polar sunrise were first ith iodine-containing species that might be involved.
observed by Schroeder et al. at Alert, NT {88, 63° W).2 Before the observation of MDEs, the primary interest in
Since those first observations, mercury depletion events (MDEs) gaseous mercury halides was in connection with laser applica-
have been observed elsewhere in the Afclias well as the tions. The UV absorptidi—2* and dissociatio3° of HgX
Antarctic® Similar tropospheric ozone depletion events have gnd the B+ — X2+ transitions of HgX (X= Br, ClI, [)31-40
been observed to be highly correlated with the MBES.  have received a fair amount of attention. The infrared and
Reactions of ozone with reactive photochemically produced Raman spectra of matrix-isolatéd*4 and gas-phade4” HglX
halogen species are known to be responsible for the ozone(x = Br, Cl, I) have also been characterized. Additionally, Hg!
depletion event$;*2and it has been proposed that these halogen has been the focus of crossed molecular beam experiffieiits
species are also responsible for the depletions of troposphericand femtosecond transition-state spectroscopy that focused on
mercury. The proposed mechanism of the mercury depletionsits photodissociatioBl 54 There have also been a small number
is that the gas-phase zero-valent mercury undergoes oxidizingof theoretical investigations of Hgl and Hgf 57 but these
reactions with the photochemically produced halogen speciesemployed relatively small basis sets and modest levels of
to generate some form of reactive gaseous mercury, which iselectron correlation.
then deposited onto the snowpack. A recent study by Tarasick Due to the relatively small body of work on mercttipdine
and Bottenheirf? has shown that the occurrence of ozone species, the goal of this work was to accurately compute the
depletion events in the Arctic have been increasing since the thermochemistry of several reactions that involve mercury and
1960s and blame this rise on increasing global temperatures. Itiodine that might be important in mercury depletion events. The
is likely then that the frequency of mercury depletions has been specific reactions investigated were
rising as well. This increase has been suggested as a partial

cause of the high concentrations of mercury in Arctic bfota. HgX +1
When the MDEs were first observed, there was very little Hg+ IX —{Hgl + X
known about the gas phase thermochemistry and kinetics of IHgX

the reactions between mercury and halogen species. Since then,
several theoretic#~17 and experiment&}1°studies have been  where X= O, ClI, Br, and I. Currently, the enthalpies of many
reported for reactions of mercury with bromine- and chlorine- of these reactions are not known accurately or are not known
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atall. In th?s work, highly correlated ab ir_litio calculations have E(n) = Eggs + Be (™D 4 cg (17 (1)
been carried out on the above reactions and the heats of
formation of linear IHgX (X= O, ClI, Br, I). The present study
included the calculation of full near-equilibrium potential energy
surfaces for each of the above diatomic and triatomic molecules _ o
to determine not only their thermochemistry but also their The best estimate of the CBS limit was taken to be the average
spectroscopic properties. This paper will focus solely on the Of the limits determined from eq$3%®and 27°*The triatomic
thermochemistry, while a future paper will address the structures Potential energy surfaces were fit with polynomials in internal
and spectroscopy in more detail. Electron correlation was treateddisplacement coordinates using the program SURFEqui-

with the coupled cluster singles and doubles method with a librium geometries and harmonic vibrational frequencies were
perturbative treatment of connected triple excital®fGCSD- dgtermlned fr_om these fits. The diatomic curves were also fit
(T)] and series of correlation consistent basis sets that were usedVith polynomials and the usual Dunham analf%ias used to

to extrapolate to the complete basis set (CBS) limit. Addition- calculate the equilibrium geometries and harmonic frequencies.
ally, corrections for core-valence correlation, sporbit cou- ~ Zero-point vibrational energies (ZPE) were calculated as ZPE
pling, the Lamb shift, and scalar relativity were also included. = 1/2 we. where thewe values are the harmonic vibrational -
A small number of coupled cluster calculations including frequencies. Due to the heavy atoms involved, the anharmonic
iterative triple (CCSDT) and quadruple (CCSDTQ) excitations frequencies differed from the harmonic ones by only a few
have also been carried out. The reported heats of reaction arevavenumbers. Thus, the anharmonic ZPE corrections always
expected to be the most accurate values available and havdliffer from the harmonic values by less than 0.01 kcal/mol for
estimated uncertainties of 1 kcal/mol. Also, the bond lengths all of the reactions in this study.

E(n) = Ecgs + BN 2)

reported here for the molecules HgX and HgIX €XO, Cl, Several corrections were then applied to the valence electrons

Br, 1) should be considered the most reliable to date. correlated CCSD(T)/CBS energies: core-valence correlation
(AEcy), spin—orbit coupling AEsg), scalar relativity AEsg),

Methodology and the Lamb shiftAE, amp). The core-valence, spirorbit, and

scalar relativistic corrections were computed for each symmetry
To account for the large scalar relativistic effects in the unique point on the potential surfaces, and the corrections used
compounds under investigation, small-core energy consistentin the thermochemistry calculations were defined relative to their
pseudopotentials of the Stuttgartikidype were used for B respective minimum geometries. In the core-valence calculations
1,5% and Hg® These pseudopotentials treat the valence and semi-aug-cc-pwCVTZ-PPL-74basis sets were used on Br, |, and Hg,
core electrons explicitly, and the inner core electrons are and the aug-cc-pwCVT2Z sets were used for Cl and O. Two
replaced by the pseudopotential. The explicitly treated electronsseparate calculations were carried out using the core-valence

for Br (25 ), | (25 €), and Hg (20 €) are as follows: 35 basis sets to determine this correction, one calculation with the
3pP3dUL4p, 424pPAd 955, and 535p°5d1% <, respectively. standard frozen core and a second in which both the core and
Correlation consistent basis sets from doubl@- quintuple& valence electrons were correlated. The core-valence correction
quality have recently been developed for use with these was then taken as the difference between these two results. Note,
pseudopotentials and are denoted cayp\PP 6 = D, T, Q, however, that the Cl 1s electrons were kept frozen in all cases.

