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The lowests, * and?ll electronic states of the HeBr molecule have been calculated kabthtio
coupled cluster approach in conjunction with a series of increasing size augmented
correlation-consistent basis sets of double through quintuple zeta quality. Different extrapolation
formulas to the complete basis set limit have been tested by comparing estimated and actual
quintuple zeta quality counterpoise corrected interaction energies. Frozen-core approach is checked
by performing calculations in which all electrons are correlated. The potential energy surfaces of the
HeBr, van der Waals complex have been obtained from the HeBr potentials by means of the
diatomic-in-molecule approach. Finally, transport, scattering, and spectroscopic properties of HeBr
and HeBj(B) systems derived frorab initio data for different basis sets are examined. It is shown
that their convergence closely follows the convergence of corresponding potential energy surfaces.
© 2001 American Institute of Physic§DOI: 10.1063/1.1415078

I. INTRODUCTION (CO) theory provides rapid convergence to the basigist
FCI) limit.*? For this reason there is a renewed interest in the

For years the general demand of molecular physics andomplementary problem of the convergence of the one-
physical chemistry on electronic structure theory—to pro-electron basis seté.In order to minimize the error resulting
vide reliable potential energy surfacéBES’9 suitable for  from the use of finite one-particle expansions, the most
nuclear dynamics calculations—remains virtually un-popular and straightforward approach is based on implemen-
changed. What has undergone very rapid changes are th&tion of correlation consistent basis sets cap\type by
criteria for reliability and suitability. The requirements for Dunning and co-worket$™8 followed by extrapolation to
accuracy and global definition of the PES become harder anghe CBS limit withn=cc. Extensive evidence accumulated
harder to be satisfied solely by an increase in the computao far demonstrates the high accuracy of the extrapolation
tional resources available fab initio quantum chemistry. method for electronic energies, and these results have been
Instead, advanceab initio technologies are invented, many used to establish quantitative relations between diffeadnt
of them in line with Pople’s concept of a “model initio methods, databases of benchmark resdft®and im-

chemistry. prove the knowledge of the electronic structure of many par-
One of the important steps in these developments wagcular systemgsee, e.g., Refs. 20 and 21
the discovery of practical routes to complete basiSG&S) However, despite significant experience with CBS ex-

and complete correlation energy limitsee, e.g., Refs. 2.7 trapolations, many issues still deserve further inspection.
Recently, however, it has become apparent thatHer than  Which analytical formula better describes the convergence to
correlation, basis set limitations are the greatest presentCBS? Should extrapolation be applied to the total electronic
weakness in ab initio electronic structure thed®/In fact,  energy or to its Hartree—Fock and correlation counterparts?
current use of accurate methods such as the multirefereneghat are the scaling properties of the basis set superposition
configuration interaction treatmentMRCI)*** and the error? Does core electron correlation energy affect the CBS
coupled-cluster approach with single and double excitationgonvergence, etc.?

(CCSD often augmented with by a perturbative treatment of  As far as the potential for implementing CBS extrapola-
triple excitationd CCSD(T)],****have provided an accuracy tion to quantities other than total energy, it remains widely
quite close to full-configuration-interacticdCl) limit for a  open. To our knowledge, only such quantities as dissociation
given one-electron basis set. In particular, coupled-clustegnergies, equilibrium structure parameters, vibrational fre-
guencies, anharmonicities, electron affinities, and polariz-

o . 23
30n sabbatical leave. Present and permanent address: Department of Che@Rilities have been anal_yZEd in prior studiéd>*It was only
istry, Moscow State University, Moscow 119899, Russia. concluded that &nergetic quantities tend to converge expo-
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nentially, but such a behavior decreases as the quantitieicular basis is that its systematic construction scheme makes
become less related to the enefdy Since that time it has it possible to carry out the basis set extrapolation to the CBS
become clear that exponential extrapolation is only a crudémit.*>** Moreover, this basis includes diffuse functions that
approximation and much more accurate extrapolation formuare known to be essential for an accurate description of weak
las have been suggested and tesfet!:>>=2°It has been atomic interactions.
proven that extrapolation is valid for some energy dif'fer-A Basi )

. . Basis set extrapolation
ences and structural parameters. However, the question can
be put in more general terms, i.e., how far can one go from  Several formulas have been proposed for extrapolating
the “energy” while not losing the scaling properties of the finite basis set results to the complete basis set limit. One is
correlation consistent basis sets? Do the results of spectréhe empirically based exponential by Dunning—Féféf*®
scopic and dynamical calculations on a series of oZ-V
PES'’s retain a memory of such a scaling?

It is not possible to answer the above questions with fullyheren is the cardinal number of the basis set 2 for DZ
generality, but it is worthwhile to undertake stringent tests.g tor 77 etc. f(n) is the property of interest aniggs is the
For this purpose we have chosen to study the HeBr moleculggympiotic value, which is taken to approximate the CBS
Although we have had some practical interest in calculatingjmit This formula was shown to be effective in estimating
the ab initio potential for it, this choice is quite reasonable cgg |imit energies at the HF levBlalthough studies em-
for the present purpose. First, the He—Br interaction shouldyoying |arger sizes of correlation-consistent basis?8éfs
be very weak and its description requires special care in it8ympined with the results from other high accuracy
ab initio treatment. Despite the existence of some less artiﬁfnethodologie"f‘” have shown that the actual convergence
cial ways to saturate the basis sets for weak interaction calute withn is much slower than the exponential decay as the

culations, such as the use.of bond functiéhis js interesting asymptotic limit is approacheéf.This is due to the problem
to explore CBS extrapolations of the PES's of weakly bound,gqqciated with obtaining a correct description of the Cou-

systems**"?"and to establish benchmarks. Segong, HeBr i§omb cusp with one-electron basis sets. The Coulomb cusp is
an open-shell molecule which has two close-lyf}y" and g direct consequence of the singularity of the Coulomb inter-
H electronlc_ states. Aside from the faf:t that accuralte actionrl_zl at r,,=0. Since in any wave-function approach
initio calculations of such systems are still regarded as stat€yhich does not explicitly include,,, this cusp condition is

