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Mercury and Reactive Halogens: The Thermochemistry of Hg+ {Cl,, Br,, BrCl, CIO, and
BrO}
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Accurate reaction enthalpies have been calculated using the CCSD(T) method and sequences of correlation
consistent basis sets for the reactions of Hg with a series of small halogen-containing molecuiBs,(Cl

BrCl, ClO, and BrO). Explicit extrapolations to the complete basis set limit are used together with accurate
treatments of corevalence correlation, scalar relativity, and sporbit effects in order to predict both reaction
enthalpies of the title reactions and heats of formation of the intermediatesHtgBr,, HgBrCI, HgCIO,

and HgBrO) to an estimated accuracy of approximately 1 kcal/mol. All of the intermediates are predicted to
be strongly bound and the structures and vibrational frequencies of HgCIO and HgBrO are reported for the
first time. The present results are expected to be useful in modeling the gas-phase oxidation of mercury in the
troposphere by halogen-containing species.

I. Introduction however their heats of formation are known to only a few kcal/
mol. The experimental dissociation energy of the HJO molecule
has recently been proposed by high level ab initio calculations
to be in error by as much as 50 kcal/midhmong the possible
HgXY species, HgGl and HgBp have been the subject of
several experimental and theoretical studies, but their heats of
formation are also only known to within a few kilocalories per
mole. Only the fundamental vibrational frequencies of HgBrCl
‘have been measured, and neither HgCIO nor HgBrO has been
Pbserved by experiment. None of the species in this work
involving Hg have been studied by high-resolution spectroscopy.
In the present work, the enthalpies of reactions 2 and 3 given

Because of its high biological toxicity and long atmospheric
residence time, mercury is considered to be a high priority
among environmental pollutants. In the atmosphere mercury is
present nearly exclusively in the gas phase and in its elemental,
zerovalent form, but the amount of data on its gas phase
reactivity is surprisingly scarce. Recently the contamination of
the arctic ecosystem by mercury has been of particular concern
Measurements of total gaseous mercury (TGM) in the arctic
troposphere have shown a strong correlation between near tota
depletion of surface level ozone and significant drops in TGM

(with concomitant deposition onto the snowpack) in the first 3 . o .
above are calculated using accurate ab initio electronic structure

months of the arctic spring.Given that halagen-catalyzed methods. Sequences of correlation consistent basis sets are used
reaction cycles are thought to be responsible for the springtime. - >€q

depletion of tropospheric ozoRegactions of reactive halogen In conjunction with hlghly_ correlated coupled cIu_ster wave
species, e.g., Br, BrO, and CIO, with gaseous mercury havefunctlons. After extrapolation to the complete basis set limit,

been proposed lo be' esponsie fo the greatly decreasecf 9100 COTeEIonS or eropont voreons cormence
atmospheric residence time of mercury during this petiod. ’ Y, P P ’ P

Receny St meruy deletion everts (UDEs) e o 0% 2155 1 cciralel nouced s sl sprcec s
been observed in the Antarctic troposphtre. 9

Since UV radiation appears to be a necessary prerequisite{ﬁ.r;geo?fk i’ﬁg?ﬁzl‘gﬁ?h;ler}é sr,]gfhr:;:gygicgs(d.éIze;:lgr)]'tr:gl ies
for the observed mercury depletion events, the oxidation of IS W ! P! on, as w P!

gaseous Hg to more reactive forms might conceivably involve of formation for the HgXY compl_exes, are believed to be
reactions such as accurate to about1 kcal/mol and in nearly all cases should

be significantly more reliable than the current experimental

Hg + X — HgX (1) values. The details of the calculations are described in section
II, while the results and summary are presented in sections Il
HgX +Y — HgXY ) and 1V, respectively.
Hg + XY —HgX + Y ) II. Methodology
—HgY +X All ab initio electronic structure calculations were carried out

for X = {Cl, Br} and Y = {Cl, Br, O}, where the most likely us.ing.the MOLPRO suite_ of progranksFor the geometry.opti- .
identities of XY in reaction 3 are the CIO and BrO radicals. mizations the total energies of the molecules were obtained with
Even basic thermochemical knowledge of these reactions,the_COUpled cl_uster singles and d_oubles f.“et.h(’d with a pertur-
however, is relatively scarce. For instance, the mercury halides, 2ative correction for connected triple excitations, CCSD(T).

