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Theoretical Calculation of CIONO, and BrONO» Bond Dissociation Energies

Peng Zou, Agnes Derecskei-Kovacs, and Simon W. North*
Chemistry Department, Texas A&M Usmisity, P. O. Box 30012, College Station, Texas 77842
Receied: August 27, 2002; In Final Form: Nember 19, 2002

CCSD(T) basis set limit bond dissociation energies by extrapolation for CKoaw@ CCSD(T)/cc-pV5Z
estimates of bond dissociation energies for BrQN@re calculated by determining correction factors to
MP2/cc-pVXZ (X = 2—5) basis set energies. To obtain the MP2 basis set limit energies, MP2/cc-pVXZ (X

= 2-5) level calculations were extrapolated to the basis set limit using either polynomial or exponential
functional forms. Correlation effects were taken into account by calculating the difference in energies at the
MP2/cc-pVTZ and CCSD(T)/cc-pVTZ levels. Subsequent corrections for the-spiit energy of the atomic
fragment and zero point energy were applied to yield the final bond dissociation energies. The theoretical
results are in good agreement with available experimental values and theoretical values calculated using
isodesmic methods.

I. Introduction There have been several theoretical studies on the equilibrium

Chlorine nitrate (CIONG) and bromine nitrate (BrONgare structure, harmonic frequencies, and heats of formation of
two major temporary reservairs for active chlorine and bromine ground state chlorine and bromine nitrété?Lee has calculated

in the stratosphere and, as such, play an important role intmhgmeeqnlf[”(')?rglgng%Cttgh Vlt%r:té?:igzﬂgeggzasgc:;oi'p|oe| 3
stratospheric ozone chemistry It is therefore not surprising y 9 9 P

that numerous studies have been performed to understand th luster method that also includes a perturbational estimation of

: - . he effects of connected triple excitations, CCSD(T), with a
chemistry of these two compoungis'? Their formation occurs ) i :
primarily through the recombination of XO and MOThe triple-¢ double-polarized basis set, TZ2PThe results show

removal processes involve photolysis and heterogeneous reac_excellent agreement with experimental data. Because the heat

tions, the latter during low sun conditions in the polar region. of for_mat|on of CIONQ. is known to high accuracy from_
xperiment, no calculation was been performed to determine

'Sl'ti:gtrssg[]eerseeveral photolysis channels that can be accessed 'ﬁﬂs value by the author. Similarly, the equilibrium structure
and vibrational frequencies of BrONMave been calculated

by Parthiban and Lee at the CCSD(T)/TZ2P level and are also
in excellent agreement with experimental resedtShe heat of
o formation of BrONQ is predicted to be 10.1 kcal/mol using
XONO, — XO + NO, 2 two isodesmic reactions. This result is in excellent agreement
with experimental result by Orlando and Tynd&llIn a
subsequent theoretical study of XONX = Br, OBr, O,Br)

by Parthiban and Le®, density functional theory (DFT) was
used to determine the equilibrium geometry, dipole moment,
and harmonic frequencies. The B3LYP hybrid functional and
TZ2P basis sets were used in their calculations. The B3LYP/
Z2P results of BrON@are in good agreement with experi-
ental data and their previous CCSD(T)/TZ2P results.

Lee and co-workers also performed theoretical calculations
h on CIONO and BrONO at the CCSD(T)/TZ2P le¢&E>CIONO

and BrONO are photodissociation products of CIOGN&hd
BrONO, (channel 3) and may also be derived from the
bimolecular reactions Bf- NO, or BrO + NO. The CCSD-
a(T)/TZZP harmonic vibrational frequencies agree well with
available experimental data for isomers of both CIONO and
| BrONO. Calculations with large atomic natural orbital basis sets
at the CCSD(T) level predict that the cis isomer is more stable

the basis of the recombination rates recommended by NASA th%néhgl\tlrgnsé iiirrlleorskforl /bOtlh CIONO (3:10.8 kcal/mal)
panel° they determined the BrONheat of formation at 298 and br @ .0 keal/mol).

K to be 9.7+ 2.0 kcal/mol and the BrONO, bond strength to In all previous studies, bond energies were derived from the
be 28.2£ 15 kcal/mol. isodesmic methods, which inherit the experimental uncertainties

from the heats of formation of all of the species involved in the
*To whom correspondence should be addressed. E-mail: north@ ISodesmic reactions. We have performed direct bond energy
mail.chem.tamu.edu. calculations for CION®@ and BrONQ at the coupled cluster
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XONO,™ X + ONO, @)

XONO, ™ XONO + O 3)

However, because the dominant thermal dissociation products
are XO+ NO,, the XO-NO, bond energies remain the only
bond energies that have been determined experimentally. An
accurate assessment of the remaining bond energies is importan
for a detailed understanding of both thermal chemistry and
photochemistry of halogen nitrates.

