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Ab Initio MRD-CI Study of the Electronic Spectrum of BrNO , and Photofragmentation
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Multireference configuration interaction, MRD-CI, methods with the cc-pM8@ and cc-pVTZ-sp basis

sets were employed to determine the low-lying singlet and triplet electronic states of nitryl bromide;. BrNO
The calculations predict two very strong transitionsA 3<— X!A; and 3B, — XAy, at 6.15 and 7.27 eV,
respectively. At wavelengths that are atmospherically relevant to the BoN@olysis, 1B, and 2B; singlet

states with vertical transition energies of 3.43 and 3.85 eV, respectively, are computed. The corresponding
triplet states are lower in energy by 0.27 and 0.36 eV, respectively. Both singlet and triplet states are found
to be highly repulsive along the BIN coordinate and they dissociate to the ground-state fragments Br and
NO,. The comparison between the first singlet excited state of BidM@d CINQ demonstrates that the transition

is red-shifted by 80 nm from CINQupon replacement of chlorine by bromine. Furthermore, the most intense
transition 3A; — X'A; of BrNO, has a 0.9 eV lower energy than that of CIN@hese energy differences

can be explained by the large halogen character of the orbitals involved in the electron excitations.

I. Introduction The aim of the present study is first to provide characteristic
fingerprints for identifying BrNQ@ in UV/vis experiments and
second to understand which electronic excitations of Brikh

lead to its photodissociation, producing active bromine in the
atmosphere. We report on the study of the excited states of
BrNO, with the multireference configuration interaction method
and characterize the nature of the electronic transitions based
on qualitative molecular orbital consideration. Details of
theoretical methods used are described in the next section, while
the results and discussion are presented in the following section.
Conclusions are summarized in the final section.

Bromine—nitrogen oxide compounds have been well estab-
lished as important atmospheric species associated with pro-
cesses that affect the stratospheric ozone abundéndader
stratospheric conditions, BrNGs possibly formed by hetero-
geneous reactions between HBr angDilin polar stratospheric
clouds? while in the marine troposphere it is produced in the
reaction of NOs with NaBr on sea-salt particlésThe removal
of nitryl bromide and conversion to active bromine results
predominantly through rapid day-time photolysis. Photolysis of
BrNO; into Br + NO; contributes to the sudden ozone-depletion
events occurring in the polar tropospheére.

The first gas-phase IR spectroscopic observation of BrNO
has been reported by Finlayson-Pitts et @here is no direct The equilibrium geometry of nitryl bromide (BrNDwas
experimental determination of the structure of BelNfowever, fully optimized by using the single and double excitation
the results of high-resolution infrared gas-phase absorption coupled-cluster method, including a perturbation estimate of the
spectré have indicated that the structural parameters of the NO effects of connected triple excitations, CCSD{¥)with the
group are very similar to those of CIN@nd that the BrN 6-31G(d) basis sets, using the Gaussian 03 program pat¢kage.
bond length is about 2.0 A, in agreement with recent ab initioc  The computations of the electronically excited states were
calculations’ Very recently, Tchana et 8have determined the  performed with use of a CCSD(T)/6-31G(d) geometry with the
rotational and centrifugal distortion constants of BrNftom multireference single and double excitation configuration in-
investigations of the high-resolution infrared absorption spec- teraction method, MRD-CI, implemented in the Diesel pro-
trum of thev, fundamental bands. To the best of our knowledge, gram?!® The selection of the reference configurations by a
work related to the UV/vis absorption cross section was only summation threshold is carried out automatically. We used a
reported in the literature by Scheffler et'8lin the range of summation threshold of 0.85, which means that the sum of the
185-600 nm, an intense absorption peak with a maximum at squared coefficients of all reference configurations selected for
199 nm, another considerably weaker maximum at 247 nm, andeach state (root) is above 0.85. The number of reference
a low-intensity broad band centered at 372 nm were found. configurations per irreducible representation (IRREP) was in
the range between 8 and 17. An analysis of the molecular
TInstitute JGef Stefan. orbitals (MO) involved in these selected reference configurations

¢ National Institute of Chemistry, justified the prior choice of treating the 24 valence electrons as
Management Center Innsbruck.
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Bonn. occupied orbitals defined as frozen-core orbitals.
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TABLE 1: Calculated Vertical Excitation Energies AE (eV) and Oscillator Strengthsf to Singlet Excited States of BrNGQ?

