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Abstract From quantum mechanical simulation, photodissociation of hydrogen
bromide (HBr) in its first UV absorption continuum (A band) taking place upon excita-
tion has been studied. The absorbencies are inferred from techniques of Forurier trans-
formation. On that foundation, the branching fractions for the spin-excited Br* (3P, 2)
channel at enormous photon frequencies are gained. Moreover, the relevant MOs have
been analyzed to obtain more information about the dissociation process within the
framework of the time-dependent density functional theory. The results unravel that the
possibility of intersystem crossing does exist in the photodissociation course, which
involve the coupling of the a’TTo* and A'TI; potential surfaces. The prediction of
the wavelength dependence of the anisotropy parameter 8 agrees with the experiment
within a major part of A band, which provides an insight into the reaction dynamics
and the transiton probability is conjectured to be larger when channels approach each
other, notwithstanding a steady decline towards the red wing of spectrum.
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1 Introduction

Up to now, intense efforts have been made to develop strategies [1-13] to deal with
the energy flow involving two or more adiabatic states. Ordinarily, molecular systems
are simulated on a classical computer to uncover the importance of flux transfer in
chemical and biological systems [14,15], which in conjunction with semiclassical
computations can yield rational results [16,17]. This method is more appealing than
the direct quantum approach in two ways: (1) it is generally easily to apply, and (2)
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it presents a simpler and clearer picture of the photodissociation process and hence
lends more physical diagnosis into the mechanism of switching surfaces. Lately, the
photodissociation of HBr has become the issue of a variety of study because bromine
atoms are estimated to be 40times as efficient as chlorine atoms at destroying strato-
spheric ozone on an atom-for-atom basis [18] and the ensemble of diatomic have long
been viewed as the prototypical systems to enhance our in-depth understanding of the
photochemical reaction [19,20]. Investigations on the unimolecular photodissociation
such as H,O, H,S, HCI and their homologues [21-25] are ample and have revealed
that nonadiabatic curve crossing effects play an intricate role in the fragmentation pro-
cesses. Undoubtedly, detailed knowledge of the electronic states accessed in the initial
photoexcitation and subsequent irreversible evolution is indispensable to discover the
underlying mechanism behind the system fully.

There has been substantial attention in the photodissociation of HBr molecules.
Magnotta et al. [26] have measured the relative yield of the Br atoms in the ground
CP3 /,2) and excited P /2) states following photoexcitation in 193 nm, while other
groups [27-30] exploited the laser-based techniques involving Doppler spectroscopy
to measure the relative yield for photodissociation of HBr at 193 and 243 nm. The
precedents indicate that the ratio of the final populations in the two fine structure
levels decreases with the increase of excitation wavelength. Shortly thereafter, some
experiments [31-33] have utilized fixed-frequency ultraviolet lasers to study these
processes, and then it has been possible to start studying the energy dependence of the
branching fraction and angular distribution. These works has focused on measuring
two paramount identities: (1) the branching fraction p, which provides the yield of
spin—orbit (SO) excited atoms Br* P ,2) relative to the total yield, and (2) the anisot-
ropy parameter 8, which provides information on the parallel or perpendicular nature
of the electronic transitions contributing to the dissociation. Through the determination
of these properties, the roles of the multiple electronic states and the possible nonadi-
abatic coupling can be determined. To this end, exploring the mechanism of hydrogen
bromide photolysis is required since the quantum flux transfer via surface hopping
approach usually has an inevitable influence on the yields of the final products.

The main goal of the present work is to describe a computational assessment of the
first absorption band of Hbr, and the nonadiabatic transition probability is compared
with the experimental value estimated from the beta parameter. The elastic scattering
is treated by a sophisticated semiclassical analysis, and the Landau—Zener model is
postulated to be valid for illuminating the trends in photodissociation. The switching
amplitude (or probability) of the a3TIoT and A'II; states is extracted by virtue of
one-dimensional Landau—Zener manner. The crossing effects are hence capable of
providing valuable information on the unimolecular eliminiation.

2 General methods

The dissociation of the title system can be tackled by using the one-dimensional time
dependent Schrodinger equation

99 (R, . A
ih% = [0(R) + T(R)IY(R. 1) M
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where R is the nuclear coordinate, 7' (R) and U (R) are the nuclear and electronic parts
of total molecular Hamiltonian, respectively and v (R, ¢) is the dissociative wave func-
tion.