The CIONQ heat of formation has been measured to hig
accuracy by extensive laboratory studigsi® and the CIG-
NO, bond energy has been accurately derived using the
experimental heats of formation for CIO and N@nderson
and Fahey have analyzed the previous results and reported
CIO—NO, bond energy of 26.65 0.1 kcal/mol at 298 K38
Orlando and Tyndall have recently measured the thermal
decomposition rates of BrONGo give BrO and N@.1° On
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TABLE 1: Correlation and Basis Set Effects on the Calculated Equilibrium Geometry of BrONG, (Distances in Angstroms and
Angles in Degrees)

method and basis set r(Br—0) r(O—N) r(N—0Ocis) r(N—Oan9 o(Br—O—N) o(O—N—0Ogis) a(O—N—0Oxand

MP2(full)/cc-PVTZ 1.810 1511 1.187 1.190 112.6 117.2 108.4
MP2(FC14)/cc-PVTZ 1.820 1519 11901 1.194 112.7 117.3 108.3
MP2(FC8)/cc-PVTZ 1.814 1.522 1191 1.194 1125 117.2 108.2
MP2/6-31H+G* 1.854 1.524 1.193 1.195 113.4 117.6 108.1
MP2/6-31H+G(3df) 1.821 1.502 1.190 1.193 113.0 117.4 108.6
B3LYP/6-31H-G* 1.866 1.483 1.192 1.193 115.6 118.2 109.0
B3LYP/cc-PVTZ 1.843 1.482 1.189 1.191 115.2 118.1 110.0
B3LYP/aug-cc-PVTZ 1.837 1.484 1.189 1191 115.1 118.0 109.2
B3LYP/6-31H-+G(3df) 1.838 1.478 1.188 1.190 115.1 118.0 109.2
experimertt 1.829 1.456 1.205 1.205 113.9 119.5 106.6

aRef 32.2 All electrons correlated: 1s,2sp,3sdp orbitals of Br atom frozeris,2sp,3sp orbitals of Br atom frozen.

level with single and double excitations using triple excitations usually overestimate the BFENO, bond length. Even at the
perturbatively (CCSD(T)) in conjunction with the Dunning MP2/6-31H+G(3df) level, the calculated BroNO, bond is
correlation consistent basis sets. The procedure involves thestill ~0.05 A longer than the experimental result, while the
calculation of bond dissociation energies for CIONénd B3LYP/6-31H+G(3df) BrO—NO, bond length is more ac-
BrONO, with a large number of basis sets and different levels curate resulting in a deviation from experiment of only 0.02 A.
of electron correlation. The MolletPlesset (MP2) results with Role of the General Type of the Basis Séte correlation
correlation consistent polarized valence basis set are thenconsistent cc-pVTZ basis set appears to slightly underperform
extrapolated to the infinite basis set limit with either an the Pople style 6-3H-+G(3df) basis set in the geometry
exponential or a polynomial functional form. An approximation optimization of the BrON®@ molecule. At the MP2 level of

to the CCSD(T) bond energy at the infinite basis set limit can theory (fc14), the B-ONO, bond lengths are fairly close to
be obtained by applying a correlation correction factor to MP2 experiment using the two basis sets, but the BND, bond
results in order to estimate the CCSD(T) results. We find that length with the cc-pVTZ basis set is 0.017 A longer than the
the calculated bond energies of CION@nhd BrONQ are in 6-311++G(3df) result. At the B3LYP level of theory, both the
good agreement with experimental values where available. Br—ONO, and the BrG-NO, bond lengths are longer when
Finally, density functional methods were also employed to the cc-pVTZ basis set is used. In the presence of augmentation
determine the bond energies, and they are compared with the(aug-cc-pVTZ), the B-ONO, bond length is only slightly

ab initio results. improved, while the Bro-NO, bond length is even worse. On
. . this basis, the 6-3+G(3df) basis set was adopted for further
II. Results and Discussion geometry optimizations based on the BrON@sults. It should

A. Geometry Calculations. We have performed geometry  be noted that although our B3LYP/6-3t+G(3df) geometry
optimizations using second-order MolePlesset (MP2) ap-  of BrONG: is in excellent agreement with Parthiban and Lee'’s
proximation and the B3LYP methot#&” with a large number ~ CCSD(T)/TZ2P calculation, both results of the-BDNO; and
of different Pople style (6-31x@Y2°and correlation consistent ~ BrO—NO, bond lengths are longer than the experimental ¢fata,
polarized valence (cc-pVX2Y3lbasis sets for BrONEn order which indicates a need for more accurate experimental or
to ascertain the appropriate level of theory. Shown in Table 1 theoretical determination. It is worth noting that the geometry
are the results of geometry optimizations at different levels and is greatly improved in the presence of more accurate polarization
the experimental values for comparison. The geometry of functions in the basis set at both the MP2 and the B3LYP levels
BrONO, was constrained to be planar since both experim&ntal of theories by comparing the results of the 6-3#G* and
and our unconstrained results show the assumption to be valid6-311++G(3df) basis sets. The improvement is especially
for this compound. pronounced for the BrONO, and BrO-NO; bond lengths. At

