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The photodissociation dynamics of formic acid (HCOOH) at 206 nm have been investigated from rotationally
resolved laser induced fluorescence spectra of OH (?IT) fragments produced exclusively in the ground state.
From the spectra, the rotational energy of the fragments was measured to be 820 + 50 cm™. The trandational
energy released in the products, which is 87% of the total available energy of the system, was also measured
from analyses of the Doppler profiles. Joining these datawith quantum chemical molecular orbital calculations,
we have concluded that the dissociation should take place a ong the S; surface with an exit channel barrier and
also that the energy partitioning is determined at the exit channel.
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Introduction

The chemistry of formic acid (HCOOH) is of fundamental
interest because it is an important intermediate in the
oxidation of unsaturated hydrocarbons in combustion and
the most abundant organic pollutant in Earth’s atmosphere.
In understanding atmaospheric chemistry, the structures and
dynamics of moleculesin the excited electronic states are of
special importance. Among organic molecules in our atmos-
phere, HCOOH has drawn the most attention because it is
the smplest carboxylic acid whose spectroscopy and dynamics
can be studied experimentally and theoreticaly in detail,
casting it as a model for the study of larger carboxylic
acids. In UV spectroscopy, the absorption spectrum of
HCOOH shows some vibrationa structures superimposed
by continuous absorption starting from about 250 nm, which
is assigned asthe n — 7¢-o €lectronic transition typical for
simple carbonyl compounds.’® The photophysical and photo-
chemical processes from this (nz*) state should depend
upon the nature of the excited state and the shape of potential
energy surfaces. The potential energy surfaces can be con-
structed in detail by quantum chemical caculations, but for
the excited electronic states, such construction is extremely
difficult due to multichannel interferences. However, the
electronic absorption spectra and photodissociation dynamics
can provide some information on the shape of potential
energy surfacesin the excited electronic states.

The photodissociation of formic acid in the first UV
absorption band has been extensively studied.**° The magjor
primary dissociation channel has been found to produce the
CHO and OH radicalswith aquantum yield of 0.7-0.8 at 222
nm.t However, at longer wavelengths, the lifetime of the
molecule in the excited state is a few tens of nanoseconds,
manifested by the rotationally resolved spectraof the 08 and
3(1) bands measured by the laser induced fluorescence
technique.®*™ In fact, at 248 nm, H,0, CO, and CO; products
were found by time-resolved Fourier Transform Infrared
spectroscopy; they are also the products in the thermal

decomposition of HCOOH. At this waveength, the
photon energy is not high enough to overcome the barrier for
dissociation in the S; excited state; thus, the dissociation
takes place mainly in the vibrationally hot ground electronic
dtate after internal conversion. Asthe photon energy increases,
the lifetime becomes shorter and severd dissociation channels
in the excited electronic states, such as CHO + OH and H
atom dissociation channels, are open. At shorter wave-
lengths, most of the available energy (about 80%) was found
to be distributed in the product trandation and internaly
cold products were observed. Previous reports suggest that
the dissociation should be predissociative and the potential
energy surface leading to the CHO and OH radical products
has an exit channel barrier. Similar to HCOOH, the photo-
dissociation of acetaldehyde in UV takes place aong the
triplet surface with an exit channel barrier.’**® When the
photon energy is close to the dissociation barrier, internaly
cold CHO and CHjs radicd products are observed, whereas
the rotational energy of the CHO products increases as the
photon energy increases. To understand the detailed dynamics
of the photodissociation of HCOOH in relation to the
potential energy surfaces, more of the dissociation dynamics
should be investigated at other wavelengths along the UV
absorption band together with theoretical calculations on the
nature of the electronic transition, potential energy surfaces
and other key characteristics.

In the present study, the photodissociation dynamics of
formic acid a 206 nm have been investigated by measuring
rotationally resolved laser induced fluorescence spectra of
OH fragments produced exclusively in the ground electronic
gstate. From these spectra, the energy partitioning in the
products was determined. Along with the results of the
quantum chemical molecular orbita calculations, the detail-
ed dynamics of the dissociation processes are discussed.

