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Quantum mechanical (QMy molecular mechanics (MM) models are developed to represent
potential energy surfaces (PESs) for the HBICO,! Br+ HOCQO" reaction with HBF in the

2 s, and? 1, spin-orbit states. The QM component is the spin-free PES and spin-orbit coupling
for each state is represented by a MM-like analytic potential t to spin-orbit electronic structure
calculations. Coupled-cluster single double and perturbative triple excitation (CCSD(T)) calculations
are performed to obtain “benchmark” reaction energies without spin-orbit coupling. With zero-point
energies removed, the “experimental”’ reaction energy is 84meV for HBf 2 3, + CO,!

Br 2P;-; + HOCO', while the CCSD(T) value with spin-orbit ects included is 87 meV. Electronic
structure calculations were performed to determine properties of the BrHi@&Ction intermediate

and HBr OCO* van der Waals intermediate. The results ofatient electronic structure methods
were compared with those obtained with CCSD(T), and UMEpVTZPP was found to be a
practical and accurate QM method to use in M direct dynamics simulations. The spin-orbit
coupling calculations show that the spin-free QM PES gives a quite good representation of the shape
of the PES originated by 3-HBr*. This is also the case for the reactant region of the PES for

2 1> HBr*, but spin-orbit coupling eects are important for the exit-channel region of this PES. A
MM model was developed to represent thesects, which were combined with the spin-free QM
PES.© 2015 AIP Publishing LLChttp//dx.doi.org10.10631.4913767

I. INTRODUCTION the? -, state. The potential energy surface (PES) for these
proton and deuteron transfer reactions has been investigated at

There is considerable experimental interest in the chemthe UMP2 and coupled-cluster single double and perturbative
ical dynamics of ion-molecule reactions with the reactantdriple excitation (CCSD(T)) levels of theofy without the
in specic quantum states’ Viggiano and co-workefs inclusion of SO coupling, and the resulting energies are
have investigated the in uence of vibrational and rotationalsummarized in Tablé. An important feature of the PES is
energies on the rates of ion-molecule reactions. For exothermitie reaction intermediate BrHOCQBrDOCQO'). The 0 K
reactions, they found that rotational energy has a negligiblexperimental reaction energeti¢s! are depicted in Figuré.
in uence on the reaction eciency, while rotational energy Classical trajectory simulations have proven very impor-
increases the eciency for endothermic reactions. More tant for interpreting experimental studies of state-selected ion-
detailed information regarding the role of @irent types of molecule reactions and determining atomistic details of their
energy on the reaction dynamics is obtained by studying state&shemical dynamics. Of particular interest is the manner in
selected molecular iorfsAnderson and co-worket$ have  which vibrational excitation of the reactants may enhance the
been particularly interested in the ects of reactant vibra- reaction rate, which has been investigated for the reaction
tional excitation on the dynamics of ion-molecule reactions. of H,CO" with D, and CD,*3** and the NQ + C;H,, and

In recent research, Paeteal®’ used a guided ion beam C,H} + CH, reactions:>'® The possibility of establishing of
apparatus to measure the rate constants fof'tdBd DBi*,in  “Polanyi Rules” for polyatomic reactions has been investi-
the? 3 and? - spin-orbit (SO) states, reacting with GO gated!® Trajectories have also been used to investigate the role
to form Br+ HOCO'=DOCQO'. The mean rotational energy of state-specic vibrational excitation on collision-induced
of the HBr* and DB ions was varied and it was found that dissociation-’
the rate constant decreased with increase in rotational energy. In the work reported here, SO coupling calculatibase
Similarly, the rate constants decreased with increase inreactaperformed to derive PESs for the HBt CO,! Br
collision energy. These energy and state speci ees were + HOCO' reaction with HBF inthe? s, and? ;- spin-orbit
found for both the endothermic reaction with HEDBr* in states, which in the following are denoted?as- PES and
the? 3, state and the exothermic reaction with these ions irf 1, PES. An electronic structure quantum mechanical (QM)
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TABLEl. CCSD(T) and UMP2 energies for the HBfrCO,! Br+HOCO"
reaction?

