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Theoretical Investigation of the Ground X3X~ State of Nitrogen Bromide
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The spectroscopic constants and the dissociation energy of the grékingtate of NBr have been computed

using correlated wave functions and correlation-consistent orbital basis sets up to quinquialiity. Our

best estimates for the equilibrium separatiog) is 1.780 A and for the dissociation enerdyo) 49.5 kcal/

mol, suggesting that previous estimates obtained from indirect experimental measurements are in error by as
much as 15 kcal/mol. The spectroscopic constants computed at the RCCSD(T)/aug-cc-pV5Z level of theory
are we = 694.5 cm?, were = 4.14 cnl, andoe = 0.0039 cm!. The linear variation oD. for the NX

species (X= F, Cl, Br) supports a prediction of about 35 kcal/mol for the dissociation energy of NI.

Introduction TABLE 1: SCF and CISD Energies E (Hartree) of the

o ) ) ) Atoms N(*S) and Br(?P) in a Series of cc-Basis Sets
Continuing our studies on nitrogen monohalide%,we

present here ab initio results on the electronic properties of the N(*S) BrP)

ground X~ state of nitrogen bromide (NBr). Monohalides basis sets —Escr —Ecisp —Escr —Eciso

of the group VA(15) elements are of practical interest since, cc-pvDz 54.388414 54.477042 2572.36491 2572.47166

being isovalent with @ they are potential candidates for aug-cc-pvVDZ 54.389871 54.484639 2572.36719 2572.48006

chemiclenergy storage ssiehs

o NBr was first observed by Ellidtalmost 60 years ago, who cc—ngQg 54.400176 54520406 2572.44296 2572.60937
ypothesized atransmon .between .two. (unknown at that tlme) aug-co-pVQZ  54.400225 54.520979 257244297 2572.61045

states of NBr after admitting bromine into a stream of active ¢c-pv5z 54.400853 54.523306 2572.44324 2572.61462

nitrogen. Since then quite a few experimental studies have aug-cc-pV5Z 54.400856 54.523543 2572.44325 2572.61517

appeared in the literatufeput we are aware of only one  numerical HF 54.400934 2572.441333

experimental papéreferring to the spectroscopic constan{s aNumerical Hartree Fock, ref 15.

we, WeXer e, @S Well as the dissociation enery of the ground

X3~ state of NBr. These researchehave obtained ®. = [(4s4p):: (252p)].12 This results in a wave function comprised

67 & 5 kcal/mol from the highest’ value observed in the  of 96 configuration state functions (CSFs) with an asymptotic
emission B — X°X~ from the process N§) + Br(*Ps) — description of the NiS) + Br(2P) fragments exactly at the SCF
NBr* — NBr + hv using a Birge-Sponer extrapolation scheme. |evel. At this stage, care has been taken for the wave function
Our calculations suggest (vide infra) that ths value is o obey symmetry and equivalence restrictidribat is A =
overestimated by as much as 15 kcal/mol, mainly due to the || = 0. Dynamical valence correlation was extracted within
use of the Birge Sponer extrapolation m.ethéd. o the internally contracted MRCI schefiby allowing single and

To the best of our knowledge no previous ab initio calcula- double excitations out of the CASSCF reference (icMRCI). Our
tions have appeared in the literature for the dissociation energypighest level of calculation can be considered the icMRQI
and/or spectroscopic constants of NBr prior to our study. (icMRCI plus the multireference analogue of the Davidson
correctiot!) as well as the RCCSD(T) methods.