Role of the Size of the Frozen Coféae correlation consistent  the B3LYP level of theory, the BFONO, bond lengths are
basis sets for fourth row elements were originally optimized 1.866 and 1.838 A with the 6-3%+G* and 6-311+G(3df)
by only correlating the 4sp-like valence molecular orbitals. basis sets, respectively, while the Br®O, bond lengths are
Because this is different from the Gaussian 98 default setting, 1.483 and 1.478 A. The (BrONG)O bond lengths only change
to evaluate the effect of the frozen core approximation on slightly in the presence of better polarization functions, indicat-
geometry optimizations using MP2, the BrOW@eometry was ing that there is a stronger effect on the Br atom than on the
optimized by using the cc-pVTZ basis set with different sizes much lighter N and O atoms. An earlier study of the BrONO
of the frozen core in the Br atom, i.e., full (all electrons molecular geometry at the B3LYP/6-311G(d) level also pre-
correlated); fc14 option (1s,2sp,3sdp orbitals frozen), and fc8 dicted a longer Br ONO; bond length relative to experimetit.
(1s,2sp,3sp orbitals frozen). For O and N atoms, frozen core Geometry optimizations with the 6-31+H#G(3df) basis set
orbitals only include 1s-like core molecular orbitals. Although using both MP2 and B3LYP were performed for CIONGIO,
the difference between the different sizes of frozen core is subtle,and BrO as well (only CION@results are shown in Table 2).
it is not surprising to see that the fc14 results are closer to the The CIO-NO;, bond length at the MP2 level and B3LYP level
experimental results, since the cc-pVTZ basis set is optimizedis 0.049 and 0.013 A longer than the experimental result,
for calculations involving only 4sp-like valence molecular respectively. The (CIONG)O bond lengths predicted by the
orbitals. B3LYP and MP2 methods are very similar. For the bond angles

Role of the Computational Modéh general, the optimized  in the CIONGQ molecule, B3LYP results are in much better
geometries at the MP2 and B3LYP levels are quite close to agreement with experimental data than the MP2 results. The
each other using the same basis set except for the-BiQ B3LYP/6-31H-+G(3df) calculations somewhat overestimated
bond length. When the same basis set is used, MP2 calculationghe X—0O (X = Br, Cl) bond lengths in CIO, BrO, and CIONQO
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TABLE 2: Correlation and Basis Set Effects on the Calculated Equilibrium Geometry of CIONG, (Distances in Angstroms and
Angles in Degrees)

CIONG;, r(Cl—0) r(0O—N) r(N—0Qcis) r(N—Ogang o(Cl—O—N) o(O—N—0is) 0o(O—N—Oang
B3LYP/6-311+G(3df) 1.681 1.512 1.184 1.186 1135 117.2 108.8
MP2/6-31H+G(3df) 1.668 1.548 1.185 1.189 111.2 116.3 108.0
experimertt 1.673 1.499 1.196 1.196 113.0 118.6 108.8

aRef 32.

TABLE 3: Equilibrium Geometry of CIONO and BrONO Isomers (Distances in Angstroms and Angles in Degrees)

CIONGg;s (Cs) r(Cl—0) r(O—N) r(N—Ogang o(CION) a(ONO)
B3LYP/6-311+G(3df) 1.722 1.409 1.160 116.6 117.1
CCSD(T)/TZ2P 1.720 1.489 1.161 113.6 115.6
CIONOyans(Cs) r(Cl-0) r(O—N) r(N—Ogang o(CION) a(ONO)
B3LYP/6-31H+G(3df) 1.683 1.524 1.145 110.2 108.4
CCSD(T)/TZ2P 1.713 1.542 1.156 107.5 108.1
BrONGQ;is (Cs) r(Br—0) r(O—N) r(N—Oran9 o(BrON) a(ONO)
B3LYP/6-31H-+G(3df) 1.922 1.332 1.171 117.9 119.6
CCSD(T)/TZ2P 1.8748 1.4322 1.1710 115.7 116.7
BrONOGyans(CS) r(Br—0) r(0O—N) r(N—COxang o(BrON) o(ONO)
B3LYP/6-31H+G(3df) 1.839 1.498 1.153 111.4 108.3
CCSD(T)/TZ2pP 1.8488 1.5285 1.1584 108.4 108.1

aRef 24.P Ref 25.