Theory M BrHOCO" EM
UMP2DZP° 706( 580) 132(25)
UMP2/TZ2F 840( 729) 114(41)
CCSD(T)TZ2P 135(27)
CCSD(T)/PMP2TZ2P 824( 713) 133(22)
CCSD(T)cc-pVTZ'SDB 42

CCSD(T)cc-pVQZSDB 6

CCSD(T)yaug-cc-pVTZSDB 86
CCSD(T)aug-cc-pvVQZSDB 77
CCSD(T)cc-pvVDZIPP 668 16
CCSD(T)cc-pVTZIPP 698 67
CCSD(T)cc-pvQZPP 73
CCSD(T)CBScc-pVXZ/IPP 75
CCSD(T)aug-cc-pvVDZPP 152
CCSD(T)aug-cc-pVTZPP 161
CCSD(T)aug-cc-pVQZPP 102
CCSD(T)CBSaug-cc-pVXZPP 62

3Energies are in meV and are with respect to zero of energylBy + CO,. Zero-point
energies are not included BRM BrHOCO' , the energy of th8rHOCO' intermediate
with respect to reactants, andE2M, the reaction energy. Harmonic zero-point corrected
energy are included in parenthesis.

bFor Br, a SDD pseudopotential and a valence basis set of double zeta quality were useg;‘S for the reactants and is four-

from Refs.7 and8.
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of the spin-orbit contribution to the PES is that drent
electronic structure methods are best suited for the spin-
free and for the spin-orbit calculations, which would make
the direct evaluation of the spin-orbit ect quite expensive.
Moreover, most electronic structure packages cannot compute
analytic gradients for the spin-orbit corrected PESSs, as needed
in direct dynamics simulation'$:2°

II. COMPUTATIONAL METHODS

Without SO coupling HBY has a four-fold degenerate
2 state. With SO coupling, this state splits into a doubly
degeneraté ;- SO ground state and a doubly degenerate
2 15 SO state which is 329 meV higher in enefgy’
Also considered for the SO coupling calculations described
below is the HBT doubly degeneraté -, state. The’Ps-,
ground electronic state of the Br atom is four-fold degenerate,
and both the? ;5 and? - states of the HBr reactant
correlate with this produdPs-, state. Thé -, state of HBF
correlates with the doubly degener&f®-, excited state of
the Br atom. ThePs-, and ?P,-, states of Br are separated
by 457 meV. In a Brl  OCO collinear arrangement and
without SO coupling, the ground electronic state remains
fold degenerate. For bent planar

°For Br, a SDB pseudopotential and a valence basis set of cc-pVTZ quality were usedJ€Ometries, these degenerate states split ifd%erm and a

from Refs.7 and8.

theory is used to represent the “average” PES without
spin-orbit coupling. Analytic molecular mechanics (MM)-

like potential energy functions, which are t to the spin-orbit

2A°term, still very close in energy.

A. Calculations without spin-orbit coupling

In previous work, MP2 and CCSD(T) electronic structure

to give QM+ MM'8 PESs with spin-orbit coupling. These
potential energy surfaces may be used in future QMM
direct dynamics simulatiof$to study the HBf + CO, ! Br
+ HOCO' reaction with HBF inthe? s and? 1, spin-orbit

HBr*+ CO,! HOCO" + Br 2A%ground state PE%® For

the work reported here, these calculations were supplemented
with additional electronic structure calculations performed
with the NWChem computer prograff.

states. The reason for resorting to an analytic representation CCSD(TF* calculations, with both augmented and non-

Br (P, ,) + HOCO*

58.20

HBr* CII, ) + CO,

31.74 S

“~._ Br(P,;,)+HOCO*

P 14.12

HBr* (L) + CO, -~
0.00

FIG. 1. Experimental energié8!! (in k¥mol) for the proton-transfer reac-
tions of CQ with HBr* 2 3-, and HBF 2 1, , respectively. The tempera-
ture is 0 K and ZPEs are included. The excitation energy from*HBr=,

to HBr* 2 1 is from Ref.12.

augmented correlation consistent double, triple, and quadruple
zeta basis set$, were used to calculate the HBf CO,

I HOCO' + Br 2A%heat of reaction without SO coupling.
The complete basis set (CBS) limit for these calculations was
obtained using the formula of Peterseinal ,*>?%i.e.,
En=Egs+Aexp n 1 +Bexp n 172; (1)
wheren = 2, 3, and 4, represent X D, T, and Q, respectively,

for the cc-pVXZ basis sets.

A large number of basis functions are needed to accu-
rately describe all the electrons for heavy atoms with many
electrons, and the size of the basis set becomes important
in treating both scalar and spin-orbit relativistic ets.
Since the core electrons do not play an important role in
chemical reactions, methods have been devefdp&do
replace the core electrons byextive core potentials (ECPS)
or pseudopotentials (PP¥)3! In the research presented here,
the energy-consistent Stuttgart-Dresden-Bonn (SBBy and
small-core PPS were used for the many electron Br atom for
both accuracy and eciency.

