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Photodissociation Dynamics of f-butyl Hydroperoxide at 280-285 nm
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The phodissociation dynamics of +butyl hydroperoxide at 280-285 nm has been investigated by measuring las-
er induced fluorescence spectra of the fragment OH. Measured fractions of the available energy distributed
among the fragments are f=0.56, £{OH)=0.044, f,(+-Bu0)=0.40, and negligible populations of OH are found
in vibrationally excited states. By analyzing the Doppler profiles of the spectra of OH, the positive v-J vector
correlation has been obtained. From the measured v-J correlation and A" propensity in the two A-doublets of
OH, it is concluded that the dissociation takes place directly from the repulsive surface induced by the o*«—n
transition with the fragment OH rotating in the plane perpendicular to the dissociating O-O bond axis.

Introduction

Photochemical reactions are of fundamental importance to
study chemical reaction dynamics in detail.'? Since the
molecules of interest collide with photons with well-defined
momenta, theories are much simpler than those of reactive
scattering events and applicable to even moderately large
molecules, The processes are govemned by an initially pre-
pared state and shape of potential energy surfaces along the
reaction coordinate. By examining the dynamics of the pro-
cess, one can study the shape of the potential energy sur-
faces in detail and thus electronic structures of the molec-
ules as well.

Studies of photodissociation dynamics in detail require
precise measurements of certain physical properties related
to the potential energy surfaces. Population and energy dis-
tributions among quantum states of the reactants and pro-
ducts are scalar properties from which mechanism of the
photodissociation can be deduced. However, in most cases,
measuring the energy distribution is not enough to study the
detailed dynamics of the process. The transition dipole mo-
ment of the parent molecule, recoil velocities and rotational
angular momenta of the products are vector properties of
the molecule and correlations between these vector pro-
perties reveal the detailed dynamics of the photodissociation.
In order to measure the angular distribution and speed of
the products, a rotatable time-of-flight mass spectrometer

has been used.® In favorable cases such that the molecules
of interest absorb or emit photons of easily accesible spec-
tral region, Doppler resolved absorption or emission spectra
provide the translational and internal energy distributions of
the fragments. In addition, when linearly polarized lights
are used for photolysis and probe, the vector correlations
can be measured from the spectra by analyzing the Doppler
profiles.**

The Doppler profiles in polarized absorption and em-
ission spectra of molecules have been thoroughly analyzed
by Herschbach and Zare.”® The molecules absorb a photon
and are excited when the transition dipole moment g is pre-
ferentially aligned in the laboratory frame parallel to the
electric vector, g, of the linearly polarized dissociating light.
The resulting angular distribution of the photofragments is
described by the so-called anisotropy parameter which
shows the comelation between u and the recoil direction of
the fragments. When the photofragments are polyatomic
molecules, the fragments have rotational angular momenta
which have definite relationship with the recoil velocities.
Since this v-J correlation is developed when the frag-
mentation occurs, the v-J comelation may appear even when
the angular distribution is isotropic. Correlations of rotation
with translational motion have been thoroughly analyzed by
Dixon® and the anisotropy is defined by a number of bi-
polar moments of the translational and rotational angular dis-
tributions. The Doppler broadened lineshape in the spectra
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of the photofragments depends upon rotational alignment,
polarization of the photolysis and probe laser lights, ex-
citation-detection geometries, and rotational branch tran-
sitions probed. Thus by analyzing the Doppler profiles of
the absorption spectra, one can measure the correlations
between the veclor properties of the fragments.

Photodissociation of {CH,);COOH is one of the good ex-
amples of studying the dymamics by applying the Doppler
spectroscopic technique. It is particularly interesting to
study the effect of alkyl substitution in H,O. on the dy-
namics, because the symmetry is lower and the substituted
group is relatively heavy. (CH;);COOH is dissociated into ¢-
butoxy and OH radicals upon irradiation of the UV light.
The photodissociation at 248 nm has been studied and
slightly negative u-v(fi=—0.2) and positive v-J vector corre-
lations at high J have been measured.” In the case of H,0,
at 266 nm, the negative p-v{3=— 1) correlation has been re-
ported.” The electronic transition in this energy region is as-
signed as 6%« n that is perpendicular according to simple
molecular orbital considerations for both but the relatively
heavy t-butyl group affects the dynamics of dissociation
resulting in the smaller anisotropy parameter. Crim and co-
workers have studied the vibration-mediated photodissoci-
ation via the fifth overtone excitation of the OH stretching
vibration. They found large internal excitation in the &bu-
toxy group compared to the direct dissociation from the re-
pulsive surface.'

