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Direct Observation of the Primary and Secondary C—Br Bond Cleavages from the
1,2-Dibromopropane Photodissociation at 234 and 265 nm Using the Velocity Map Ion
Imaging Technique®
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Photodissociation dynamics of 1,2-dibromopropane has been investigated at 234 and 265 nm by using the
velocity map ion imaging method. At both pump energies, a single Gaussian-shaped speed distribution is
observed for the Br*(?P;,) fragment, whereas at least three velocity components are found to be existent for
the Br(*P;5) product. The secondary C—Br bond cleavage of the bromopropyl radical which is energized
from the ultrafast primary C—Br bond rupture should be responsible for the multicomponent translational
energy distribution at the low kinetic energy region of Br(*P3,). The recoil anisotropy parameter () of the
fragment from the primary C—Br bond dissociation is measured to be 0.53 (0.49) and 1.26 (1.73) for Br(*P3
2) and Br*(?Py,), respectively, at 234 (265) nm. The 3 value of Br(*P3;) from the secondary C—Br bond
dissociation event at 265 nm is found to be 0.87, reflecting the fact that the corresponding Br(*Ps/) fragment
carried the initial vector component of the bromopropyl radical produced from the primary bond dissociation
event. Density functional theory has been used to calculate energetics involved both in the primary and in the
secondary C—Br bond dissociation dynamics.

Introduction

Photodissociation dynamics of alkyl halides have been both
extensively and intensively studied for recent decades. The
diffuse absorption feature at UV reflects the repulsive nature
of the potential energy surface along the carbon—halogen bond
elongation axis.!~2* Because of the strong spin—orbit coupling
of the halogen atom, however, the dissociation dynamics
involves nonadiabatic crossing from which the well-defined
spin—orbit states of the halogen atomic fragment are generated
at the asymptotic limit. Because of these interesting features,
alkyl halides have been spotlighted as the prototypical system
of the direct dissociation dynamics study not only for the
detailed nuclear rearrangement during the fragmentation but also
for exploring the Landau—Zener-type nonadiabatic coupling
dynamics. 1720222425

In this work, we have focused on the dynamics of 1,2-
dibromopropane in which two almost equivalent C—Br bonds
are subject to dissociation upon the single UV photon excitation.
The dissociation dynamics of two equivalent bonds in the same
molecule has received special attention because of the issue of
the concertedness of two fragmentation events.”~3° For instance,
two equivalent C—C bonds of acetone, excited at 157 nm, are
found to break apart in a stepwise manner when those events
are monitored in the femtosecond real time scale.! Such a real-
time observation of the bond-breaking and bond-formation
events gives a direct clue for resolving the issue of the
concertedness because the nuclear arrangement in real time is
used for the judgment of the concertedness.?' =33 For dynamics
details, however, the measurement of speed and angular
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distribution of fragments is essential especially for the elucida-
tion of the potential energy surfaces on the exit region, where
the energy disposal to fragments is determined. Nowadays, the
velocity map ion imaging technique is very well established,
and it is very convenient to extract speed and angular distribu-
tions of fragments at the same time.* 3% We have measured
the speed and angular distributions of both ground and
spin—orbit excited states of Br from the dissociation of 1,2-
dibromopropane by using the velocity map ion imaging method.
Interestingly, both primary and secondary dissociation events
are reflected in the product ion images, giving a detailed picture
of the dynamics in terms of the energy disposal and energetics
involved in the dissociation pathway taking place in a stepwise
manner. It is found that the velocity map ion imaging technique
allows the direct observation of two dissociation events in a
spatially separated way. Density functional theory (DFT) is
employed to calculate the energetics involved in the overall
dissociation process.?”

