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The three lowest diabatic potential energy surfaces for théPB# H, van der Waals complex are derived

from accurate ab initio calculations of the T-shap€&4d,X and collinear geometriesCg,), at the coupled

cluster with single, double, and noniterative triple excitations (CCSD(T)) level of theory with a large basis
set. For the intermediate geometries, the angular dependence is modeled by a simple Legendre-polynomial
interpolation. The nonadiabatic coupling (off-diagonal derivative) matrix element and the fourth, off-diagonal,
diabatic surface are determined by separate complete active space self-consisted field (CASSCF) calculations
with a medium-sized basis set. Three adiabatic potential energy surfaces (PESs) are also obtained, by
diagonalizing the total Hamiltonian in the diabatic basis. Both the nonrelativistic and relativistic (including
spin—orbit coupling) PESs are evaluated. The dependence of the PESs opdtretehing coordinate is also
incorporated and analyzed.

I. Introduction for zero total angular momentum, using the outgoing wave
S\{ariational principle. They found that the quenching of the spin
orbit excited Br with the ground-state;Hiainly produces b
with one quantum of vibrational excitation in the total energy
range they studied. This means that the quenching process
satisfies a near-resonance condition for the electronic-to-
vibrational energy transfer.

On the experimental side, Neshitt and Le®nesported
interesting experimental results for the-Bi, system. They
concluded, from their systematic laser photolysis study, that
Br(2Pi) + Hy (v = 1) is efficiently quenched to B#Ps) +
H, (v = 2) in the entrance channel, followed by a subsequent
H atom abstraction from vibrationally exited,H

In recent years, there has been considerable theoretical intere
in electronically nonadiabatic effects in chemical reactions, and
hydrogen abstraction reaction by a halogen atom,H&l, —
HalH 4+ H, has been one of the most important paradigin.
Whereas the major thrust went into the investigation &f H,
and Cl+ Hy, less is known about B#+ Ha, especially on the
experimental side. For this system, the reaction engaging the
spin—orbit excited-state B#Py,) is very interesting because the
energy difference between BR;) and BréPs),) is very large
(0.455 eV), unlike for related F or Cl atom. This energy splitting
is close to the energy difference betwees(tH= 0) and H(v
= 1) (0.512 eV), where is the vibrational quantum number.
Because the electronic-to-vibrational energy transfer occurs in
the entrance channel, it seems important to have a detailedBr(zF’l,Z) +H,(v=1)— [Br(2P3,2)H2 v=2)]—
knowledge of the van der Waals forces that determine the HBr + H.
potential energy surface in this region. The role of weak
interactions at the outset of chemical reactions has been recently/ery recently, Takayanagi and Kurostkiave performed three-
emphasized by several auth8rs! In this paper, following our  dimensional quantum scattering calculations for the electroni-

studies of the related F- Hz and Cl+ H, complexes;” we cally nonadiabatic BRPy;) + H; reaction. A detailed analysis
present ab initio calculations and modeling of theiBHz van of the calculated probabilities confirmed that the electronically
der Waals complex. nonadiabatic transitions from BRy,) + Ha(v) to Br(2Psy) +

Pioneering theoretical work carried out by Truhlar and co- H,(» + 1) effectively occur in the entrance region of the
worker$~" focused on the reactive region and did not consider potential surface. However, the contribution of the electronically
the van der Waals fragments of the potentials. The authors nonadiabatic chemical reaction, B®§,) + Ha(v) — HBr +
developed 2x 2 diabatic potential energy surfaces and then H_ is small.
carried out converged quantum reactive scattering calculations The above nonadiabatic process of electronic-to-vibration

" - ~__energy transfer is possible because of the weak interaction with
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Br(2P)--Hy(1=*) van der Waals Complex

The goal of this paper is to provide accurate nonrelativistic
and relativistic ab initio potential energy surfaces (PESs) for
the first three states of Br H; in the entrance channel fragment.
These three states arise from the interaction oivith the triply
degeneratéP Br atom. The electron configuration of Br gives
rise to2=+ and?I1 states in theC., configuration, to?A4, 2B1,
2B, states in the triangula€,, geometry, and to 2A’, 22A’,
and?A" states inCs geometries. The PESs are derived within
the recently proposed combined ab initio coupled-cluster and
model treatment, termed coupled-cluster-model (CC-/).