while the MP2 methods somewhat underestimated the samecoupled, which is far from the experimental equilibrium
bond lengths. We observe similar behavior in the BrQNO minimum of the ground state. Therefore, we have constrained
geometry optimization. The CIO and BrO results are also in the NG geometry taC,, symmetry in our geometry optimization
excellent agreement with experimental results. The difference calculation and thereafter the energy calculations. Foi,NO
between the calculated-XO bond length and the experiment experimental results have strongly indicaieg, symmetry for
is almost equivalent in CIO and BrO at both the MP2 and the ground state equilibrium structure of N& 43 while different
B3LYP levels. In CIO, the C+O bond length calculated using symmetries were found by theoretical studies at different levels
MP2 methods is 0.020 A longer than experimental data, while of theory44-47 Davy and Schaefer's complete active space self-
the B3LYP result is only 0.006 A longer. consistent field (CASSCF) calculation with the BP basis set
Shown in Table 3 are the equilibrium structures of CIONO shows that the energy @, geometry is 1.4 kcal/mol lower
and BrONO radicals obtained at the B3LYP/6-311G(3df) than theD3, geometry?” Boehm and Lohr’s perturbation theory
level. Previous theoretical results by Lee are also presented forcalculations found that the relative energies@f, and Dy
comparison. Our calculated geometries are generally in goodsymmetries depend on the level of theétyAlthough many
agreement with Lee’s result$25 The XO—NO bond lengths experimental results support tBe, symmetry of NQ radical,
calculated using B3LYP/6-311+G(3df) are systematically  discrepancies still exist. Therefore, Kawaguchi et al. suggested
shorter than Lee’s results. Bauerfeldt et al. have calculated thea potential surface of the N@round state with an overdlls,
XONO (X = F, Cl, Br) equilibrium structures by using the symmetry and three equivale@,, minima corresponding to
B3LYP/6-311G(d,p) method. Their geometry parameters of the one long N-O bond and two short NO bond structure$?
trans isomer are very close to the results of Lee and the currentStanton et al. calculated that the energy differencBgfand
investigation, but the results are not as satisfactory for the cis C,, symmetries is about 2.6 kcal/mol, and the barrier height
isomer. This again indicates that polarization functions play a between the equivale@, minima is only 0.5 kcal/mol by using
very important role in the geometry optimizatighAs men- the coupled cluster singles and doubles method with quasir-
tioned earlier, the X&NO, bond lengths in CION® and estricted Hartree Fock reference functions (QRHF-CCSD) with
BrONO, from theoretical calculations are all longer than the the DZP basis séf This potential energy surface model and
experimental data. If XONO radicals follow the same trend, theoretical calculation are partially supported by the laser-
shorter XG-NO bond lengths should be expected for XONO induced fluorescence spectrum of N® Although more
radicals. It is difficult to evaluate the accuracy of the two theoretical and experimental studies are required to determine
different calculations without knowing the experimental geom- the existence o€,, symmetry and the exact energy difference
etry. The bond lengths of XONO and XON-O are shorter in betweenC,, and Dz, symmetries of N@ it is clear that this
the trans isomers than the values in cis isomers for both CIONO difference will be very small to be consistent with most
and BrONO. This contraction has been attributed to the end X spectroscopy results. Therefore, the symmetry breaking af NO
and O atoms interaction by Lee based on his Mulliken should only have a minimal effect on our bond energy
population analysis. calculations. Also, the 142.6 kcal/mol energy difference
Geometry optimizations for NDand NQ were also per- betweenC,, and D3, symmetries from theoretical calculations
formed at the B3LYP/6-31t+G(3df) level of theory although ~ can also be partially compensated by the zero point energy
the results are not presented. The ground state geometry pf NO difference of these two symmetries, which is aboutdcal/
and NG has been the object of numerous experimental and mol higher forC,, symmetry, due to the symmetry breaking
theoretical studies. It has been established that the ground statend appearance of higher frequency vibrational modes. Con-
NO, hasC,, symmetry3>-3° Although symmetry breaking in  sequently, we have constrained the \@dical toDs, Symmetry
NO, has been observed at different levels of theBif, in our geometry optimization and the energy calculations.
symmetry breaking in N@becomes important only at an ONO Shown in Table 4 are the harmonic vibrational frequencies
angle smaller than 120where the?A; and 2B, states are without scaling and IR intensities calculated at both MP2 and
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TABLE 4: Vibrational Frequencies for XONO , and XO Where X = Cl and Br

6, 200391

mode mode
species symmetry no. mode descripticn B3LYP/6-31H+G(3df)  MP2/6-313%+G(3df) exp
BroONG, a 1 NO; antisymmetric stretch 1766.34(352) 1907(213) 174 vs
a 2 NO, symmetric stretch 1331.91(284) 1301(230) 1288 vs
a 3 ONO; + ONO, 818.07(196) 780(160) 803.3%s
a 4 BrO stretcht- ONO;—ONO; bend 752.73(6.0) 753(41) 750w
a 5 O—N stretch 555.64(101) 503(220) 564 s
a 6 ONGO,—ONO,; bend+ BrO stretch 399.23(2.3) 392(46) 394
a 7 BrON bend 207.50(0.03) 217(0.4)
a’ 8 BrONGQ, torsion 744.77(9.5) 733(6.1) 728 im
a’' 9 BrONQ; torsion 123.22(0.19) 116(0.36)
CIONG; a 1 NO; a stretch 1797.4(378) 1943(229) 1736.9 vs
a 2 NO; s stretch 1340.8(269) 1315(214) 1292.84 vs
a 3 CIO stretch 828.4(107) 816(22) 809% s
a 4 mixed 786.6(74) 763(147) 780.22 s
a 5 mixed 562.9(64.8) 527(81) 563.1s
a 6 NO; rock 437.5(25.5) 379(140) 434.0°m
a’' 7 CIO rock 249.2(0.16) 256(0.87) 273.3w
a’' 8 NO; wag 731.7(9.7) 716(6.3) 711.06w
9 torsion 130.6(0.16) 132(0.37) 12016
ClO Sg 1 861.4 852 85318
BrO Sg 1 738.91 730 7299
CIONOGyans a 1 N=O0 stretch 1849(365) 1800(301) 1752
a 2 ONO bend 886(105) 859(39)
a 3 CIO stretch 664(176) 659(217)
a 4 O—N stretch 409(123) 346(201)
a 5 CION bend 266(0.71) 259(0.08)
a’' 6 179(0.0075) 173(0.05)
CIONOQxis a 1 N=O0 stretch 1758(279) 1793(242) 1719vs
a 2 ONO bend 872(0.81) 841(18) 858w
a 3 CIO stretch 658(63) 688(12) 6449m
a 4 O—N stretch 392(84) 280(154) 406%s
a 5 CION bend 239(0.43) 237(74) 270 T
a’' 6 398(0.99) 337(1.2)
BrONOyans a 1 N=O0 stretch 1820(349) 1773(294) 1723.4Ws
a 2 ONO deform 869(152) 827(72) 835.9m
a 3 BrO stretch 596(297) 574(282) 586.9 vs
a 4 O—N stretch 401(66) 334(198) 391.2m
a 5 torsion 230(0.24) 225(0.18) 150 H
a’ 6 168(0.0079) 163(0.06)
BrONGQis a 1 N=O0 stretch 1700(315) 1662(224) 1650.F vs
a 2 ONO deform 867(12) 862(13) 862.6'w
a 3 BrO stretch 720(79) 568(43) 573.5m
a 4 O—N stretch 389(20) 391(209) 420.2 Wm
d 5 189(0.69) 219(0.06)
a’' 6 423(1.27) 371(0.88)