Experimental Methods

The velocity map ion imaging setup has been described
elsewhere in detail.’>3¢ The 2% gas mixture of 1,2-dibro-
mopropane (Aldrich, 97%) seeded in the He carrier gas was
injected into a source chamber through a nozzle orifice (General
Valve 9 series) at a repetition rate of 10 Hz. The supersonic jet
was then skimmed through a 1 mm diameter skimmer prior to
be intersected by the laser pulse at a right angle. The background
pressures of the source and ionization chambers were maintained
at 107° and 1073 Torr, respectively, when the nozzle was on.
The third harmonic output of a Nd:YAG laser (Spectra-Physics,
GCR-170) was used to pump a dye laser (Lumonics, HD-500)
to generate the tunable laser pulse. The visible dye laser output
was then frequency doubled via a BBO crystal to give the UV
laser pulse output. The UV laser pulse at 233.96 and 264.85
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Figure 1. UV absorption spectrum of 1,2-dibromopropane in n-hexane
solvent. The wavelengths employed in this work are designated by the
arrows.

nm was used for the (2 + 1) ionization of Br*(?Py,) via the 6p
Sy or 5p 2Py, states, respectively, whereas the transitions at
233.79 and 264.75 nm were used by the (2 + 1) ionization of
Br(®P3p) via the 6p “Ps;, and 5p “D7; states, respectively. The
UV laser pulse was focused onto the molecular beam for both
pump and probe purposes. The polarization of the laser pulse
was parallel to the position-sensitive detector and perpendicular
to the time-of-flight axis. The resultant Br ions were repelled,
accelerated, drifted along the field free region, and detected by
the microchannel-plates-equipped position-sensitive detector
with a mass-gated electric pulse. An image intensifier (Stanford
Computer Optic) coupled with a charge-coupled device camera
(Photometric, CH250) was used to digitize the ion images. The
voltages applied to the ion optics were carefully adjusted for
the velocity mapping condition. The images were averaged over
10 000 laser shots and stored in a personal computer. Raw ion
images were reconstructed by using the basis-set expansion
(BASEX) algorithm.*0

Results and Discussion

The absorption spectrum of 1,2-dibromopropane shows the
broad featureless band starting from near 280 nm with the
maximum intensity at ~210 nm, Figure 1. Three different optical
transitions of which the transition dipole moments are either
parallel or perpendicular to the C—Br bond are responsible for
such a broad absorption band. Even though the contribution of
each electronic transition strongly depends on the excitation
wavelength, all of the electronic transitions contain the o*
character along the C—Br bond inducing the ultrafast C—Br
bond rupture to give the ground (Br) and excited (Br*) states
of the bromine atom at the asymptotic limit. Because the main
focus of this work is on the dynamics of the primary and
secondary C—Br bond dissociations, relative oscillator strengths
of three electronic transitions and associated nonadiabatic
coupling dynamics are not discussed here, although such
information could be extracted from the careful measurement
of the relative product yields and associated anisotropy param-
eters.*®

Raw and reconstructed ion images of Br and Br* from
1,2-dibromopropane excited at 234 nm are shown in Figure
2. Whereas the Br* image shows an anisotropic sharp ring,
the image due to Br is found to be less anisotropic and quite
broadened. The difference of the Br and Br* images is more
dramatic at the excitation energy of 265 nm. Similarly to
the case of 234 nm, the Br* image consists of the single
anisotropic ring of which the corresponding translational
energy distribution is well-fitted by the single Gaussian-
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shaped function, Figures 3 and 4. However, the Br ion image
taken at 265 nm shows the peanut-shaped image, indicating
that the Br fragment has a broad translational distribution,
and yet, its angular distribution is quite anisotropic. The Br
translational energy distribution at 265 nm shows the distinct
bimodal distribution, indicating that there are at least two
different reaction pathways giving the Br fragment from the
1,2-dibromopropane at this pump energy. In order to resolve
the different reaction pathways, the energetic involved in the
following reactions need to be considered.