The essence of the CC-model approach is to calculate accurate

coupled cluster with the single, double, and noniterative triple
excitations (CCSD(T)) interaction energies only for two highly
symmetrical configurations, th€,, and C,, geometries, and
then model the three lowest diabatic surfaces ofdygymmetry

by means of a simple angular interpolation. The method proved
successful for the F- Hy! and Cl+ H2 systems. The approach
takes advantage of the oblate shape of thendlecule, causing

a relatively simple anisotropy of the interaction. To obtain the
nonadiabatic coupling element of the Hamiltonian matrix

(related to the fourth diabatic surface), separate complete active
space self-consistent field (CASSCF) calculations are performed

over the complete range of geometries.

To obtain the three lowest nonrelativistic adiabatic PESs, the
Hamiltonian in the diabatic basis is diagonalized. The relativistic
spin—orbit coupling effects are included by using the formalism
recently developed by Alexander, Manolopoulos, and Wetner,
assuming the empirical value of the splitting parameters. The
dependence of the PESs on thgdttetching coordinate is also
incorporated and analyzed.

Il. Computational Methods and Results

A. Geometries and Basis SetsThe Br—H, complex is
described in Jacobi coordinatéy ¢, 6). TheR variable denotes
the distance between the center of thenkbnomer and the Br
atom, and denotes the angle between fReector and the bl
bond axis.6 = 0° corresponds to the BrH—H collinear
arrangement. The Hmonomer stretch is described by the
coordinate. Calculations were done for eight valuesrahging
from 0.4 to 1.16 A (the equilibrium distanag = 0.7408 A
included). Distanc® ranged from 1.5 to 10.0 A. The origin of
the system of coordinates was placed at the center of the H
molecule. In the calculations of the diabatic energies, the H
molecule was located along theaxis, and thez axis was
perpendicular to the triatomic plane. Calculations employed the
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Figure 1. Contour plot of theyr mixing angle calculated in aug-cc-

pvgz basis sef;, = re.
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angle (Figure 1), and the fourth diabatic (off-diagonal) surface,
see section 2.4.

3. The adiabatic PESs are obtained by diagonalizing the
Hamiltonian matrix in terms of the diabatic basis set. See section

All ab initio calculations reported in this paper were
performed using the MOLPRO packaffelhe supermolecular
method is used to calculate the interaction energies fo€the
and C.,, arrangements. This method derives the interaction
energy as the difference between the energies of the dimer AB
and the monomers A and B

AEO = Ef) — EQ) — EO) @
The superscriptr) denotes the level of ab initio theory. In the
CCSD(T) calculations, the use of the above equation is
straightforward and free from arbitrary choices, as long as the
dimer and monomer energies are calculated with the same dimer
centered basis set to counterpoise the basis set extensiorféffect.
The CCSD(T) method is well-known to be very effective in
recovering electron correlation effects in van der Waals
complexe$®2?and is preferred as long as the single-reference
approach is valid. The variant of CCSD(T); ®RICCSD(T), is
used, based on restricted open-shell Hartfeeck (ROHF)
orbitals, but with spin contamination allowed in the linear terms

augmented correlation-consistent polarized basis sets of quapf the wave functiod®-32 Only valence electrons are correlated.

druple< quality (aug-cc-pvgz) basis function set of Dunning
et al1’~19 CCSD(T) calculations (but not CASSCF ones) also
included bond functions, with the exponergp0.9, 0.3, 0.1d

0.6, 0.220in the form of a set: [83p2d], denoted as (332).
Bond functions were centered in the middle of tRevector.
Bond functions have been sho%ro be both effective and
economical for a number of van der Waals complexes including
those with an open-shell moief§.25

B. Ab Initio Adiabatic and Diabatic Potential Energy
Surfaces.The CC-M potentials are built in three steps:

1. Accurate CCSD(T) calculations are performed for@g

To calculate the off-diagonal matrix element of the Hamil-
tonian matrix, the CASSCF method is used (see section 2.4).
C. Model Diabatic PESs. The CCSD(T) approach can
provide us with very accurate results, close to saturation with
respect to basis set and correlation effects. Not only can this
method be used with confidence for the lowest state of a given
symmetry but also for excited states that are adequately
represented by a single Slater determinant, e.g., when the excited
state is related to a single-electron promotion from one p orbital
to another, orthogonal p orbital. The latter feature was exploited

in our recent study of the HEICI van der Waals comple¥,

andC, geometries, with a Iarge basis set, to obtain benchmark where two A states in the van der Waals region were well
interaction energies, see section 2.3. The model diabats for theseparated in a wide range of geometries. However, whereas

Cssymmetry geometries are obtained by a simple Legendre-

polynomial interpolation between th&, and C., geometries.