2 Ref 63.P Ref 64.¢ Ref 65.9 Ref 66.¢ Ref 67.7 Ref 68.9 Ref 69." Ref 70.' Ref 71.J Ref 72.X Ref 73.
B3LYP levels of theory with the 6-311+G(3df) basis set for performance computers, McGivern et al. have developed
CIONO,, BrONGO,, CIO, and BrO. All of the vibrational correction factors for basis set effects and correlation effects.
frequencies refer td°Br and 3°Cl isotopes. The calculated We also have applied correction factors for the zero point
frequencies show only a modest dependence on the computaenergies, the spirorbit energy of the atomic and diatomic
tional method for most vibrational modes. In general, both fragments, and finally the thermal corrections in order to
methods reproduce experiment well. The MP2 method overes-compare with experimental results. All calculations were
timates the N@antisymmetric vibrational frequency by as much performed using Gaussian %4r 9852 The MP2 and CCSD-
as 140 cm? for both CIONG and BrONQ. (T) calculations were performed by correlating only the valence

Overall, we find that the B3LYP/6-311+G(3df) geometries electrons (frozen core approximation). For N, O, 1s-like core
and vibrational frequencies are superior to the MP2/643t G- molecular orbitals, for Cl 1s and 2sp-like core molecular orbitals,
(3df) results. These results reinforce the earlier observations thatand for Br, 1s, 2sp, and 3spd-like core molecular orbitals were
B3LYP geometries are superior to MP2 geometries for these constrained to be doubly occupied, unless noted otherwise.
systemg? The B3LYP/6-313%+G(3df) geometries and har- Representative results are shown for the €N, and
monic frequencies are used in all energetic calculations in the (CIONO)ans—O bond dissociation energies of CIONGN
present work. The bond energy error introduced by differences Figures 1 and 2, respectively. One of the advantages of the
between the calculated and the experimental vibrational fre- correlation consistent basis sets is that the energy change with
guencies is expected to be smaller than 1 kcal/mol. increasing basis set size can be accurately mod@féd>After

B. Bond Dissociation EnergiesA methodology similar to the basis set is increased, the energies smoothly approach the
that previously used in our laboratory was chosen for the energy asymptotic infinite basis set limit. Therefore, the bond energies
calculation$! Because accurate ab initio calculations of com- in the infinite basis set limit can be obtained by simply
pounds containing elements from the second and third rows of extrapolating the MP2/cc-pVXZ (X 2—5) to infinity by using
the periodic table can be a formidable task even with high- the appropriate functional form. Although many functional forms
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45 - of polynomial is still polynomial of the same order. However,
C10-NO for exponential functions, there will be some difference if the
2 fitting sequence is different and this difference will depend on
40 | the curvature of the energies. In the case of the Cl@hanhd
energy calculations, this difference is small. For BrOiNte
difference is large enough to cause problems in the extrapolation
35k A MPoopVnz procedure. Therefore, we have not applied the extr.apolation
3 ggf?éﬂf;@,p:z"z method for BrONQ_and used the MP2/cc-pV5Z value instead.
All of the raw energies at the MP2 and CCSD(T) levels of theory
30| are listed in Tables 8 and 9.
To compare with experimental values, the 298 K CCSD(T)
basis set limit bond enthalpies were calculated by using the
25 | following equation

Bond Energy (kcal/mol)