of-the-art St”qie§§'29 it is important to analyze the conver- o satisfied, there is a poor rate of convergefite.address
gence behavior of the cc-piZ bases for distinct electronic s nroplem, an alternative is to explicitly include the ri2
states, or for the sum and difference of their potentials. Thi§aciors in the wave function. for example, the linear r12

point is crucial since almost all observable dynamical qUaNiethods(see, e.g., Refs. 45—%7where the interelectronic

tities, gpou_ld be determined by the combinations of theyodinate enter the wave function linearly. However, even
PES's:" Third, theab initio potentials for small systems may hese methods suffer from basis set limitatiBraince the
not only be for direct use, but also for parametrizing semi-yjielectronic integrals that appears in such an approach

empirical models for treating larger systems. In our case thigeqyires the use of closure relationships to obviate the calcu-
situation is represented by the HgBmn der Waals complex |a40n of those complete integrals. This closure relationship

whose PES's can be obtained from those for HeBr by meangqsmes the basis is complete. In this way, it is expected that

of the diatomics-in-molecul¢DIM) aaaproacﬁl and tested  hese methods provide accurate results if very larger basis
against available experimental défa’ , sets are useflin this respect, Schwartz, in 1962° investi-
~ This paper is organized as follows: The following sec-gateq the convergence of the second-order energy of two-
tion describes theab initio and CBS extrapolation tech- gjeciron atoms and showed that the energy increments ob-
niques. In Sec. llI the results of the HeBr potential calcula-5ineq by adding a saturated shell of atomic orbi{aD)

tions are discussed. Sections IV and V are devoted t0 afsis functions of angular momentunto the AO basis set
analysis of transport, scattering, and spectroscopic propertiegq

of the HeBr system and to the PES’s and vibrational predis-
sociation dynamics of the HeRiB) complex, respectively. AE=A/(1+1/2*+B/(1+1/2)°5+O(18).
Finally, conclusions follow.

f(n)zfcgs+a eXpﬁBn, (1)

A similar formula was found empirically by Carroll
Il. METHODOLOGY gt al>° for configl_Jration interaction calculations on thg he-
. _ lium atom. Later it was analyzed by Hilifor general varia-
All calculations have been performed with tB8USSIAN  tiona| calculations and extended by Kutzelnigg and Mofgan
98 package of programi§. Ab initio potential energy CUIVes for second-order perturbaticiMP2) energies of many elec-
were determined for the two electronic stakesy. * and II " tron atoms, where similar expressions were obtained with
using the spin unrestricted coupled-cluster method with allyq term contributions as wel:52
singles and doubles and a perturbative estimate of the triple  grom the incrementd E, the total basis set truncation
excitation UCCSD(T)[***’ starting from a spin-unrestricted error due to the omission of all basis functiond L can be
Hartree—Fock(HF) reference wave function. We used the estimated. In the limit, wherk approaches infinity, such an
augmented correlation consistent polarized valence aug-Ceyror can be expressed as
pvVXZ (X=D,T,Q,5 basis sets of Dunning and
co-workerst>1638:3%The main reason for choosing this par-  E=E.+A(L+1) 3+B(L+1) 5+--. . 2
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For atoms this extrapolation formula is commonly used.  Finally, as an alternative approach, we have also tested
For molecules, however, such a formula can only be approxian empirical mixed exponential/Gaussian function that has
mately implemented for two reasons. First, the angular mobeen showt?® to provide better results than the simpler
mentum is not a good quantum number. Second, the basexponential functional form
sets are not constructed in such a way that function space of
a given angular momentum is saturated before the next func-
tion space is addetf:>*In spite of these objections and mo- _
tivated by the fact that expressi¢®) has a theoretical foun- B- Core correlation
dation it has also been applied to molecules and has been e have carried out two sets of calculations. In the first
shown to be very successfisee, e.g., Refs. 25, 44, 55, set the core orbitals were kept frozen in the calculation of the
and 56. When the cc-pVXZ basis séfs®*® are used’  correlation energies, which is sometimes called the frozen-
L=X~1 for H and He and. = X for higher row atoms. As a core (FC) approximation, while in the second set the core
compromise, Martitt*® suggested replacing by X—1/2  orbitals were included. Core correlation effects have been
and to use the extrapolation formulas of the form shown to be insignificant for the evaluation of dissociation

energies? In fact, the majority ofab initio electronic struc-

f(n)=fepst B exp " D+C exp V7, 7

f(n)=f 3 ture calculations today include only the correlation energy of
(n)=fcpst T () . .
(n+3) the valence electrons. We wanted to investigate how large the
core correlation energy is in the present case, where we have
C a heavy atom bond.
f(n)="fcest 4 In order to estimate the core contribution at the corre-

+
14 116’
(n+2)" (n+3) lated level, it should be more appropriate to use the core-
valence aug-cc-CpVXZ basis sets rather than the valence
(5) aug-cc-pVXZ basis sets of Dunning and co-workers. How-

(n+ %)“' ever, such basis sets are not yet available.

f(n)="fcgst

In this study we tested and compared the performance of
the formulas(3) and (4). C. Basis set superposition error
Due to the different rate of convergence of the HF and
correlation levels, it has been argued that the HF and correz
lation energy have to be treated separately for an accura

. . . ' 6-58 .
prediction of the total energy at the CBS lirffit>>*Taking cause in the calculation of the energy of the complex, each

th'TQ‘ fomtt |nto| ctgn5|fderat||on, Tr:Uhla‘I:”Z:iL p(;oposeld t‘_”‘ WO~ constituent can lower its energy artificially by taking advan-
point ex rap;) a Iolnt odrrr:u aCB\)NS el.re_t an ctchlrre ation elner'tage of basis functions of the other constituent. With the goal
gies are extrapolated to IMILS using the power faws,¢ correcting for BSSE we have used the full-counterpoise

—a _B . . .
; ant;l : t, kr)espetgtl\_/elyg wherext ?n? ,BHalge e(;nplrlcalll i éFCFb scheme of Boys and Bernafii®! Within the FCP
parame erli (I)k' etOpI'g;'ZG thsep?rr]a ehy odr an fczjrre 3_;0 cheme the interaction ener§§(R) of each electronic state
energies. Halkieet al,”” on the other hand, suggested a i o japy 4t each geometry is calculated as

ferent scheme where HF energies are fitted to the Dunning—
Feller exponential formula while correlation energi€sY) V(R) =Ees( R) — E[¥BY(R) — Ef1*BY(R), (8)
are extrapolated using the two-parametric expression