5).5961 Augmented sets that include an extra diffuse function  The Hg 4f electrons are replaced by the pseudopotential, but
of each angular momentum type have also been used and arenergetically lie above the Hg 5s in all-electron calculations.
denoted aug-cc-pNZ-PP>%61 The aug-cc-pM{ + d)Z set§? To account for effects on the enthalpies due to the correlation
were used for Cl, and the standard aug-caxp\&et$§® were of the Hg 4f electrons, all-electron CCSD(T) calculations have
used on oxygen. From this point forward the abbreviationaV  been performed with the second-order Douglisoll —Hess
will be used to represent the above listed augmented sets forHamiltonian (DK2)76.77 as implemented in MOLPRO. For |,
each atom. Most calculations in this study were performed with Br, and Hg the basis sets used in these calculations were of
the CCSD(T) metha and have employed the frozen core augmented triplé-quality and corresponded to newly developed
approximation except where noted. For the open-shell moleculesall-electron core-valence correlation consistent basis sets where
the calculations were performed at the ROHF/UCCSB{(T¥ the exponents and contraction coefficients were optimized using
level of theory, which uses restricted open-shell Hartfeaeck the DK2 Hamiltonian and are denoted cc-pwCVTZ-BR*
orbitals but allows for some spin-contamination in the coupled (aug-cc-pwCVTZ-DK). Standard aug-cc-pwCVTZ basis sets
cluster calculations. Except where stated otherwise, all calcula-recontracted in atomic DK2 calculatiolsvere employed for
tions were performed with the MOLPROsuite of ab initio Cl and O. Three all-electron CCSD(T) calculations were
programs. performed with these basis sets at the CCSD(T)/€BS+SO

A grid of 74 points was calculated on the potential energy equilibrium geometries (CV refers to the core-valence correction
surface of each triatomic molecule (IHgl, IHgBr, IHgCl, and described above and SO to the sporbit correction described
IHgO), and 7 points were calculated for each diatomic (Hgl, below). In the first calculation only the valence electrons were
HgBr, HgCl, HgO, b, IBr, ICI, and 10). The actual number of  correlated, in the second calculation the valence electrons
points that had to be explicitly calculated for the triatomic together with the outer core electrons (Hg: 5s5p, |: 4s4p4d,
molecules was reduced by symmetry to 31 for IHgl and 50 for Br: 3s3p3d, Cl: 2s2p, O: 1s) were correlated (whereSbe
IHgX (X = ClI, Br, O). These grids of energies were computed orbitals were rotated if needed above the 4f orbitals), and in
for each species using all four basis sets in the seriex {§/ the third the Hg 4f electrons were included in the correlation
=D, T, Q, 5), except that in the case of the triatomic molecules treatment. The contribution of the Hg 4f electrons to the core-
the aVQZ basis set was the largest used for nonlinear geom-valence energy was calculated as the difference between the
etries. Several methods for estimating the CBS limit from second and third calculations and is denofdtty .
calculations with a series of correlation consistent basis sets A third correction applied to the CBS limit energy differences
have been proposed in the literature. In this work two formulas was to account for spiforbit coupling. The one-electron spin
were used to extrapolate the total energies to the CBS limit: orbit operators used were those accompanying the pseudopo-
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tentials described above for Br, |, and Hg. For the spirbit present thermochemical calculations. The ZPE and fundamental
calculations, relativistic pseudopotentials were also usedor O vibrational frequency of HgO was calculated for tlis= 0+

and CP°8l and were again of the Stuttgarf/iKotype. In the state using the program LEVER.

oxygen case the islectrons are replaced by the pseudopo-  The fourth correction,AEsgwas to account for scalar
tential, and in the case of chlorine the’s$2pf electrons are  relativistic effects in the Cl and O atoms. Scalar relativistic
replaced. The basis sets used with the O and CI pseudopotentialgffects for Br, I, and Hg were included in the parametrization
were the standard aug-cc-pVTZ basis sets (aug-cc-pd{Z of the pseudopotentials. Scalar relativistic corrections for
for CI), but they were recontracted in the presence of the molecules containing Cl and O atoms were determined by
pseudopotentials. The basis sets for Br, |, and Hg correspondedevaluating the expectation values of the mass-velocity plus
to the standard aug-cc-pVTZ-PP. The sparbit calculations Darwin terms of the BreitPauli Hamiltonian with the CISD
were carried out using the multireference configuration interac- method using completely uncontracted aVTZ basis sets.

tion with single excitations method (MRCIS) using standard |t has recently been suggested that the Lamb shift, the leading
full-valence complete active spaces. The spirbit C¥2code  guantum electrodynamic (QED) effect not included in the
in the COLUMBUS? suite of ab initio programs was used in - parametrization of the pseudopotentials, may be of chemical
these cases. Two calculations were again carried out for eachsignificance especially for molecules containing atoms as heavy
geometry, one corresponding to a standard MRCIS without as mercuny39 To estimate the effects of the Lamb shift, we
spin—orbit coupling and the second was a sporbit-MRCIS follow the procedure of Pyykkand Zhaé® involving local
(SO-MRCIS) that mixed all possible singlets and triplets (or model potentials. The leading Lamb-shift contributions are the
doublets and quartets) via the spiorbit operator. The orbitals  self-energy and vacuum polarization terms. The self-energy
used in each of these two calculations were natural orbitals potential on each atom was simulated by a single Gaussian
obtained from configuration interaction singles and doubles function whose coefficients and exponents were taken from
(CISD) calculations performed with MOLPRO. The spiorbit Pyykko and Zhad® To simulate the vacuum polarization
correction at each point was then defined as the difference contribution for each atom a series of five Gaussian functions
between the SO-MRCIS energy and the MRCIS energy. The were fit to the parametrized representation of the vacuum
accuracy of the spirorbit correction calculated in this manner  polarization potential given by Pyykkand Zhad® The Lamb-

is quite reasonable. For example, the zero-field splittings of the shift correction was then determined from two all-electron
I, Br, and Cl atoms were calculated to be 7157, 3445, and 912 CCSD(T)-DK2/aug-cc-pVTZ-DK calculations carried out at the
cm™1, respectively, which can be compared to experimental equilibrium geometries; one calculation including the local
value$* of 7603, 3685, and 912 crh. Therefore, the calculated  potentials when computing the one-electron integrals and the
differences between thieaveraged levels and= 3/2 levels other neglecting them.