The initial wave packets ¥ (R,t = 0) are builted via the vibrational eigenstate
©(R) of the electronic ground state multiplied by the appropriate transition dipole
functions [34]

Vn(R, 1 =0) = T,(R)¢p(R) 2

where the subscript n indicates the wave packet on the potential corresponding to the
electronic state (n) and T, (R) is the associated transition moment.

The short time step split-operator scheme is used to propagate the wave train:
Y(R,t) = exp(—iﬁt/h)q) (R, t = 0). For a At time step this propagator is given by

exp (—i%At) A exp (—i%At) exp (—i%At)
X exp —i%At

3

The photodissociation information are extracted at an analysis line fixedat R = R.
Energy dependent amplitudes y;, (R, E) are expressed as

Yn(Roo, E) = % / Vn(Roo, 1) expli(Eo + hw)t/h]dt “)
0

where E( being the energy of initial state, w is the photon frequency, and Ry, is a
parameter that is chosen to be large enough that at R > R, the PES becomes flat.
The extinction coefficient ¢ is given as

327 wk;,

3 [Yn(Roo, E)|? )
ce

en(w) =

where k, is the asymptotic wave vector for the nth channel.

In order to avoid unphysical reflection, the wave packet is smoothly cut off at the
edges of the grid area. Thus, the wave packet vector should multiplied by a damping
function at each time step to absorb its scattered parts before it arrives at the boundaries
of grid. The form of the absorbing potential (Lgps) are defined by

Las(R)=1.0 IfR < Ry (6a)
Labs(R) = exp(—Lopt - AD[(R — Ro)/(Rmax — R0)1*/> Otherwise  (6b)

where Ry is the point where the damping is switched on and the parameter Lop is
chosen in such a way that the effect of the reflection and transmission is minimised.
The computations are executed by Fortran V6.1 code, from which the parameters
employed are outlined in Table 1. The potential curves are derived by using the mol-
cas 5.4 suite of programs [35]. The starting guess on the orbitals are made firstly
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Table 1 Input parameters to

perform the time-dependent Variable Description Value
wave packet calculation
Atomic masses H 1.0079 amu
LBr 79.904 amu
Reduced mass I 1814.61a.u.
Range of grid Rmin, Rmax 1.0-12.0a9
Number of equidistant points 2048
Position of o 9.00ap
Time step At 0.483776fs
Number of time steps 8192
Start of absorbing region Ry 9.50ap
Decay factor Lopt 0.015fs~1

by using the spin-restricted Hartree—Fock (RHF) method. Then the state-averaged
casscf calculations are carried out, taking the previous RHF orbitals as starting values
for orbital optimization. The selected active space comprises eight electrons spread
over six orbitals, which includes two extra nonvalence orbitals that obtained from
the initial RHF calculations, the H-Br o and o* orbitals, and the two 4p orbitals of
bromine. Utilizing the previous CAS(8e/60) energies as reference values, the energies
of the A—S states are computed. The new relativistic basis sets of the atomic nat-
ural orbital type, ANO-RCC [36], which are contracted to 3s2pld and 6s5p3d2flg,
respectively, are used for hydrogen and bromine atoms.

3 Results and discussion

The calculated adiabatic potential curves for the low-lying valence states are shown in
Fig.1. The X! £ ground state of HBr is characterized by a [.Jo 270 * valence elec-
tron configuration, where r MO is dominated by the p-orbital of bromine. Apart from
the X' £o7 state is the only one among the valence states possessing a strongly bound
characteristic and it converges to the lowest Br Ps 2) + HES, /2) dissociation limit.
The next four valence electronic states are dissociated to the 2P (Br 4p) + 2S(H 1s)
atomic state. Expansion of the molecular wavefunction for the states involved over the
atomic basis will reveal the following asymptotic (R — 00) correlations: a*IT; —
[1/21/2:3/21/2|, A'Tl; — [1/2—1/2;3/23/2| and 82+ — |1/21/2;1/21/2|.
Since transitions between states are governed by selection laws and Franck—Condon
factor, many of the 2 states are not readily accessible. Taking into account the Hund’s
case (c), the allowed transitions for a one photon process are determined by the
following selection rules: AQ = 0, &1; 0" <> 07; 0~ <> 0~ and thus the transitions
to the 2 = 1 state should be accessed through configuration mixing. An aspect that is
not present in lighter systems involves the Br-atom excited SO level, 2 P /2, Whose elec-
tron density is nearly spherical [37]. Because the SO energy is large (i.e., 3685cm™")
[38], the 2 P, /2 spherical electron density remains reasonably robust down to the short
H-Br distances, i.e., relative to light halogens. Consequently, the Br* (2 P; ,2) atom
couples weakly with the H atom, resulting in a shallow van der Waals-type minimum.
Said differently, strong SO coupling inhibits the participation of “traditional” bonding
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Fig. 1 One-dimensional potential cuts along the H-Br bond for the low-lying states