HgCl and HgBr, are fairly well characterized experimentally, For all open-shell species t_he ROHF/UCCSD(T) T”e.‘ﬁdé
was employed. If not otherwise mentioned, the excitations from

* Corresponding author. E-mail: kipeters@wsu.edu. the core orbitals were dropped from the correlation scheme, and
T E-mail: nick@mail.wsu.edu. only the O(2s2p), Cl(3s3p), Br(4s4p), and Hg(5d6s) electrons
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were correlated (frozen core approximation). Full symmetry
equivalencing was always imposed on the HF orbitals.

The oxygen basis sets corresponded to the aug-cZ-g¢ets,
i.e., the standard correlation consistent caig\basis set$
augmented with additional diffuse functiol'sThe new aug-
cc-pV(n+d)Z basis sets were used for the chlorine atom. These
are the standard aug-cc-p¥ basis set$ with modifiedd-shells
that contain additional tight exponertsSmall-core relativistic
effective core potentials (RECP) were used for both mercury
and bromine. The Hg RECP was that ofudaermann et &P,
and included 60 electrons in the core. The Br RECP cor-
responded to a newly developed small core RE@Ralogous
to those recently reported for G&e by Metz et a#?2 The
remaining Hg (5%p°5d1%<) and Br (333pf3di%<4p°) elec-

trons were treated with new correlation consistent basis sets

denoted as aug-cc-pi-PP. The Hg basis sets, which have
recently been described in detail with benchmark calculations
on HgH" and Hg,®® consisted of contracted [4s4p3dif],
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Additive corrections to the frozen-core, CCSD(T)/CBS
energetics were included for coergalence correlationAEcy),
scalar relativistic effectsAEsg), pseudopotential erroraEpp),
and spir-orbit coupling AEsg). All of these corrections were
obtained from singlepoint calculations at the CCSD(T)/CBS2
equilibrium geometries. The cor@alence correlation correc-
tion, AEcy, was determined as the difference in the CCSD(T)
energies in calculations where excitations from all occupied
orbitals were allowed and those where the frozen core ap-
proximation was employed. Both of these calculations were
carried out with an aug-cc-pwCVQZ basis®ain oxygen, an
aug-cc-pwCVQZ set on chlorine, aug-cc-pwCVQZ-PP on
bromine, and cc-pwCVQZ-PP on mercury. These basis sets all
contained additional tight functions in each angular momentum
and were optimized explicitly for corevalence correlation
effects.

The scalar relativistic corrections to the total eney¥sr,

[6s6p5d2f1g], [7s7p6d3f2g1h], and [8s8p7d4f3g2hli] sets for were initially obtaint_ed as a sum of Fhe expectation yalues of
cc-pVDZ-PP, cc-pVTZ-PP, cc-pVQZ-PP, and cc-pV5Z-PP, the_l-electron Da_lrww_l and masselocny (MVD)_ terms in the
respectively. The augmenting diffuse functions for Hg were Brelt_—Pau_Il Hgmlltonl_aﬁ3 cglculated with the single reference
obtained as even-tempered extensions of each angular momergonfiguration interaction singles and doubles (CISD) method
tum. In the case of Br, these basis sets will be reported separately@Nd completely uncontracted AVTZ basis sets. This correction

with the other postt group 16-18 elements in conjunction with
the new RECP parametetsBriefly, they consisted of con-
tracted [4s3p2d], [5s4p3d1f], [6s5p4d2flg], and [7s6p5d3f2glh]
sets for cc-pVDZ-PP through cc-pV5Z-PP, respectively. The
usual shells of diffuse functiohswere obtained by optimiza-
tions on the negative ion. Small molecule CCSD(T) benchmark
calculations with these RECPs and basis%dtave demon-