are in error with respect to experiment .42 kcal/mol,—0.23 One final correction was applied, but only in the determina-
and 0.03 kcal/mol for I, Br, and Cl, respectively. Further tion of the dissociation energies of a few of the diatomic
improvement would presumably require the correlation of the molecules. In particular there has been considerable disagree-

outer-core electrons in the SEI calculations. ment in the literature about the heat of formation and dissocia-
The spin-orbit correction for the reaction Hg¢f IO — HgO tion energy of the 10 molecule. To further refine our predictions
+ | could not be treated in the same manner. If spinbit for these quantities, additional single-point calculations were
coupling is not included, HgO has two low-lying excited stétes  carried out at the CCSDT/aVTZ and CCSDTQ/aVDZ levels of
that are nearly isoenergetiézt and 3[1. When spin-orbit theory using the NWChe?%7 suite of ab initio programs. To
coupling is included, the ground state is described aQan obtain an estimate of the effect of iterative triples and quadruples
0" state that is a mixture of the"Gcomponents of théll and on some of the other molecules in this study, CCSDT and

I3+ states. To describe the relative energetics of these states ifcCSDTQ calculations were also carried out on the IBr and HgBr
even a qualitatively correct manner, accurate inclusion of both molecules. In the case of HgBr only the VDZ basis sets were
electron correlation and basis set effects are required. Theused in the CCSDTQ calculations in order to reduce the
MRCIS/aVTZ level of theory is not sufficient. These challenges computational requirements.

were described in detail in a previous pagerherefore, the As part of this study, we were also interested in comparing
SO correction for HJO was determined using the interacting reaction enthalpies computed with the pseudopotentials with
states approach in MOLPR®In a similar procedure as our enthalpies calculated with all electron Dougtd&oll —Hess
previous stud§? and will be discussed in detail in a future Hamiltonians of second (DK2) and third (DK8)order. For I,
publication. Briefly, the diagonal elements ofH+ Hs, for Br, and Hg the basis sets used in these calculations corresponded
several low-lyingA-S states were computed with the internally to newly developed all-electron correlation consistent basis sets
contracted multireference configuration interaction with single where the exponents and contraction coefficients were optimized
and double excitations methd#8 and included the multiref-  using the DK2 Hamiltonian and are denoted ccagvDK59:99
erence analogue of the Davidson correcfoft (icMRCI+Q). (aug-cc-p\nZ-DK). Standard a¥iZ basis sets recontracted in
Correlation consistent basis sets of TZ-5Z quality were used, atomic DK2 calculation® were employed for the other atoms
and energies were extrapolated to the CBS limit. A correction (aV(n+d)Z for ClI). For the DK2 enthalpies geometry optimiza-
for core-valence correlation computed at the icMRQVaVvTZ tions using numerical gradients were carried out with the
level was also included. All other diagonal matrix elements and CCSD(T) method and the aug-cc-pV5Z-DK basis sets with
all off-diagonal matrix elements of i+ Hs, were computed ~ MOLPRO. These were then compared to the CCSD(T)/aug-
at the icMRCHQ/aVTZ level of theory. The states used to CcC-pV5Z-PP+ AEsgrenthalpies. By including\Esrin this way
construct H; + Hsoincluded all the singlets and triplets arising We account for the neglect of scalar relativistic effects on ClI
from Hg(S3P) + OGP 1D,1S) with the exception of the highest and O in the pseudopotential calculations.

lying 3=~ and 1=~ states. The lowest energ® = 0" state For the DK3 enthalpies, calculations were carried out at the
resulting from the diagonalization of.H Hgo was taken as second-order MgllerPlesset perturbation theory (MP2) level
the ground-state energy of HgO and is the energy used in thewith the GAMESS$ suite of ab initio programs. cc-pV5Z-DK
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TABLE 1: Equilibrium Bond Lengths (A) and Harmonic Frequencies (cm~—1)ab

species le We
xlzjg+ [P} 2.6643 218.1
2.6664 2149
xlzg+ IBr 2.4673 272.6
2.4690 268.9
xlzg+ ICI 2.3169 391.8
2.3210 384.3
X213 10 1.8666 685.7
1.8676 681.7
XZEI/Z Hal 2.7075 132.4
125.4
X2 HgBr 2.4976 192.7
188.3"
Xz, HgCl 2.3541 299.8
299.0
Q=0" HgO 1.9184 23190
species Re (Hg-I) Re (Hg-X) we (Hg-1)d we (bendy we (Hg-X)f
Xlzg,m Hgl, 2.5460 163.7 53.7 240.5
2.554 15502 158P 63513 237.5, 235
163.59 156¢ 51k
XlZOt HglBr 2.5343 2.3785 188.0 62.2 278.1
182°187.6 66 60° 2662 272.0
xlzot HgIClI 2.5261 2.2558 206.2 79.5 388.4
196°201.3 83.5! 85! 74° 3712 378.0
X213 HglO 2.5214 1.9617 211.9 120.5 584.5

2Values are calculated at the CCSD(T)/CBSV+SO+SR level of theory. See text for explanatidrExperimental values in italics.For HgO,
this is the fundamental vibrational frequency and not the harmonic vibrational frequeayHgl this is theZy symmetric stretch® CBS limits
for bending frequencies use DZ-QZ basis seEr Hgh this is theX, asymmetric stretct? Ref 120." Ref 121.' Ref 122.] Ref 123.k Ref 104
frequencies are harmonicRef 36.™ Ref 34." Ref 35.° Ref 45.P Ref 46.9 Ref 43." Ref 42.5Ref 124.