The basis sets employed are the correlation-consistent sets

To obtain an accurat®. value for the process K§) + cc-pVxZ and aug-cc-pVxZ of Dunning and co-work&ravith
Br(2Ps;2) — NBr(X3="), we have performed ab initio calcula- Xx=D, T, Q, and 5. The quality of the cc-basis sets and their
tions using (i) complete active space self-consistent field ability to successfully describe a variety of molecular properties
(CASSCF), (i) multi reference configuration interaction (MRCI) are well-established by no¥. Our largest expansion, aug-cc-
based on CASSCH single+ double excitations (CASSC# pV5Z, contains 267 generalized contracted spherical Gaussian
1 + 2), and (iii) coupled cluster plus single and double functions.
excitations with a perturbative estimate of the triple excitations ~ For the X=~ state of NBr and for all basis sets employed,
from a restricted HartreeFock (RHF) reference wave function we report total energies, full potential-energy curves, spectro-
[RCCSD(T)] methods. The CASSCEF reference function was scopic constantd, re, we, Wexe, 0te), @nd dipole momentsj.
constructed by allotting the 12 “valence” (active) electrons of The spectroscopic constants were extracted using a Dunham
NBr to the eight valence functions of the system, i.e., (8re)  analysis by fitting 20 energy points around equilibrium, spanning
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TABLE 2: Results on the Ground X3X~ State of 14N79Bra

J. Phys. Chem. A, Vol. 102, No. 51, 19980537

method basis set -E le De We We(e Ole u

CASSCF cc-pvVDZ 2626.79448 1.888 25.8 549.1 5.39 0.0046
cc-pvVTZ 2626.88553 1.854 30.1 588.9 5.18 0.0044
cc-pvVQz 2626.89187 1.849 30.6 591.5 5.11 0.0044
cc-pV5Z 2626.89303 1.848 30.7 593.9 521 0.0043
aug-cc-pvDZ 2626.80208 1.873 28.3 575.3 5.27 0.0044
aug-cc-pVvTZ 2626.88656 1.852 30.4 590.4 5.12 0.0044
aug-cc-pvVQZz 2626.89212 1.848 30.7 590.8 5.30 0.0046
aug-cc-pV5Z 2626.89315 1.848 30.8 592.5 5.16 0.0044

icMRCI cc-pVDZ 2626.99823 1.852 35.4 601.7 4.88 0.0043 0.908
cc-pVvVTZ 2627.16210 1.805 44.1 659.3 4.66 0.0041 1.106
cc-pvVQz 2627.19236 1.795 47.1 669.0 4.48 0.0041 1.107
cc-pVs5Z 2627.20217 1.791 48.3 674.8 4.53 0.0041 1.067
CBS-limit 1.791 48.5
aug-cc-pvDZ 2627.02031 1.838 40.2 627.3 4.63 0.0041 0.961
aug-cc-pVTZ 2627.16941 1.801 46.0 663.0 4.59 0.0041 1.084
aug-cc-pvQZz 2627.19532 1.794 48.0 671.0 4.46 0.0041 1.065
aug-cc-pV5Z 2627.20356 1.791 48.7 675.2 4.48 0.0040 1.088
CBS-limit 1.791 48.8

icMRCI+Q cc-pvVDZ 2627.0143 1.848 36.7 607.6 4.82 0.0042
cc-pVTZ 2627.1888 1.801 46.1 666.0 4.59 0.0041
cc-pvQz 2627.2222 1.791 49.5 677.0 4.40 0.0040
cc-pV5Z 2627.2329 1.786 50.9 683.1 4.48 0.0041
CBS-limit 1.786 51.3
aug-cc-pvDZ 2627.0402 1.834 41.9 633.0 454 0.0040
aug-cc-pvTZ 2627.1976 1.797 48.4 670.9 451 0.0041
aug-cc-pvQZz 2627.2257 1.790 50.6 678.6 4.21 0.0040
aug-cc-pv5Z 2627.2345 1.786 51.4 683.4 4.41 0.0040
CBS-limit 1.786 51.5

RCCSD(T) cc-pvDz 2627.01166 1.841 36.1 625.8 4.41 0.0040
cc-pVTZ 2627.19039 1.797 46.3 679.2 4.25 0.0039
cc-pvQz 2627.22540 1.787 49.8 688.3 412 0.0039
cc-pVsZ 2627.23682 1.783 51.4 693.7 4.15 0.0039
CBS-limit 1.783 51.8
aug-cc-pvDZ 2627.03877 1.828 41.7 649.7 4.21 0.0038
aug-cc-pVTZ 2627.20003 1.793 48.7 683.4 4.24 0.0039
aug-cc-pvVQZz 2627.22925 1.786 51.0 690.5 4.12 0.0039
aug-cc-pV5Z 2627.23851 1.783 51.9 694.5 4.14 0.0039
CBS-limit 1.783 52.0

expP 1.79 67+5 691.8 4.72 0.0040

a Absolute energie& (Hartree), equilibrium bond lengthis (A), dissociation energieBe (kcal/mol), spectroscopic constantg (Cm2), weye
(cm™), ae (cm™1), and dipole moments (D) in different methodologies and basis sétReference 7.