To compare with the benchmark CCSDITBS calcula-
tions, the reaction potential energy pro le was also calculated
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with the three widely used density functional theory (DFT) values may not be used to determine the ZPE for this molecule.
functionals B3LYP*PBEO0®®and Becke98%and unrestricted Therefore, a well-tested electronic structure theory approach,
MP2 3’ A variety of basis sets were used for these calculationsvith a scale factor for the anharmonic ZPE® was used.
with the goal of ascertaining whether the reaction potentiallhe speci ¢ method used is CCSD({€}-pVTZ and the same
energy prole may be accurately represented by a singleptimized scale factor for each mode, determined by a least-

reference method with low computational cost. squares minimization of the residuals between the scaled and
For a collinear geometry, the ground state for theexperimental ZPEs for a chosen molecular database. The
HBr* + CO,! HOCO' + Br reaction is identied as®> ,  resulting ZPE for HOCOis 54.95 kdmol. This approach was

which splits intc?A%%and?AClevels for bent planar geometries also used to determine the ZPE for the BrHOC®@action
at which the interaction between the Br atom and,@not  intermediate considered in Sél..
negligible. To study this splitting, two distinct ROHF calcula- With the above values for the HBrCGO,, and HOCO
tions were performed followed by MP2 calculations. TheseZPEs, the 14.12 0.47 kdmol (146 5 meV) heat of reaction
ROHF-MP2 calculations for théA° state had occupation at 0 K becomes 4.24 0.47 kdmol (44 5 meV) without
:1: 21a%2 7a%2 22391 and for the?’A%state had occupation ZPEs. These are energies for the ground-state* HBs-,
;11 21a%92 7001 22502 +CO,! Br 2Pz, + HOCO' pathway. Furthermore, we can
assume that the splitting of thee multiplet of HBr* and
of the 2P multiplet of Br is only due to the SO interaction
B. Anharmonic zero-point energy corrections of the states belonging to the same multiplets, because other
without spin-orbit coupling states are well separated in energy. Then, the SO contribution

) i to the ground state energy of HBis half the splitting, i.e.,
The experimental heats of formation for the reactants;gs 5 me\i221 and in the case of Br. it is one third of the

and products are CQ 393.107  0.014 kJmol; HBr*, splitting, i.e., 152.3 me¥’ So, the spin-orbit contribution to
1097.71 0.14 kdmol; HOCO', 600.80 0.45 kdmol; and 6 reaction energy is very small, about 12 meV. By subtracting

38 - _
Br, 117.92 ° 0.06 kJmol.* The resuling 0 K H=E  yis contribution, we nd that the reaction energy without ZPE
for the HBr* 2 3, + CO,! HOCO' + Br 2P;—, reaction is and without SO is 32 5 meV.

14.12 0.47 kdmol (146 5 meV). To compare with thab
initio reaction energetics, an experimental value fekr= E
is required which does not include zero-point energies (ZPEs
for the reactants and products. The following procedures wer
used to remove ZPE from the experimental 0 K heat of  The spin-free states for the HB+ CO, reaction are
reaction. coupled by SO interactions and mix, producing a new
To second-ordéf and also for the Morse potential func- set of states identied a€ 3- and 2 ;. SO coupling
tion,*° the vibrational energy levels for a diatomic molecule calculations were carried out with the Breit Pauli Hamiltonian,

. Calculations with spin-orbit coupling

are given by as implemented in the Molpt®program using the state aver-
! Iy aged complete active space self-consistent eld (SA-CASSCF)
En= n+ % hve + N+ % h¥e: (2)  theory to determine PESs for thedes-, and® 1, states.

Dunning's cc-pVTZ basis s&twas used (fully uncontracted
wherev, is the harmonic frequency and is the anharmonic  and up to p functions for H, d for C and O, and f for Br).

correction term. These parameters are known for*HBrd  In order to run meaningful SO coupling calculations, three
are v, = 24415 cm?! and x. = 47:4*! The HBr ZPE is degenerate 4pstates of the Br atom need to be included,

hve=2 hxe=4 = 14:74 kFEmol. which correspond to the grourfd state plus & excited
The vibrational energy levels for GQgiven by second- state of HBF. However, if equal weights were applied to
order perturbation theory,are the three states to perform a SA-CASSCEF calculation, the
X 5 d-! X 53 X 4 d-! 2 state would be higher in energy than a charge transfer
E nd = N + EI hvi.e + 1 N + EI state, HBr+ CO; (2 ). To remove this latter state, we used