basis sets were used in these calculations witth gnedi angular geometries have not been reported for the diatomic molecules
momentum functions removed from the Hg basis set, and the HgO, HgClI, HgBr, and Hgl. A number of groups have reported
andh angular momentum functions removed from the basis sets previous DF 1”57 and ab initid5-16:31.10+103 cg|culations of the
of the other atoms. These truncations were employed sincediatomic HgX (X = CI, Br, I) bond lengths, but all involved
gamess can only handle up ®Wtype angular momentum  smaller basis sets and lower levels of electron correlation than
functions. Only single-point calculations at the CCSD(T)/ the present study. All four triatomic molecules have linear
CBS+CV+SO0 equilibrium geometry were carried out. These equilibrium geometries with Hg as the central atom. The only
enthalpies were then compared to (GAMESS) DK2 calculations triatomic molecule for which an experimental bond length has
using the same basis sets and at the same geometries. Dire@een reported is Hgl and our calculated value of 2.546 A is
comparison between the molpro pseudopotential results and then reasonably good agreement with the experimental electron
DK3 calculations in gamess were complicated by different giffraction valué% (r, = 2.5544 0.003 A), being just 0.008 A
implementations of the open-shell MP2 method in the tWo ghorter. There have been a few previous theoretical calculations
program packages. of the Hgk bond lengtR®>7 and one study involving the

It should be noted that the DK2 method in MOLPRO and geometry of HgIBi? but these only involved basis sets of DZ
GAMESS are of slightly different implementations. Some or TZ quality at the MP45 MP256 LDF,57 and B3LYP levels
single-point calculations using DK2 in GAMESS and MOLPRO  of theory. For the species without reliable experimental values,

differed by a few s, but there was virtually no difference  the quantities in Table 1 should represent the best estimates to
when energy differences were considered. For example, thenis date.

reaction enthalpies of Hgr |,— Hgl, and Hg+ IBr — HgIBr
calculated at the MP2-DK2 level of theory differed by 0.02 and
0.01 kcal/mol, respectively, depending on whether GAMESS
or MOLPRO was used.

The harmonic vibrational frequencies used to compute the
ZPEs are also compiled in Table 1. These are computed at
the same level of theory as the bond lengths, CCSD(T)/
CBS+CV+SO0O+SR; however, when computing the CBS limit
for the bending frequencies, aVDZ-aVQZ basis sets were used,
while all other quantities in this table utilized aVTZ-aV5Z sets.

Table 1 shows the equilibrium bond lengths calculated at the It should be noted that CBS frequencies obtained with the two
CCSD(T)/CBSFCV+SO+SR (does not include correlation of ~ ranges of basis sets were in very close agreement for the bond
the Hg 4f electrons) level of theory for the four triatomic and stretching normal modes. In most cases the difference was less
eight diatomic molecules involved in this study. In the four cases than 1 cnt, and only in the case of Hgl was it larger than 2
where experimental bond lengths are available for the diatomicscm™, and it was then only 2.5 cm. As was the case for bond
(12, 1Br, ICI, and 10), there is excellent agreement between the lengths, the calculated and experimental harmonic frequencies
calculated and the experimental values. The RMS value of thefor the diatomic molecules are in excellent agreement. As
difference between theory and experiment is just 0.0025 A, and opposed to the bond lengths, there do exist accurate harmonic
the maximum difference occurs for the ICI molecule and is just vibrational frequencies for HgCI, HgBr, and Hgl. The only
0.0041 A. To our knowledge, reliable experimental equilibrium molecule in this study for which there is not an accurate

Results and Discussion
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TABLE 2: Relativistic Effects on Dissociation Energies (kcal/mol?

molecule AEso-ToTaL AEso-zero AEso-ditt AELamb AEsr AEpk2-pp AEpks-pk2 AEpks-pp AEgreL
Hgl —-5.07 —6.82 1.75 0.34 0.20 —-0.17 0.03 —-4.73
HgBr —2.26 —-3.28 1.02 0.38 0.33 —0.25 0.08 —1.88
HgCl 0.00 —-0.86 0.86 0.41 -0.21 0.44 —-0.30 0.14 0.20
HgO 1.65 —0.20 1.45 0.35 —-0.11 0.23 —0.29 —0.06 1.89
[P —12.01 —13.64 1.63 0.09 —-0.21 -0.01 -0.22 —11.92
IBr —8.93 —10.10 1.17 0.06 —-0.11 0.00 —-0.11 —8.87
ICI —6.46 —7.68 1.22 0.04 —-0.14 —-0.10 0.00 —-0.10 —6.56
10 —3.72 —6.45 2.73 0.06 —0.10 —0.42 —0.01 —0.43 —-3.76
Hgl, 1.34 0.00 1.34 0.63 —0.63 0.37 —-0.25 1.97
HglBr 1.32 0.00 1.32 0.64 —0.65 0.39 —0.25 1.96
HgIClI 0.99 0.00 0.99 0.65 —-0.10 —-0.70 0.40 —-0.28 1.54
HglO —0.37 0.21 0.16 0.57 —0.05 —0.94 0.35 —0.59 0.15

@ AEso-toraL = total spin-orbit correction AEso-zerg= Spin—orbit correction due to the zero-field splitting of the atoms, 10 and H@Bs0-qitr
= remaining spir-orbit effects calculated from\Eso-totra. — AEso-zero, AELamp = Lamb-shift correction AEsg = mass velocity+ Darwin
correction for Cl and O atom\Epk.-pp = difference between reaction enthalpies calculated with pseudopotentials and the second-order DKH
Hamiltonian;AEpks-pk2 = difference between enthalpies calculated with second and third or DKH HamiltohiBpgi—pp = AEpk2—pp+ AEpks—pk2;
AEgrel = AEso-totaL + AELamy + AEsr. ° For the triatomic molecules the reaction Hgtx Hg + IX was used.

experimental harmonic frequency is HgO. The flatness of the for the halogens and th#; level for oxygen. The zero-field
potential and the multiple minima on its ground st@e= 0" splittings of 1O and HglO were calculated as half of the splitting
potential made the calculation of a harmonic frequency for HJO of the calculatec?Ils, and 21y, levels. The third column
unreliable. Instead, the value listed in Table 1 for HgO is the (AEso-dir) contains the part of the spitorbit correction not
fundamental vibrational frequency computed numerically with due to this zero-field splitting XEso-dit = AEso-Total —
the program LEVEL. The ZPE for this molecule is 217.3@m  AEso-zero) and is largely the result of second-order spambit
and was also determined with LEVEL. For the diatomic effects. For almost all of the reactions spiorbit effects are

harmonic frequencies, the RMS of the deviation of theory from
experiment is 4.8 cmt with the largest differences occurring
for ICI (7.5 cnm1) and Hgl (6.3 cm?).