was nonzero for all species except those that consisted of only
Hg and Br. In these latter cases the scalar relativistic contribu-
tions to the total energy were assumed to be already included
in the RECP of these atoms. Closely relatedABsr is the
estimation of the errors associated with the pseudopotential
approximation, AEpp, where RECPs were used. This was
obtained by carrying out all-electron CCSD(T)/aug-cc-

strated very small pseudopotential errors of about 0.002 A and pVQZ-DK calculations (frozen core approximation) on all of

a few tenths of a kcal/mol in dissociation energies. In the

the species of this work. The corrections to the enthalpies were

remainder of this paper, the basis sets mentioned above will bethen calculated as the difference between the DK enthalpies and

denoted as AYZ. Overall, basis sets with= 2 (D), 3 (T), 4
(Q), and 5 were employed in our calculations. To calibrate the

errors due to the pseudopotential approximation (see below),

all-electron calculations were also carried out for all the species
of this work using the DouglasKroll—Hess (DK) Hamilto-

the enthalpies obtained from PP-based calculations (PPs on Hg
and Br only) with the AVQZ basis sets. For all but the Hg

Br;, reaction, these latter enthalpies also includétsr. Hence

the final reaction enthalpies (and heats of formation) effec-
tively include scalar relativistic corrections at the all-electron

nian2425The basis sets used in these calculations correspondedCCSD(T)/aug-cc-pVQZ-DK level of theory, since, in addition
to the standard aug-cc-pVQZ basis sets recontracted in atomicto PP errors, inaccuraciesAEsg are also subsequently removed

DK—HF calculations for O, CI, and Br. An aug-cc-pVQZ-DK
basis set on Hg has been described previdéisigd consisted
of a contracted [12s11p9d5f3g2h] set.

Complete basis set (CBS) limits of the total energies were
obtained using both the 3-point mixed exponential/Gaussian
extrapolation formul&26

E(n) = Eqgs + Be ™Y+ ce ™V (1)

with n= 3—5 (CBS1) and the 2-point extrapolation formifi&?

E(n) = Ecgs + BIN® )
wheren = 4 and 5 (CBS2). The final CBS limit total energies
were obtained by averaging CBS1 and CBS2.

The near-equilibrium potential energy surfaces of the mol-
ecules involved in this study were obtained by fitting grids of

in AEpp.

Last, the spir-orbit corrections AEso, to both the atomic
and molecular energies were found within the state-interacting
approach; i.e., spinorbit eigenstates were obtained by diago-
nalizing Hy + Hso in a basis of pureA—S electronic states.
The spin-orbit matrix elements were calculated at the internally
contracted MRCI level of theof§ with use of spir-orbit
pseudopotentials. The Hg 5d electrons were not correlated in
these calculations. The basis sets corresponded to aug-cc-pVTZ-
PP for both Hg and Br. Relativistic pseudopotentials were also
applied on both & and CF®%7in order to employ these effective
spin—orbit operators. The basis sets for the s- and p-shells of
the aug-cc-pVTZ sets on O and Cl were recontracted in the
presence of the RECPs. The orbitals used in the MRCI
calculations were obtained using the state-averaged CASSCF
method. All of the electronic states that correlated to the sum
of Hg('Sy), Br(?P,), CI(?R,), and OfPy) atomic states were taken

energies to polynomials in simple displacement coordinates. Theinto account in the construction ofeHt Hso. In the case of
spectroscopic constants of the diatomic molecules were deter-HgO, the O{D) asymptote was also included. The diagonal

mined via the usual Dunham analy3isThe equilibrium

elements of | + Hsowere replaced by the MREIQ energies,

distances, harmonic vibrational frequencies, and zero-point which included the multireference Davidson correctioff for

energies of the triatomics were obtained using the surfit an approximate treatment of the effects of higher excitations.
program® Extended details on these surfaces, as well as the For the atoms, the errors using this treatment with respect to
resulting spectroscopic properties, will be reported elsewHere. the experimental values (lowest spiarbit level relative to the
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TABLE 1: CCSD(T) Total Energies (au) and Equilibrium Distances (A)