and antibonding molecular orbitals. This and other relativistic effects has been uncov-
ered in the analogous system such as the isoelectronic HI molecule [39], which is
particularly difficult for heavy elements that display a variety of bonding interactions
due to the many chemically accessible valence orbitals. The molecular constants com-
puted for the ground state are in agreement with the available experimental [33,40]
results. The dissociation energy of the ground state Dy(X0T) can be estimated from
the average energy of the three €2 states converging to the lowest Br (2P3 2) +HES, 2)
atomic limit at R = 12.0 ag, the largest internuclear separation treated in the pres-
ent study. This gives Do(X0T) =29292cm~! = 3.632eV, which agrees well with the
experimental value of 3.745eV [33]. It is worth noting that the accuracy of the ground
state potential in the FC region is better than the bonding strength value, which should
allow a fairly reliable calculation of the absorption spectrum, and the SO coupling on
the ground state equilibrium distance and vibrational frequency can be overlooked,
because this effect is marginal and changes quite slowly near the equilibrium distance
[34]. Thereby the calculations have captured the most important elements of these
interactions. The results for the oscillator strengths, f, a unitless quantity which is
used to bridge the classical and quantum mechanical descriptions for an oscillating
electron interacting with light are given in Table 2. Having in mind that the higher
valence 3T state still retains some characters of Rydberg progressions converg-
ing to the vibrational states of the ion, which may present a bottleneck that undergo
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Table 2 Parameters describing the ground and valence states of HBr

Electronic state Vertical energies Oscillator Coefficients and ingredients
Ty (eV) strengths (f)

a3y 6.054 0.001 177 — 190*,0.7287

2Tyt 6.172 0.0003 187 — 190*, 0.7805

Al 6.941 0.0021 177 — 190, 0.6875

ozt 8.833 0.0001 160 — 190%*, 0.7676

16 (HOMO-2, p,) 17 (HOMO-1, p,)

18 (HOMO, py) 19 (LUMO, o*)

Fig.2 The boundary surface density plots of relevant MOs of HBr calculated at the TD-B3pw91/cc-pVTZ
level

light-induced transformation. At this point, the initial transition relevant to the A band
precludes the possibility of wave packet mapped onto the t3 % surface.

It is now general wisdom that high-level methods such as augmented correlation
consistent triple-zeta (cc-pVTZ) basis sets advocate the possibility to obtain accurate
energies, whereby the abinitio calculations are taken to probe the decay channels
that linked to the low-lying excited states of HBr, and the pertinent molecular orbi-
tals have been examined without indicating the positions of the Br and H nuclei.
Figure 2 shows the three highest occupied molecular orbitals (HOMO) and the lowest
unoccupied orbital (LUMO) with their related bonding nature, which are computed
at the TD-B3pw91/cc-pVTZ level (the orientation of H-Br bond is tagged with Z-
axis for labeling of the p orbitals). Explicitly, the p lone-pair orbitals of the bromine
atoms, which are represented in the atomic orbital (AO) basis, can be partitioned
into the standard energetically highest occupied MOs and constitute the key origin
for the formation of the low-lying excited states, where the electrons of each MO
are migrated only into the virtuals of the fragment to which they belong. The com-
puted a3l'11, AT} < X transition is essentially a promotion of a p electron from
the nonbonding 7 (HOMO-1) orbital to the front virtual (external) MOs and the other
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Fig. 3 The partial and total absorption spectrum for a part of the A-band in HBr photolysis: dotted line—
calculated value; Pentagonal Star—experimental data

two excited states a3T1p™ and 23, are also correlate to the p electron in the two
energetically occupied MOs transit to the o}_p., and imagined to correlate with H-Br
bond cleavage.

