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Photodissociation dynamics oftert-butyl hydroperoxide at 266 nm
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Abstract

Photodissociation dynamics oftert-butyl hydroperoxide at 266 nm was investigated by measuring laser-induced fluorescence spectra
of OH fragments. The OH fragments were produced exclusively in the X2� states and spin–orbit ratios show approximately equal
populations in the2�3/2 and2�1/2 states of OH. On the other hand,�-doublets favor the asymmetric A′′ level for all measured values
of N′′. The distribution of total available energy among various degrees of freedom of products was found to befrot(OH) = 0.06± 0.01,
ftrans= 0.51± 0.05, fint(t-BuO) = 0.43± 0.06, with negligible fraction of OH being produced in the vibrationally excited states. By
analyzing Doppler profiles of the rotationally resolved OH spectra, vector correlations in the photodissociation oftert-butyl hydroperoxide
were measured. The measuredv–J correlation was positive and increased asN′′ increased. From this observation and�-doublet preference,
it was concluded that the parent torsional motion plays an important role in the rotational excitation of the OH fragment. © 2002 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Studies of molecular photodissociation dynamics are of
fundamental importance to investigate electronic structures
of molecules because the process is governed by the excited
state and potential energy surfaces along the reaction coor-
dinate. The detailed dynamics of the process can be under-
stood by measuring energies and certain vector properties of
the system. These physical properties of the system can pre-
cisely be measured from optical spectra in favorable cases
where the photofragments absorb and/or emit radiation in
an easily accessible spectral region. The Doppler broadened
absorption or emission spectra of the photofragments by po-
larized photolysis and probe light provide information on
the energy distribution among various degrees of freedom of
the fragments as well as directions of the transition dipole
moment, recoil velocity and angular momenta of the frag-
ments [1–3]. From the measurements, the excited state and
the potential energy surfaces along the reaction coordinate
can be identified.

Spectroscopic transitions in molecules to the repulsive
part of the potential energy surface result in continuous
spectra. One can theoretically determine the energies of the
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excited states and describe the nature of the transitions by
ab initio calculations. When the dissociation starts from a
part of the repulsive potential surface, the angular distribu-
tion of the fragments is especially important among many
experimental observables in determining the nature of the
excited state. Maximum absorption of the dissociating light
by the molecule takes place when the transition dipole
moment of the molecule lies along the electric vector of
the linearly polarized dissociating light. Thus, the angular
distribution of the recoiling fragments measured relative to
the electric vector of the dissociating light in the laboratory
frame reveals the direction of the transition dipole moment
in the molecular frame. From the direction of the transition
dipole moment, the symmetry of the excited state can be
identified according to proper selection rules.

The Doppler profiles in polarized absorption and emission
spectra of molecules have been thoroughly analyzed by
Herschbach and coworkers [4,5]. The lineshapes of the
spectra are determined by coupling of rotational and trans-
lational motion of the molecules. Thus, the Doppler broad-
ened spectra of the photofragments provide relationships
between the velocities and the rotational angular momenta
of the fragments. The Doppler spectroscopic technique is
limited by the resolution of the spectra. The translational
energies of the fragments should be large enough to pro-
vide broad spectroscopic transitions, while the individual

1010-6030/02/$ – see front matter © 2002 Elsevier Science B.V. All rights reserved.
PII: S1010-6030(02)00005-9



16 B.-G. Ryu et al. / Journal of Photochemistry and Photobiology A: Chemistry 149 (2002) 15–21

rotational transition should also be resolved in the spectra
under the given resolution. A commercial dye laser currently
available typically provides 0.04 cm−1 bandwidth in the vis-
ible region, and various laser spectroscopic techniques such
as laser-induced fluorescence (LIF) have been widely used
to obtain the high resolution spectra of the photofragments.

Studies of the photodissociation of organic peroxides by
irradiation of UV light have been reported for many years.
In particular, the photodissociation of H2O2 in the first UV
absorption band has been thoroughly studied [6–8]. The
transition is assigned as�∗ ← n whose transition dipole
moment lies perpendicular to the O–O bond axis. The com-
plete vector correlations have been measured, from which
the detailed dynamics of the dissociation process at 266 nm
have been analyzed. The photodissociation of (CH3)3COOH
is another good example of studying the dynamics by apply-
ing the Doppler spectroscopic technique. In addition, it is
interesting to study the effect of alkyl substitution in H2O2
on the dissociation dynamics because the symmetry is lower
and the substituted group is relatively heavy. (CH3)3COOH
is dissociated intot-butoxy (t-BuO) and OH radicals upon
irradiation of the UV light. The photodissociation at 248 nm
was studied by Simons and coworkers [9] in which slightly
negativeµ–v (β = −0.2) and slightly positivev–J correla-
tion at highJ have been observed. In the case of H2O2 at
266 nm, a negativeµ–v correlation(β = −1) was reported
[6]. The perpendicular transition in this spectral region re-
sults in the negative limiting value of theµ–v correlation
in H2O2 but the relatively larget-BuO group affects the
dynamics of the dissociation resulting in the smaller transla-
tional anisotropy parameterβ in the case of (CH3)3COOH.
At 193 nm, it was found that the transition leads to a mixture
of the A and B states in (CH3)3COOH and the dynamics
was studied by measuring the vector correlations of the OH
fragments [10]. The dissociation directly occurs from the
repulsive A and B states and a large amount of the available
energy has been found in the product translation. Crim and
coworkers [11] studied the vibration-mediated photodisso-
ciation via the fifth overtone excitation of the OH stretching
vibration of (CH3)3COOH. They found large internal exci-
tation in thet-BuO group contrary to the direct dissociation
from the repulsive state. Thus, it is also interesting to study
the photodissociation dynamics of this molecule at lower
photon energies by examining the substituent effect on
energy disposal and the vector correlations.