cc-pvVDZ+sp cc-pVTZ+sp
state excitation AE f AE f AEyip AEe?
1A, (5a)%(4bp)X(1a)?(2by)? 0.0 0.0 0.0 0.0
1'B, 4, — 6a 3.77 0.0005 3.43 0.0001 3.16 3.33
1'B,; 2b— 63 411 0.0002 3.85 0.0007 3.49
2'A, 4, — 3by 4.46 0.0 4.56 0.0 4.33
1'A, la— 6a 5.16 0.0 4.69 0.0 4.84
2'B, 3b,— 6a 5.04 0.00001 4.87 0.00002 4.81
2'B; 5a— 3b 4.78 0.001 4.93 0.001 5.02
2'A, 2b— 3y 5.13 0.022 5.02 0.022 5.18 5.02
3'A, 3b— 3b 5.71 0.0 5.76 0.0 5.67
3'A; S5a— 6a 6.43 0.764 6.15 0.757 3.38 6.23
3'B, lapy— 3by 7.76 0.242 7.27 0.293 4.31

2 AEgp, is relative to the ground staté; energy. The MO notation classifies the 24 valence electrons active in the calcul&tfoos ref 10.

From this set of reference configurations (mains), all single
and double excitations in the form of configuration state
functions (CSFs) are generated. All configurations of this set
with an energy contributiolE(T) above a given threshold
were selected, i.e., the contribution of a configuration larger
than this value relative to the energy of the reference set is
included in the final wave function. Selection thresholds of
T =5 x 107 and 108 hartrees were used for double- and
triple-¢ basis sets, respectively. The effect of the configurations
that contribute less thait = 5 x 107 or 1078 hartrees is
accounted for in the energy computatid(\IRD-CI)) by the
perturbative A-extrapolatiort*1®> The contribution of higher
excitations is estimated by applying the Langhdifavidson
correction formula

Figure 1. CCSD(T)/6-31G(d) equilibrium geometry of nitryl bromide,
BrNO,, with the CCSD(T)/TZ2P values [ref 8] in parentheses. The
bond lengths are given in A, bond angles in deg.

E(MRD-CI+Q) = E(MRD-CI) — the figure. In our coordinate system, thaxis is along the N-Br
a- (;02)[E(ref) — E(MRD_C|)]/C02 bond, and the oxygen atoms lie in theplane.

Electronic Spectrum of BrNO,. Table 1 summarizes the
calculated vertical excitation energies and oscillator strengths
of the present investigations. We include the computed values
of the cc-pVDZt-sp and cc-pVTZAsp basis sets for the singlet
states and only the latter basis set for the corresponding triplet
excitations. As can be seen from the table, the calculated singlet
excitation energies and corresponding oscillator strengths for
both basis sets are quite close. The energies obtained with the
basis set of doubl&é-quality are within about 0.5 eV, with most
being within 0.3 eV of those resulting from calculations with
fthe triple€ basis set. Thus, we believe that our calculated

wherecg? is the sum of squared coefficients of the reference
species in the total Cl wave function aigref) is the energy
of the reference configurations.

We computed three singlet and three triplet states per IRREP
for BrNO, of Cy, symmetry. The number of CSFs directly
included in the energy calculations is as large as 2.6 million
and 3.5 million for the singlet and triplet, respectively, selected
from a total space of 6.7 million and 12.5 million generated
configurations, respectively. For the calculations of excited
states, we used the correlation consistent AO basis sets of ~. "~ ;
Dunning of double- and triplé-quality 817 In addition both excitation energies have an error on the order of 0.3 eV.