DO298K = Dyqw T AEzpe + AE i, + AEygg + AE,, (6)

pin

20 1 | 1 1
dz tz ] qz 5z where D,y is bond energy calculated by using the basis set
Basis Set limit electronic energies of the reactant and products from the
Figure 1. Correlation and basis set effects of G0, bond energy extrapolation without any correction factors applied o\Ezpe
calculation._ The MP2 and CCSD(T) results have different basis s_et is the zero point energy COTreCtiOAESpin is the Spin—orbit
oo i o e o et e sy comeeiom s COUPING CTTecton Ay s he correton for 298 K, anc
S . . .
correspond to tﬁeD,aW term in eq Gg(this is the sanélle as in Figures AEcor is the qurelatlon correct|c_>n of _MI?Z bond energy.
2-5). Recent studies on the bond dissociation energies of HX and
X2 (X =F, Cl, Br, and I) have shown that the spiarbit energy
of the atomic halogen fragment represents the major difference
CIONOtrans-O between the relativistic and the nonrelativistic treatméhts.
Therefore, we have chosen to apply an atomic spirbit
correction defined as one-third of the known experimental-spin
G © —o orbit energy for each halogen atom. This correction represents
the statistical weighted average of the relative energies of the
4-fold degeneratéPs, and the higher-energy doubly degenerate
2Py, electronic states. The correction decreases the calculated
nonrelativistic bond energy to correctly model the dissociation
R on the ground state potential energy surface .to givéPyd)
CCSD(T)/ec-pVnz products (X= Cl and Br). The relativistic corrections were also
B3LYPiec-pVaz extended to the O atom and CIO and BrO radicals by assuming
that the spir-orbit energies are still the major relativistic
corrections. For these species, this correction is not as significant
L | | L due to the small splitting between the submagnetic levels. The
. value of (¥[was less than 0.775 before annihilation for all open
Basis Set shell species studied, and the effects of spin contamination on
Figure 2. Correlation and basis set effects of (CION&)-O bond the calculated bond dissociation energy are expected to be small.
energy calculation. The effect of electron correlation on the bond dissociation
energy was taken into account by comparing MP2 and CCSD-
(T) results calculated with identical basis sets. It can be seen
from Figure 1 that higher levels of correlation decrease the bond
dissociation energy, and with a basis set beyond cc-pVTZ, the
changes are almost identical to that of the cc-pVTZ difference.
McGivern et al. have reported that correlation corrections are

80 |-

Bond Energy (kcal/mol)

[e] } 2

can be used for this extrapolation, we have selected the
exponential function (4) and the polynomial function (5), where

X indicates the size of the basis set size (cc-pVXZ). Three
parameters are required in both functions

E(X) = Ao + AL exp(-AX) ) almost constant from cc-pVTZ to cc-pV5z in their& (X =
Cl, Br) bond energy calculatiott,and we have assumed that
A A h VTZ lati i i h d
EX)=A+—5+— (5) the cc-p correlation correction remains unchanged up to
X the basis set limit. By applying this correlation correction to

the MP2 basis set limit bond energies, the CCSD(T) basis set
andA, represents the asymptotic basis set limit. The raw MP2/ limit bond energies can be derived.
cc-pVXZ electronic energies for each species were fitted by  B3LYP/6-31H-+G(3df) zero point energy corrections were
either function using the nonlinear least-squares regressionalso included in the bond dissociation energy calculations. Table
method. The complete basis set limit electronic energies for each5 shows the results of these calculations along with the
species are estimated this way and are used to calculate the basiexperimental bond dissociation energies for CIO and CIQNO
set limit bond energies. Instead of fitting each raw energy curve, When direct measurements of bond dissociation energies were
one can alternatively fit the bond energy curve to approximate not available, the experimental values were derived from
the infinite basis set limit bond energies. If a polynomial function available standard enthalpies of formation at 298 K. Thermo-
is used, there is no difference between the fitted raw energy dynamic values were typically taken from the most recent review
curve and the fitted bond energy curve since the bond energyof thermodynamic data availabt®>® No error bars were
is a linear combination of the raw energy and linear combination associated with enthalpies of formation taken from ref 59, so



CIONO, and BrONQ Bond Dissociation Energies J. Phys. Chem. A, Vol. 107, No. 6, 200393

TABLE 5: CIONO ;, and CIO Bond Dissociation Energies

corrected bond

MP2/CBLa MP2/CBL,  atomic spir-orbit  correlation W

bond bond energy bond energy correction correction ZPC D¢*®—-D® CBLa CBL;, exp
Clo
Cl-0 63.43 64.67 —0.576 —0.30 —1.2314 0.89 62.21 63.45 63.31
CIONO,
CI-ONG; 42.64 41.79 —-0.8 2.98 —3.18 0.83 42.47 41.62 41.73
CIO—NO; 42.83 42.20 —0.303 -11.74  —3.06 0.91 28.64 28.01 26.8
(CIONO)s—O 83.53 83.76 —0.079 —13.80 —3.68 1.33 67.21 67.54 69.47
(CIONO)ans—O 90.06 90.17 —0.079 —14.30 —3.98 1.42 73.12 73.23 72.07

2 The value is obtained by using exponential functidfihe value is obtained by using polynomial functiéiRef 74.9 Because no experimental
values are available for heats of formation enthalpies for CIONO isomers, these values are taken from Lee’s theoretical calculation in ref 24.