Spectes AVQZ AV5Z CBS1 CBS2 expt

X154+ Cl, Enmin —919.48334 —919.49612 —919.50354 —919.50954

re 1.9967 1.9926 1.9902 1.9883 1.9880
X154+ Br, Enmin —831.41659 —831.42829 —831.43509 —831.44057

re 2.2964 2.2922 2.2897 2.2878 2.2810
X13* BrCl Enmin —875.45040 —875.46259 —875.46968 —875.47540

re 2.1476 2.1431 2.1405 2.1384 2.1870
X2IT ClO Enmin —534.79088 —534.80338 —534.81065 —534.81652

re 1.5737 1.5701 1.5681 1.5664 1.5696
X2I1 BrO Enmin —490.75351 —490.76529 —490.77214 —490.77766

re 1.7250 1.7220 1.7203 1.7189 1.7873
X25+ HgCl Enmin —612.75828 —612.77735 —612.78844 —612.79736

re 2.3870 2.3824 2.3798 2.3777
X25+ HgBr Enmin —568.72276 —568.74133 —568.75215 —568.76083

re 2.5339 2.5298 2.5275 2.5256
XIZ+ HgO Enmin —228.02436 —228.04352 —228.05467 —228.06361

re 1.9145 1.9124 1.9111 1.9101
X135"HgCl, Enmin —1072.58646 —1072.61245 —1072.62757 —1072.63973

e 2.2549 2.2517 2.2498 2.2483 2.252(5)
X135 HgBr Enmin —984.50918 —984.53409 —984.54859 —984.56024

e 2.3897 2.3867 2.3849 2.3835 2.378(5)
X13+ HgBrCl Enmin —1028.54778 —1028.57323 —1028.58803 —1028.59994

re(HgBr) 2.3805 2.3775 2.3758 2.3744

re(HgCl) 2.2643 2.2609 2.2590 2.2575
X2IT HgClO Enmin —687.849686 —687.87519 —687.89002 —687.90195

re(HgCl) 2.2488 2.2457 2.2440 2.2426

re(HgO) 1.9672 1.9652 1.9641 1.9632
X2IT HgBrO Enmin —643.81044 —643.83541 —643.84995 —643.86162

re(HgBr) 2.3752 2.3724 2.3708 2.3696

re(HgO) 1.9767 1.9747 1.9735 1.9726

a Reference 620 Reference 63 = 2.13605 A in ref 64¢ Average of2I1s;, and[1,,, values from ref 65¢ R, structure from ref 45¢ Average
of 213, and?[1y, values from ref 661 Reference 679 Ry structure from ref 46.

j-averaged energy) of Modtewere just—0.30, 0.02, and 0.02  the results of the ED study of Deyanov et al,,= 2.378 +

kcal/mol for Br, Cl, and O, respectively. 0.005 A%5 Similar results were obtained for HgClwvhere our
CCSD(T)/CBS value fore, 2.249 A, is consistent with the ED
[ll. Results and Discussion result of Kashiwabara et 4%.(2.252+ 0.005 A). In both cases

our calculated equilibrium bond lengths are shorter by ©.02

The CCSD(T) total energies and equilibrium distances of the
(M) g q 0.04 A than previous ab initio studies, which all employed