One problem in the computation of potential energy sur-
es of weakly bonded systems such as HeBr is due to the
fasis set superposition errSSB. This error arises be-

where the quantitieBeq,, E{°E", andEL®®" are the elec-

ECor— ECOry Ap~3 6 tronic energies of HeBr, He, and Br, respectively, calculated
- in the complete HeBr basis set.
that is obtained after identifying with X—1 and retaining Despite the fact that the FCP scheme has been the most

only the first term in the partial-wave expansion form(#a  successful procedure to correct for BSSE, it is still viewed
We believe that extrapolating total energies is preferable fowith skepticism® The main argument against the FCP pro-
several reasons. First, the extrapolation is shorter and it isedure invokes the Pauli exclusion principle, because of
hoped that some of the basis set errors will cancel. Secongyhich, the basis set that is actually available to a monomer it
the correlation-consistent basis sets are optimized for the cois not the complete basis set of its partner but only the space
related energies. Third, if one is interested in calculating thef the unoccupied orbitalésee, for example, Ref. §2For
energies of excited states the HF approach is not advisethis reason, Daudegt al®® proposed to modify slightly the
Finally, since the correlation-consistent basis sets are naicheme using only the self-consistent-fieRCH-virtual or-
constructed by saturating each angular-momentum spadstals of the other fragment, which is referred to as VCP
functions separately but by systematically adding basis funcprocedure. However, studies that compare both approaches
tions of different angular momentum that provide similar de-(see, e.g., Ref. 64rovide numerical evidence in support of
creases in energy lowerings, it may not be approgfi4feo  the FCP scheme, which continues to be the most commonly
apply the wave expansion results directly to the correlatiorused.

energy for these particular basis sets. Anyway, we explored Employing the aug-cc-pVXZ basis to get extrapolated
the usefulness of the expressiéB) when applied to total CBS limits, Dunninget al®? and Paizset al®® have shown
energies. that the convergence properties of molecular properties such



J. Chem. Phys., Vol. 115, No. 22, 8 December 2001 Properties of HeBr and HeBr, 10441

TABLE I. Equilibrium properties derived from the nonrelativistic FCP-corrected HeBr interaction energies.
Percentage accuracy given in parentheses for V5Ze values is with respect to V5Z value. Results corresponding
to the calculations without frozen-core approximation are given between brackets in the second line for each

basis set.
Vs Vi
Basis set R., A D, cm ! R., A D., cm ! T, cm?
VDZ 3.779 14.083 4.289 7.749 17.57
[3.779 [14.061 [4.299 [7.974 [17.59
VTZ 3.641 20.372 4.066 12.098 20.72
[3.652 [20.761 [4.076] [12.159 [19.76
vQz 3.549 25.156 4.020 14.182 29.44
[3.558 [25.101 [4.025 [14.183 [28.63
V5Z 3.535 26.991 4.002 14.979 30.30
V5Ze/mix 3.525(0.2) 27.291(1.2) 4.002(0.0) 14.979(0.0) 32.47(7)
[3.526 [28.059 [3.995 [15.419 [32.44
lexp 3.514(0.6) 28.457(5.2) 4.013(0.3 14.934(0.3 35.37(17)
/In—3 3.557(0.6) 25.169(6.7) 4.023(0.5 14.186(5.2) 28.58(6)
I(n+1/2)~* 3.535(0.0) 26.882(0.4) 4.002(0.0) 14.880(0.7) 30.96(2)
I(n+1/2)" 48 3.525(0.2) 27.361(1.4) 4.002(0.0) 14.986(0.0) 32.55(7)
CBSé/mix 3.514 28.573 3.992 15.451 33.90
[3.526 [28.059 [3.995 [15.419 [32.44
CBSé/mix 3.514 28.080 3.970 15.206 32.45
CBSe/p+1/2)* 3.514 28.524 3.992 15.459 33.71
DIM-inverted 3.74 26.6 3.99 14.0 15.64

aUsing the basis se®~Q in the extrapolation procedure.
bUsing the basis seff~5 in the extrapolation procedure.

as intermolecular bond lengffisfor weakly bounded sys- A. Basis set extrapolation
tems, are improved if the results are corrected for BSSE with

the ECP scheme. From the comparison of the percentage accuracy of the

estimated V5Z values for the five extrapolation formulas
used in this work, we can see that the performance of the
Il RESULTS AND DISCUSSION extrapolation with expression8), (4), and(7) i§ very simi-
FOR HeBr POTENTIALS lar. In all cases the resu_lts are very encouraging. The _p_er(_:ent-
age accuracy of the estimated V5Z values for the equilibrium
As mentioned above, in order to calculate the potentiaproperties of both th&s andVy; potentials is within 1.5%.
energy curves of HeBr we used a spin-unrestricted referena®n the other hand, the exponential form(da and then™3
wave function. The spin contamination was smalS§2l  formula (6) are clearly worse with a percentage error that
=2.0063 for the aug-cc-pVDZ basis set andS21  goes up to 5.5% and 6.7%, respectively. These results are not

=2.0024 for higher quality basis sgtnd kept constant over surprising, of course. As we mentioned above, it is well

the whole range of interatomic distances. The value 8f 2 known that the exponential form works well for the HF en-
+1 was also the same for Br and HeBr. ergy, where the convergence is fast. On the contrary it has