I the “dynamical weighting” ansatz, as implemented in Molpro;

ng + % hXi.k + hgadl 3) i.e., the weight of each state is computed as
. . , w = 1=cosh E % (4)
which is similar to Eq.(2) with the additional parameters
d the degeneracy of the vibrational levely, the vibra- where E is the energy dierence between stateand the
tional angular momentum anharmonicity constant, hitte ~ ground state. Setting the constantto 9 a.u. enables the
vibrational angular momentum. The parameters for the COprogram to shift the charge transfer state to a higher energy
vibrational energy levels are (allin c):**w.e = 13540,v,.  than the? state, so that only 3 states had to be taken into
= 6732,z = 23963, X31= 29, Xpp = +1:1, Xzz3= 125, account in the SA-CASSCF calculations. The active space
X12= 3:6,x13= 197,%x3= 124 ,andg;= 0:9.Forthe includes 5 orbitals and 9 electrons, which are ormaolecular
ZPE level, then; and | are zero, so that the GOZPE is  orbital (MO) and a pair of non-bonding MO's on HBr, and a
30.33 kdmol. pair of bonding MO's on CQfor the reactants; and the three

The vibrational energy levels for the product molecule4p orbitals of Br, and one®O and one MO on HOCO'
HOCO' have not been measured, and thus, experimentdbr the products.
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TABLE Il. Comparison of CCSD(T), UMP2, and DFT reaction energfes.

Method
Basis set B3LYP B98 PBEO UMP2
EM
3-21G 477
6-31G**/lanl2dz 460
6-31G**/lanl2dzdp 154 144 156
1.218 6-311G 197
1.144 1.210 6-311G** 6 5 13 5
1.136
6-311G**/SDB 199
BrHOCO* cc-pvDZ/PP 31(64) 37 11 30
cc-pVTZ/IPP 83
cc-pVTZ/SDB 10(125) 24 24 43
1.194 aug-cc-pVDZlanl2dzdp 102(216) 81 71 309
L1158 1.187 aug-cc-pVTZSDB 104(218) 79 75 83
1.150
EQM BrHOCO'
~
n 1.446 3-21G 635
§j§2 1.432 6-31G**/lani2dz 1111
' 6-31G**/lanl2dzdp 898 898 931
3 = 6-311G
[HBr—000) 6-311G** 792 816 831
FIG. 2. Geometries of the intermediate BrHOC@nd van der Waals com- 6-311G*/SDB 865
plex HBr OCO™*. The unit of bond length is Angstrom and bond angle is _
in degrees. The bottom numbers are, respectively, for CC3@(pVDZ/PP ce pVD;/PP 868 875 878 739
and CCSD(Tcc-pVTZ/PP. ce-pvTZIPP 731
cc-pVTZ/SDB 809( 753) 847 878 811
aug-cc-pVDZlanl2dzdp 731( 692) 762 798
I1l. COMPUTATIONAL RESULTS aug-cc-pVT4SDB 741( 699) 781 815 779
. . . . 3Energies are in meV and are with respect to zero of energylBi? + CO,. Zero-point
A. PES without Spln-OI’bIt coupllng energies are not included B?M BrHOCO' , the energy of th8rHOCCO' intermediate

with respect to reactants, and M, the reaction energy. Harmonic zero-point energy
corrections are included for the energies in parenthesis.

. . . . ._PAs benchmark results to compare witH; 2™ from CCSD(TJCBS/cc-pVXZ (X =D,
As discussed in the Introduction, a goal of this study IST 0) and CCSD(TCBSaug-co-pvXZ K = D, T, Q) are 75 and 62 meV, respectively.