TABLE 6: BrONO ;, and BrO Bond Dissociation Energies

atomic spir-orbit  correlation  zero point corrected bond

bond MP2/cc-PV5Z correction correction  correction  D¢?%— D,  dissociation energy exp
BrO
Br—0O 54.82 —1.865 1.84 —1.036 0.159 53.918 55.36
BrONO,
Br—ONG;, 37.78 —-35 3.78 —2.945 0.77 35.89 34.9
BrO—NO, 46.05 —0.857 —13.07 —3.017 0.83 29.94 282 1.2
(BrONO);is—O 82.17 —0.079 —13.70 —3.446 1.26 66.21 680
(BrONO)rans—O 84.21 —0.079 —12.81 —3.741 1.61 69.19 719

aRef 74.P Ref 19.¢ Because no experimental values are available for heats of formation enthalpies for BrONO isomers, these values are taken
from Lee’s theoretical calculation in ref 25.

85
50 - BrO-NO, [ .
BrONOcis-,
80 |-
45 - .
= =)
= g 75 b
g 40 A  MP2/cc-pVnz =
< ®  CCSD(T)/cc-pVnz 2 0k
i/ O  B3LYPlcc-pVnz =
= >
20
235+ o
& o5t
3 3]
84| 'g A MP2/cc-pVnz
= 30 S 60 |- 8 CCSD(T)cc-pVnz
81 m O  B3LYPlec-pVnz
A 55 |
25 -
50 1 1 1 1
20 1 1 1 | dz tz qz 5z
dz tz qz 5z Basis Set
Basis Set Figure 4. Correlation and basis set effects of (BrON&)O bond
Figure 3. Correlation and basis set effects of Bf8O, bond energy energy calculation.
calculation.

energy is 2 kcal/mol higher than our results, and (CIONG)O

no error bars are given for experimental bond dissociation is 1 kcal/mol lower than our result. Our calculated (CIONQ)
energies that were calculated from these enthalpies. Howeverbond energies agree well with the derived experimental values,
we estimate that the error is on the order ef2lkcal/mol, based indicating that the accuracy of the extrapolation methods is
on previously published values. Although the calculated values comparable to Lee’s CCSD(T)/ANO results.

using both exponential and polynomial functions agree remark-  Correction factors for BrON®bond energies were deter-
ably well with experiment, it is clear that the polynomial mined following a similar procedure as for the CIONBond
function predicts more accurate values as compared to experi-energies (Table 6). Representative results of BND, and
mental data, differing by less than 1.2 kcal/mol for-@, Cl— (BrONO)s—O bond energies are shown in Figures 3 and 4.
ONO,, and CIO-NO, bond dissociation energies (Table 5). Correlation effects were determined by calculating the difference
Because there are no experimental values available for CIONObetween MP2/cc-pVTZ and CCSD(T)/cc-pVTZ bond dissocia-
isomers, the experimental value of (CION&) bonds is tion energies. The basis set-dependent bond energies are shown
obtained with the known heat of formation of CION@nd O in Figure 3 for BrO and BrON@ The cc-pVDZ up to cc-pvVQZ

with the calculated heat of formation of CIONO radicals by basis sets were used for CCSD(T) energy calculations. It can
Lee2* Among all of the bonds, the CIONO, bond is the be seen from the figure that correlation differences between MP2
weakest, and the (CION©)O bonds are the strongest. We find and CCSD(T) calculations remain constant from the cc-pVTZ
an approximately 6 kcal/mol (CION®)O bond energy differ- basis set to the larger basis sets. The correction factors and zero
ence between the cis and the trans CIONO isomers. Thepoint-corrected bond dissociation energies for the BrQNO
experimental value listed in Table 5 for the (CION©)O bond species are shown in Table 6. Instead of extrapolating the energy



894 J. Phys. Chem. A, Vol. 107, No. 6, 2003 Zou et al.

TABLE 7: Bond Energies for NO3, CIONO, and BrONO

atomic spin-orbit correlation corrected bond
bond MP2/cc-PV5Z correction correction ZPC D% — D¢° dissociation energy exp
NOs
O—NO; 63.02 —0.079 —15.0 —1.108 0.84 47.67 48.69
CIONO
Cl—ONOyis 22.35 —-0.8 1.76 —0.61 0.45 23.15
Cl—ONOxyans 15.76 -0.8 2.26 —-0.31 0.36 17.27
ClO—NOg;s 46.51 -0.3 —11.54 —2.07 0.91 33.51
ClO— NOxans 39.91 -0.3 —11.04 —-1.78 0.91 27.7
Br—ONO
Br—ONOg;s 18.63 -35 2.47 —0.61 0.48 17.47
Br—ONOGans 16.56 —-35 1.58 —-0.31 0.31 14.64
BrO—NOcis 50.71 0.86 —12.96 —1.66 1.67 38.62
BrO— NOyans 48.65 0.86 —13.86 —2.77 1.67 34.55
to infinite basis set limit, the effective CCSD(T)/cc-pV5z bond 70 =
energies were calculated. The corrected bond energies-of Br 0-NO
O, Br—ONO,, and BrO-NO;, agree well with the experimental B 2
value within~2 kcal/mol.
Experimental studies of the thermal dissociation of BrQNO =z OF
have shown that since the BrdNO> bond is the weakest in £
the molecule, the dominant products of thermal dissociation are _§ o o o —0
BrO and NQ. The Br+ NOj dissociation channel is almost < 0F e
negligible at room temperature. We performed variational %”
transition state theory (VTST) calculations to determine the 5
dissociation rate constant for the BHONO, channel in order 2 40 A MP2cc-pVnz
to assess the accuracy of our reported bond energy. The unscaled 2 R S e e
B3LYP/6-311-+G(3df) frequencies and geometries are used
to calculate the partition function for parent and products. An 30k
exponential decay model for treating the disappearing vibrational 1 | | '
modes and to connect conserved reactant and product vibrational dz = s 52
frequencies was assum&tThe transition state was located by Basis Set
finding the minimum _flux on a Morse potential. To reproduce Figure 5. Correlation and basis set effects of-@0, bond energy
the thermal dissociation rates of BrON@ported by Orlando 4 c.iation.