Bond lengthsR,, well depthsD,, and vertical excita- been found, theoretically, that the correlation energy does not

tion energiesT,, extracted from counterpoise-corrected po-converge exponentially but as the inverse power in the high-
tential energy curves by spline interpolation for ground,eSt angular-momentum function presented in the basis
X 25* and excited?Il electronic states are presented for et *°">*Thus an exponential convergence is not expected
each basis set in Table I. Valence aug-cc-pvXX  for the total correlated energy which is the sum of the HF
=D,T,Q,5 basis sets are referred to as VDZ, VTZ, VQZ, andand the correlation energy. This explains why by using the
V52, respectively. The values extrapolated to the V5Z levelexponential extrapolation procedure, one gets an extrapo-
through X=D—-Q data(V5Ze) are also given along with their lated value of the dissociation energy for thestate that is
percentage accuracy with respect to the V5Z values. In orddpo large, while the equilibrium distance is too short. On the
to distinguish complete basis set estimates for CBS and quirpther hand, because the ® formula(6) was suggested to get
tuple zeta basis set estimates V5Ze obtained from the fivéhe extrapolated value of the correlation energy alone, it is
formulas(1), (3), (4), (6), and(7), we use the notation /exp, expected that such a trend will be reversed whenrthg
I(n+1/2)~4, I(n+1/2)~*78, /n=3, and /mix, respectively. form is used. From Table | we can see that the extrapolated
For each set, the first line referred to is the FC calculationyalues of the dissociation energy of both theandIl states
while the second line, in which the values are between brackare too small while those corresponding to the equilibrium
ets, corresponds to the calculation in which all electrons werédistance are too large. However, when using the exponential
correlated. It will be referred to as an all-electr@gkE) cal-  formula for thell state the convergence is too slow, contrary
culation. to what it is expected. This unsuspected behavior may be due
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FIG. 1. Convergence rate for dissociation energies. The
results in(a) correspond to extrapolation formu(8),
and in(b) to extrapolation formuld?).

(Devnz - Decps ¥/D,CBS
(Devnz - Decns )/DeCBS

to the nonlinearity of the fitting parameterin the exponen- The difference between interaction energies calculated
tial formula, since multiple solutions may exist. This is oneand extrapolated at the V5Z level with expressig8s[(n

of the reasons for avoiding nonlinear fitting parameters in ant 1/2)"4] and (7) (mix) at each internuclear distance ex-
extrapolation procedure. We will comment later on this as-ceeds 1 cm?! only at short range, being quite similar for the
pect. On the other hand, despite both formulast/(/2)"* 23" and?Il states.

(3) and h~2 (6) have the same physical basis and simple  We will continue the discussion on the results with the
two-parameter form, the former improves a lot all of thetwo extrapolation formulas that provide better results,
estimated values with respect to the latter. Returning to theamely(3) and (7).

basis of both expressions, we see that since HeBr contains

both first and higher row atoms, it makes more sense t®. Core correlation and basis set superposition error

identify L by X—1/2 than byX—1 in the partial-wave ex-
pression(2). On the other hand, by comparison of the per-
formance of the formulas HW+1/2)"% (3) and /(n

We can see from Table | that the values of the three
properties derived from FCP-corrected interaction energies
+1/2)~*~5 (4) we see that the former works slightly better. calculated with and.W|thout_ FC apprpmmaﬂon are very simi-
Numerical experiencé indicates that the inclusion of ener- !ar. In fact, the maximum difference in the value corresppnd-

ing to the bond lengttR, is 0.009 A, the one corresponding

gies of Iow:_ar card_mal numbers m_extrapolatl(_)n procedure_ o the binding energ, is 0.225 ¢, which is 1.46% of
that work with partial-wave expansion expressions may spoi . | .
he total HeBr interaction energy, and the one corresponding

the quallt)_/ of the fits. To explore thls,ffCt we rep_eated theto the vertical excitation energy, is 0.96 cmi', which is
extrapolation with the formula A(+1/2)"* (3) by using the % of th | S =
basis sets VDZ and VTZ, obtaining an error of 16% Boyin 2.96% of the tota _HeBr excitation energy.

’ The extrapolation has been performed at each valil® of

the 3 state and 28% foll,. These results are very conclu- . ) : .
sive and corroborate the previous ofiés in two ways: for the energies of dimer and monomers sepa-
' rately, i.e., Epesr, ELC®, and EF®% and for the

Another aspect that can be clearly noticed from Table | ; . .
. . o counterpoise-corrected interaction energy, VéR). We no-
is that the error of the extrapolated vertical excitation ener-; . . i )
: tice that if we used linear fit parameters are used in the ex-
gies, T, are larger than the error of the extrapolaiedand : . .
o ! trapolation, both procedures are equivalent. In fact, it can be
R. values regardless of the specific extrapolation formula_ . . .
. easily shown that in such a case we have the matching prop-
used. The error off, accounts for the independence of the it
convergence rate on the nature of electronic state. Indeeg, y
Figs. 1@ and Xb) demonstrates the convergence of the reE(a.)—E(b.)—E(c.)
duced dissociation energieB("*— DSPIDSBS) for the two
electronic states. Convergence rates with respeat toe
slightly different for the two states, in particular,ra&3 and ~ whereE(x..) =E(X1,X»,X3), E is the energyx.. represents
4. This means that the energy splitting betwéBnand?> * the complete basis set, arndenumerates the different basis
states does not scale perfectly with However, when ex- sets (=1 for VDZ, i=2 for VTZ and so on The notation
pression(3) is used, the errors in the andII potentials are x=a, b, andc refers to the distinct specidse., HeBr, Br
most close to each other and, therefore, the error iMMthe ~ and He. This size-consistencyproperty (in a sense of the
smallest. correct separation into fragmejis another argument in fa-

=E(a;—(by+cq), a;—(by+cy), ag—(bz+cjy)),
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TABLE Il. Counterpoise correction to the calculated dissociation energy ofthe FCP recipe is applied, however, AE and FC results be-
the HeBr complex. come very similar. This numerical result is a clear evidence
ADA(cm ) in support of FCP scheme for correcting BSSE. As we men-

Vs Vi tioned above, the main criticism of the FCP invokes Pauli

principle arguments, however, as it has been clearly siféwn,

Basis set Fe AE Fe AE Pauli principle affects only the dimer energy leading to the
vDZ 28.42 37.78 15.28 20.61 intermolecular exchange effects and such criticism is unjus-
x(TgZz ;g'ig igg; ﬁég gg'ig tified. On the other hand, at the estimated V5Z limit, both the
V57 19.22 ' 1218 ' AE and FC errors become much more similar indicating that
V5Ze/mix 2417 28.26 13.95 17.61 the atomic functions of low angular momentum are nearly
CBS&/mix 23.15 23.20 13.90 14.95 saturated at this level. At the estimated CBS limit both errors
CBSé/mix 16.16 10.46 are nearly identical. However, they do not vanish because the