. . In Figure 2 we present the SCF-MO energy scheme of valence
basis sets were enlarged by s-Rydberg functions located at the_ . - :
. o2 ) . orbitals of BrNQ and in Figure 3 some important molecular
nitrogen and by a negative ion function for the bromine atom,

- ) orbital contour plots are shown. The ground-state configuration
thus giving the cc-pVDZsp and cc-pVTZ-sp basis sets. The - .
i N of BrNO; is (5a)3(4b)4(1a)?(2y)? with regard to the 24
exponents tqken aney(N) = 0.028 ando,(Br) = 0'032'. valence electrons treated as active in the ClI calculations. The
The potential energy surfaces of the grpund and excited Statesnighest occupied molecular orbital HOMO Atprresponds to
\é)vc?:lﬁ fgr:n‘t)#t;gsw\'}:ﬂ?; gc'gt\écszsiﬁ :)haeSIfaﬁez ;I;g?nBl 71(32,[0 102 bromine pfunction plus some contribution from the oxygen
'eng y step 9 i in-plane lone pairs, while the lowest unoccupied molecular
A, while all other geometrical parameters were optimized for

orbital LUMO 6a can be considered to be an antibondin
the ground-state curve at the CCSD(T)/6-31G(d) level of theory. o*Br—N) type &O. The MO 3h is 7*(NO,) antibonding 9

judged on the basis of a nodal plane between the N and O
centers. On the other hand, MO;Shows as(Br—N) bonding
BrNO, hasC,, symmetry with 12 doubly occupied valence character mediated by a function on Br and N. The MO %a
orbitals to form the 1A; ground electronic state. The vertical corresponds to a negative linear combinatioh ¢haracter) of
excitation energies, which are very important quantities related n(O) type lone-pair orbitals at the oxygen centers, whereas MO
to the UV spectrum, were calculated with the ground-state 2b; is dominated by the bromine, function.
geometry optimized at the CCSD(T)/ 6-31G(d) level, which is  The vertical excitation energy for the first singlet excited state,
presented in Figure 1. Our values for bond lengths and bond 1'B,, is 3.43 eV above the ground state. It originates from the
angle closely coincide with those of CCSD(T)/TZ2P calculations valence MO 4b and populates MO Gathus, it is an n—
previously reported by Le®&which are stated in parentheses in  ¢*(N—Br) type transition or the HOMG~ LUMO excitation.

I1l. Results and Discussion
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Figure 2. Schematic diagram of the molecular orbital energy spectrum of the ground-state configuration of Bs§N&ymmetry, obtained at the

SCF level.
The second singlet electronic transition; 2b 6a, is predicted

occur. Recent photodissociation experimental studies have

to occur at 3.85 eV. The oscillator strengths for these two statesrevealed that for HOB¥ HOCI, and NOC® the spin-orbit
suggest that both transitions should be weak. In each of thesecoupling is strong enough to allow a weak transition to the triplet

lower orbitals, 4b and 2k, the character of the bromine py(p
and p, respectively) is very strong so that a comparable
transition energy into the aMO and similar transition
intensities are expected. The dominant transitibh; 3— XA,

states. Thus, we have also considered the vertical excitation
energy for the lowest triplet excited state; these values are given
in Table 1. The first triplet state,®B,, is lower in energy by
0.27 eV than its corresponding singléB%. For most states up

of the electronic absorption spectrum is characterized at 6.15to0 5 eV, the singlettriplet splitting is in the order of 0.1 to 0.4

eV as having a large oscillator strength= 0.76, and can be
considered as — ¢*(Br—N). The transition 38, < X1A that
corresponds to ka— 3by is computed to be 7.27 eV. This
transition can be considered asrg0,) — 7*(NO>) type, for
which a medium size oscillator strength fof= 0.30 could be
expected. Further, al®; — X!A; transition corresponds to
2y — 3by and is computed to be 5.02 eV. It shows a somewhat
smallerf-value of 0.02, which is in line with the observation
that in the low 2 MO the charge density is located largely at
the bromine, leading to a n(Br 2*(NO,) type transition,
which gets its oscillator strength mainly from charge transfer.
A triplet — singlet transition is generally forbidden due to

eV. This is expected for transitions from in-plane to out-of-
plane orbitals (from 4bor 5a to 3hy, or 1g and 2k to 6a, for
example) or if charge transfer occurs from one part of the
molecule to another, so that both MOs involved have a small
overlap (2 — 3by, for example). The energies of and
23A; are erroneously calculated to be slightly above the
corresponding singlet energies, but the results are expected to
lie within the error limits mentioned earlier (about 0.3 eV). The
singlet-triplet splittings for the states resulting from;5& 6a

and 1a— 3b; transitions are sizable, about 2.9 eV. This result
is also consistent with empirical values for— ¢* and 7 —