to develop accurate QWMM PESS® for the HBr* + CO,  EQV BrHOCO' from CCSD(TJCBS/ce-pVXZ (X =D, T)is 710 meV.
I Br+ HOCO' reaction with HBF in the? ;- and? ;-
spin-orbit states. In this model, QM represents the avetage
PES without spin-orbit coupling and MM are analytic potential Q to represent double-, triple-, and quadruple zeta basis sets,
energy functions t to spin-orbit coupling calculations (see respectively.
below). An accurate QM model is required for this representa- ~ The results of these CCSD(T) calculations are listed in
tion of the PES. Asfor other QMMM models!85-53theterms Table I. A similar CBS limit is found for the “cc-" and
for each PES are additive with one QM and the other MM.  “aug-cc-" basis sets with the PP. For the former basis sets,
In previous work! Paetowet al. calculated QM ener- the CBS limit for the reaction energyE*M is 75 meV,
giesforthe HBf + CO,! Br+ HOCO' reactionwith UMP2  while 62 meV for the latter. For the calculations with the
and CCSD(T) theories and double- and triple-zeta basis set&DB pseudopotential, the aug-cc-pVTZ and aug-cc-pvVQZ
Values for the reaction energy,E;, and the energy of the basis sets give E° of 86 and 77 meV, respectively. A
reaction intermediate BrHOCQE BrHOCO' ,werereported comparison of these results, with consideration oé@s of
without ZPEs included and with a harmonic ZPE correction.the basis set onE; and also the CBS limit, suggests that the
As shown in Tabld, the calculated E,Q, without a ZPE ~CCSD(TYCBScc-pVXZ/PP value for E°M of 75 meV is
correction range from approximatel 14 to 135 meV. the most accurate. For these calculations, the cc-gRPAnd
cc-pVQZPP basis sets give very similak*M values, which
a. HBr + CO,! Br+ HOCOQO' reaction energy.With are nearly identical to the CBS value. A value of 75 meV
the objective to establish an accurate QM energy for thes used as the QM benchmark for the reaction energy. This
HBr*+ CQO,! Br+ HOCO" reaction, a set of CCSD(T) value is only slightly higher than the above “experimental
calculations were performed to determine the reaction energyalue” of 32 5 meV, obtained by subtracting the ZPE and
E;. Two pseudo potentials were considered for Br, i.e., PESO contributions.
by Petersomt al>* and SDB by Martin and Sundermafhin Though complete spin-orbit calculations are given below,
addition, a range of dierent correlation consistent cc-pVXZ itis possible to obtain a meaningful approximatg value for
and aug-cc-pVXZ basis séfavere used, with X D, T,and  HBr* 2 3, + CO,! Br 2P, + HOCO', in lieu of these

1. CCSD(T) PES
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calculations, based onE%M = 75 meV. The splitting of the reactants HBr+ CO,. For the current study, an optimized
2P)-, and?Ps-, state for the Br-atom is 456.9 meV. Since the BrHOCO' geometry and energy were obtained with CCSD(T)
%P5, state is four-fold degenerate and tRg-, state istwo-fold  calculations employing the cc-pVDEP and cc-pVTZPP
degenerate, the QM energy for the Br-atom lies 152.3 me\basis sets, and their respective energies a668 and
above the’Ps-, energy?’ As discussed below as part of the 698 meV (see Tabl¢). Because of the extreme memory
spin-orbit calculations, to a quite good approximation, therequirement for CCSD(Tg¢c-pVQZPP calculations, it was
QM energy for HBF lies midway between the energies of the not possible to obtain an optimized BrHOCGtructure and
2 mand? 3o states, each doubly degenerate. The splitting otoncomitant energy at this level of theory. To approximate the
these two states is 329 meV, placing the QM energy for*HBr CBS limiting energy for BrHOCO, the above cc-pVDZ and
1645 meV above thé s-, state!?2! With these QM ener- cc-pVTZ energies for BrHOCDwere extrapolated using the
gies for the Br atom and HBrand the above value forE,%V, well-known expressiof°>’
E, for the HBf* 2 5, + CO,! Br 2P;, + HOCO' reac-
tion without ZPE is 75 1523+ 1645 meV= 87 meV. Ex = E' + AX % ®)
This value s only slightly higher than the above “experimentali \yhich X is the cardinal number of the basis set. The resulting

value” of 44 5 meV without ZPE, further corrected 10 cpg jimit energy for BrHOCOis 710 meV. As a test of this
32 5meV by subtracting the SO contribution. extrapolation method, the reaction energfR) calculated
using Eq.(5), and only the double and triple zeta basis sets,

b. Energies of the BrHOCOand [HBr OCO]" inter-  was compared with that obtained in SHcusing Eq.(1) and

mediates.Electronic structure calculations were also per-the double, triple, and quadruple basis se&<M from Eq.(5)

formed to determine the QM energy, without ZPE, for theis 88 meV and in a quite good agreement with the value of

BrHOCO' reaction intermediate and the results are given75 meV obtained from Ed1).

in Table|. The BrHOCO energy, obtained previously by In addition to the BrHOCOreaction intermediate, there