To obtain the absorption feature of the molecular photodecay, the numerical princi-
ple is implemented in the present simulation. For one-photon transition, the packets are
anticipated to born on a series of dissociative surface by pumping pulse. The extinc-
tion coefficients & (dm> mol~' em™1) for transitions from the X' Z¢t, v”/ = 0 to the
A-band states are determined, which alongside the total absorption spectra are shown
in Fig. 3. The shapes of the spectra depend mainly on two factors: (1) the position and
size of the Franck—Condon windows on the potential curves for the initial excitation
and (2) the dynamics of the wave packet. Therefore, the transitions reflect only the
dynamics of the wave packets in the individual Franck—Condon windows, opened by
the excitation. In Fig. 3, the onset for the A-band absorption (here is taken as a for-
mal starting point ¢ = 0.58dm>mol~! cm™!) occurs at about 39700cm ™!, at which
energy excitation to the a3IT; state dominates the absorption. It can be seen that the
absorption curves of a3T1; and A!T1; states are somewhat broad and flat, with maxima
at 53472 and 56870 cm~!, respectively. Thus it is argued that these two states will play
a crucial role on the photodissociation event. Alternatively, the gas-phase absorption
spectrum [41] of HBr is displayed in the same panel. It can be recognized that the
crude shape of the absorption spectrum is diffuse without any spikes. Instead of the
theoretical treatments reconcile to the reported data, there are slight discrepancy in
the magnitude of total intensity near the intermediate region of the A spectrum band.
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Fig. 4 The outcomes of the calculations of Br* branching fractions (solid line) in comparison with the
exact sources of data points (squares with error bars) of product branching in photodissociation event

The extinction intensity is calculated to be ¢ &~ 686 dm®mol~'em™! at 56818cm™!,
while the systematic error can be missed except for the visible deficiency emerged
in the range of 55556-58823 cm™!. The overall absorption profile of the simulated
spectrum resembles that of the experimental data evince the quantitative information
can be obtained, especially in the red side of the A band.

Among the three states discussed, a3T1; and A1, dissociate to the Br (2 P3 /2) limit,
conversely, 3Tt go to the Br* 2P /2) spin-excited asymptote. Since the impact of
nonadiabatic effects remains not very sure on the yields of photodissociation products,
the present p (v) branching fraction for the channel H+Br* (P ,2) can be determined
efficaciously by taking the ratio of the extinction coefficients

ela’TIpt]
e[ATT ] + e[a®T1] + e[a3TTo ]

p(v) = )

at all relevant frequencies.

The computed p (v) branching fraction for the photon-induced dissociation of HBr
from its lowest vibrational state and the literature values [42] are exhibited in Fig. 4. It
can be detected that the agreement between the calculated and experimental branch-
ing fraction as a function of photolysis energy is not well and the right order of
magnitude of former is in conflict with the experimental observations, which reflect-
ing the theoretical yields for product channel H+Br* that has been estimated in the
present work, which is expressed in the adiabatic approximation, is simply incorrect.
Notwithstanding the relative weights for transitions to the electronic states with the
Br* (2P /2) dissociation asymptote is small, however, the initial transition to the Al
states perhaps have some influence on the p(v) values for E > 42 x 103cm™!, and
this effect can be induced by the nonadiabatic transfer of quantum flux from the
initial populated A'TT; state to the a’TIo* state. In the following, we contemplate
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that these sort of state-to-state transitions occur effectively in molecular dynamics
process to cause the redistribution of quantum flux, and if it is true, we can quite
safely guess that surface-hopping are involved in these processes. In order to as-
sess the action that nonadiabatic mechanism takes, the crossing behavior is described
with recourse to the Landau—Zener model [43,44], and an attempt is made to extract
the crossing probability touching to the angular distributions. In a photodissociation
process, angular distribution F(®) of the fragment can be obtained by integrating
the reconstructed three-dimensional spatial distribution over a proper range of speed
at each angle. It may be characterized by an anisotropy parameter, 8, as expressed
by [45]

F(®) = (47)"'[1 + BP2(cos ©)] ®)

where S(—1 to 2) is the observed anisotropy parameter because of the small alignment
effects, ® is the angle that fragment ejection direction relative to the laser polarization
since the center-of-mass beam velocity not changed during the bond scission. The
parameter 8 can be determined by fitting Br* angular distributions with functional
form of F(®), and it can be drawn that