sr* transitions. In both cases, upper and lower orbitals have their

the spin conversation but the presence of the heavy brominecharge densities in similar regions of the space and the large

atom in BrNQ led to the expectation that such a transition could

overlap leads to sizable exchange integrals, which are important
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which are illustrated in Figures 4 and 5, respectively. The

calculations were carried out at the MRD-Cl/cc-pVB2p level

= of theory. As shown in Figure 4, the ground stafé (1 is bound
with a Br—N coordinate. The B, and B; states populating
theo*(Br—N) antibonding 6aorbital andz*(NO,) antibonding
3b; orbitals, respectively, are highly repulsive, implying that
direct and fast photodissociation should occur, leading to the
ground-state products, BR) + NO(1?A;). The 3A; and 3A;
6a,, LUMO 3b, states dissociate to NQn its first excited state. The!B, state
is slightly repulsive and correlates with the dissociation channel
that corresponds to the N@ its second excited state. Between
4 and 5 eV, various crossings of states occur, so that excitation
in this energy range can lead to various excited-state NO
products.

As can be expected and is evident from Figure 5, the first
triplet excited state,3A;, has a repulsive character and, together
with the BB, and £B; states, dissociates to the ground-state
fragments. The 3A;, 2°B,, and 2A, curves show shallow
minima and lead to N®in its first excited state.

Sa, A Comparison of the BrNO, and CINO, Low-Lying
Excited States.The UV absorption spectrum of nitryl bromide
has been studied by Scheffler ef&In the range of 185600
nm. The strong absorption band found at 199 nm (6.2 eV)
coincides with our computed value of 6.15 eV for tHA 3state
--.._‘-.

having a large oscillator strength and the less intense peak
centered at 247 nm (5.0 eV) agrees with the transition energy
of 5.02 eV for the 2A; state calculated in this work. There are
three candidate states which can account for the observed weak
and broad band with its maximum at 372 nm (3.3 eV).
la, 2b, Computed energies for the lowest singléi34(3.43 eV), and

Figure 3. Charge density contours of characteristic occupied valence WO triplet, 138_2 (3.16 eV) and 1B1 (3.49 eV), excited states

orbitals (5a, 4, 1a, 2b) and the lowest unoccupied molecular orbitals ~ all lie within this absorption energy.

(6a, 3hby) of BrNO.. The absorption spectrum of the chlorine analogue has been

studied by both experimeriig?2and ab initio calculatiorfd and

in the description of this energy gap. Such a large singlet the theoretical results are consistent with the experimental

triplet splitting (3.4 eV) has also been observed for the B findings. Thus, it is of interest to compare Bri@nd CING

(1 — 2by) state in ozon® in which the 1a and 2k orbitals excited states and photodissociations and establish the extent

are very similar to the present MOs,land 3h. to which the NQ chromophore is independent of the halogen
The Potential Energy Curves for BrNO,. We have also group. In our previous study on the low-lying excited states of

explored the potential energy surface for g symmetric CINO,,22the same methods and number of active electrons were

fragmentation pathway along the BN bond for the lowest used as were used for BrNGn this work so that a realistic

singlet and triplet states of the BrNOand found the curves  comparison is possible.

7k
\
|
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5| 1'a,, 2'B, 5.03 NO,(1°B,) + Br(°p)
2'a, 273y 2'A; 4.47 NO,(1°B) + Br(°P)
1 1 2 2
S 4t 33y, 33, 3.95 NO,(1°A,) + Br(“P)
®
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Figure 4. Calculated MRD-CI potential energy curves of the low-lying singlet states of Brdl@hg aC,, symmetric fragmentation pathway
breaking the B+N bond.
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28, 208, 5:04 NO,(1°By) + Br(’P)
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+ 1B 119 NO, (1%A,) + Br(®p)

Rg-n /A
Figure 5. Calculated MRD-CI potential energy curves of the low-lying triplet states of Brilong aC,, symmetric fragmentation pathway
breaking the BN bond.