2. CASSCEF calculations are carried out to obtain a nonadia-
batic coupling (off-diagonal derivative) matrix element, mixing

formally the situation in the k+Br(2P) case is identical, the
H, molecule produces a much smaller splitting of #Restate

of Br, and related hypersurfaces of the complex, and a significant
nonadiabatic mixing of two adiabatic Atates takes place, which
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Figure 2. Contour plots of the modeled diabats and adiabats: {&) ¥idiabat, (b) Hy ™ diabat, (c) 1A w adiabat and (d) 24._,, adiabat.
Values in cml, r = re.

culminates in the conical intersection for the collinear arrange- symmetry have been fitted to analytic expressions to represent

ment. This fact precludes the application of the CCSD(T) ansatz. Vi°SP™MR, r) in eqs 2-4. We use the analytic expression
In previous work on CkH*4 and F-H,,334the diabatic  based on the Taylor expansion in theoordinate with additional

surfaces revealed a simple and regular shape. For a fven exponentiar-dependent terms and tiiedependence is of the

the 6 dependence was smooth and monotonic betwee@the Esposti-Wernef* type:

and C., geometries. On this basis, we proposed the CC-M

method which assumed the CCSD(T) interaction energies for , 9 G

the C,, andC.., geometries and derived the interaction energies V(R r) = [G(R)e 2R 00" _ TRy —|H(&) (5)

for the Cs geometries from the Legendre expansion truncated =R

at L = 2, which is equivalent to the following angular

dependence: where
HSS MR 1, 0) = V,flcsa(T)(R, r) sinf 6 + 6(R) = igﬁ ©
VECSPMR, 1) cogh (2) =N
2 —
HEEMR, T, ) = VESSPTYR ) sirf 0 + O=Shen &= r—r, -
VECSPMR 1) cod (3) = fe
and damping function
HS MR 1, 0) = V"R 1) sin’ 0 + .
v?ICSD(T)(R, 1 co6 (4) T(R) = E(l + tanhf, + t,R)) (8)

The CC-M method was carefully verified by comparison with  FORTRAN codes generating PES are available on request from
the scaled multireference configuration interaction restflsb J. Kios.

initio CCSD(T) results for the A By, and B representations The contour plots of ™ and Hx ™ for r = 0.7408 A

of the C,, symmetry an&" andII representations for th€., are shown in Figure 2 parts a and b, respectively. The contour



Br(3P)--Hx(*=") van der Waals Complex

plot of the HS ™ diabat is very similar to that in Figure 2b. In

Figures 2 parts a and b, the bold line indicates the crossing off
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TABLE 1: Stationary Points of Modeled Diabatic Surfaces

or r =r.= 0.7408 A

diabats, K- M=HSS™. It originates at the region &* — II

conical intersection, a = 0°).

D. CASSCF Calculations and Fitting of Fourth Diabatic
Potential. 1. CASSCF Calculation3he state averaged CASS-
CF orbitals are allowed for all three states,’'1RA’', and
1A" 3637The Br-moiety-related 1s orbital was kept frozen, the
2s, 2p, 3s and 3p orbitals were doubly occupied, and the 4s
and 4p orbitals were active. Thg, and o], molecular orbitals
of hydrogen were also included in the active space.

Calculations were performed for several values of interhy-
drogen distance and in a wide range oR and 6 variables.
These calculations require neither the self-consistency correc-
tions nor the counterpoise correction. The basis set has been
bare aug-cc-pvqz set (without bond functions).

2. Diabatic TransformationDiabatic surfaces provide more
convenient representations for simulations of the van der Waals

spectra of the system. These potentials contain information about

couplings between the adiabatic wave functions of the same
symmetry. The adiabatic-diabatic transformation yields diabatic
states for which the nonadiabatic coupling matrix elements

approximately vanish. The diabatic states are related to adiabaticWh

states by a orthogonal transformafi&s?

d
W cosy siny 0 [|¥2
Wi |=|—siny cosy 0 ||W3 9)
lljg 0 0 1 pl

where the transformation anglg depends on the nuclear
coordinates. The resulting diabatic wave functions are no longer
eigenstates of the electronic Hamiltonian. The Hamiltonian in
the diabatic (p py, p,) basis is not diagonal, and the matrix
elements are modeled as