Paetowet al.® from UMP2 and CCSD(T) calculations, varies is an HBr OCO* van der Waals' intermediate in the

from 706 to 824 meV, with respect to the separatedentrance channel of the PES, whose geometry is depicted in
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Figure2. The CCSD(T) energy foHBr  OCO*, without Tablell shows that Pople-type basis sets give negative or
ZPE, was calculated with the cc-pVDZ and cc-pVTZ basissmall positive values of E;.°™ compared to the CCSD(TJBS
sets and the respective values arg34 and 539 meV. value of 75 meV. This result was illustrated previously by
The CBS extrapolated energy, using E§), is 541 meV. the calculations of Paetoet al® To illustrate the results in
Thus, the potential energy for théiBr OCO™* van der Tablell, UMP2/6-311G, UMP26-311G*, and PBE®-311G*
Waals'intermediate is 170 meV higher in energy than that give EQ°M values of 197, 5, and 13 meV, respectively.
for the BrHOCO reaction intermediate. Accurate values for E°M are obtained with the Dunning
correlation consistent (cc) basis s€t898 and PBEO, with the
. . aug-cc-pVDZlanl2dzdp basis, give respectives,°™ values
gi'm’ﬁ?azgﬁl;rate QM method for direct dynamics of 81 and 71 meV. UMP2 givesE,°™ = 83 meV with the
aug-cc-pVTZSDB basis set. The B3LYPE“M values with
As discussed above, CCSD(T) theory, extrapolated to théhe “cc” basis sets are somewhat larger than the CCSDBS
CBS limit, gives a quite accurateE,°™ = 75 meV for the value of 75 meV, i.e., with the aug-cc-pVIani2dzdp and
HBr* + CO,! Br+ HOCGO' reaction in the absence of spin- aug-cc-pVDZSDB basis sets, the values are 102 and 104 meV,
orbit coupling. However, this level of theory is impractical respectively.
for the projected QMMM direct dynamics simulations The results in Tablél show that the calculated energy
and it is important to identify a computationally practical, for the BrHOCO reaction intermediate strongly depends on
but su ciently accurate, QM method for the simulations. the method, basis set, and pseudopotential. DFT and MP2
Di erent QM methods and basis sets were tested and thesing Pople-type basis sets and the lanl2dz pseudopoten-
results are summarized in Table An ideal QM method tial substantially overestimate the HBt CO,! BrHOCO*
would not only give the accurate reaction energl,°M binding energy as compared to the CCSBCBSD+T
but also correctly represent the energies for the intermedivalue of 710 meV. The performance of DFT improves as the
ates BrHOCO and HBr OCO™*. In the following, QM  basis set gets larger, e.g., the binding energy i§90 meV for
energy values are considered foE°™, BrHOCO', and B3LYP/6-311G**. Of the di erent DFT functionals, B3LYP
HBr OCO™* consecutively. with the aug-cc-pVTZSDB and aug-cc-pVDIand2dzdp
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basis sets gives the most accurate QM energies for BrHQCO The corresponding calculated splittings, as described inlSec.
which are 741 and 731 meV, respectively. The MP2 C,are295meV for HBfand 411.7 meV for Br, both about 10%
results are best with the PP and UMP2 with cc-pVBE  smaller than the experimental values. Hence, the calculated
and cc-pVTZPP are 740 and 730 meV, respectively, as spin orbit contribution to the reaction energy is 10 meV, only
compared to the CCSD =CBSD+T value of 710 meV. 2 meV smaller than the experimental one (see B&).
Considering the performance of @irent electronic structure The SO calculations were divided into two sets. One for
theory methods in reproducing the “accuraté?®M and the  the entrance-channel region of the PES from the reactants
QM energy for BrHOCO, B3LYP/aug-cc-pVDZlanl2dzdp  HBr* + CO; to the reaction intermediate BrHOCQand the
and UMPZcc-pVTZ/IPP are the best QM methods for the other for the exit-channel region from the intermediate to
direct dynamics simulations. the products HOCO+ Br. Representative potential energy
It is important to verify that B3LYRaug-cc-pVDZ  scans for the entrance- and exit-channel regions of the PES

lanl2dzdp and UMPZc-pVTZ/PP are able to represent are shown in Figure8 and4, respectively. Additional scans
the van der Waals intermediate complddBr OCO*™*. for the entrance-channel region are given in the supplementary
The relative energy of HBr OCO™* from B3LYP/laug- material®® Included in each scan is the spin-free potential en-
cc-pVDZ/lanl2dzdp and UMPR2c-pVTZ/PP are 705 and  ergy curve and the potential energy curves for the HBg-,