molecules obtained with the AVQZ and AV5Z basis sets are . T .
shown in Table 1, together with their respective CBS limits smaller basis sets and less sophisticated el_ectron correlation
and the geometries available from experimental studies. TheMethods (cf., refs 4752 and references therein).
energy extrapolation to the CBS limit results in a shortening of ~ TO our knowledge, reliable equilibrium geometries derived
the distances compared to the CCSD(T)/AV5Z ones. The from experiment have not been published for the diatomics HgO,
equilibrium bond lengths determined from energies extrapolated HgBr, and HgCl, as well as the HgBrCl, HgCIO, and HgBro
with either CBS eq 1 or 2 differ by only 0.06.002 A, and molecules. The reader is referred to ref 5 for a detailed
in general nearly all of the resulting values are slightly longer ~ discussion of HgO. Equilibrium bond lengths of 2.62 and 2.42
than the experimental ones. One should, however, take intoA for the electronic ground states of HgBr and HgCl, respec-
account that the effects of corgalence correlation and tively, have been estimated in spectroscopic stdéi€sand
relativity have been neglected in the geometry optimizations Were based in part on the values rafHgBr) = 2.61 A and
of the present work. In particular, the inclusion of ceralence  "«(HgCl)= 2.41 A determined in earlier ab initio CI calculations
effects is expected to further decrease the bond lengths in mos®y Wadt?® According to our results, however, shown in Table
of these molecules. For examp|e, the coevalence correlation 1, the equilibrium distances for both of these molecules are
contribution to the'e of HJO has been calculated to b&®.009 shorter by as much as0.1 A; i.e., re(HgBr) = 2.527 A and
A5 while the bond distances in HgGind HgBp were shortened ~ "«(HJCl) = 2.379 A at the CCSD(T)/CBS level of theory.
by 0.006 and 0.009 A, respectivélylt should be noted that The CCSD(T) harmonic frequencies of all the species
the equilibrium geometries of HgBrCIl, HgBrO, and HgCIO considered in this work are given in Table 2 along with the
shown in Table 1 are the first reported for these species. available experimental harmonic frequencies for the diatomics
As observed in Table 1, the calculated diatomicy(@r», and fundamental frequencies of HgGHgBr,, and HgBrClI. The
BrCl, ClO, and BrO) equilibrium distances are in excellent CBS extrapolation formulas 1 and 2 yield nearly the same results
agreement with those obtained in spectroscopic studies. All of for the stretching frequencies. The full sets of vibrational
the HgXY insertion complexes (% Br, Cl; Y = Br, Cl, O) frequencies were calculated only at the CCSD(T)/AVQZ level.
are calculated to have linear equilibrium structures with Hg as In general, the CCSD(T)/AVQZ frequencies are very close to
the central atom. The HgBr bond lengths in the symmetric  both the CBS limit values and the experimental data, with the
HgBr, molecule have been measured in several electron exception of HgCl where the CCSD(T)/AVQZ harmonic
diffraction (ED) experimenté—45>and lie in quite a wide range,  frequency is lower by 15 cm than the experimental value.
2.38-2.44 A. Our CCSD(T)/CBS calculations yield a value of The remaining errors in the calculated harmonic frequencies,
re(Hg—Br) = 2.384 A, which is in very good agreement with  which are mainly due to the neglect of residual relativity and
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TABIIE 2: CCSD(T) Harmonic Vibrational Frequencies
(cm™)

species

AVQZ AV5Z CBS1 CBS2 expt
Cl, 556.3 561.1 563.9 566.2 559i71
Br, 323.7 326.1 3274 328.4 32531
Clo 854.3 858.6 861.2 863.3 85364
BrO 726.0 729.6 731.8 7335 725%42
BrCl 442.4  446.0 448.2 449.9 44426
HgBr 183.2 184.4 185.0 185.6 18895
HgCl 285.4 287.7 289.1 290.2 298%97
HgO 596.7 599.2 600.6 601.8 676
HoCh (S 360.3 362.3 363.5 364.4 35358°
365" 366"
(M) 101.6 100
=) 4146 416.4 4175 4183 43
HoBr, (S 2225 2232 223.6 2240 23@18!
229Mm 22>
(IL) 68.1 68
=) 293.2 293.9 2943 2947 293
HgBrCl (HgBr) 255.6 256.4 256.9 257.3 253
(bend) 85.1 83
(HgCl) 387.9 389.7 390.7 391.6 385
HgClO (HgCl) 386.6 388.2 389.1 389.8
(bend)  138.1
(HgO) 592.2 5944 5956 596.6
HgBrO (HgBr) 2627 263.2 263.6 263.9
(bend) 1225
(HgO) 580.2 5823 1583.8 584.8

a Reference 620 Reference 64< Average ofI1g, and?1,,, values
from ref 65.9 Reference 53 Reference 54\ Reference 68? Reference
69. " Reference 70.Average of?lls, and 21y, values from ref 66.
I Reference 67% Reference 71.Reference 72" Reference 737 Ref-
erence 74° Reference 75.

