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The photodissociation dynamics of the model CHXY (X and Y are halogen atoms) molecule was
studied using a time-dependent quantum mechanical method in two dimensions. Simple functional forms were
employed as two diabatic potential energy surfaces which correspond to the excited states of C-X (n—¢™) and
C-Y (n—-0™). Bond selectivity in the photodissociation is quantitatively examined in terms of the coupling
strength between the two surfaces. A method to predict the bond selectivity in the photodissociations is also
discussed on the basis of the results of ab initio molecular orbital calculations.

Artificial control of reaction channels in unimolecular
photodissociations is a challenging problem in the field
of physical chemistry. The unimolecular dissociation of
isolated molecules following infrared multiphoton exci-
tation in the ground electronic state can successfully be
understood by statistical theories; i.e., dissociation of
the weakest chemical bond in the molecule occurs.?) In
other words, the rapid intramolecular vibrational en-
ergy redistribution inhibits the bond selectivity. Re-
cently, bond selective dissociations have been observed
in several experimental studies using excitation to the
excited electronic states.

Butler et al.?) have reported the selective dissociation
of a C-Br bond over a weaker C-I bond following ex-
citation of CH,BrI at 210 nm, which corresponds to an
n—o™ transition of the C-Br bond. On the other hand,
both C-Br and C-I bond dissociations were observed
at 248 nm, the absorption peak due to C-I (n—o™).
Butler’s group has also reported that bond-selective dis-
sociation is observed for CH3SH,» BrCH,COC1,*® and
BrCH,CH,COCL® although the excitation processes
are slightly different from the case of CH2Brl. Another
bond-selective dissociation has been found in the pho-
todissociation of monodeuterated water using various
excitation procedures.”® Very recently, the photodisso-
ciation dynamics of CBrFoCHCIF following electronic
excitation at both 157 and 193 nm has been investigated
in our laboratory.” It was found that preferential C—Cl
bond dissociation over the weaker C-Br bond occurs
when the molecule is excited at 157 nm corresponding
to the C-Cl (n—o™) transition, while only C-Br bond
dissociation is observed when the molecule is excited at
193 nm.

Das and Tannor'® theoretically studied the photodis-

sociation dynamics of CBrF,CIF,, for which bond-se-
lective dissociations have not been observed,'*'*? by us-
ing a time-dependent wave packet method. They em-
ployed simple analytical functions for the C—Br (n—c™)
and C-I (n—o™*) diabatic potential energy surfaces and
a coupling between the surfaces. Potential parameters
were determined so as to reproduce the experimental
absorption spectrum and the experimental branching
ratio of I to Br. They have applied the same model
to the CH2Brl system; however, they concluded that
the experimental results by Butler et al.? could not be
explained by the same coupling. Thus they have sug-
gested that the electronic coupling between the excited
electronic states of C-Br (n—0*) and C-I (n-0*) for
CH5Brl is somewhat smaller than that for CBrFsCIF,.

Motivated by the above studies, we have theoretically
investigated the dissociation dynamics of dihalogenated
molecules in order to elucidate the main factors deter-
mining the bond selectivity in photodissociation. As
a prototype molecule, CHoXY (X and Y are halogen
atoms) was chosen. The dynamics of dissociation was
treated in two dimensions. Two diabatic potential en-
ergy surfaces corresponding to the C-X (n—¢™*) and C-Y
(n—0™) excited states were used and a simple analytical
function was employed as a coupling element between
the two diabatic surfaces. The strength of the coupling
element was then systematically changed. The purpose
of the present study is to clarify quantitatively the rela-
tion between the strength of the coupling element and
the bond selectivity in the photodissociation of dihalo-
genated molecules. In addition, a method to predict the
bond selectivity from the results of ab initio electronic
structure calculations is discussed.
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Procedure of Dynamical Calculations and
Construction of Potential Energy Surfaces