D (kcal/mol)
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aug-cc-pV5Z set is just 0.08 mhartree above the numerical HF
numbert® while the corresponding value for the Br atonideer
than the numerical HF result by 1.9 mhartree. This obvious
discrepancy in the Br atom is due to a symmetry breaking
effect® caused by theC,, symmetry restrictions imposed on
the SCF calculations. By performing an ensemble (over the
threeM_ = 0, =1 components) SCF calculation with the aug-
cc-pV5Z set, we obtain an upper bound to the numerical HF
value by 0.06 mhartree. We report here We= 0 (A;) SCF
energy results for the Br atom since the CASSCF wave function
of NBr correlates at infinity to thé, = O projection of the Br
atom.

Figure 1 shows PECs at the icMRCI level of theory in the
cc-pVDZ through cc-pV5Z basis sets, referring to the process

Ry g, (bohr)

Figure 1. icMRCI potential-energy curves with the cc-pVDZ to cc-
pV5Z basis sets; the lowest PEC is at the icMRQl/cc-pV5Z level.

a distance of 3.84.2 bohr. By exploiting the convergence
properties of the cc-basis sets, we also report the complete basis
set limit (CBS) of theDe andr. parameters. All calculations
were performed using the MOLPRO suite of progrérhs.

N(*S)

Br(*P, M=0)

NBr(’x-)

The equilibrium CAS-atomic populations (cc-pV5Z basis)

clearly show that the two atoms are held together by a pure

Results and Discussion

The SCF and CISD energies of1$) and BrfP) atoms are
shown in Table 1. We note that the SCF energy of N with the

o-bond, with a transfer of 0.12 efrom Br to N:

451.964p;.054[..%](..894@..89(dfg)0.10/251.892pi..072g2t.062R],..06(

dfg)0.0S
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Table 2 summarizes all our pertinent numerical results. It is this trend continues for NI. A constant incremental decrease

interesting to point out that at the SCF level (not listed), the
binding energy ranges from2.6 (cc-pVDZ) to+3.3 (cc-pV52)

of ~12 kcal/mol inDe is observed from NF to NBr; therefore,
a value of 40 kcal/mol can be suggested for NI. Correcting

kcal/mol. This means that the binding energy is essentially this value for the spirorbit splitting of the?P state of the |
correlation energy, of course defining the correlation energy atom (7603 cm?), we obtainD(NI) ~ 33 kcal/mol. A
with respect to a single reference. Imposing the requirement similar De value for NI is obtained by using the experimental

of a minimum space size consistent (CASSCF) wave function,

a De of ~31 kcal/mol is obtained, a value about 60% of the
corresponding MRCHQ result. Itis also of interest to mention
that the size nonextensivity of the MRCI function increases from
6.87 (cc-pVDZ) to 12.72 mhartree (cc-pV5Z), with correspond-
ing numbers of 0.832.47 mhartree at the MREIQ level.
Table 2 reveals that the double-quality basis set is

inadequate in describing any property of the system, while the

triple-¢ quality set is the absolute minimum for obtaining
semiquantitative results. At least basis sets of quadrfiple-

we = 590 cnt120 in conjunction with Badger's rufé for
obtaining an estimate of(NI) = 2.0 A. From the icMRCHQ/
cc-pV5Z PEC of NBr at this interatomic distancePa value
of 43 kcal/mol is extracted, which upon correction for the iodine
spin—orbit splitting givesD, ~ 36 kcal/mol. Therefore, a mean
De value of 35 kcal/mol can be finally suggested for the NI
molecule.