Experiments

The experiments were carried out in a low pressure flow
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cell with conventional photolysis-probe geometry.? The cell,
a cube made of stainless steel with four arms (each 30 cm
long), was evacuated to a pressure of 10~ Torr by a mech-
anical pump. The gaseous sample in equilibrium with liquid
HCOOH at ambient temperature was slowly flowed through
the cell a a pressure of 60 mTorr. The pressure was
controlled by two needle valves. The liquid HCOOH (stated
purity of 98%) was purchased from Aldrich and used
without further purification.

The 206 nm, horizontally polarized photolysislight (2 mJ
pulse, 4 mm dia) was generated by frequency doubling
(with a BBO crystal) of a dye laser (ND-6000, Continuum)
output at 412 nm generated by pumping with 355 nm light,
the third harmonic of an Nd:YAG laser (Surélite, Continuum).
The probe light to measure the laser-induced fluorescence
spectra of OH, employing the X(2IT) — A(%X) electronic
transition at 306-320 nm, was a doubled output of another
dye laser (HD-500, Lumonics) pumped by the second har-
monic of an Nd:YAG laser (YM-800, Lumonics). The two
laser beams were collinearly or perpendicularly introduced
to the cel through the arms, which contain baffles to
minimize scattered radiation. The delay between the
photolysis and probe, typically about 100 ns, was controlled
with a digital pulse and delay generator. The power of the
probe light, which was about 30 wJpulse (~4 mm dia.), was
kept aslow as possible to avoid saturation in the spectra.

The fluorescence signa was detected with a photomulti-
plier tube (R-212UH, Hamammatsu) perpendicularly mount-
ed relative to the two laser beams through cut-off filters and
a collection lens. The measured signa was fed to boxcars
and processed with a signal processor. A 60 mTorr sample
pressure and 100 ns time delay between the photolysis and
probe ensures nascent product energy distribution. The
fluorescence spectra were corrected with variation of the
photolysis and probe laser powers, and the data were
collected and stored on a persona computer.

The linewidth of the laser output was measured by
rotationally resolved gaseous |, spectra near 620 nm, which
was found to be 0.07 cm™ at FWHM. This laser line profile
was deconvoluted from the measured line profiles to
estimate the actual Doppler profilesin the spectra.

Results and Discussion

A portion of the laser induced fluorescence spectra of
OH(IT) produced from photodissociation of HCOOH is
presented in Figure 1. In the liquid sample of formic acid, an
appreciable amount of hydrogen-bonded dimers of formic
acid should be present, but quantum yield measurements of
OH production from photodissociation of gaseous formic
acid showed no OH yield from the dimers.® The spectrum
shows well-resolved P-, Q-, and R- branch rotational lines of
the 0-0 band, which were assigned according to Dieke and
Crosswhite.?® However, no appreciable fluorescence inten-
sitieswere detected out of the noisein the 1-1 band region of
the spectrum, which suggests negligible vibrational excitation
of the OH fragments. In Figure 2, normalized rotational
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Figure 1. Portion of Laser induced fluorescence spectrum of OH
produced from photodissociation of formic acid a 206 nm
employing the A-X transition.
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Figure 2. Normalized rotational population distribution obtained
from the spectrum in Figure 1 as afunction of rotationa energy.