When the calculated electronic transitions related to the first molecule with use of ab initio MRD-CI methods with a triple-
singlet excited state of BrNJJ(3.43 eV) and CINQ@ (4.41 eV) correlation consistent basis set enlarged by s(N) and p(Br)
are compared, it is seen that the bromine analogue lies nearlylong-range functions. The two lowest singlet states with
1 eV lower, i.e., the transition is red-shifted by 80 nm from calculated vertical excitation energies below 4 eV arise from
CINO, upon replacement of chlorine by bromine. The vertical n— o*(N —Br) excitations and transitions to them are relatively
transition energy for the first intense peak (6.15 eV) is lower weak. The corresponding triplet states are by 0.27 and 0.36 eV,
by 0.89 eV compared to CINKX7.04 eV) and thus red-shifted  respectively, lower in energy. The dominant transitions in
by 26 nm if chlorine is replaced by bromine. The principal the electronic spectrum of BrNOare located at 6.15 eV
character of the states is the same in both systems, but the moré¢3*A; — X1A;) and 7.27 eV (8, — X*A;) and are considered
diffuse charge density in bromine leads to lower energy aso— ¢*(Br—N) andz*(O,) — 7*(NO,) types, respectively.
differences, in particular if the orbitals are involved with the Further, the transition calculated at 5.02 eV A2 — XAy,
dominant halogen character. The next intense transition in bothn(Br) — 7*(NO,) type) is found to have moderate intensity.
molecules{= 0.30) arises from the }a> 3b; excitation; these The calculated excitation energies of tHé g state (6.15 eV)
orbitals are characterized (Figure 3) @40O;) and 7*(NOy) and the 2A; state (5.02 eV) are in good agreement with the
and therefore a shift does not occur (CINElculated as 7.25  strong absorption peak at 199 nm (6.2 eV) and the less intense
eV). Somewhat less intenséground 0.02) transitions of the  peak at 247 nm (5.0 eV) observed in the experimental spectrum
21A; < XTA; or n(X) — a*(NO,) type are located at 5.02 of BrNO, by Scheffler et al® A low-intensity broad band

(247 nm) and 5.77 eV (215 nm) for BrNCand CINQ, centered at 372 nm (3.3 eV) most probably involves the lowest
respectively, suggesting that they are relatively well separatedsinglet, 1B, (3.43 eV), and two triplet,®B, (3.16 eV) and 1B
and should be spectrally resolved. (3.49 eV), excited states.

Consistent with CIN@ the first triplet excited state of BrNO 1!B,, 1!B;, 13B,, and £B; states of BrNG are highly
is predicted to be lower than its first Singlet excited state. The repu|sive a|0ng the BfN coordinate and dissociate to the
differences of 0.39 and 0.27 eV were found for CINénd ground-state fragments. This implies that absorption into these
BrNO,, respectively. states should lead to direct and fast photolysis of BitGhe

Generally, the calculated photofragmentation along thé&X lower stratosphere.
coordinate exhibits a similar behavior. Excitation of both BENO When the electronic transitions related to the first excited

and CING can lead to the N®product in its ground and  gjngjet state of BING (3.43 eV) and CING (4.41 eV) are
electronically excited states. For CIN@his is consistent with compared, it is seen that the transition in the bromine analogue

i indi 4,22 i X i
expgnmental f'”d'”gg- . o lies nearly 1 eV lower than that in the chlorine compound. The
Finally, there are interesting atmospheric implications of the 31A; — X!A; transition of BINQ has a 0.9 eV lower energy

obtained results. For BrNand CING, the absorption into the that that of CINQ, while the energy of the !B, — X'A;
f|r.st .e.XC'tEd state occurs at 361. and 281 nm, respectively. yansition is the same for both species. In general, the excitations
Significant actinic flux that is available at these wavelengths, qi5ted to the transitions involving orbitals with a halogen

particularly at that concerning bromine analogues, occurs at the ;oo ter are from 0.6 to 1.2 eV lower in energy in BENfaN
heights between 20 and 30 km in the atmosphere, thus in the;, 1o corresponding excitations for CINO

lower stratosphere, where stratospheric ozone is produced. This
implies that photolysis of these molecules could be a possible
source of bromine and chlorine atoms, which are known to be
active in the ozone destruction cycle.
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2003 Conference by F. K. Tchana et al., where the following
experimental structure of BrNOwas presentedr(Br—N) =
2.0118 A,r(N—0) = 1.1956 A, andJ(O—N—0) = 131.02.
This is in good agreement with CCSD(T)/6-31G(d) and
CCSD(T)/TZ2P results (Figure 1).
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