C,H,Br, + hv — «C,H,Br + Br(Br*) (1)
«C,HBr — C,H,+Br )

The first reaction is the direct C—Br bond dissociation upon
the no* optical excitation. Because absorption bands of two
C—Br bonds in 1,2-dibromopropane are expected to be only
slightly different and not separable in our excitation scheme,
the average value of two different C—Br bond energies is used
for the calculation of energetics. The DFT calculation with the
B3LYP method using the basis set of 6-311++G (3df, 3pd)
was used for the evaluation of the bond energy for the primary
bond dissociation, giving Dy'(C—Br) = 59.02 kcal/mol. After
the ultrafast photoinduced C—Br bond rupture, the available
energy corresponding to the difference between the photon and
bond dissociation energies is partitioned into translational and
internal energies of fragments. By taking the translational energy
of fragments from the experimentally measured distribution,
Table 1, the average internal energy of the nascent C3HgBr
radical at 234 nm is estimated to be 39.5 and 30.3 kcal/mol for
the Br and Br* channels, respectively. For the Br channel, only
the Gaussian-shaped component found at the high-energy region
is used for the calculation of the average translational energy.
Although the optimized geometries of 1-bromopropyl and
2-bromopropyl radicals are quite different, Figure 5, the
secondary C—Br bond dissociation energies of these radicals
are calculated to be almost equal to give the average value of
Dy"(C—Br) = 12.68 kcal/mol. It should be noted that the
reaction threshold could be higher than the dissociation energy
because of the presence of a reaction barrier. It is interesting to
note that the 2-bromopropyl radical adopts the bridged shape
at the minimum energy structure with the C—Br bond length
of 3.02 A which is much longer than that of 1-bromopropyl
radical.

The secondary C—Br bond dissociation from the vibrationally
hot C3HeBr radical then takes place in the ground electronic
state. The C—Br bond dissociation of the bromopropyl radical
most likely produces the propene molecule and Br through the
molecular channel on which two neighboring unpaired orbitals
of the transient diradical combine to form a stable chemical
bond in propene. Therefore, unlike the radical channel on which
the parent ground state smoothly correlates to the product states,
a certain reaction barrier is expected to be present along the
reaction coordinate for the C—Br bond cleavage of the CsH¢Br
radical. The translational energy distribution of the secondary
Br product, the shape of which is dependent on the internal
energy of the nascent C3HeBr radical, should be then convoluted
with the Gaussian-shaped energy distribution of C3HegBr which
is acquired from the primary bond dissociation event (vide infra).
It should be noted that the translational energy partitioning is
not expected to be large during the secondary dissociation
because the energy randomization prior to bond breaking should
lead to the more activation of the internal modes of fragments
rather than the activation along the recoil direction. Even after
the assumption of the Gaussian-shaped distribution for Br from
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Figure 2. Raw images of (a) Br and (b) Br* in the photodissociation of 1,2-dibromopropane at 234 nm. Corresponding three-dimensional reconstructed
images of Br and Br*, obtained by using the BASEX algorithm, are represented in (c) and (d), respectively. In all images, the linearly polarized
pump lasers have the plane of polarization vertical to the time-of-flight axis, as shown by a vertical arrow.

all channels, the deconvolution of the secondary Br fragment
out of the total distribution at 234 nm turns out to be not trivial,
although three velocity components of Br seem to reproduce
the experiment nicely, Figure 4.