population distributions obtained by relative intensities of
the individual lines corrected by appropriate line strength
factors are presented.?! From this data the average rotational
energy of OH was found to be 820 + 50 cm™. The Doppler
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Figure 3. Doppler profile of the Py(6) rotational transition in the
spectrum in Figure 1. Circles are from the experiment, dashed line
is the laser line profile, and solid line is the actual Doppler profile
obtained from deconvolution of the laser line profile from the
measured.
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broadened P;(6) rotationd line in the OH spectrum is pres-
ented in Figure 3. When the two laser beams are collinearly
propagated, the polarization direction of the photolysis light
is perpendicular to the probe direction; whereas when the
two laser beams are introduced perpendicular to each other,
the polarization direction of the photolysis light becomes
pardlel to the probe direction. However, from these two
different experimental pump-probe geometries, the same
Doppler profiles were observed, which were Gaussian-like
profiles implying the isotropic angular distribution of the
fragments. From the observed one-dimensional Doppler
broadened spectra, the average tranglational energies of the
OH fragments were measured from the second moment of
the profile after deconvolution of the laser line profile.2 The
average center of mass trandational energy release in the
products for the OH rotational state N=6 was then calculated
to be 9,000 + 500 cm™, invoking energy and momentum
conservation. The fraction of the trangdlational energy in the
total available energy is0.87, aslisted in Table 1 with values
from other experiments.

To understand the details of the dissociation mechanism,
spin correlation arguments would be helpful. Since the OH
products are in the ?IT state, which is two-fold degenerate,
and the CHO products are in the ?A' state, the four
dissociating molecular states should be the two singlet
dates, Sp and S, and the two triplet states, T, and T2. Thus,
the dissociation would occur from either the ground singlet
dtate after internal conversion from the S; state, from the
excited singlet state, or from the triplet states after relaxation
fromtheinitially excited singlet state. When the dissociation
takes place in the ground singlet state after the internal
conversion, a statistical energy partitioning resulting from
excessive vibrational energy redistribution would be expect-
ed because the molecules are in the highly vibrationally
excited gtates, like thermal decomposition. In addition, the
major decomposition products from the ground singlet state
are known to be molecular products, such as H>O, CO,, and
CO. The unusually large trandational energy released in our
study resulted in a non-statistical energy partitioning in the
products, which impliesthat dissociation should occur in the
excited electronic states.

In Figure 4, the A-doublet distribution of the OH frag-
ments, showing close to statistical distribution is presented.
In diatomic molecules in the IT state as OH in 1, an
unpaired p;, orbita lies perpendicular to the molecular axis.
Since the electronic angular momentum has A = £1 projec-
tions with respect to the molecular axis in this case, the
rotational states are split into two because of interactions
between the eectronic and rotational angular momentum
when the molecules rotate. In the classical limit, the wave-
function of the unpaired eectron in the p, orbitd can be
approximated as a lobe. When this lobe lies in the plane of
molecular rotation, the wavefunction is symmetric with
respect to the plane, which forms the TI(A") or IT" state
among the two A-doublet states, whereas the wavefunction
is antisymmetric, the IT(A") or I1™ state, when the lobe lies
perpendicular to the plane. The propensity of the dissocia-
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Table 1. Energy partitioning in products from photodissociation of
formic acid at various wavelengths

193 nm? 225 nm® 206 nm
Ea (cm ) 14,110 6,820 10,300°
<f,(OH)> 0.05 0.065 0.080
<f(sys)> 0.82 0.84 0.87
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Figure 4. A-doublet distribution of OH produced from photo-
dissociation of formic acid at 206 nm as a function of rotational
quantum number N.

tion products in one of the two A-doublet states originates
from conservation of the direction of the unpaired p;, orbital
lobe generated by nuclear motion, that is, bond cleavage
aong the reaction coordinate. When the parent molecule
does not rotate or the dissociation takes place faster than the
rotational period of the parent molecule, such asin the case
of direct dissociation from arepulsive state, the dissociation
takes placein the plane, resulting in the products exclusively
intheIT" state. This propensity decreases as the dissociation
time becomes longer, resulting in rotation of the parent
molecule, which also happens if there are any dynamical
constraints, such as excessive torsiond vibrational motion of
the parent molecule. The fact that negligible propensity in
the A-doublet distribution of OH was observed in this
experiment suggests that the dissociation time is relatively
long and some barrier in the course of dissociation along the
S, or the triplet surfaces.