Regarding the spectroscopic constatnts, we oltainl.783
A at the RCCSD(T)/(aug)-cc-pV5Z level and 1.786 A at the
icMRCI+Q/(aug)-cc-pV5Z level. Core-valence effects are

quality are required in order to obtain quantitative results; the expected to decrea®e the equilibrium bond length by 0.062
results are converged with the 5Z set. This is also obvious from 0.003 A, therefore yielding a best estimate of 1.780 A. This

the CBS limits reported in Table 2 for tHe. andre values.

value as well as the other spectroscopic constangs deye,

The CBS-limits for the plain and augmented sets were obtaineda.) are in very good agreement with the experimental results

using the exponential functiéh!3
P, = Pcgs+ Aexp(—Bx)

wherex is the cardinal number of the basis set-&for double
through quintuple) ané andB are adjustable parameters.

At the highest level of calculation, RCCSD(T)/aug-cc-pV5Z,
a value ofDe = 51.9 kcal/mol is obtained, slightly different
from the icMRCH-Q/aug-cc-pV5Z result of 51.4 kcal/mol (cf.

Table 2). These numbers are only 0.1 kcal/mol away (smaller)

from the corresponding CBS limits obtained using the expo-
nential extrapolation. The difference of 3.2 kcal/mol in the CBS
limits of De with the RCCSD(T) and icMRCl/aug-cc-pV5Z

(cf. Table 2), although the latter were “subject to large errors”
according to the authors of ref 7. For reasons of completeness,
we also report thate and weye values obtained with th&'Br
isotope differ from thé“Br isotope, on the average, by 1.5 and
0.1 cnmt, respectively. In particular th@e andweye values of
N—81Br at the icMRCl/aug-cc-pV5Z(RCCSD(T)) are 673.8-
(693.4) and 4.51(4.19) cm.

Synopsis

Using icMRCI and RCCSD(T) methods in conjuction with
a series of correlation-consistent bases ranging from double to
quintuple ¢ quality, we have calculated the spectroscopic
constants of the ground3X~ state of the NBr. The finaDe

methods is significant and can probably be attributed to the size 54, values obtained are 49.5 kcal/mol and 1.780 A. The

nonextensivity of the MRCI approach as well as to the error in

values of NX species, X F, Cl, Br, decrease regularly from

the internal contraction scheme. The latter effect has been,:tO Br by about 12 kcal/mol, allowing us to suggest an estimate

previously estimated to redud®. by 2.0 kcal/mol for NC}3
and by a comparable amodhfor O, and . To compare our
best estimate forDe with the one that can be measured
experimentally, a correction is required for the sporbit
coupling of the Br atom, which causes a significant splitting of
its 2P state. The “true” (experimental) binding energy can be
approximated by the formula

D= D, — l/:«;AE(ZF’3/2 - 2P1/2)Br +

1 3¢ - _ 3y -

/2AE( 2 T2 )NBr Q)
where AE((Z.1~ — 339 )ngr is the zero-field splitting of the
NBr molecule. Taking this last splitting as zero (the maximum

value is no moréthan 25 cm?) andAE(?Ps; — 2Pyp)sr = 3685
cm~1 = 10.54 kcal/mok® we obtainDP = 52.0-3.51= 48.5

of ~35 kcal/mol for NI. The NBr molecule is slightly polar
with a charge transfer of0.1 e from Br to N and a dipole
moment of 1.07 D.
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kcal/mol. Assuming that core-valence correlation amounts to References and Notes

no more thaf 1 kcal/mol, we finally obtain a value d. =
49.5 kcal/mol.
A comparison with the dissociation enerdie$the isovalent

monohalides NF and NCIl is in order. For these species, the

reportedD. values$ without spin-orbit corrections are 76.6 (NF)
and 64.6 (NCI) kcal/mol. Correcting as before for the spin
orbit splittings of F and Cl (404 and 881 cf respectivelif)
according to eq 1, we obtaiDA(NF) = 76.2 kcal/mol and
&PANCIl) = 63.8 kcal/mol. A crude estimate for nitrogen
iodide (NI) can be obtained from the incremental drop in the
RCCSD(T)/CBSDe values (uncorrected with respect to the
spin—orbit splittings) of NX, X=F, CI, and Br assuming that

(1) Papakondylis, A.; Mavridis, AChem. Phys. Let1993 216, 107.