@Difference in dissociation energy calculated with and without the counter—S""‘tl'"“"ltlon of the hlgher angmar momentum space functions
poise correction. A positive sign indicates that inclusion of the counterpoisdNdy Nnot be complete.
|Dcor_rection lowers the dissociation energy. The estimated BSSE in tHé state is nearly half of that
03:;23 IEE E::: :gg:sQir']”t;Zeeiﬁgap%?;‘;té%”p?g;‘;%‘i‘#;e- in the state. This can be understood taking into account the
' different nature of the bonds in the two states. Inkhstate,
the He atom is aligned with the doubly occupied orbital of

vor of using the linear fit parameters. The numerical evi-Br- ON the other hand, in thE state the He atom is interact-

dence is very convincing, when expressiéhwas employed Ing W'Fh tﬁegmgr!e oc;ﬁume_d orblga(;._t.ln t:ns way, BiSE. 'S
for the dimer and monomer energies separately, we obtainéargterl'? q vv_beret ere |s| arl a (ljlona}t unfoEcup|e spin=
a purely repulsive interaction. It is the reason why vanOronal to describe atomic electron densily of He. L
Mourik and Dunnin§® observed an irregular convergence In summary, the results that have been presented in this

behavior when extrapolating the energies of the complex angection mgjlc'ate that the use Of, the'extrapolatlon form(Bas
monomers separately for Ar—HF. and (7) within the FC approximation are adequate to get

In Table II, the differences in dissociation energies,eStimated CBS total energies of the HeBr system. For defi-

AD,, calculated from FCP corrected and uncorrected interl€"€SS, in what follows we will consider BSSE corrected
e

action energies, are tabulated for the different basis sets ar?cp initio data ob_tamed within t_he FC apprOX|_me_1t|on_ and
CBS limits obtained with extrapolation formul@). These implement the mixed extrapolation formui@. Within this

values are estimations of the BSSE errors and provide u@amework, we can proceed confidently to the next step,

with an idea of the saturation of the atomic basis set at eacWhICh is an investigation of the convergence behavior of

level. We note that in our case the dissociation energies alléansport, scattering, and spectrosgopic properties Of. HgBr
of the same order of magnitude as the BSSE. Those errOIasnd HeBE(B) systems. Bef.or.e. doing S0, however, It. 'S
are not particularly large for this system but the dissociation‘"’orth\’vhlle to represent theb initio potentials by an analyti-
energies are extremely small and then correction for BSSIEaI form.

requires particular care. From Table I, we see also that the

trend is that the larger the basis set the smaller the values @f. Analytical HeBr potentials
AD, for both thell and states. However, when one goes
from the VDZ to VTZ levels, the direction is reversed. This
result provides an indication that the VDZ basis set may b
too small. Of course, BSSE should be zero at the true CB
limit. We see that at the extrapolated CBS limit, BSSE doesv R V’,\)l(R), R=R%,

not vanish. By using the VTZ, VQZ, and V5Z basis setsVall)=) A Ay _\A *
instead of the VDZ, VTZ, and VQZ ones, the BSSE becomes Viaw(R) + [V (R) = Viaw(R)ITA(R), - R=R 9)
smaller at the CBS Ilimit by a significant quantity. On the

contrary, returning to Table I, we notice that the change invhere

the values of equilibrium properties is very small. It is cIearV'\AA(R): DA{exp[—ZaA(R—ﬁA)]—exp[— aA(R—ﬁA)]},

Ab initio points (calculated or extrapolatgdvere fitted
by the Morse-switching function—van der WaalsISV)
rm

that BSSE is very sensitive to the quality of the extrapolation (10)
procedure. At this point, we have to take into account that the
FCP scheme is only approximate and that regular conver- Cer Caa

i i is interestinvaw(R) = = —&- = — (11)
gence is more important than absolute values. It is mterestmgvdw R6 RS
to note that the errors at AE and FC levels are significantly
different for low cardinal numbers of the basis sets. ThefA(R)=exp{—4[(R—RX)/RA]Z}, (12)

analysis of those differences gives an idea of the degree of

saturation of low angular-momentum space functions. By us&"

ing the VDZ, VTZ, and VQZ basis sets, the differences are R =R, +In(2)/a, . (13)
of the same order of magnitude that the errors themselves. It ~ —

indicates that, for those basis sets, there is a low degree ¢fere R, is the diatomic equilibrium distance in th\:‘féhA,I
saturation of function space of low angular momentum. OncéVlorse potential and\ =% ,I1. The value of the long-range
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TABLE Ill. Parameters of the MSV potentials. relation rules. The parameters of DIM inverted potentials are
botential R A Drom®  an A Cep omiAS listed |n.TabIe I, wh|!e their equmbnur_n properties are pre-
A sented in Table I. Evidently, they are in agreement with the
Vs bestab initio data, although it can be noticed that the expo-
vDZ 3.76 14.94 1.73 80228 nential parametew for both states is underestimated, while
x(TgZz 33'5;5 %583;1 11772 8822?3 the equilibrium distance for th&S* state is slightly under-
V57 353 28.09 172 82 560 estimated. The long-range coefficients are also somewhat un-
V5Ze 352 27.84 1.74 82 598 derestimated. Correlation rules suggested in Ref. 69 give a
CBSe 351 29.10 1.74 82 605 better agreement withb initio data:Cgy =82 268 cm* A®
DIM-inverted 3.74 26.6 1.58 79 809 andCg; =91 947 cm *AS.
Vi
VDZ 4.26 7.80 1.63 90914
VTZ 4.07 13.16 163 93022 IV. HeBr COLLISION AND TRANSPORT PROPERTIES
vQz 4.01 14.74 165 94121 Reliable calculations on the He Br collision dynamics
V5Z 3.98 15.35 1.66 94 220 ) . : )
V5Ze 3.99 15.50 1.65 94 270 must take into account strong spin—orf®O) interaction. It
CBSe 3.98 15.93 1.65 94 265 was included using the atoms-in-molecule model which ex-
DIM-inverted 3.99 14.0 153 90219 presses the relativistic electronic Hamiltonian matrix for the

HeBr molecule through the nonrelativisis, andVy; poten-

tials and the SO splittings of the Br atom(see, e.g., Refs.