In order to treat the dissociation dynamics quantita-
tively, we have carried out time-dependent wave packet
calculations'® using simple model potentials in the dia-
batic representation. The time-dependent Schrodinger
equations to be solved are given by (A=1)

i%(ﬁx = (T + Vi1)¢1 + Viago,
i%@ = (T + Vaz)p2 + Vizga, 1)

where T is the kinetic energy operator, Vi; and Voo
are the diabatic potential energy surfaces, Vs is the
coupling element, and ¢; and ¢, are the time-dependent
wave functions. We here treat the molecule CHy XY as
a pseudotriatomic molecule, where the first atom is X,
and the second is Y, and the third is CHy. The two-
dimensional kinetic energy operator T is given by
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where 7 is the distance between X and C, r is the
distance between Y and C, and the reduced masses are
denoted by

11 = mxmcH, /(mx + mcH, ),
Ho2 = mymcH, /(my +mcH,),

P12 = MCH, - 3)

In the actual calculations, we choose Cl as X and Br
as Y. 6 is the X—C-Y equilibrium angle in the ground
electronic state and is set to be 113°, which was deter-
mined from ab initio molecular orbital calculations of
CH,BrCl at the MP2/LANL1DZ level of theory using
a GAUSSIAN92'® package program. Vi; and Vao are
the diabatic potential energy surfaces for the excited
states of C-X (n-0*) and C-Y (n-0™), respectively.
These potentials can be expressed as the sum of an ex-
ponential function and a Morse function as follows:*%%

Vu(,,.17T2):‘/le‘ot1(Tl—Tel)+De2(1_e—ﬁ2(r2—re2))2+El’ (4)
and
‘/22(7'1,TZ):%e_a2(T2_Te2)+Del(1_e_ﬁ1(T1_Tel))2+E2. (5)

The Morse parameters for the C-Cl and C-Br bonds
are taken from the vibrational frequencies and the ge-
ometry of CHyBrCl in the ground-state. The potential
parameters are taken as 17=3.10 eV, V2=3.51 eV, a1=
0r=1.89 A=Y, ry;=1.75 A, 1r.p=1.96 A, B1=P,=1.89 A~1,
D.1=3.60 eV, Deo=3.0 eV, F1=3.60 eV, and F;=3.0eV.
The coupling element V;5 between the two diabatic po-
tentials is given by

Vlz:A/(l+ev1(¢1—re1)+72(r2—re2)). (6)
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The same function was used in the studies of photodis-
sociations for CBrFyCIF2'® and CHsl,.'% The param-
eter A mainly determines the overall strength of the
coupling element and is systematically changed in the
present calculations. The other parameters are taken
as y1=72=0.5 A1,

For the ground state potential, we employ the sum of
two Morse potentials as follows:

_ Vg(Tl,Tz)ZDel(l—evﬂl(Tl_Tel))2+De2(1-—e~32(T2_r"2))2. (7)

The Morse parameters used are the same as those for
the excited states. The wave function for the ground
state is calculated using a basis set expansion method,
where the standard harmonic oscillator basis is used in
each coordinate. The initial wave packets are prepared
as1?

¢1 (t = O) = /‘LIEX7
p2(t =0) = pagXx, (8)

where 1, and pog are the transition dipole moments to
the excited states of C—Cl (n—0™*) and C-Br (n-¢*), re-
spectively, and x is the ground-state wave function. The
ground vibrational state is used for x. In the present
calculations, the two transition dipole moments are as-
sumed to be the same constants for simplicity. In ad-
dition, we consider the transitions to the two electronic
excited states in the A’ symmetry because the potential
surfaces of the excited states in the A” symmetry have
essentially the same characteristics as the A’ surfaces.
This is the reason why we employ two potential surfaces
for the excited states.