Unlike the bond lengths, the vibrational frequencies of the
triatomic HgIX molecules have been fairly well characterized

quite large, the two exceptions are in tbg of HgCl and the
reaction HglO— Hg + 10. The zero spir-orbit correction for
HgCl is due to nearly exact cancellation of the zero-field splitting
of the Cl atom and the second-order sporbit lowering of
the molecule. The spinorbit correction in HglO is small due

experimentally, however, at low resolution. For each mode that to the cancellation of the large calculated zero-field splittings
has been observed, there is a spread of a few wavenumbers i®f 10 (0.57 kcal/mol) and HglO (0.78 kcal/mol). When the
the experimental values. For the triatomic molecules the spin—orbit correction is very large, as in thi, of 12, most of
calculated harmonic frequencies are compared to experimentalthis correction comes from the zero-field splittings. However,
fundamental frequencies in Table 1. The comparison, however, for all of the reactions, except Hgl©- Hg + 10, the second-
should be reasonable due to the small calculated anharmonicityorder spir-orbit effects are on the order of 1 kcal/mol or more.
constants of the molecules in this study. Of the molecules that Even for the reactions Hg—~ Hg + I, HgIBr — Hg + IBr,
have been observed experimentally, HgICl has the largestand HgICl — Hg + ICI, which involve only closed shell
calculated anharmonicity constants yet the largest value is onlymolecules, the spirorbit correction is 1 kcal/mol or larger.
xs3 = 1.09 cntl. The calculated stretching frequencies are in Clearly, it is important to explicitly compute a sphorbit
general slightly higher than the experimental values. The largestcorrection even for closed shell molecules when heavy atoms
difference occurs for the HgCl stretch in HgICI in which the are involved if accurate results are desired (see also refs 105
calculatedwe is 10.4 cnt! higher than the largest experimental and 106).
value. There is no such general trend for the bending frequen- The fourth column of Table 2 contains the Lamb-shift
cies, but they show similarly good agreement between theory correction to the dissociation energies. In the four mercury-
and experiment. The only triatomic for which there is an absence containing diatomic molecules, mercury goes from an ap-
of experimental data is HglO. A more detailed discussion of proximately +1 oxidation state in the molecule to a zero-
the structure and anharmonic spectra of HgX and HgIX<(X  oxidation state in the separated atoms. The Lamb-shift correction
O, Cl, Br, I) will be the focus of a future publication. to De in each of these molecules is nearly the same, ranging
The relativistic effects on the dissociation energies of each from 0.34 kcal/mol in Hgl to 0.41 kcal/mol in HgCl. Similarly,
of the molecules included in this study are presented in Table in the four triatomic molecule reactions, mercury changes from
2. In the case of the triatomic molecules the relativistic an approximately-2 oxidation state in the HglX reactants to a
contributions correspond to the reaction HgtXHg + IX. The zero oxidation state in the products. The Lamb shifts for all of
final column of this table AErg) represents the total of the these reactions are also very similar and approximately two times
extra relativistic corrections that were applied to the enthalpies larger than the correction in the HgX diatomics. These results
of reaction and is equal tAEso-Total + AELamb + AEsgr, Which are similar in magnitude to the correction calculated for the first
are described below. Three columns of this table are devotedionization potential of Hg;-0.78 kcal/mol. It is also interesting
to the spir-orbit correction. In the first column the total to note that the Lamb-shift correction slightly increases with
calculated spirrorbit correction AEso-Tota)) iS given for each increasing electronegativity of the X-atom as one moves from
of the reactions. The second column is the contribution of the | to Br to Clin both the diatomic and triatomic molecules. These
zero-field splitting of the atoms, as well as those of helO observations seem to support the notion that the Lamb shift will
and HglO molecules and is denotAdEso-zero The zero-field be significant in reactions involving changes in s-orbital
splitting for the atoms was calculated by taking the difference occupation¥ (i.e., the 6s orbital of mercury in these reactions).
between the calculateidaveraged levels and th#s), levels In the four dissociation energies that do not involve mercury
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TABLE 3: Dissociation Energies for the Diatomic Molecules of This Study (kcal/moF

molecule De(QZ) AEE(CBS-QZ) AEzpe AEcy AEcy—¢ AErgeL AECCSDTQ Do(theory) Do(eXp)
Hgl 12.41 0.96 —0.19 0.26 —0.16 —4.73 j 8.55 7.83£0.1P
HgBr 17.60 1.00 —0.28 —0.20 —0.19 —1.88 0.25 16.30 15.5% 0.29
HgCl 22.77 1.12 —0.43 —0.55 —0.20 0.20 j 22.91 23.44
HgO 1.77 1.13 —0.62 0.19 —0.04 1.89 j 4.32
P 45.34 2.18 —0.31 0.75 —11.92 j 36.04 35.57
IBr 48.90 2.05 —0.39 0.47 —8.87 0.01 42.17 41.93
ICI 54.49 2.04 —0.56 0.10 —6.56 j 49.51 49.65%
10 56.22 1.49 —0.98 0.16 —3.76 1.18 54.31 8356.4

a De(QZ) = equilibrium dissociation energy calculated with the aVQZ basis/sef{CBS-QZ)= difference between aVQZ and CBS CCSD(T)
equilibrum dissociation energieAEzpe = zero-point energy contribution\Ecy = core-valence contribution from Hg 5s5p, Br 3s3p3d, and |
4s4p4d;AEcy-+ = core-valence contribution from Hg 4AEgre. = total relativistic corrections from Table 25Eccsprq = correction for full
iterative triple and quadruple excitations. See téRef 36.¢ Ref 118.4 Ref 35, this is a rough upper bourfdD, = 12440.083+ 0.145 cnT! from
ref 125.fDg = 14663.8+ 0.19 cntt from ref 126.9 Dy = 17365.8044 0.150 cnt? from ref 127." Ref 107." Ref 110.1 Not determined.