— yCC—M
Hll_ Hll

_ yCC—M
H22_ H22

_ yCC—M
H33_ H33

H,,= V2(ESRS — ESed)cosy siny (10)

The transformation angle, the so-called “mixing angle”, is
defined as the angle between the vector of the singly occupied
p orbital and theR vector. It is a function of the Jacobi
coordinates of the system. Within a two-state model, the mixing
angle can, in principle, be obtained by the numerical integration
of the nonadiabatic coupling matrix elements (NACMES). To
calculate the mixing angle, we used the method which maxi-
mizes the overlap with orbitals of the reference geométihe
reference geometry is taken to be a collinear one for large
intermolecular distances. This choice of reference geometry

diabat DJcm™t RJA Oe type
gom 165.1 3.15 90 minimum
28.2 3.70 0 saddle point
ngcf'\" 83.1 3.85 0 minimum
27 4.15 90 saddle point
H§3C_M 83.1 3.85 0 minimum
38.2 4.00 90 saddle point

exhibits the region where the Atates avoid crossing each other
and the point where thE™ andI1 states cross. This is the region

where the mixing is the strongest and the angle in eq 9 reaches

45°, The conical intersection occurs at-BH—H, 6 = 0°, R~
3.4 A. The intersection is related to the crossing of ieand

41 states.

3. 3-D Fitting. To fit the three-dimensional set of ab initio
data for H, we used an analytical expression based on the
expansion in associated Legendre functiohsuﬁd the Taylor
expansion around = r. interhydrogen distance

Hyr R 6) = V(r, R, 6) + V.{r, R 6)

- , [a+1
1gV 1/2(a-bR—ci—ds Y PL(cos) (13)
V(R 6) =

C, 2h—4+1 |
—A/ 5 Pap-sfc0osh), &=

7 3 :
nZS;Cig R 2

The fit contains 35 optimized parameters. Its quality can be
expressed in terms of the root-mean-square value of 372.cm
The biggest relative error equals approximately 20%, but for
small values of energy, it is on the order of 1 ©mMost of
the relative errors are within the range of @%.

E. Model Nonrelativistic Adiabatic PESs. To obtain the
adiabatic counterparts of the diabatic surfaces, the diabatic
matrix

12)
ere

Vg(r. R, 0) =

6 3 3

;;]Zogucﬂé

and

r—re

(14)

e

Hi; Hi O
Hi, Hy O
0 0 Hg

Hel

(15)

is diagonalized. The global minima and stationary points of the
modeled diabatic and adiabatic surfaces are shown in Table 1.
The contour plots of 1Aand 2A adiabatic surfaces far= re

are shown in Figure 2 parts ¢ and d, respectively.

ensures that diabatic states coincide with adiabatic ones. This

method calculates NACME in an approximate way using two
slightly displaced geometries and the method of finite differ-
ences. Because it is convenient to perform a diabatic transfor-
mation in a system of coordinates with one axis alongRhe
vector, the actuay is redefined as

z

> 11)

Yr=y t0—

The plot ofyg values is shown in Figure 1. This figure distinctly

I1l. Effect of H , Stretch

In Figures 3 and 4, we shoR andr-dependent contour plots
of V(R, r) for the C.,, symmetry (thex* andII states, Figure
3 parts a and b, respectively) and for 8¢, symmetry (the
Ai, By, and B states, Figure 4 parts—&, respectively). One
can see that the fand=" potentials, which define the ground
adiabatic state, are the most sensitive functions, afhereas
the otherV(R, r) potentials only weakly depend on The Vs
potential reveals a shallow van der Waals minimum for large
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Figure 3. (Rr) dependence of interaction energies ofagnd (b)IT
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values ofR, with r close tore and shorter, and has a large well
for small values oR and large values af, where the reaction
region is reached. The A/ potential for largeR is everywhere
attractive and fairly wide and flat with respect t© On
decreasingr and for smalr, a repulsive bank emerges, whereas
the attractive region is narrowed to largeonly, where the
potential falls steeply into the reactive region.