(2) Papakondylis, A.; Mavridis, A.; Metropoulos, A. Phys. Chem.
1995 99, 10759.

(3) Xantheas, S. S.; Dunning, T. H., Jr.; Mavridis, A.Chem. Phys.
1997, 106, 3280.

(4) Zhao, Y.; Setser, D. WJ. Phys. Chem1995 99, 12179 and
references therein.

(5) Elliot, A. Proc. R. Soc. (Londorm)939 A169 469.

(6) Bhanuprakash, K.; Chandra, P.; Hirsch, G.; Buenket.RChem.
Phys.1989 133 346 and references therein.

(7) Milton, E. R. V.; Dunford, H. B.; Douglas, A. El. Chem. Phys.
1961, 35, 1202.

(8) See, forinstance: Gaydon, A. Bissociation Energies and Spectra
of Diatomic MoleculesChapman and Hall Ltd.: London, 1968.



Theoretical Investigation of the Ground®X"~ State

(9) Nesbet, R. KProc. R. Soc1955 A23Q 312.

(10) (a) Werner, H.-J.; Knowles, P.-J. Chem. Phys1988 89, 5803.
(b) Knowles, P.-J.; Werner, H.-Chem. Phys. Lett1988 145 514. (c)
Werner, H.-J.; Reinsch, E. Al. Chem. Physl982 76, 3144. (d) Werner,
H.-J. Adv. Chem. Phys1987, LXIX, 1.

(11) (a) Langhoff, S. R.; Davidson, E. kt. J. Quantum Chen1974
8, 61. (b) Blomberg, M. R. A.; Siegbahn, P. E. Nl. Chem. Phys1983
78, 5682.

(12) (a) Dunning, T. H., JJ. Chem. Physl1989 90, 1007. (b) Kendall,
R. A.; Dunning, T. H., Jr.; Harrison, R. J. Chem. Phys1992 96, 6796.
(c) Peterson, K. A.; Dunning, T. H., Jr. Manuscript in preparation.

(13) See, for instance: Peterson, K. A.; Dunning, T. H.JJMol. Struct.
(THEOCHEM)1997, 400, 93 and references therein.

(14) MOLPRO is a package of ab initio programs written by H.-J.
Werner and P.-J. Knowles, with contributions from J. AlmR. D. Amos,

A. Berning, M. J. O. Deegan, F. Eckert, S. T. Elbert, C. Hampel, R. Lindh,
W. Meyer, A. Nicklass, K. Peterson, R. Pitzer, A. J. Stone, P. R. Taylor,
M. E. Mura, P. Pulay, M. Schuetz, H. Stoll, T. Thorsteinsson, and D. L.

Cooper.

J. Phys. Chem. A, Vol. 102, No. 51, 19980539

(15) Partridge, H. JChem. Phys1989 90, 1043.
(16) Roothaan, C. Cl. Re.. Mod. Phys1951 23, 69.

(17) (a) Xantheas, S. S.; Dunning, T. H., JrPhys. Chem1993 97,
18. (b) Woon, D. E.; Dunning, T. H., Jd. Chem. Phys1993 99, 1914.
(c) Peterson, K. A.; Kendall, R. A.; Dunning, T. H., . Chem. Phys.
1993 99, 1930.

(18) Peterson, K. A.; Kendall, R. A.; Dunning, T. H., JrChem. Phys.
1993 99, 9790.

(19) Moore, C. E. Atomic Energy Levels NSRBSIBS Circular No.
35; U.S. GPO: Washington, DC, 1971.

(20) Huber, K. P.; Herzberg, GMolecular spectra and molecular
structure. Constants of diatomic molecyl¥an Nostrand Reinhold: New
York, 1979).

(21) (a) Badger, R. MJ. Chem. Physl934 2, 128. (b) Herschbach, D.
R.; Laurie, V. W.J. Chem. Phys1961, 35, 458.

(22) Bauschlicher, C. W., Jr.; Langhoff, S. R.; Taylor, P.JRChem.
Phys.1988 88, 2540.