In this experiment, the photodissociation of (CH;),COOH
at 280-285 nm has been studied where the fragment OH ab-
sorbs via the v=1« 0, A—X transition and emits ra-
diation. The spectra of the fragment OH have been measur-
ed by laser induced fluorescence. From the spectra, the en-
ergy distribution in the fragments and the A-doublet dis-
tribution in OH have been measurcd. Because of the lack of
the number of experimental geometries, the complete vector
correlations could not be measured but the positive v-J
correlation has been deduced by analyzing the Doppler
broadencd spectra. The dynamics of the dissociation is dis-
cussed from the expcrimental results.

Experiment

The experiment was performed in a flow cell with a con-
ventional pump-probe geometry. The cell was a cube made
of stainless steel with two arms in which baffles were plac-
ed to minimize scattered Jight. The cell was evacuated at
about 10°* Torr and gaseous (CH;);COOH was continu-
ously flowed at a sample pressure of about 50 mTorr.

The dissociating light was a frequency-doubled output of
a dye laser (Lumonics HD 504) which was pumped by the
second harmonic of an Nd: YAG laser (Lumonics YM 800).
The same laser light probed OH by laser induced flu-
orescence (LIF) employing the A— X transition in the UV
region. The pulsewidth was about 8 ns which was measured
by a fast photodiode. The photodissociation of the parent
molecules and probing the fragments were carried out with
the same laser pulse. Thus, we believed that the 50 mTomr
sample pressure should provide the nascent product energy
distribution. The 1+ 0 transition in OH was excited (280-
285 nm) and the total emission was probed without any filt-
er in order to measure the correct intensity distribution. The
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power of the laser light was kept as low as possible to min-
imize the scattered radiation, which was in tum dis-
criminated with a gated integrator. The laser power was less
than 50 ul/pulse to avoid saturation as well. The bandwidth
of the laser light was 0.08 cm™' in the visible which was
measured from the spectra of gaseous I; in a static cell at
ambient temperature. Since the laser light was horizontally
polarized, the pump-probe geometry provided &; Lk, where
£, and k, were the directions of the electric vector and of
propagation of thc linearly polarized laser light, respectively.
In order to measure the complete vector correlations from
the Doppler resolved spectra of OH, more than two dif-
ferent experimental geometries were needed. However, in
this experiment, only one geometry could be employed. The
detector was placed at a right angle to the laser beam.

The laser induced fluorescence was detected by a PMT
(Hamammatsu R212UH) through a collection lense and the
detected signal was fed to a boxcar averager. The power of
the Jaser beam was monitored with a photodiode and the flu-
orescence signal was corrected with respect to the laser pow-
er. A signal processor (EG&G 4420) digitized the signal
which was stored and processed in a PC.

Results and analyses

Photodissociation dynamics of (CH,;COOH at 280-285
nm has been investigated by measuring rotationally resolv-
ed laser induced fluorescence (LIF) spectra of the fragment
OH. Since the absorption spectra show continuous and re-
latively flat absorption in this narrow spectral region, no sig-
nificant variation of absorptivity and of the resulting dy-
namics is assumed. In Figure 1, the log of signal intensities
from the Q-branch transition (Q,(5)) of OH are plotted as a
function of the laser power. The plot shows a straight line
of a slope of 1.64, which implies the two photon processes
as expected because one photon dissociates (CH;);COOH
and another subsequent photon in the same laser pulse ab-
sorbed by OH gives rise to the Jaser induced fluorescence.

A portion of the LIF spectra of ithe OH products is
presented in Figure 2. The rotational transitions in the v=1
«—0 band of the A— X transition are resolved and assigned
according to Dieke and Crosswhite.”” From the measured
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Figure 1. Log of LIF signal intensities measured from the Q-
branch rotational transitions as a function of the laser power.
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Figure 2. Portion of the LIF spectra of OH produced from the
photodissociation of (CH,;),COOH at 280-285 nm employing the
L+--0, A— X electronic transition in UV. Rotational assignments
are from Ref. 13.

spectra, the rotational population distribution of the OH frag-
ments are obtained from the reported Einstein B coefficients."
The rotational population peaks at N=5, 6 and extends to N=
13 (Figure 3). From the distribution, the available energy
distributed in the product OH rotation is found to be about
1000 cm ' on average. In order to measure vibrational ex-
citation in OH, spectra of the 2+ 1 band region were
measured but no appreciable intensities out of noise were
observed. Thus, no significant vibrational excitation of OH
is concluded in this experiment.

In order to measure the vector correlations and trans-
lational energies of the fragments, the Doppler resolved
spectra of each rotational transition have been measured.
The measured spectra are fitted to the lineshape function'®

1= ELL (14, P cos 6,.)Pco5 6, )] dv

where W(v) is the speed distribution of the fragments, 6.,
and 6,, are angles between the propagation direction of the
probe light and the electric vector and the recoil direction,
respectively, B, is the anisotropy parameter composed of
the bipolar moments, and Py(x)'s are the second order Legen-
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Figure 3. Rotational population distribution of OH obtained
from the spectra in Fig. 2.