(I, IBr, ICI, and 10), the Lamb-shift correction is never larger sets of similar quality were employed there are likely small basis
than 0.1 kcal/mol, which seems to indicate that it is not very set effects involved. Of course, there are also likely small errors
significant even for atoms as heavy as iodine. We have observeddue to the frozen core in the pseudopotential calculations as
similarly small Lamb-shift corrections in preliminary calcula- well as the use of nodeless outer-core pseudo-orbitals. Ac-
tions on CdBjs and CdBr. curately quantifying the errors due to the pseudopotential

The mass velocityt Darwin corrections for the Cl and O  approximation for heavy elements is thus quite challenging and
atoms are presented in the fifth column of Table 2 under the attempts to make such a correction have not been attempted in
headingAEsr. This correction is in general quite small, with  this work.

the largest value being-0.21 kcal/mol for the dissociation Table 3 contains the calculated and experimental dissociation

energy of HgCl. The corrections for the other molecules are energiesDo) of the diatomic molecules involved in this study.

generally on the order of 0.1 kcal/mol. Together with the final dissociation energies, each of the
Finally, the three columns in Table 2 labelédEpko—pp, individual corrections to the CCSD(T)/CBS energy differences

AEpks-pk2, andAEpks—pp cOompare enthalpies calculated with  are tabulated. As the results in Table 2 clearly demonstrate, it
pseudopotentials to all-electron calculations. The total energiesis insufficient to use only basis sets of even quadrdpderality
one obtains with the DK2 and DK3 Hamiltonians can be quite to obtain highly accurate results. The differences between the
different from each another, especially for molecules as heavy D, values calculated with the aVQZ basis and those at the CBS
as b. For I, the MP2 energies with the truncated V5Z-DK basis limit range from 1 to 2 kcal/mol. It should be noted that CBS
set are—14222.050801 anet14226.37924 &} using the DK2 limit De values calculated with the two extrapolation formulas
and DK3 Hamiltonians, respectively. However, when energy (that were then averaged) typically differ by just8@3 kcal/
differences are considered, there is much less difference betweemol with the largest difference (0.5 kcal/mol) occurring in the
DK2 and DK3. In fact, for the molecules not containing case of4. The inclusion of core-valence correlation also makes
mercury, the difference between DK2 and DK3 for the reactions significant contributions. The largest total core-valence correla-
in Table 2 is never larger than 0.01 kcal/mol. b IBr, and tion correction is calculated for theand HgCl molecules where
ICI the difference between the DK2 enthalpies and the PP it is 0.75 kcal/mol in each case. The correlation of the Hg 4f
enthalpies are only one or two tenths of a kcal/mol. In IO the electrons appears to be quite important and is approximately of
difference is much larger at0.43 kcal/mol. The differences  the same order of magnitude as the correlation of the Hg 5s5p
between the DK2 and PP enthalpies for the reactions involving and halogenr{-1)s(-1)p(n-1)d electrons. The additional rela-
mercury tend to be somewhat larger in magnitude than in the tivistic corrections AErg ) have been discussed above.
reactions not involving mercury. However, in every case the A wide range of dissociation energies and heats of formation
DK3—DK2 differences are between 0.2 and 0.4 kcal/mol and have been reported for the 10 molecule. Two independent
opposite in sign to the DK2PP differences. This would seem crossed molecular beam studies of the reactioir Gl have
to suggest that much of the differences between the DK2 andreported aAH¢(0 K) for 10 of 32 & 3 kcal/mof°” and 30+ 2
PP calculations are due to inadequacy of the treatment of scalakcal/mol%8 (Do = 53 and 55 kcal/mol, respectively). These are
relativistic effects in the DK2 Hamiltonian when atoms as heavy slightly higher than those obtained from kinetics studf8g1°
as mercury are involved. The columEpks—ppis an estimated the reaction between oxygen atom and alkyl iodides places an
difference between DK3 and PP enthalpies obtained by addingupper bound on th&H¢(298 K) of 10 at 28.8 kcal/méf® (Do
the two previous columns. The agreement between DK3 and = 55.3), while kinetic investigations of the reaction +0CIO
PP enthalpies appears to be much better than in the DK2 casegyielded aAH:(298 K) for 10 of 27.7+ 1.2 kcal/mot® (Dg =
and is only larger than 0.30 kcal/mol in the HgIO reaction. 56.4 kcal/mol). Previous high quality ab initio investigations
However we should reiterate that DK2 seems to do well even have predicted varymO K heats of formation of 10, these being
for atoms as heavy as iodine. As with the Lamb shift, we have 31.0+ 1.0 kcal/molt!! 28.94 1.8 kcal/molt'2 and 38.9 kcal/
observed similarly good agreement between DK2 and DK3 mol*!3 (Dy = 53.6, 55.7, 45.7 kcal/mol, respectively). In this
calculations in reactions involving CdBand CdBr. work, without the inclusion of higher order electron correlation
There are several factors that may contribute to the remaining effects, the CCSD(T)/CBSCV+SO+SR+LAMB dissociation
discrepancy between the all electron and pseudopotentialenergy Do) of IO is 53.135 kcal/mol. The correction for iterative
enthalpies. The Dirac-Hartred-ock calculations against which  triple excitations [CCSDT-CCSD(T)] calculated with the avVTZ
the pseudopotentials were parametrized include the Breit basis sets was calculated to add 0.50 kcal/mol. The addition of
interaction, finite nucleus effects, and two-electron scalar iterative quadruple excitations [CCSDTQ-CCSDT] calculated
relativistic effects; these effects are not included in the DKH with the aVDZ basis set was found to yield an additional 0.68
Hamiltonians used in this study. Also, even though large basis kcal/mol, resulting in a total correction of 1.18 kcal/mol.
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TABLE 4: 0 K Enthalpies of Reaction, AH, (kcal/mol), with Constituent Energy Contributions?