In order to propagate ¢; and ¢, in time, the method
of Tal-Ezer and Kosloff,'® in which the time-evolving
wave packet is expanded in the Chebychev polynomi-
als, was used. The fast Fourier transform method was
adopted to evaluate the action of the kinetic energy op-
erator on the wave function. Grid points of (256 x256)
spanning from 1.0 to 6.0 A in each coordinate were em-
ployed in each wave packet. The total absorption cross
sections were calculated directly from the autocorrela-
tion function. The partial cross sections were obtained
using a standard projection method of the total wave
function on the eigenfunctions of asymptotic wave func-
tions in each coordinate. The details of the method are
described in Ref. 13. The method of Das and Tannor!®
was also employed in order to check the accuracy of our
numerical calculations of the partial cross sections.

Results and Discussion

A. Results of Dynamical Calculations. Fig-
ure 1 shows the total absorption cross sections and
the dissociation cross sections for the CH,Br+Cl and
CH,Cl+Br channels as a function of the excitation en-
ergy for various coupling parameters A. When param-
eter A is 0.1 eV, the dissociation cross sections for the
Cl and Br product channels have a single peak. The
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cross section for the Cl product channel shows a peak
at around 7.2 eV corresponding to the C—Cl (n—c™) ex-
citation. On the other hand, the cross section for the Br
product channel shows a peak at around 6.2 eV corre-
sponding to the C-Br (n—0™) excitation with a small tail
in the blue region. As potential parameter A becomes
larger, the cross section for the Br product channel has
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one more peak at an excitation energy of 7.2 eV. In
addition, the height of the peak becomes larger as the
coupling parameter becomes larger. On the contrary,
although the peak height is slightly changed, the cross
section for the Cl product channel has a single peak.
Figure 2 shows the excitation energy dependence of the
probability of producing the Cl product channel. Even
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Fig. 1.

Excitation energy dependence of total absorption cross section and cross sections for the Cl and Br product

channels with various potential parameters A. (a) A=0.1 eV, (b) A=0.2 eV, (c) A=0.3 eV, (d) A=0.4 V.
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Fig. 2. Excitation energy dependence of the probability for producing the CH2Br+ClI channel.
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if coupling parameter A is 0.1 eV, the maximum prob-
ability for the Cl product channel is about 96%. As the
excitation energy becomes larger, the probability for
the Cl product channel becomes larger. However, the
magnitude of the absorption cross section is, of course,
quite small. Thus, Figs. 1 and 2 indicate that coupling
parameter A should be small enough in order to make
the bone-selective dissociation possible.

For understanding the dynamics of the CHyBrCl pho-
todissociation more precisely, we present the time prop-
agation of the wave packets on the two potential energy
surfaces in Figs. 3 and 4 in the diabatic representation.
The coupling parameter (A) employed is 0.3 eV. The
wave packet on the C—Cl (n—0™) surface is separated
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into two parts at =400 au (1 au in time=2.4x10717
s) One part moves toward the crossing region and dis-
appears from the C-Cl (n—0™) surface at a larger prop-
agation time. But the other part of the wave packet
on the C-Cl (n—c™*) surface moves directly toward the
Cl product channel. This wave packet corresponds to
the direct dissociation of the C—Cl bond. On the other
hand, the wave packet on the C-Br (n—o*) surface is
somewhat complicated. At longer times, {>400 au, the
wave packet has two parts; one corresponds to the di-
rect dissociation of the C~Br bond, while the other part
comes from the C—Cl (n—0™) surface through the cross-
ing seam. It is also noted that the wave packet having
come from the C~Cl (n~c*) surface shows vibrationally
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Fig. 3. Moving wave packet on the C-Br (n—0™) potential energy surface. The wave packets are drawn in the diabatic
representation. Time is in atomic unit (1 au=2.4x10"'" s). Contours are drawn for the C-Br (n~0™) potentials.

Dotted lines indicate the crossing seam.
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Fig. 4.