Bull Korean Chem. Soc. 1998, Vol. 19, No. 3 321

dre Polynomials. The speed distribution represents the int-
ernal energy distribution of the corresponding ¢-BuO radical,
which is not measured in this experiment. Thus, the Gaus-
sian distribution with a finite width is used for W{v). Since
the experimental geometry in this experiment provides 6,,=
n/2 and the Doppler shift, Av is given by Aviv=vcos @, /¢,
the lineshape function becomes

1= W0y Lg g3 PN
2v 2 2

Ry Ll

where

boB320)+ b f3(22) + b ,f3(22)
by+b,BH02) ’

In the above expression, the bipolar moments
B02), 83203, B%22), B¥22) represent the rotational align-
ment, the translational anisotropy, B.(=28,(20)), the v-J
and the u--J photofragment vector correlations, respec-
tively. The multipliers &'s can be calculated from the ex-
citation-detection geometries and the angular momentum
coupling factors defined by Dixon,” which are obtained for
the different rotational branch transitions in this experiment.'®
The measured spectra for the Q, P, R rotational branch tran-
sitions for the rotational quantum number N=5-13 are fitted
to the above lineshape functions to obtain By/s with an av-
erage speed and the width of the speed distribution. Typical
Doppler resolved spectra with the best fits are presented in
Figure 4. The measured average speed for N=5 is 3800+
500 m/s which in tumn provides the center-of-mass average
translational energy of 12,670 cm '. From the obtained f,'s
and &'s, the individual bipolar moments can be calculated
by solving the linear equations. However, since the only
one excitation-detection geometry is used in this experiment,
number of equations are deficient to obtain all four un-
kowns. In the previous studies of photodissociation of ¢bu-
tyl hydroperoxide at 248 and 266 .am, the very small or
negligible rotational alignment and the translational an-
isotropy have been reported.' Thus, in this experiment, the
v-J and the g-v-J corelations have only been obtained with
the rotational alignment and the translational anisotropy
neglected. The obtained v-I correlation, 83(22)'s are present-
ed for N=5-13 in Figure 5. The measured positive corre-
lation implies that the rotational angular momentum is align-
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Figure 4. Typical Doppler broadened spectta of OH with the
best fits (see text).
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Figure 5. Measured v-J correlations obtained from the observed
Doppler profiles as a function of the rotational angular momenta

ed parallel to the recoil direction,

In Figure 6, the A-doublet distribution in the OH frag-
ment is presented as a function of the rotational angular
momentum J, while the statistical ratio is unity. The measur-
ed distribution shows that the A" A-doublet state is pre-
ferentially populated, which suggests that the OH fragment
tend to rotate in the plane perpendicular to the dissociating
bond axis. Assuming axial dissociation, this again implies
that the rotational angular momenturm is aligned parallel to
the recoil direction.

Discussions

The LIF spectra of the OH fragments from the pho-
todissociation of (CH,);COOH at 280-285 nm have been
measured, from which the energy distribution, the A-doublet
distribution in OH and the v-J vector correlation of the frag-
ments have been obtained.

The absorption spectra show continuously increasing ab-
sorption starting from 320 nm with no maxima in the UV
region which has been assigned as the ¢o®«—n transition to
the 'A excited state for the lowest energy transition. The
similar spectra have been obtained for H.0, and CH,00H
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Figure 6. A-doublet distribution of OH measured from the spec-
tra in Figure 2.
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Table 1. Fractions of the available energy distributed in the pro-
ducts produced from the photodissaciation of (CH,,COOH at
280-285 nm

E, (em™)  <f> <f(OH)» <f(OH)> <f.((CH,),00)>

22,802° 0.56 0044 <001 0.40
impulsive model 0.58  0.029 0.001

*E.=hv (280 nm)+E,((CH,);COOH)-Dy((CH,;)yCO-OH). * Ap-
proximated from the noise in the spectra.

and the transition has been found to be perpendicular from
the photodissociation of H,O, at 248 (f=—0.86) and 266
(f=-1) om.™"" In (CH,),COOH, because of the loss of
symmetry, the polarization of the transition is less clear, but
assuming retention of the 6* «— n character, the transition di-
pole moment perpendicular to the O-O axis would be ex-
pected. Indeed, the slightly negative translational anisotrop-
ies have been measured for the dissociation of (CH,)s-
COOH at 248 nm (f=-0.03~-0.27) indicating the iran-
sition is perpendicular. Thus, at 280-285 nm the lowest en-
ergy o* < n transition would still be expected.