and Tyndall® and bimolecular association reaction rates of BrO

+ NO; by Thorn et al8! the BrO-NO, bond energy should be  have loose transition states. Therefore, the dominant secondary
<29 kcal/mol, which is slightly lower than our calculated value. dissociation of XONO will be X+ ONO in XONGO, photodis-

The theoretical heats of formation of BrONO isomers calculated sociation, which produces XONO (pathway 3) with internal
by Lee> are adopted to obtain the experimental values of energy near the dissociation threshold. The overall reaction,
(BrONO)—O bond energies in Table 6. The calculated therefore, would result in identical products to initiaHXONO,
(BrONO)is—O bond energy is 1.8 kcal/mol higher than the bond cleavage followed by Necondary dissociation. How-
experimental value, and the calculated (BrON&-O bond ever, if XONO is produced with very high internal energies,
energy is 2.8 kcal/mol higher than the experimental result. the contribution from XO+ NO may not be negligible.

Because the heat of formation of the O atom has been accurately Bond Energies Using Density Functional Methddsaddition

determined, and the heat of formation of BrONf@s also been
measured by Orlando and Tynd&lwith high accuracy, we

to MP2 and CCSD(T) calculations, we performed calculations
using DFT (B3LYP) with cc-pVXZ basis sets to determine bond

attribute the difference to the uncertainties in the heats of energies in ClIO, CIONg BrO, and BrONQ. The density
formation of BrONO isomers. Further experimental studies are functional methods have been demonstrated that they are

needed to elucidate this discrepancy.

Calculations of N@, CIONO, and BrONO Bond Energies.
In addition to the bond energies of CION@nd BrONQ, the
bond energies of ©NO,, CI-ONO, Br—ONO, CIO-NO, and
BrO—NO were also calculated following the same methodology

effective at reproducing many molecular properties of bromine
compound®? However, the accuracy of bond energy calcula-
tions using density functional methods is still debatable
especially for processes involving radicals.

As shown in Figures 45, the B3LYP method results exhibit

as an indicator of the performance and the results are given ina different basis set dependence as compared to MP2 and
Table 7. Only the ©NO, bond energies are shown in Figure CCSD(T) values. The B3LYP method consistently underesti-
5. We find that the N@bond energy is 1.2 kcal/mol lower than  mates the bond energies associated with closed shell molecules
experimental results. On the basis of heats of formation values (XONO,), while overestimating the bond energies in open shell
for O, CIONG,, and BrONQ, we estimate heats of formation radicals (XO). In NQ, the bond energy is in good agreement
of 13.8 and 19.9 kcal/mol for CIONO cis and trans isomers with both CCSD(T) and experimental results. Lazarou et al.
and 16.8 and 19.8 kcal/mol for BrONO cis and trans isomers, have performed an extensive series of calculations on the bond
respectively. The bond energy calculations show that for both dissociation energies of halogenated molecules using DFT
cis and trans conformers, theXONO bonds are about 10 kcal/l  method<$’? The authors have found that the accuracy of bond
mol weaker than the XONO bond. Because dissociation energies can be improved significantly by empirically increasing
through X+ ONO and XO+ NO is all simple bond rupture  the radical electronic energies by an amount relative to the total
reactions, it is reasonable to assume that both reactions willelectron number in the radical. This observation can partially
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explain the underestimation of the bond energies of close shell
molecules, and the closeness of bond energies foNO,
between DFT and CCSD(T) calculations, but cannot explain
the overestimation of bond energies ir-® radicals. On the
basis of the intrinsic characteristics of electronic correlation
behavior, a nonlinear dependence of DFT energy correction is
expected. Therefore, for larger radicals, the correction of DFT
methods will be larger than the value predicted by assuming a
linear dependency. For the- O, bond, because the electron
number of the system is relatively small, the B3LYP can sitill
well predict the bond energies, while for>O molecules, the
nonlinear effects are expected to be much larger. With limited
results, the nonlinear effects for radicals still require more
evidence. We anticipate similar effects or-®NO bond energy
calculations with DFT methods.

Ill. Summary

The bond dissociation energies of CION@nd BrONQ
bonds were determined using correlation consistent (cc-pVXZ)
basis sets at MP2 and CCSD(T) levels of theory through a
general methodology developed to correct MP2/cc-pVTZ cal-
culations for basis set and electron correlation effects. The fully

corrected energies reproduce the experimental values extremely

well in most cases.
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