The contribution from the secondary C—Br bond breakage
to the Br image is more pronounced at 265 nm, Figure 4. This
is partly due to the narrower energy distribution of primary
products at the pump energy of 265 nm compared to that at
234 nm, as clearly observed in the Br* translational energy
distributions at two pump wavelengths. The internal energy of
C3HgBr radical at 265 nm is estimated to be 29.2 and 21.4 kcal/
mol from the primary Br or Br* channels, respectively.
Considering the fact that the C3HeBr radical with the higher
internal energy will be responsible for Br of the higher kinetic
energy from the secondary dissociation, a Gaussian-shaped
component peaked at ~5 kcal/mol is ascribed to the secondary
Br fragment from the C3HeBr radical generated by the primary
C3;HeBr + Br channel, whereas the small component peaked at
~2 kcal/mol may be due to Br from the Cs;Hg¢Br radical
produced by the primary C3H¢Br + Br* channel. Actually, the
spatial distribution in the Br image at 265 nm is quite interesting.
Two spherical-shape split into up and down suggests that the
secondary Br fragment may be isotropic, whereas the initial
recoil velocity imparted to the C3HeBr radical is responsible
for the underlying peanut-shaped vertical anisotropic distribu-
tion. Because the secondary dissociation rate is expected to be
slow at the low internal energy of the C3H¢Br radical generated
at 265 nm, the isotropic distribution of the secondary Br

fragment indicating that the dissociation time constant is larger
than the rotational constant of ~1 ps is quite reasonable.
Further dynamic details for the secondary dissociation includ-
ing the energy disposal and reaction rate involved in the present
experiment are hardly extractable though because of the
complicated nature of the Br ion image taken in this work. It
should be noted that for the secondary Br fragment, the
quantitative analysis of the translation energy directly from the
ion image might be less meaningful because the secondary
C—Br dissociation occurs on the fast recoiling C3HeBr radical
from the primary C—Br bond dissociation. Namely, the velocity
vector of the C3HgBr radical attained from the primary bond
cleavage should always be added to the velocity vector of Br
from the secondary dissociation. From the simple kinematics
of the momentum conservation, the most probable translational
energy of the C3HeBr radical calculated from that of the primary
Br product is depicted as an arrow for each pump wavelength
of 234 or 265 nm, Figure 4. It is interesting to note that the
most probable translational energy of C3HeBr matches relatively
well with the peak of the translational energy component due
to the secondary Br fragment at 234 nm, Figure 4b. On the
other hand, the peak of the secondary Br energy distribution
deconvoluted from the Br distribution at 265 nm is found to be
red-shifted with respect to the most probable translational energy
of C3HeBr calculated from the peak position of the primary Br
distribution, Figure 4d. This experimental observation suggests
that, because of the smaller average internal energy of the
nascent C3HgBr radical at 265 nm compared to that at 234 nm,
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Figure 3. Raw images of (a) Br and (b) Br* in the photodissociation of 1,2-dibromopropane at 265 nm. Corresponding three-dimensional reconstructed

images of Br and Br*, obtained by using the BASEX algorithm, are represented in (c) and (d), respectively.
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Figure 4. Translational energy distributions of Br fragments in the photodissociation of 1,2-dibromopropane, (a) Br* and (b) Br at 234 nm and (c)
Br* and (d) Br at 265 nm. At both wavelengths, the experimental data (open circles) are well fitted by a single Gaussian function for Br*, whereas

at least three Gaussian functions are required to reproduce the experimental data for Br. See the text for details.

Arrows in (b) and (d) represent the

most probable translational energies of the CsHgBr radical acquired from the primary dissociation at 234 and 265 nm, respectively.

the secondary dissociation occurs only partially for the C3HgBr There are several other facto

rs which need to be considered

radical at 265 nm, whereas it takes place more efficiently at in the interpretation of the ion image of Br. First, it should be
234 nm. noted that Br from the secondary C—Br bond cleavage can be
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TABLE 1: C—Br Bond Dissociation Energies of
1,2-Dibromopropane Calculated by DFT with the B3LYP
Method by Using a 6-311++G(3df,3pd) basis set (kcal/mol)

dissociation
energy (kcal/mol)