The available energy distributed among the fragments is
the dissaciation energy (Dy=14,270 cm™') subtracted from
the photon enetgy (hv=35,382 cm ™' at 280 nm) and the in-
itial thermal intemal energy E;, ((CH:);COOH) of the parent
molecule (1,690 em ™"). Then, the available energy is 22,802
cm ™', The measured fractions of the available energy in the
translational and internal degrees of freedom of the frag-
ments are listed in Table 1. The majority of the available en-
ergy appears in translation and internal excitation of the &
BuO fragment. Impulsive dynamical models, although
broadly in agreement with the observed pattem of energy
disposal, are unable to predict quantitatively the observed
degree of rotational excitation.

Coupling of rotational and electronic orbital angular mo-
menta produces two A-doublet fine structure states.'” In di-
atomic molecules with half-filled electronic orbitals such as
OH, an electronic wavefunction of the unpaired electron is,
in the limit of high rotation, approximated to the atomic of-
bital wavefunction which has definite symmetries with
respect to the plane of molecular rotation. The symmetric
wavefunction represented as a lobe in the plane of rotation
is assigned to the A’ state among the two A-doublet com-
ponents, while the antisymmetric wavefunction as a lobe
perpendicular to the plane is assigned to the A" state. These
definite parities form rotational selection rules in electronic
transitions such as the P- and R-branch transitions should
be induced from the A state and the Q-branch transitions
from the A” state. Simple molecular orbital thearies predict
equal probabilities of forming singly occupied p orbitals in
and perpendicular to the OCH plane in the dissociation of
H;0, resulting from the o*«—n transition and equal po-
pulation of the two A-doublet states of the OH fragments
has been measured. Since the 7-Bu group is electron rich
compared to H, a nonbonding electron of oxygen in the ¢
BuO is more likely promoted to the ¢* molecular orbital
along the O-O axis. In this case, the singly occupied p or-
bital in the corresponding OH upon dissociation is expected
to lie along the dissociation axis. The A-doublet distribution
measured from the P-, R- and Q-branch rotational tran-
sitions shows a propensity in the A" state, which implies
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that the atomic orbitals for the unpaired electron in the OH
fragments formed during the dissociation appear to be align-
€d perpendicular to the plane of molecular rotation.

The measured v-) correlation, S)(22)'s are presented in
Figure 5. In order to obtain the v-J correlation in this ex-
periment, the rotational alignment and translational an-
isotropy are neglected because of the lack of number of ex-
perimental geometries. Indeed, in the photodissociation of
(CH;);COOH at 248 nm and 266 nm," the very small trans-
lational anisotropy (2£,%(20)= ~ 0.03~— 0.3) and the rotation-
al alignment ($,%(02)=0.15) are measured. Even though the
same anisotropies measured in the 248 nm photodissoci-
ation are used for the calculation, the observed trend in the
v-J correlation is not substantially changed. The fraction of

photofragments with v||J and v 1J is related to the v-J

correlation, which is given by f{|| )=1/3(1+28,) and f{L)=2/
3(1-B.,), respectively. The measured v-J comelation of 0.5
implies that the 70% of the photofragments are generated
with the rotational angular momentum aligned parallel to
the recoil velocity. In the ab initio calculation' of H,0, at
the trans plapar equilibrium configuration, the dihedral an-
gle, @ is predicted to be 120° and the barmier for the cor-
responding cis-trans conformational change is about 386
cm™’. The alkyl substitution slightly opens the dihedral an-
gle (=126} and greatly reduces the barrier (~80 cm ™) for
CH,O0H. Assuming the same trend for the z-Bu sub-
stitution, even the smaller barrier height is expected which
is much less than the zero point energy of the OH torsional
motion. Thus, the wide angle torsional motion of OH in
(CH;),COOH (while the heavy BuO group remains es-
sentially fixed in space) is likely transformed into the ro-
tational motion of the OH fragment upon dissociation. In
this case, the rotational angular momentum of the OH frag-
ment is likely to be aligned parallel to the recoil velocity
along the dissociating O-O bond. The positive v-J corre-
lation and the A" A-doublet propensity measured in this ex-
periement indicate the above fact that implies the OH tor-
sional motion plays an important role for the fragment OH
rotation in the photodissociation of (CH,);COOH.

In summary, the photodissociation of (CH,,COOH at
280-285 nm starts from the lowest 'A excited state induced
from the ¢®—n transition. The dissociation is fast and
directly generates the OH fragments rotating in the plane
perpendicular to the dissociating O-O bond axis (out-of-
plane dissociation). The rotational motion of the fragment
OH mainly originates from the parent wide angle torsional
motion of OH while the heavy +BuO group remains fixed
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in space.
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