The behavior o¥/(R, r) determines the behavior of the diabats
and adiabats according to egs£2 The changes af have the
most significant impact on thejhldiabatic surface and only a
mild effect on the other two, ¥ and H3. Compared with the
plot forr = re (Figure 2a) upon compressing kb r = 0.5292
A (Figure 5a), the T-shaped geometry minimum rises froh65
up to—97 cntl, whereas the collinear stationary point is slightly
lowered (by a few cmb). In other words, the minimum energy
path around Br is now shallower and flatter. By contrast,
stretching H to r = 0.8466 A (Figure 5b) makes the T-shaped
minimum deeper, from-165 down to—203 cntl,

The effect of stretching and compressing ¢h the H, and
Hss diabats is minor, so we do not show it in the figures.

IV. Spin—Orbit Coupling and Model Relativistic
Adiabatic PESs

Upon allowing for the spirrorbit coupling of the halogen
atom, one obtains two atomic term&;,, and?P;,, separated
by Aso = 3669.8 cnTl. The interaction with ki further splits

Klos et al.
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Figure 4. (Rr) dependence of interaction energies of (a) @) By,
and (c) B symmetries. Values in cm.

potential energy surfaces, we use the procedure described by
Alexander, Manolopoulos, and WerrielThe matrix of the
electrostatic interaction plus the spiorbit Hamiltonian is
expressed in the basis set invariant to time reversal (see ref 3
for details). Then the total matrix decouples

(16)

HeI+HSO:’H 0 ]

0 H'

the 2P, state into two states. To evaluate the resulting adiabatic whereH is the 3x 3 Hermitian matrix



Br(2P)---H,(1=*) van der Waals Complex J. Phys. Chem. A, Vol. 106, No. 32, 2002367

5.5 T T T T T T — — 5.5 . . - . . r - .

Sa -7 e T

4.5r - B 9 4.5+ T~ Tommemss-mmmm o m o

R/A

R/A

25
0

Figure 5. Contour plots of the modeled §4™ diabat for (a)r = 58 ' ' ' TR 10- -1

0.529 177 A and (b) = 0.846 683 A. Values in cr. 6c
St ]
Hi— V, —iv2B Vg IR
H = V]‘[ + A V2 (17) asl T ~30~ ~ - — ~ — -
Vi~ A T o]

< e T B

where M = Hip, Vin = (Haz + H22)/2, and V, = (Has — H2o)/ € T 60, T

2. A andB are spir-orbit matrix elements:

A = i1, /H%T1,0 (18)

and ———500

— 2o

B = L |H=0 19) 2% 10 20 a0 40 5 6 70 8 %0
0/

where, after Alexander et &.we used the compact Cartesian  Figure 6. Contour plots of the spirorbit corrected adiabats. (a)

notation for diabatic statesII,[] |IT,[} and|=[) related to the adiabat 1, which correlates with Bi), (b) adiabat 2, which correlates

projections of the electronic orbital and spin momenta along With Br(*Ps;), and (c) adiabat 3, which correlates to #¥(,). Values

the vectorR. The bar above thdIOstate in Eq. 19 denotgs inem, 1= re.

spin. On diagonalizing the matrix in eq 17, three adiabatic o

potential energy surfaces are obtained, shown in Figure 6 partsiS Now half as deep at the T-shaped minimuba € 87 cnt?),

a—c. They are numbered in the order of increasing energy. In and considerably flattened with a 17 chrbarrier for the H

the limit of largeR, the first two adiabatic PESs correlate with ~ rotation, around 4Q and another local minimum for the

the 2Py, state of Br, with the projection gfupon the IR vector collinear arrangementDe = 83 cnT?). The other adiabatic
equal to 3/2 for the ground state and 1/2 the first excited state. surface related to the sarfiey, asymptotic limit is shallower,
The third adiabat (Figure 6c) correlates with g, term of with a maximum at 90 and a minimum at Owith the well
the Br atom. depth of 46 cm?. The third state, asymptotically separated by

One can see that the relativistic adiabatic surfaces significantlythe 3669.8 cm® SO coupling, resembles the second in shape
differ from nonrelativistic ones. The lowest adiabatic surface but is slightly deeper.
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TABLE 2: Stationary Points of Modeled Spin—Orbit International collaboration was supported by NATO through
Corrected Adiabatic Surfaces forr = ro = 0.7408 A the Linkage Grant CRG.LG 974215. J.K. and G.C. acknowledge
adiabat D¢Jcmt R/A O type support by the Polish Committee for Scientific Research KBN
adiabat 1 87 3.55 90 minimum (Grant 3 TO9A 112 18).
adiabat 1 83 3.85 0 minimum
adiabat 2 49 3.80 30 minimum References and Notes
adiabat 2 46 3.80 0 saddle o L
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