532 meV, respectively, as compared to the CCD&IBS  and? -, spin-orbit states. The properties of these curves are
D+T value of 541 meV. B3LYRaug-cc-pVDZ substan- discussed in the following.
tially overestimates this van der Waals' interaction and
only UMP2cc-pVTZ/PP yields accurate energies foE,°V, 1. SO coupling for the 2 3, HBr* PES

BrHOCCO', and HBr  OCO". As shown in Figures, 4, and S1 in the supplementary

material®® the spin-free potential energy curves are nearly
identical to those for HBrin the? 3-, state, except the former
The? 3, and? - spin-orbit splitting has been mea- are higher in energy. For the asymptotic FiIBrCO, reactants,
sured for HBF¥ and is 329 meV??! For the Br atom, the the spin-free curve is 3.49 kdaiol higher in energy, while
measuredPs-, and 2Py, spin-orbit splitting is 456.9 me¥  for the Br+ HOCO' asymptotic products, this derence is

B. Spin-orbit coupling
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3.24 kcalmol. Thus, using the spin-free PES to represent'HBr free and® 1-, state potential energy curves. For the asymp-
inthe? ;- state only introduces a 0.25 kfabl error in the  totic HBr* + CO, reactants, thé -, state is 3.32 kcénol
relative energies of the asymptotic reactants and products. higher than the spin-free curve. If the entrance-channel spin-
If the spin-free and® 3-, potential energy curves are free and® - potential energy curves are shifted so that their
shifted so that their potential energies are identical at the maxpotential energies are identical at the maximum distances in
imum distances in the plots, e.g., 20 A in scan (a), the resultinghe plots, the resulting potential energy curves for the scans are
potential energy curves are nearly identical for the scans, asearly identical as shown in Figure S4 in the supplementary
shown in Figures S2 and S3 of the supplementary maférial. material®® The only signi cant di erence is for the shortest
The only signi cant di erences are for two of the entrance- distance in Figure3(b) (the shifted curves are in Figure S4
channel scans in Figurg (the shifted curves are in Figure of the supplementary materi8l where the? -, energy is
S2 of the supplementary matef3l For the shortest distance 3.97 kcalmol higher in energy than the spin-free value. Thus,
in scan (b), the spin-free potential energy is 4.11 koal  the spin-free PES is a very good representation of that for the
higher than that for thé 3, state; and for the repulsive region ? ;- state in the HBY + CO, entrance channel, with the latter
in scan (f), the spin-free curve is higher in energy. The onlylowered by 3.32 kcémnol.
signi cant di erences in the spin-free alds-, exit-channel Figure 4 shows there are important dirences between
scans in Figuret (the shifted curves are in Figure S3 of the the spin-free and 1, potential energy curves in the exit-
supplementary materif) are for the shortest distances in the channel region of the PES. At the BHHOCQO' product
scans (a) and (b), where the spin-free potential energies assymptotic limit, the?> 1o, energy is 3.15 kcahol lower
1.37 and 1.88 kcéhol higher than those for the ;- state,  than the spin-free energy. Figuseompares the spin-free and
respectively. 2 1, potential energy curves for the exit-channel scans, with
The only signi cant di erences between the spin-free andthe potential energy curves shifted so that they are identical
2 3, potential energy curves are for short-range repulsiveat the scans' maximum Br HOCO' separations. Important
interactions. Thus, the spin-free PES is expected to be a quitli erences are clearly evident in the scans. In the following,
good model for both the entrance- and exit-channel regions cdn analytic function is developed to represent theat of
the PES for HBF in the? 3-, state and may be used in direct spin-orbitcoupling forthé 1 HBr*+ CO,! Br+ HOCO'
dynamics simulations for this state. reaction in the product exit-channel.
2 ,,HBr* PES

2. SO coupling for the 3. Analytic representation of the spin-orbit coupling

2
Comparisons of scans for the spin-free potential energ;f/Or the * 122 PES

and those for thé -, state are shown in Figur8s4, and S1in A potential energy surface for tfe -, state was devel-
the supplementary materi#l For the entrance-channel scans oped by combining the spin-free potential energy surface with
in Figure3, there is a very good agreement between the spinan analytic, i.e., MM-like, representation of the drences
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between the spin-free curves and those forthe; state. The 50 T
function for the? 1, PES is written as r -
= | ]
V? 15 =VWSq+Ww1 Sq; (6)
, . 30+ ‘\ .
whereVk is the PES for the reactants, entrance-channel region,
Vp is the PES for the products, exit-channel region, 8yl "8 ol () |
is a switching function which connects these two regidfis. NE I § ]
is expressed as thépinfree + Véh'ﬂ, where the former is the > 10k ‘§ i
spin-free PES and the latter is the drence in the spin-free I
and thé® |-, potential energies when the reactants are at their ok %l i
asymptotic separatioVp is expressed as L W@—ﬂ ]
Vo = Ve o4 /SNty @ -10F ‘ ‘ ‘ |
P — Vspinfree P te- 20 10 0 10 20
The rst two terms in this equation are analogous to those for q(A)