68, 70, and 7)., assuming then that the SO interaction is

Cga parameter was kept fixed &%, =278 009 cm* A®as  mainly of atomic origin.

determined from the simple correlation ruleee, e.g., Ref. The adiabatic relativistic HeBr potentials for the Hund’s

68) for both theX andIl potentials. case(c) three electronic states1/2, 13/2, andll 1/2 are
These simple fits provide the relative accuracy of 3—9% B

in the well regionVs potentials are reproduced slightly bet- Vxare=(Vn+Vs+4=9)12,

ter than theVy ones, but the accuracy of the fits to the V3=V, (14)

potentials of the same symmetry is similar for differeaft

initio calculations. Parameters of the fits are listed in Table  Viwe=(VntVz+A+6)/2,

[ll. All potentials are compared in Fig. 2. where
The ab initio potentials can be compared with so-called _ 5 29112
DIM inverted potentials determined elsewhrey adjusting 6=[(Vn=Vs)"=2A(Vp—Vs) + AT,

the parameters of the first-order intermolecular DIM pertur-and A=3685.2 cm*. The V,3, potential depends only on
bation theory(IDIM PT1) analytical formula(see belowfor  the V; term, while all other potential are represented as an
the HeBp B-state PES to experimental data on the spectrawverage betweews andVy; potentials with a minor correc-
and vibrational predissociation dynamics. The DIM invertedtion depending on their difference.

potentials were represented in the same MSV fg@nand It is of interest to check whether the CBS extrapolation
their long-range parameters were obtained by the same coyrorks for relativistic potentials. They can be constructed us-
ing the sequence of VDZ, VTZ, VQZ, V5Z, V5Ze, and CBSe
nonrelativistic potentials. On the contrary, the relativistic po-
tentials obtained from the nonrelativistic ones at VDZ, VTZ,
and VQZ levels can be extrapolated themselves to V5Z and
CBS levels. We will designate the latter extrapolation as
V5Zeq and CBSeq in order to distinguish the relativistic po-
tentials calculated from the extrapolated nonrelativistic ones
from the relativistic potentials extrapolated themselves. Table
IV compares the equilibrium properties of the relativistic
V12 andV, 1, potentials.

It is evident that extrapolation of the relativistic poten-
tials themselves works quite well. Still, however, the relativ-
istic potentials are not more than some combination of the
nonrelativistic energies. A more thorough test of the validity
of extrapolations is provided by transport and collision prop-
erties of the Het+ Br system.

First, the diffusion coefficient of Br atom in He can be
3 4 5 calculated. For this purpose the adiabatic approximation was
used, which consists of the calculations of collision integrals
for each relativistic potential followed by averaging over
FIG. 2. Vs (lower curve andVy; (upper curvienonrelativistic potentials of ~ thermal populations of BfPs2) and BrfPy,) atomic
the HeBr molecule. states’? The results are presented in Table V along with the

150+ |
100 ' §

504 %

Energy, cm’’
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TABLE IV. Equilibrium properties of the relativistic HeBr potentials. Per-

centage accuracies given in parentheses are with respect to V5Z values for u VvDZ
V5Ze and V5Zeq entries and with respect to CBSe values for CBSrq entry. AL s VTZ
V>(1/2 VII1/2
Potential Re, A D, cm?! Re, A D, cm? 2004
VvDZ 3.98 10.70 4.14 8.78 N
VTZ 3.83 16.65 3.97 14.35 <
vVQz 3.76 19.35 3.90 16.32 c
V5Z 3.73 20.92 3.87 17.35 ._g
V5Ze 3.73 20.581.7) 3.88 17.220.7) 8
V5Zeq 3.73 20.372.6) 3.87 17.041.8 7]
CBSe 3.72 21.38 3.87 17.79 3
CBSeq 3.72 20.972.0 3.86 17.492.0 o
DIM-inverted 3.82 21.75 3.90 17.55 O
100+

data obtained with the DIM inverted potentials and measured

value’® Extension of the basis set and extrapolation lead to

results closer to experimental data. The diffusion coefficient

is, however, not very sensitive to the details of the potentials. 05 ' 1fo ' 1f5 ' 250 ' 25 ' 3.0

It varies only slightly and this may be a reason for the results

of the V5Zeq and CBSeq extrapolations agree within the

error bars. FIG. 3. Velocity dependence of the absolute total cross sections for the He
As a second quantity we consider the absolute total crossBr collisions calculated with differedy andVy; potential energy curves.

sections of the Het Br collisions. Although they were not

measured for HeBr so far, a number of such measurements

were performed for analogous systems and they were proven  The extrapolation of the calculated rate constant gives

to be quite accurate and sufficiently representative to allownaccurate results, but is still within 10% error. The failure of
empirical determination of interaction potentials, see e-g-extrapolation in this case stems from the fact that the

Ref. 70. The velocity dependencies of the cross sections Caﬁ'uenching rate constant is determined mainly by the differ-
culated within the adiabatic approximation are shown in Fig.gnce betweelVs and Vy; potentials, a quantity which may
3. It follows from the figure that thab initio results are fully 4t converge steeply if the convergence rates for the poten-
converged and agree very well with the results for the DIMi;51s of two states are differesee Fig. 1 At the same time,
inverted potentials. In order to test the extrapolations in MOrgaking into account the high sensitivity of the quenching ef-
detail the temperature averaged cross sections were evalﬁ'ciency to the potential energy curvBsand in particular to
ated. They are giv_en in Table VI. Again the results_ inQicatethe consistent description of thé: and Vy; potentials, the
that the cross sections calculated on the sequenab Dfitio  55reement between theoretical data is quite impressive, and
potentials can be extrapolated with high accuracy. especially between the V5Z and V5Ze values. The measured
The last quantity to be considered is the room-rae constant values are seven orders of magnitude higher. In
temperature rate constant for quenching of eXCite&FBin_) fact, as was noted in Ref. 74, its value is just at the limit of
atoms in collisions with He. They were calculated using agyperimental accuracy determined mainly by the purity of
close-coupling approach as discussed and are presented the rare gas. As such, it should be taken only as an upper

in Table VII. bound for the actual quenching rate.