reaction AEe(QZ) AEe(CBS-QZ) AEzpe AEcy AECV-f AErgL AECCSDTQ AHr expf’
Hg+ I — Hgl +1 32.92 1.22 —0.12 0.48 0.16 —-7.19 e 27.47 27.74£0.11
— Hgl, —32.37 —0.25 0.42 -—-0.88 0.07 —-1.97 e —34.98 —33.44+05
Hg+IBr  — Hgl+ Br 36.49 1.08 —0.20 0.21 0.16 —4.14 0.01 33.61 34.16 0.11
— HgBr+ | 31.30 1.04 —0.11 0.67 0.19 —6.99 —0.24 25.86 26.4& 0.29
— HgIBr —36.05 —0.43 0.46 —0.64 0.07 —1.96 0.01 —38.54
Hg + ICI — Hgl + Cl 42.08 1.08 —0.36 —0.16 0.16 —1.83 e 40.97 41.82+ 0.11
— HgCl+ | 31.73 0.92 —0.13 0.65 0.20 —6.76 e 26.61 26.21
— HgIClI —37.54 —0.57 0.52 -0.64 0.07 —1.54 e —39.70
Hg+ 10 — Hgl+ O 43.80 0.54 —-0.79 —-0.10 0.16 0.97 1.18 45.76 453
— HgO+ | 54.45 0.37 —0.36 —0.04 0.04 —5.65 1.18 49.99
— HglO —12.28 —0.52 0.50 -—0.99 0.02 —0.15 1.18 —12.24

a AE. = CCSD(T) electronic energy differencAfzpe = zero-point energy contributiomyEcy = core-valence contribution from Hg 5s5pr
3s3p3d, and | 4s4p4dsEcy-+ = core-valence contribution from Hg 48Egre. = relativistic corrections from Table 2YEccsprg= correction for
full iterative triple and quadruple excitations. See té&ll experimental data taken from Table 2, except where ndtedd; of Hgl, from ref 114.
4 AH¢ of 10 derived from ref 107¢ Not determined.

Combining these values results in our best predicted value for bound, and the calculated value of 22.91 kcal/mol falls below
Do of 54.31 kcal/mol. Due to the probable underestimation of this value. There has not been a reliable experimental determi-
spin—orbit effects in the atoms as well as errors due to the PP nation of the dissociation energy of the HgO molecule to date.
approximation, this value may be slightly too large. To The remaining differences in the experimental and calculated
determine the heat of formation, accurate experimental valuesdissociation energies of the molecules in this study can likely
for the AH;(0 K) of | (25.614 0.01 kcal/mol}**and O (58.98 be attributed to remaining inadequacies in the treatment ofspin
+ 0.02 kcal/mol}** were combined with our predicted,Df orbit coupling, correlation treatment, pseudopotential approxi-
10 to yield a predicted\H;(0 K) for 10 of 30.28 kcal/mol. Using mation, and experimental uncertainties in Hgl, HgBr, HgCl, and
standard ideal gas forms of the partition functions, our calculated 10.
heat of formation at 298K is 29.81 kcal/mol. This result is in The calculated enthalpies of reaction (0 K) along with the
good agreement with theH; values determined in the molecular  various corrections to the CCSD(T)/CBS limits are presented
beam experiments and two of the previous ab initio calculations, in Table 4 for the reactions Her IX (X = I, Br, Cl, O). Each
but it is considerably higher than those determined from the of the corrections to the valence-only CCSD(T) enthalpies are
kinetics experiments. Based on the accuracy of the otherin general small, but have nonnegligible cumulative effects. The
dissociation energies in this study, and similar previous work difference between energies of reaction computed with the
(see, for instance, refs 14, 105, 115, and 116 and ref 24 cited inaVQZ basis set (the second largest basis set used), and those at
Dixon et al1?), we believe our calculatedHs(0 K) of IO has the CBS limit are as large as 1.2 kcal/mol and are never smaller
an accuracy better than 1 kcal/mol and is the most reliable valuethan 0.2 kcal/mol. As with the dissociation energies, reaction
to date. enthalpies calculated with the two CBS extrapolation formulas
To gauge the effects of higher levels of electron correlation typically differ by just 0.1-0.2 kcal/mol with the largest
on the other reactions of this study, CCSDT and CCSDTQ difference of 0.3 kcal/mol in the reaction Hg I, — Hgl +1.
corrections have also be calculated for the dissociation energiesThe ZPE corrections are in general small, but are as large as
of IBr and HgBr. In both of these molecules the corrections are 0.8 kcal/mol for the reaction Hg IO — Hgl + O. The mean
significantly smaller than they were in 10. For IBr the CCSDT- value of the total CV correction to the enthalpies of reaction is
CCSD(T) difference is—0.22 kcal/mol, and the CCSDTQ- 0.52 kcal/mol and is as large as 0.97 kcal/mol for the reaction
CCSDT difference is+0.23 kcal/mol. The two corrections Hg + 10 — HglO. The correlation of the Hg 4f electrons is
essentially cancel each other for a total correction of just 0.01 again shown to be important, often as large as 0.2 kcal/mol but
kcal/mol. In HgBr the total correction is somewhat higher at is in general smaller than the effect of correlating the outer-
0.25 kcal/mol, with 0.21 kcal/mol arising from the CCSDT- core electrons in these reactions. The effect of the CCSDT and
CCSD(T) difference and 0.04 kcal/mol from the CCSDTQ- CCSDTQ corrections to the bond strengths of IBr, HgBr, and
CCsSDT difference. These smaller corrections for IBr and HgBr 10 were included in the reaction enthalpies of Table 4 where
are more representative of the usual quality of CCSD(T) wave appropriate.
functions for molecules dominated by the Hartré®ck con- The reaction enthalpies are qualitatively similar to the results
figuration. It is likely that the large correction for higher order of a previous study on the reactions Hg- {Br,, BrCl, Cl,
correlation effects is isolated to the 10 molecule in this study. BrO, CIC}. All of the abstraction reactions (i.e., Hg XY —
Accurate and reliable experimental dissociation energies areHgX + Y) are endothermic by 2545 kcal/mol. Conversely,
available for b, IBr, and ICl, and in all three of these cases the all of the insertion reactions (i.e., H¢ XY — XHgY) are
agreement between theory and experiment is very good. Theexothermic by—35 to —40 kcal/mol. However, preliminary
largest difference occurs in,lwhere it is only 0.47 kcal/mol. MRCI calculations indicate that the direct insertion reactions
The disagreement between theory and experiment for HgBr, have large barriers on the order of 25 kcal/mol and are therefore
HgCl, and Hgl is slightly higher, but in all three cases still much not likely to occur in the atmosphere. However, all of the
less than 1 kcal/mol. The experimental dissociation energy for recombination reactions such as HgXY— XHgY are strongly
Hgl (7.83 kcal/mol§® has an uncertainty of 0.11 kcal/mol, while  exothermic by—60 to —80 kcal/mol and are predicted to
the experimental dissociation energy of HgBr (15.53 kcal/Hfol)  proceed without a barrier.
has a stated uncertainty of 0.29 kcal/mol. The calculated values Agreement between calculated and experimental enthalpies
of 8.55 kcal/mol for Hgl and 16.30 kcal/mol for HgBr fall  of reaction is quite good where the experimental values are
slightly outside these error bounds. In HgCl the experimental available. There is only one instance where the calculated
dissociation energy of 23.44 kcal/mdlis only a rough upper  enthalpies disagree with experiment by more than 1 kcal/mol;
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TABLE 5: Dissociation Energies ard 0 K Heats of of the reactions an improvement over existing experimental
Formation (in kcal/mol) for HgIX Species® values. To the best of our knowledge these calculations are the
IHgY Do(IHg+Y) Do(l +HgY) AH¢(calc)  AHs(exp) first to characterize gas-phase HglO.
IHg! 62.47 —391 -235+050 The heats of reaction for the present iodine-containing
IHgBr 72.15 64.40 —11.21 reactions are similar in sign and magnitude to the corresponding
IHgCl 80.67 66.31 —19.71 reactions involving only bromine and chlorine. All of the
IHgO 58.00 62.23 33.46 insertion reactions are found to be strongly exothermic, while
aComputed from the reaction enthalpies in Table 4 and accurate the abstraction reactions are all strongly endothermic. If iodine
experimental heats of formatiohRef 114. exists in sufficient concentration in the polar tropospheres, it is