core—valence correlation effects, should result in only very small
(no more than 0.1 kcal/mol) errors in the calculated zero-point
energies. The near-equilibrium potential function of HgO has
been previously showrto be strongly affected by spirorbit

Balabanov and Peterson

with the largest basis sets by only 6.0.5 kcal/mol. The zero-
point energy corrections were evaluated using the CCSD(T)/
AVQZ harmonic frequencies. The other corrections to the
CCSD(T)/CBS values, i.eAEcy, AEsg, AEpp, andAEsq, are
generally small but have nonnegligible cumulative effects. The
errors due to the pseudopotential approximation, which can
mainly be attributed to the PP employed on Hg (compare, for
instance,AEpp for Hg + Cl, vs Hg + Bry), are larger than
expected in many cases, i.e., 856 kcal/mol. In every case
this latter correction brings the calculated reaction enthalpies
closer to the middle of the experimental ranges where these are
available. The largest contributions froEsp are observed
among the reactions involving Br atom, which is mostly due to
its large2Py,—2P3), zero-field splitting. As shown in Table 3,
the experimental enthalpies of reaction have large uncertainties
due in part to the large experimental uncertainties in the heats
of formation of HgCl and HgBr. The reaction enthalpies
calculated in this work are all within the experimental uncertain-
ties (see ref 5 for a discussion of the reactions producing HgO)
and are expected to have smaller errerg kcal/mol). Similar
calculations that were recently reportédor several small
halogenated molecules yielded bond enthalpies fgr&}, and

BrCl that agreed with experiment to within a few tenths of a
kcal/mol. Thus, the current calculated results are expected to
be the most accurate available for these reactions. In addition,
using our calculated enthalpies of reaction for HBrX and

Hg + CIX (X = Br, Cl, O) and accurate experimental heats of
formation (Hg, Bg, BrCl, BrO, CIO, Br, Cl, and O, see below),
the heats of formation of HgBr and HgCl can be refined
compared to the existing experimental values td\bi(0K) =
28.4+ 1.2 kcal/mol for HgBr and\H¢(0K) = 21.8+ 1.1 kcal/

mol for HgClI (the values are obtained by averaging the results
for three individual reactions in each case). These can be
compared to the JANAF valugf 27.6+ 9.1 and 19.7 2.3

effects, and the zero-point energy for this species has been takerfcal/mol for HgBr and HgCl, respectively.

from ref 5 for the thermochemical analysis below. A more

The calculatd 0 K heats of formation of the insertion

detailed analysis of the structure and vibrational spectra of the complexes, together with their dissociation energies, are col-

HgXY (X = Br, Cl; Y = ClI, Br, O) species will be presented
in a separate publicatiof.

lected in Table 4. The former quantities were predicted using
accurate experimentalH(OK) values for the other relevant

The calculated enthalpies of reaction for both the abstraction species AH(OK) = 15.42+ 0.01 kcal/mol for Hg(g), 28.18&

and insertion reactions of H¢ XY (X = Br, ClI; Y = Br, Cl,

O) are shown in Table 3. All of the abstraction reactions are
endothermic by 3660 kcal/mol. On the other hand, the
insertion complexes are lower than reactants by 20 kcal/
mol. The CBS limitAE. values were calculated using total

0.01 kcal/mol for Br(g), 28.596t 0.001 kcal/mol for CI(g),
58.98+ 0.02 kcal/mol for O(g), and 10.92 0.03 kcal/mol for
Bry(g) from JANAF?7 5.244 0.02 kcal/mol for BrCI(g) using
Tellinghuisen’§® Dyo(BrCl), 24.144+ 0.03 kcal/mol for ClIO(g)
using theDy(CIO) of Coxon and Ramsa¥,and AH{(OK) =

energies obtained by averaging the results of CBS extrapolation31.96+0.41 kcal/mol for BrO from Wilmouth et &F. Our

formulas 1 and 2. The CBS values differ from those calculated

calculated enthalpy of formation for HgBr—16.3 kcal/mol, is

TABLE 3: Calculated Energetic Contributions? and Resulting (0 K) Enthalpies of Reaction, AH, (kcal/mol)