Velocity, km/s

TABLE V. Diffusion coefficient of atomic bromine in helium at room tem-

perature and pressure 1 atm%sn Percentage accuracies given in parenthe-TABLE VI. Averaged total cross sections for He Br collisions at the

ses are with respect to V5Z values for V5Ze and V5Zeq entries and witttemperature 300 K, & Percentage accuracies given in parentheses are with
respect to CBSe values for CBSeq entry. respect to V5Z values for V5Ze and VV5Zeq entries and with respect to CBSe
values for CBSeq entry.

Potential Diffusion coefficient

Potential Cross section
VvDZ 0.562
VTZ 0.580 VDZzZ 74.50
VQzZ 0.588 VTZ 84.28
V52 0.593 vVQZz 87.51
V5Ze 0.591(0.3 V5Z 89.88
V5Zeq 0.591(0.1) V5Ze 89.10(0.9
CBSe 0.592 V5Zeq 88.681.3)
CBSeq 0.5930.2 CBSe 90.17
DIM-inverted 0.611 CBSeq 89.360.9

Experiment 0.66:0.11 DIM-inverted 92.06
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TABLE VII. Rate constant for quenching of the BfR,,,) atom in colli- TABLE VIII. Equilibrium properties of the HeBr (B) potentials at the
sions with He at the temperature 300 K¥molec s. Percentage accuracies equilibrium Br, distancer,=2.6776 A. Percentage accuracies given in pa-
given in parentheses are with respect to V5Z values for V5Ze and V5Zegentheses are with respect to V5Z values for V5Ze and V5Zeq entries and

entries and with respect to CBSe values for CBSeq entry. with respect to CBSe values for CBSeq entry.

Potential Rate constant T shaped Linear

VDZ 3.34x10 %* HeBr potentials  pe, A De, cm ! per A D, cm?t

VTZ 4.04x10° %

V52 4.13x 102 VTZ 3.76 28.20 5.24 16.26

V5Zeq 4.14<10°21(0.2) V52 3.65 33.90 5.14 19.94

CBSe 3.85 10" 2% V5Ze 3.66 33.740.5 5.14 19.691.3

CBSeq 4151021 (8.0) V5Zeq 3.66 33.381.5 5.14 19.502.2

DIM-inverted 1.36¢ 102 CBSe 3.65 34.83 5.13 20.37
DIM-inverted 3.69 33.82 5.18 20.56

V. HeBr,(B) VIBRATIONAL PREDISSOCIATION

DYNAMICS cording to Eq.(15) the HeBg potential is determined mainly

As has been already mentioned in Introduction, atom-by an average o¥s andVy; potentials, while the anisotropic
atom potentials are frequently used as an input informatioierm depending on their difference has little effect on the
for constructing the model PES of polyatomic systems, e.g.quilibrium properties® This situation is very close to that
by means of DIM method. Here we exemplify such an ap-Wwith the relativistic HeBr potentials.
plication by considering HeBrvan der Waals molecule in More interesting is the comparison of dynamical calcu-
the electronically excite®0, state. In the frame of IDIM lations carried out on the Hef{iB) PES’s parametrized by
PT1 model’® its PES is expressed in terms of the nonrela-different HeBr potentials. Such calculations were performed
tivistic HeBr potentials by the following simple formula: ~ for vibrational predissociatiorfVP) of this complex atv

=8, 10, and 12. Dissociation energiBs, VP half-widths

UB=£ z 13V(Ry) +Vs(R,) I'/2 and lifetimesr, as well as the averaged rotational prod-
4 o=ab ¢ “ uct state energies,; were calculated by means of the diaba-
tic golden rule method, which was proven to be accurate for
~[Vi(R,) —Vs(R,)]c0g(B,)}, 15 o b

this cas€® The calculations were performed on the PES’s
where @=a,b refers to distinct Br nucleiR, are the dis- parametrized byb initio VDZ-V5Z and extrapolated non-
tances between the He and Br atoms, @ndare the angles relativistic HeBr potentials. All quantities were also extrapo-
between th&r,, vectors and the Braxisr. The same form of lated by themselves. These results are shown in Table IX
the PES was used in Ref. 31 in order to parametrize the DIMilong with experimental data taken from Ref. 34.
invertedVy andVy; potentials. The performance of the beab initio-based PES’s with

On the one hand, the use of Etp) parametrized by a respect to experimental data is very good. Although they
sequence oéb initio HeBr potentials for calculations of the tend to underestimate the dissociation energy in comparison
HeBr,(B) spectra and dynamics provides us with the suit-with the DIM inverted PES, the results for lifetimes pre-
able example for analyzing the CBS extrapolation procedursented graphically on Fig. 4 only slightly underestimate the
for the properties whose relation to HeBr energy is veryexperimental data. The latter are not accurate enough, as is
complicated. On the other, the implementation of the mostlear from the somewhat nonsmooth dependencevpn
accurateab initio parametrization allows us to test the accu-which is impossible to reproduce with a reasonable estimate
racy of IDIM PT1 model by comparison between theoreticalof the potentiaf>*#76The DIM inverted potentials were ad-
and experimental results. justed in order to reproduce the lifetimewat 10 in addition

The PES(15) possesses two minima, the ground stateto the lifetimes at highep’s.>
minimum in the T-shaped configuration of the complex and a  Extrapolation of both dissociation energies and lifetimes
very shallow long-range one in the linear geometry of theworks perfectly. However, it is not possible to obtain such
complex. The data on equilibrium distancesfrom He to  good results for the averaged rotational energy of the prod-
the Br, center of mass and depths of these stationary pointscts, which is ill-behaved function on the basis set size. The
calculated by Eq.(15) with different HeBr potentials are difference between VTZ and VQZ values is quite small, and
summarized in Table VIII. The table also presents the valuethus the rotational product state distributions are almost con-
obtained by extrapolating the VDZ-VQZ-based PES'’s toverged at this level, see Fig. 5. However, the results of the
V5Z (V5Zeg and CBS(CBSeq levels. lowest level VDZ calculations are significantly different,