Vi, while the last is a t to the dierence between the spin- FIG. 7. Fit by the switching function of Eq(9) to similar potential energy

free and thee' 1=2 potential energy curves, with the two Sets_scans for the reactaMy (left hand side), and the produ¢b regions (right
of curves shifted so that they match at the product asymptotigand side) regions o¥ 2 1=, . The energy is with respect to a zero of
separation. minimum energy point olr. This gure is only a representation of the
The di erences between the shiftéd- and the spin- overall tby Eqg. (6)to all the points in the potential energy scansfof 1-»
. 1=2 i ?iven in Figures3 and4 and the supplementary mater?4l.
free potential energy curves, for the product, exit-channe
region of the PES, are plotted in Figube An accurate t

to the di erences in the curves was obtained by a sum o&hown in Figure? are illustrations of the excellent t by this
two-body terms between the Br-atom and the H- and O-atomsyitching function to similar potential energy points for the

Vr =Aexp Br +Cx"+D=™; (8)

. . . IV. SUMMARY
wherer is the Br-H distance or one of the Br-O distances.

Thus,V; was represented by a sum of the three Br-H and Br-  As described in the following, extensive calculations
O two-body terms. The excellent ts obtained are illustratedand analyses were made to develop accurate-@M PES
in Figure6, and the ttedA, B, C, D;n, andm parameters for models for the HBr+ CO,! Br+ HOCO" reaction with
the Br-H and Br-O terms are listed in Tablé. HBr* inthe? s and? ;- spin-orbit states:

The rema‘”'”? component ne_ede_d for th_e potent|all. Accurate anharmonic ZPE corrections were made to obtain
energy surfaceV < 1-», is the switching functionS g

. .. an accurate “experimental” energy without ZPE for the
connecting the reactant, entrance-channel and product, exit- 2 " 2
: . - ) ground state HBr? 3 + CO,! HOCO' + Br %Ps,
channel regions of the potentid®.q,q=ry gr rn o,IS

reaction, to compare with the results of electronic structure

given by calculations.
Sq =10 ifq @ (9) 2. CCSD(T) electronic structure calculations were performed
Sq = TR to determine “benchmark” spin-free QM energies for the
a=ep agqg G- 19> HBr* + CO,! HOCO + Br reaction.

where qo, a, and n are parameters, determined by tting 3- With_zero—point .energies removed, trle2 “experimental”
Eq. (6) to all the points in the potential energy scans given react|c2)n energy is 44 5 meV for HBr" = 35 +CO,
in Figures3 and 4 and the supplementary mateffalfor ! Br*Ps; +HOCO', while the CCSD(T) value with

the 2 1HBr* + CO, reaction. The resulting values for the ~ Spin-orbit e ects included is 87 meV.
parameters arg, = 0.6215 A,a= 12630 A 2, andn=2. 4. Electronic structure calculations were performed to deter-

mine structures, vibrational frequencies, and energies for
the intermediates BrHOCCGand HBr OCO*".
TABLE I11. Par_ameters for MM funption describing spin-orbit energies for 5 To determine a spin-free QM model for direct dynamics
the praduct regian of thé 1 potential energy surface. simulations, calculations were performed with a broad
range of electronic structure methods and their results
were compared with those obtained with CCSD(T). Only
Br-H 207464 279398  9.56544  13.1956 8 2 UMP2/cc-pVTZ/IPP was found to be a practical and

b . . .
Br-Oy 722662 167222 552.752 145305 5 3 accurate QM method to use in GNWM direct dynamics
Br-O,° 320871 18.0950 151571 873679 8 13

Interaction A B C D n m

simulations.
aEquation(7) de nes the potential energy function for tRe 1=, PES. The MM tis to 6. The spin-free states are coupled by their SO interactions
Eq. (8) where units of the parameters akein kcalmol, B in A 1 C in kcal A"=mol, and mix, producing a new set of St&t%Sg:z and 2 1.

andD in kcal A™=mol. . . .
b0y is the oxygen atom dfflOCO" which is attached to the H and C atoms. The SO coupllng calculations were performed to determine

0, is the Oxygen atom dfflOCO" which is attached only to the C atom. PESs for these states.
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