Moving wave packet on the C—Cl (n-0™) potential energy surface. The wave packets are drawn in the diabatic

representation. Time is in atomic unit. Contours are drawn for the C—Cl (n—0™) potentials. Dotted lines indicate

the crossing seam.

excited behavior in the C-Cl coordinate. Thus, this
wave packet’s dynamics is reflected in the excitation
energy dependence of the cross sections for the Cl and
Br product channel as shown in Fig. 1. The additional
peak in the cross section for the Br product channel cor-
responds to the nonadiabatic transition from the C~Cl
(n—o™) surface to the C-Br (n—c™) surface.

The wave packet dynamics described above is easily
explained from the crossing behavior between the two
potential energy surfaces. The wave packet on the C-Br
(n—0™) potential does not encounter the crossing seam
because the initial wave packet exists in the region of
the CH>Cl+Br product channel. On the other hand,
the wave packet on the C—Cl (n—o*) surface encounters
the crossing seam when the wave packet moves toward

the region of the CH2Br+Cl channel.

B. Prediction of the Bond Selectivity in the
Photodissociation from ab initio Molecular Or-
bital Calculations. In the previous section, we em-
ployed simple functional forms as the diabatic potential
energy surfaces in order to calculate the dynamics of
photodissociation for the model molecule CH,XY. In
principle, we are able to compute the global potential
energy surfaces including excited states by using a mod-
ern ab initio molecular orbital method. However, such a
calculation is a time-consuming procedure because the
derivatives of the electronic wave functions with respect
to the nuclear coordinates are also needed for the quan-
titative treatment of the multisurface problems. The
calculations of the derivatives are not available in gen-
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eral ab initio computational programs. Therefore, in
this section we shall consider a simple method to predict
the bond selectivity in the photodissociation in terms of
the magnitude of the separation at the avoided crossing
region of the two excited-state potentials.

Figure 5 shows the schematic potentials along the
C—Cl coordinate for the photodissociation of CHyBrCl.
Solid lines represent the diabatic potentials Vi; and
Vaa. Dotted lines represent adiabatic potentials V, and
Vb. These potentials are given as

1

va:5{1/1+v2+,/(vl—vg)2+4vf;}, )
1

Vo= {V1 VeV m V2)2+4v122}. (10)

The minimum separation between V, and V}, is denoted
as S15. Table 1 summarizes the minimum separations
calculated from the model potentials employed in the
previous dynamical calculations. The minimum sep-
aration Sio is approximately proportional to the cou-
pling parameter A defined in Eq. 6. The dynamical
results obtained in the previous section indicate that
the bond selectivity in the photodissociation may be
attained with a relatively small value of S;2, which is
typically less than 0.2 eV.

On the other hand, we can -easily calculate the adi-
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Fig. 5. Schematic potential energies along the C—Cl
coordinate for model CH2XY molecule. Vi; and Vao
are diabatic potentials, while V, and V4, are adiabatic
potentials. S12 is the minimum separation between
two adiabatic potentials.
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Table 1. Relation between the Potential Parameter
A and the Minimum Separation Si2
A/eV Slg/eV
0.1 0.115
0.2 0.238
0.3 0.346
0.4 0.488

The distance between C and Br is assumed to be the
equilibrium distance in the ground-state.

abatic potentials by using an ab initio molecular or-
bital theory. As a trial, we calculated the potential
energy surfaces of the excited states for both CH,BrCl
and CBrF;CHCIF using the GAUSSIAN92 program.!®
The ground state was calculated at the MP2 level
of theory with an effective core potential basis set of
LANL1DZ.'® The internal coordinates other than those
of C-Cl and C-Br were optimized at the same level
of theory. The excitation energies were calculated us-
ing the configuration interaction with single excitations
(CIS) method. The adiabatic potential energy sur-
faces obtained for CH.BrCl are presented in Fig. 6.
Figure 6(a) shows the repulsive potential which cor-
responds to V}, while Fig. 6(b) shows the bound-like
potential corresponding to V,. From the potential sur-
faces in Fig. 6, we can estimate the minimum separation
S12 between these two surfaces. Table 2 summarizes the
minimum separation obtained for both CH,BrCl and
CBrF;CHCIF. It is found that the minimum separa-
tion for CH;BrCl is about three times as large as that
for CBrF,CHCIF. Although the excited-state surfaces
shown in Fig. 6 are for singlet states, essentially the
same results are obtained for triplet states.