1,2-dibromopropane — 1-bromopropyl radical + Br!st 58.89
1,2-dibromopropane — 2-bromopropyl radical + Br!s 59.14
1-bromopropyl radical — C3;He (propene) + Br?» 12.81
2-bromopropy! radical — C3He (propene) + Br?™ 12.55

seen in the image only when the secondary dissociation event
occurs within the laser pulse width of 5 ns. In other words, the
Br fragment coming from the reaction slower than the time
duration of the laser pulse cannot be ionized. When considering
the small energy difference between the intermediate radical
and asymptotic fragments in the secondary dissociation event,
however, the 5 ns may be long enough to cover most of
fragments except those being generated near the reaction
threshold. Another point is that the low velocity component of
the CsH¢Br radical would have a better chance to be seen in
the Br ion image because the slower radical gains a higher
internal energy from the primary bond breakage. This may
explain the difference between the Br distributions at 234 and
265 nm in terms of the peak positions of the secondary Br
energy distributions with respect to the most probable energies
of the CsHeBr fragments, Figure 4. It should also be noted that
the relative contributions of the primary and secondary Br in
the total Br distribution result from many dynamic parameters
such as the Br/Br* branching ratio and the energy partitioning
in both primary and secondary dissociations. Therefore, the Br
translation energy distribution is the result of many interesting
dynamical aspects, although its analysis is not straightforward
at the present time.

The recoil anisotropy parameter () of the fragment which
is deduced exclusively from the primary C—Br bond dissociation
is determined to be 0.53 (0.49) and 1.26 (1.73) for Br(*Ps))
and Br*(?Py)), respectively, at 234 (265) nm. Because the Br*
product is diabatically correlated for the excited-state with the
transition dipole moment parallel to the C—Br bond axis,
anisotropy values close to the limiting value of 2 are observed
at 265 nm. As mentioned earlier, relative oscillator strengths
of three different electronic transitions and associated nonadia-
batic couplings along the three repulsive potential energy
surfaces are responsible for those anisotropy parameters deter-
mined for the primary C—Br bond cleavage. It is interesting to
note that 3 of Br(*P3/) deduced only from the secondary C—Br
bond dissociation at 265 nm is found to be 0.87, indicating that
the corresponding Br(*Ps,) fragment is carrying the initial vector
component of the bromopropyl radical produced from the
primary bond cleavage. The higher anisotropy value of the
secondary Br compared to that of the primary Br suggests that
only partial portion of the nascent C3He¢Br fragment may
undergo the secondary C—Br bond dissociation, which is
consistent with the red shift of the translational energy distribu-
tion of the secondary Br at 265 nm in Figure 4d (vide supra).

Conclusions

In this work, it has been demonstrated that the primary and
secondary bond dissociation events can be directly observed
by using the velocity map ion imaging method. Two almost
equivalent C—Br bonds of 1,2-dibromopropane are found to
be cleaved in a stepwise manner at pump energies of 234 and
265 nm. The Br* ion image shows a single Gaussian-shaped
translational energy distribution, whereas three different velocity
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Figure 5. Energetics and optimized geometries of 1,2-dibromopropane,
1-bromopropyl radical, 2-bromopropyl radical, and propene obtained
by the DFT calculation with the B3LYP method by using the
6-311++G(3df,3pd) basis set. Possible transition states or intermediates
along the reaction paths are not considered in the calculation.
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components contribute to give the Br translational energy
distribution. The secondary C—Br bond breakage of the
internally hot C3HeBr radical should be responsible for the
relatively low kinetic energy components of the total distribu-
tion. The secondary Br fragment is observed as the vector sum
of itself and the photon-induced recoiling C3HgBr fragment from
which the secondary dissociation occurs. The quantitative
analysis of the image regarding the secondary C—Br bond
cleavage turns out to be not straightforward because of the
complicated nature of the Br ion image. However, the intriguing
dynamical features in the 1,2-dibromopropane photodissociation
are revealed in the ion image quite distinctly for each dissocia-
tion event. Especially, it is noteworthy that the spatial separation
of the primary and secondary events occurring in the same
molecule is observed for the first time in the two-dimensional
ion image, promising that the direct observation of sequential
dissociation events of the polyatomic molecule could be
plausible with the velocity map ion imaging technique.
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