To figure out the shape of the potential energy surfacesin
the excited eectronic state, quantum chemical molecular
orbital calculations were considered, especiadly for the S;
and T, states along the reaction coordinate. According to the
complete active space self-consistent field/multireference
configuration interaction (CASSCFMR-CI) calculations by
Fang and coworkers® the S; and T; surfaces aong the
reaction coordinates have barriers of 56.5 and 62.8 kJ/mol
relative to the S; and Ty origin, respectively (Figure 5). In
addition, they found the crossing point between the S; and
the T, surfaces, from which the transition probability of
intersystem crossing between S; and T, was estimated to be
55 x 104, employing the Landau-Zener modd. The negligible
interaction between the S; and T states results in the non-
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Figure 5. Schematic energy level diagram of photodissociation of
formic acid producing OH and HCO adapted from reference 10
and thermochemical data from reference 24.
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Figure 6. Spin-orhit fine structure distribution of OH in the 21
state produced from photodissociation of formic acid at 206 nm as
afunction of rotational quantum number N.

datistical population distribution of the two spin-orbit states
in OH, as observed in the experiment (Figure 6). This non-
datistical spin-orbit population distribution of OH is aso
observed in the 212.8 nm photodissociation of formic acid.’
The higher barrier along the T1 surface and the negligible
interaction between S; and T1 suggest that the dissociation
should take place on the excited singlet surface not the triplet
surfaces.

The firgt electronic absorption band of HCOOH in UV,
garting from around 250 nm shows sharp structures at along
wavelength region superimposed by continuous absorption,
with a peak around 215 nm. The transition is assigned as the
n(3a") — z*(10a) transition primarily locaized in the C=0
moiety. The structured transitions in this band are long
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progressions of the C=0 dretching (15) and the O-C-O
bending (1) vibrations, resulting from structural changes
from the planar to the pyramidal structure upon absorption, a
result of the molecular orbital interactions mentioned by
Walsh.® Since the transition is vibronically allowed through
15 and 14, the direction of the transition dipole moment has
al three components in space, resulting in isotropic angular
distribution of the fragments. Upon excitation of the sharp
peaks on the long wavelength side of the absorption band, it
has been found that most of the available energy is trans-
formed into product trand ation and the energy partitioning is
insengitive to the initial state selection.™® At 206 nm, the
short wavelength side of the absorption band, the available
energy is the photon energy, 585.0 kJ¥mol (including the
internal energy of the parent molecule) minus the dissocia
tion energy, 461.2 kJmol,2* which is 123.8 kJmol. The
fraction of the available energy going into product trans-
lation is 0.87, whereas the fraction of the rotational energy in
OH is 0.080. The low vibrational excitation of OH is
consistent with the localized transition in the C=0 moiety,
with ailmost no change in the O-H bond length at the Franck-
Condon region at the transition state. When we assume that
the energy partitioning would be determined at the transition
state, most of the available energy would be transformed
into product trandation and the rotational energy of the
fragments can be predicted employing an impulsive model.
The fraction of rotational energy in OH according to the
impulsive model is calculated to be 0.03. The origin of the
rotational energy of OH isan impulsive force upon dissocia-
tion, resulting in planar dissociation and torsiond vibrational
motion of the parent molecule, which results in a plane of
rotation perpendicular to the dissociation axis. The observed
datistical A-doublet distribution should aso reflect these
two contributions. Upon excitation at 206 nm, the measured
energy partitioning is similar to those from excitation at
longer wavelengths. At thiswavelength, theinitial excitation
gill induces many quanta in the C=O vibration in the
Franck-Condon region of the potential energy surface from
which the dissociation proceeds along the C=0 vibrationally
adiabatic curves strongly coupled to the reaction coordinate,
where the barrier is present in the exit channel. In this case,
the energy partitioning among products should be determin-
ed at the transition state and most of the available energy is
expected to be transformed into product trandation as
observed in this experiment.
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