AE(5Z) AE{CBS) AEzxe AEcy, AEs  AEsp  AEso AH, expt
Hg + Br,— HgBr + Br 33.19 3362  —0.20 0.68 -053 -3.01 30.6 29.44- 9.13
— HgBr; —41.64 ~41.89 0.47 0.00 -1.31 0.31 —424  —42.42+205
Hg + Cl,— HgCl +Cl 35.73 3627  —0.39 0.73 005 -0.70 —0.84 35.1 32.8% 2.29
— HgCl, —48.25 —48.49 0.59 0.31 0.30 -1.38 0.02 487 —49.44+152
Hg + BrCl— HgBr + Cl 37.30 3779  -0.37 0.49 002 -067 —0.77 36.5 35.4% 9.39
— HgCl + Br 32.12 3255  —0.22 0.80 017 -0.71 —2.94 29.7 27.21 2.62
— HgBrCl —44.67 —44.94 0.53 0.10 0.25 —1.46 0.24 —453
Hg + BrO — HgBr + O 39.40 39.64 —0.78 0.26 0.09 -0.76 1.00 39.5 39.2% 9.52
— HgO + Br 55.04 5522  —0.40 0.04 012 -056 —4.27 50.2  —8.08+15.49
— HgBro -19.25 ~19.49 052 —0.40 022 —155 055 —20.2
Hg + CIO — HgCl+0 40.71 41.07 —0.81 076 -0.01 —0.68 0.25 40.6 39.08 2.83
—HgO + Cl 61.52 61.88  —0.58 022 -012 —044 285 58.1 0.0% 15.57
— HgClo -20.31 —20.44 0.38 0.02 014 -136 -035 —216

a AE. = CCSD(T) electronic energy differencAEzpe = zero-point energy contributio®\Ecy = core-valence correlation contributio\Esg
= scalar relativity correction (MVD)AEgp = correction for pseudopotential approximatidxEso = spin—orbit coupling contribution. See text.

b Reference 57¢ ZPE contributions for HgO were taken from ref 5.
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TABLE 4: Calculated Dissociation Energies and (0 K) Heats
of Formation for HgXY Species (in kcal/moly

(9) Ruscic, B.; Wagner, A. F.; Harding, L. B.; Asher, R. L.; Feller,
D.; Dixon, D. A.; Peterson, K. A.; Song, Y.; Qian, X.; Ng, C.-Y.; Liu, J,;
Chen, W.; Schwenke, D. WI. Phys. Chem. 2002 106, 2727.

XHgY  Do(XHg +Y) Do(X + HgY) AHs (10) Feller, D.; Peterson, K. A.; de Jong, W. A.; Dixon, D.JAChem.
_ _ Phys.2003 118 3510.
(B:I:gg ggg _égg E—%Sgﬁi igB (11) MOLPRO is a package of ab initio programs written by H.-J.
BrHaCl 81'8 75.0 246 ' ' Werner and P. J. Knowles with contributions from J. AlfnR. D. Amos,
9 : ' ' A. Bernhardsson, A. Berning, P. Celani, D. L. Cooper, M. J. O. Deegan,
BrHgO 59.7 704 +27.2 A. J. Dobbyn, F. Eckert, S. T. Elbert, C. Hampel, G. Hetzer, T. Korona, R.
ClHgO 62.2 79.7 +17.9 Lindh, A. W. Lloyd, S. J. McNicholas, F. R. Manby, W. Meyer, M. E.

Mura, A. Nicklass, P. Palmieri, K. A. Peterson, R. M. Pitzer, P. Pulay, G.
Rauhut, M. Schiz, H. Stoll, A. J. Stone, R. Tarroni, P. R. Taylor, and T.
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