From the dynamical results obtained in the previous
section and the present ab initio calculations, it may
be concluded qualitatively that bond-selective dissocia-
tion would not be observed for CH,BrCl. On the other
hand, the bond-selective dissociation observed experi-
mentally for CBrF2CHCIF? can be explained by the
small coupling strength between the C—Cl (n—0*) and
C-Br (n—-0™) potentials. Such a small coupling may
come from the spatial separation between the C—Cl1 and
C-Br bonds. Of course, our conclusion may be valid
only when the transition between singlet and triplet
states can be ignored. In order to obtain more quanti-
tative conclusions, the spin-orbit interaction should be
considered. Nevertheless, we believe that our simple
model gives a qualitative picture for understanding the

Table 2. The Minimum Separation Si2 Obtained
from ab initio CIS Calculations for CH;BrCl and
CBrF,CHCIF

Molecule S12/eV
CH>BrCl 0.332
CBrF.CHCIF 0.100
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Fig. 6. Contour plots of the two adiabatic potential

energy surfaces obtained by ab initio molecular or-
bital calculations at the CIS/LANL1DZ level of the-
ory. (a) is for the first excited state, and (b) is for
the second excited state. Dashed lines indicate the
crossing seam.

bond selectivity in the photodissociation.

Conclusion and Future Work

We have demonstrated that nonadiabatic coupling el-
ements play an important role in the bond selectivity
in the photodissociation of a dihalogenated molecule.
It was found that the small coupling strength between
the two excited states is needed for bond selectivity.
We have also presented the potential energy surfaces
obtained by simple ab initio molecular orbital calcula-
tions. The ab initio CIS calculations give a relatively
large coupling in the excited states of CHyBrCl, while
a smaller coupling is obtained for CBrF,CHCIF. This
suggests that the bond-selective dissociations would not
be observed for CH;BrCl. However, the accuracy of
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the ab initio method is strongly dependent on the ba-
sis functions as well as the electron correlation effects
included in the level of the theory. It is well-known
that the CIS method does not include electron corre-
lation effects. In addition, we have completely ignored
the spin-orbit interactions. Thus, in order to obtain
more accurate potential surfaces, a more accurate the-
ory for electronic structure calculations such as a mul-
tireference configuration interaction (MRCI) theory is
probably necessary. However, this is limited to simple
molecules containing a small number of electrons even
if a modern supercomputer is available.

We may conclude tentatively that the difference
in the coupling strength between CHyBrCl and
CBrF,;CHCIF is attributed to the spatial separation of
the C-Cl and C-Br bonds. However, the same conclu-
sion could not be drawn from the experimental results
on the photodissociations of CHyBrl and CBrF,CIFs.
As already stated in the Introduction, bond-selective
dissociation occurs for CHyBrlI but does not occur for
CBrF,CIF,, although the spatial separation between
the C-Br and C-I bonds for CBrF>CIF is larger than
that for CHoBrl. In order to explain the above experi-
mental results, potential energy surface calculations by
the ab initio molecular orbital theory are needed. In ad-
dition, a spin-orbit interaction should be included since
the spin-orbit coupling for the I atom is much larger
than that for the Cl atom.

It is encouraging that the bond selectivity in the pho-
todissociation of the dihalogenated molecule is simply
predicted by the coupling strength between the two ex-
cited n—o™* potentials. For example, in the case of an
alkane molecule like X—(CHs),—Y, one may expect that
the coupling between the two excited states of C-X
(n-0*) and C-Y (n-0*) becomes smaller because the
X and Y atoms are spatially separated. These experi-
ments as well as the theoretical calculations for such a
molecule are currently underway in our laboratory.
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