2-F

“2(+p) &

X

where x represents the weighting factor of perpendicular component, which is identi-
cal to the fraction of Br* fragments via the pure crossing between the A TT; and a®ITo*
surface in the chosen basis. Therefore, the crossing probability Py, for Br reverts to
Br* is written as

_ xeltotlp(v) (10)

e[AT]
where e[tot] is the total extinction intensity. Factually, the prerequisite of aforemen-
tioned theory is dynamic mechanism arising from the coupling matrix element in the
diabatics, which merely could be sparked by the intersystem crossing. The concept of
Landau—Zener model entails the description of the nonadiabatic mechanism happens,
that is, the crossing behavior should not violate the Landau—Zener criterion. By the
same token, the nature of curve crossing can be rationally clarified. The transition
probability for one passage of a crossing point in this case is given by

Py =1—exp(—a/uy) an

where u ¢ stands for the recoil velocity of cofragments at the crossing point. The impact
parameter « is related to the gradients of two potential curves at the crossing radius and
independent of excitation energy, which can be viewed as invariance. As envisioned,
the crossing takes place at the position of R.. = 2.208 A and energy at this point is
32626.9cm~!. If Py follows from the LZ formula, the identity In(1 — Py) = —a/uy
should be satisfied, and the variation of probability Py relative to the recoil velocity u ¢
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Fig. 5 The beta parameter § plotted as a function of photon energies and a Landau—Zener description for
crossing dynamics. The error bars indicate an uncertainty for one standard deviation

will be guided by the impact parameter «, which are functions of the phase difference
An, between the decay fluxing on the a3TTo™ and A'TT; states.

It is gratifying to see from Fig. 5 that the agreement of the Landau—Zener pre-
diction with the experimental phenomena as a function of dissociation wavelength is
excellent and hence exemplified the goodness of fit. According to the popular semiclas-
sical theory, the optical absorption causes a change of electronic state of the molecule
and it is assumed due to Franck—Condon rule that there is no change in the geom-
etry of the system. Then the system can propagate on the surface of the given state
to its minimum or to encounter another state, singlet or triplet. Then the systems
can nonadiabatically transfer from one state to another if there is a crossing between
them. Needless to say, the avoided crossing exists if the involved states belongs to the
similar reflection symmetry, or else it is circumvented when the reflection symmetry
with respect to xz plane is diverse. In the former case the internal conversion can take
place, while the intersystem crossing takes place in the latter case, which ought to
readily driven by vibronic SO coupling and vice versa. If the original trajectory splits
into two branch trajectories. The upper branch will proceed on a>ITo" surface while
the lower branch proceeds on A!'TI; surface. The upper branch is created by a local
electronic transition, wherein the nuclear coordinates are continuous. However, there
is a discontinuity in nuclear kinetic energy equal to the energy difference between the
surfaces at the transition point. Thus there is no unique platform to redistribute this
energy difference among the various components of nuclear momentum on a3ITp*
surface. A transition then occurs smoothly at an intersection point so that nuclear
momenta as well as nuclear coordinates are continuous through the transition point.
In practice the trajectory of outgoing flux need not pass through the intersection point
itself, but must simply go over the point. So that an intersection point is equivalent to
a branch point and going over the point is tantamount to crossing a branch cut. In view
of these, the fact that crossing behavior obeys the L—-Z formula convincingly hints that
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the possibility of nonadiabatic mechanism (namely, surface hopping) induced by the
coupling between two diabatic states (a3T1p* and A'T1}) cannot be omitted, and confer
the importance of the nonadiabatic mechanism to the A-band photofragmentation.

4 Conclusions

The photofragmentation of HBr is examined by performing electronic structure calcu-
lations and simulation techniques. The molar extinction coefficients and final product
state population are obtained by the numerical calculations, which exhibit a good
agreement with the previous experimental results. The crossing behavior is simulated
by using the Landau—Zener model, which reproduces the experimental findings that
angular distribution changes as a function of photon energies accurately. The results
indicate that photolysis proceeds with nonadiabatic mechanism between the a3ITo*
and A'TI; potentials and nonadiabatic curve crossing is of certain importance in the
course of photodissociation within the A-band continuum.
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