The bestab initio-based PES’s are in very close agree-overemphasizing the second peak on the distribution. This
ment with the DIM inverted ones, pointing again to the ac-second peak is determined by the interference effects related
curacy of bothab initio calculations for HeBr and the IDIM to anisotropy of the PES, which in turn depends strongly on
PT1 formula(15). Extrapolation ofp, andD, values them- the difference between thés and Vy; potentials, see Eq.
selves works very well. This is not surprising, because ac¢15). Therefore, the reason for the extrapolation failure for
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TABLE IX. Results for vibrational predissociation of the HgRB) com-
plex. Percentage accuracies given in parentheses are with respect to V5Z A‘-_ “““ A VTZ
values for V5Ze and V5Zeq entries and with respect to CBSe values for S o VQZ
CBSeq entry. -
S v V5Z

Potential Dy, cm ! [/2, cmit 7, ps Eg, cm t o & \5Ze

v=8 2004 N . e CBSe
VvDZ —4.0635 0.0035 758 1.83 o DIM-inverted
VTZ —9.6474 0.0109 244 1.72 )
VQZ —11.6452 0.0153 173 1.74 ® ° X Experiment
V52 —12.6336 0.0180 148 1.74 o ‘ A
V5Ze —12.6312(0.2 0.0175(2.8) 152 1.74 Y ‘
V5Zeq —12.3768(2.3 0.0170(5.6) 156 E 4
CBSe —13.2696 0.0188 141 1.74 S
CBSeq —12.8025(3.0) 0.0180(4.0 147 =
DIM-inverted —13.7869 0.0129 206 1.60
Expt. 0.018 150

v=10
VDZ —4.0459 0.0051 520 175 100
\ap4 —9.6144 0.0158 168 1.66
vQz —11.6072 0.0222 120 1.67 R
V5Z —12.6234 0.0259 102 167 "-?i:ffgg
V5Ze —12.5908(0.3 0.0252(2.7 105 1.67 : : : : .
V5Zeq —12.3370(2.3 0.0247(4.6) 107 8 ) 10 11 12
CBSe —13.2278 0.0271 98 1.67
CBSeq —12.7617(4.0) 0.0262(3.00 101 "4
DIM-inverted —13.7511 0.0190 149 1.54
Expt. 0.019 140 FIG. 4. Dependence of the predissociation lifetime of the HEBy com-

plex onv quantum number calculated using IDIM PT1 PES parameterized

v=12 by differentVs andVy HeBr potential energy curves.
VDZ —4.0278 0.0073 364 1.66
VTZ —9.5798 0.0227 117 1.58
vQz —11.6671 0.0317 84 1.59 o )
V52 —12.5808 0.0370 79 1.60 it is not practical. Fortunately, the FCP scheme has been
V5Ze —12.5480(0.3 0.0360(2.7) 74 1.60 shown to be safe to correct for the BSSE due to this basis set
V5Zeq —12.29492.3 0.0352(4.6) 75 incompleteness. The good convergence properties of the
CBSe —13.1835 0.0387 69 1.60 FCP-corrected interaction energies indicate that the esti-
CBSeq —12.7184(4.0) 0.0373(4.0 71 . I .
DIM-inverted _13.7131 0.0277 96 147 mated complete ba_5|s set limits are rell_able.
Expt. 0.031 86 Accuracy of various CBS extrapolation formulas was es-

timated by applying them to the total electronic energies. The
most accurate results were obtained with the-(/2)~* (3)
and (7) mixed exponential-Gaussian expressions. The latter
Ef?) arises from the observation of the convergence behavior
of total energies towards a CBS limit when correlation con-
sistent basis sets are uéetf while the former(3) is a two
parametric function derived from the partial-wave expansion
To our opinion, several interesting findings are worthy ofexpression’ Combination of extrapolation and FCP correc-
mentioning. First, we formulate the main conclusions drawrtion procedure requires additional care. The formulas with
from ab initio calculations, then summarize the experiencedinear adjustable parameteflike (3) and (7)] provide the
with CBS extrapolation, and finally discuss the implicationssize-consistent results, equivalent if the extrapolation is em-
to the HeBg complex. ployed for the dimer and monomer energies separately or to
For weakly bonded systems, it is imperative to use somée¢he FCP corrected energy. The formulas containing nonlinear
correction scheme for BSSE that, in this case, is of the samparameters give wrong results being implemented for the
order of magnitude that the interaction energy itself. Througtdimer and monomer properties separately.
comparison between uncorrected FC and AE approaches, nu- CBS extrapolation works unexpectedly well for the non-
merical evidence has been shown in favor of FCP scheme fanergetic properties. Not only quantities expressed as the lin-
correcting BSSE. Uncorrected AE interaction energies arear combinations of electronic energidike nonrelativistic
less accurate than uncorrected FC interaction energies beteBr potentials or HeB{B) IDIM PT1 PES, but also the
cause in the development of the basis sets, only the valencpiantities sensitive to global behavior of the Plie those
electrons were correlatéd At the estimated CBS limit, the characterizing Her Br transport and collisions or HeRiB)
nonzero value of BSSE indicates that the saturation of theibrational predissociation dynamijo®tain the scaling prop-
higher angular momentum space functions has not beeerties of underlyingab initio data. This indicates that treh
reached. To reach completeness, it would be needed to adiitio calculations with low-order aug-cc-pVX#ZX>D) ba-
very high cardinal number basis sets with5 (pasth) what  sis sets already reproduce reasonably the global features of

rotational distributions is the same as for the Br quenchin
rate constants antl, of HeBr (see above

VI. CONCLUDING REMARKS
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0.4+ Note added to proofVery recently, Partridget al. pre-
wome VDZ sented the HeBr potentials calculated using the same
~~~~~ A VTZ CCSOT) method and aug-cc-pVQZ basis augmented by the
_____ o VQZ (3321) set of the bond functiorf®. Their resultsR,=3.52 A,
_____ s VEZ D.=28.31 cm ! for T andR.=3.99 A andD.=15.30 cm'?
for the II state are very close to our estimated CBS values
(see Table )l indicating once again the efficiency of bond
functions for saturating the basis set for calculations of
weakly bonded systems.

0.3+
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