possible that many of these species and reactions play a role in

the difference between theory and experiment is 1.6 kcal/mol the episodic mercury depletion events that have recently been
for the reaction Hg+ |, — Hgl,, with the calculated result  observed. The strongly bound IHgX (X1, Br, Cl, O) species
(—34.98 kcal/mol) being more exothermic than the experimental are possible contributors to reactive gaseous mercury concentra-
value't* (—33.4+ 0.5 kcal/mol). It is possible, however, that tions. The formation of IHgX by direct reaction of Hg with X
the error bounds of the experimental value, which was deter- is unlikely due to the large barriers indicated by preliminary
mined from the heat of formation of the crystal and its heat of MRCI+Q/aVTZ calculations. Large barriers have also been
sublimation, are overly optimistic. A second reaction with a observed for the insertion of Hg into Bin recent work on the
fairly large discrepancy between theory and experiment, al- global potential energy surface for HgBr Br.11°
though the difference is less than 1 kcal/mol, is HHgCl — The present calculations predict the reactions of Hgf or
Hgl + CI. In this case the calculated value (40.97 kcal/mol) is HgX + | to form HgIX to be strongly exothermic. Our
more exothermic than experiment (41.8410.11 kcal/mol) by preliminary MRCH-Q/aVTZ calculations and HgBt+ Br PES
0.85 kcal/mol. Due either to large uncertainties or a complete results suggest these reactions will be barrierless. Other reactions
lack of experimental heat of formation data for HgIBr, HgICl, involving initially formed HgX molecules can also lead to the
HglO, HgO, HgCl, and 10, the currently calculated enthalpies formation of HgXY. For example the current results would
for reactions involving these species are the best currently predict the following reaction enthalpies
available.

Table 5 contains the calculated dissociation energies and 0
K heats of formation for the triatomic species LigHgIBr,
HgICI, and HglO. To calculate these heats of formation we used
the enthalpies of reaction for H¢ IX — HglX tabulated in and
Table 3 together with accurate experimental heats of formation
for the Hg and IX species. In the case of HglO, the reaction Hgl, + O AH, = —8.14 kcal/mol
Hg + | + O — HglO was used instead of H¢g 10 — HglO Hgl + 10 — HgIO + 1 AH, = —3.64 kcal/mol
because of the uncertainty in the experimental heat of formation

of 10. The atomic and diatorai0 K heats of formation were  preliminary MRCH-Q/aVTZ calculations indicate that each of
taken from JANAF'415.424 0.01 kcal/mol for Hg, 25.61¢ these reactions should also proceed without a barrier. The current
0.01 kcal/mol for I, 58.98+ 0.02 kcal/mol for O, 4.5% 0.03 results and the results of our previous work on the reactions
kcal/mol for ICI, 11.91+ 0.02 kcal/mol for IBr, and 15.65% Hg + {Brz, Cl, BrCl, BrO, CIO} can be used to calculate
0.02 kcal/mol for 4. The only triatomic species for which there  ne enthalpies of similar reactions involving any combination

exists an experimental heat of formation is bigand the  of | CI, and Br. It is hoped these accurate results can be used
difference between the experimental and theoretical results (1.6i5 advance future atmospheric modeling studies.

Hgl, + Br AH, = —20.28 kcal/mol

Hgl + IBr _'{HgIBr +1 AH, = —29.98 kcal/mol

kcal/mol) is of course the same as that for the reactiontHg As part of this work, accurate dissociation energies have also

— Hgla. been calculated for all the diatomic molecules involved in this
. study. In particular, an accurate heat of formation of 10 has

Conclusions been calculated. Our results predicA#(298 K) of 29.8+

Accurate ab initio calculations have been performed to 1.0 kcal/mol Do = 54.3 £ 1.0 kcal/mol), which is slightly
determine the thermochemistry of reactions between mercury-higher than the value reported in recent kinetics studies, but is
and iodine-containing reactive halogen species. These calculain good agreement with earlier crossed molecular beam studies.
tions have been performed using high levels of electron This purely ab initio result is also in good agreement with the
correlation and series of correlation consistent basis sets withearlier predictions of both McGrath and Rowlatdand
accurate relativistic pseudopotentials, which allowed for ex- Hassanzadeh and Irikut&
trapolations to the complete basis set limit. Corrections were
also included to account for core-valence correlation, spin ~ Acknowledgment. This work was partially supported by the
orbit coupling, scalar relativity, the Lamb shift, and in some National Science Foundation (CHE-0111282). The authors thank
cases higher levels of electron correlation. We have calculatedProf. H. Stoll (University of Stuttgart) for helpful discussions
0 K heats of formation for the species HglX &1, Br, Cl, O) concerning 4f correlation and the Lamb shift.
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