The photodissociation dynamics of (CH3)3COOH at
266 nm has been studied by measuring the LIF spectra of
the OH fragments. By analyzing the Doppler profiles of the
spectra, the energy distribution and the vector correlations
of the fragments have been obtained.

2. Experiment

The experiment was performed in a flow cell with conven-
tional pump-probe geometry. The cell was made of pyrex

glass with crossed four arms and fused silica windows.
Baffles were placed inside the arms to minimize scattered
light. The cell was evacuated at a pressure of 10−4 Torr and
gaseous sample was continuously flowed at a sample pres-
sure of about 50 mTorr. Thetert-butyl hydroperoxide was
purchased from Aldrich (90% purity) and purified further
before use by pumping through a glass sample cell until
it reached a concentration of more than 95% in a standard
mercury- and grease-free high-vacuum line.

The tert-butyl hydroperoxide was photodissociated by
horizontally polarized light at 266 nm using an Nd:YAG
laser (Specra Physiks GCR-150). Right after the photolysis
laser pulse, horizontally polarized probe light was intro-
duced into the cell, which was obtained from frequency
doubling the output of a dye laser (Lumonics HD-500)
pumped by the second harmonic of another Nd:YAG laser
(Specra Physiks GCR-150). The time delay between the
photolysis and probe laser beams was measured to be less
than 10 ns. This delay time and 50 mTorr sample pressure
should ensure nascent product energy distributions.

The frequency doubled tunable dye laser output probes
the population of OH by exciting the (0, 0) and (1, 1) vib-
rational bands of the A2 ← X2� transition in the range
306–318 nm. The unresolved total fluorescence is subse-
quently detected from top of the cell at right angles to both
the photolysis and probe laser beams with a high gain pho-
tomultiplier tube (Hamamatsu H3177) viewing through a
broad-band ultraviolet filter consisting of UG11 glass and
WG295. This combination of filters significantly attenuates
the scattered photolysis light at 266 nm. The detected signal
is then sampled with a boxcar averager and recorded in a
laboratory computer system.

Conversion of the measured LIF signal to state-resolved
OH population requires correction for variation in the in-
tensities of both the photolysis and probe lasers as well
as accurate values of the Einstein coefficients for stimu-
lated absorption,B. Laser intensities were monitored and
recorded simultaneously with the LIF signal during spectral
scans. Tabulated values ofB’s are used throughout. Under
the present experimental conditions, electronic quenching
of OH(A2) by ambient gases does not affect the deri-
ved populations of even the lowest lying rotational levels
[12,13]. The obtained populations need not be corrected
for predissociation of the excited state because the highest
rotational levels formed are well below the crossing of the
4− state near 5300 cm–1 of A2, v′′ = 0 [14]. The power
of the probe laser light was kept as low as possible (typi-
cally 4�J/pulse, beam diameter 7 mm) to avoid saturation
and to minimize the scattered radiation. The linearity of the
LIF measurements was confirmed by comparing the relative
intensities of the satellite and main branch transitions that
probe the same level of OH: these were usually within a
factor of 10% even though theB differs by factors of 2–6.

In order to measure the Doppler profiles of the spectra,
several rotational transitions were probed under high reso-
lution condition. The bandwidth of the probe laser light is
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found to be 0.06 cm–1 in the visible, which was measured
by the linewidth of the rotationally resolved gaseous I2 LIF
spectra at room temperature. The horizontally polarized pho-
tolysis and probe laser beams are collinearly counterprop-
agated or introduced at a right angle to the cell to obtain
two different experimental geometries. The former geome-
try providesεd ⊥ kp and εd‖εP while the latter geometry
providesεd‖kp andεd ⊥ εP, whereεd andεP are the direc-
tions of the electric vectors of the dissociating and probe
laser lights andkp the propagation direction of the probe
light, respectively.

3. Results and analyses

The merged LIF spectra of the OH fragments produced
from the photodissociation of (CH3)3COOH is presented in
Fig. 1.

Vibrational populations. Exclusive population of OH(X2�,
v′′ = 0) can clearly be discerned from the merged spectra.
The rotational transitions arising from the (1, 1) band re-
gion (312–318 nm) have been measured but no appreciable
intensities were observed. Individual rotational transitions
in the (0, 0) band of the A–X transition are resolved and
assigned according to Luque and Crosley [15]. Conversion
of the spectrum to relative micropopulations (the state pop-
ulations divided by their rotational degeneracy, 2J ′′ + 1)
yields the distributions displayed in Fig. 2.

Rotational populations. As shown in Fig. 2, the overall
rotational distribution cannot be characterized by a single
rotational temperature, although the distribution atN ′′ > 6
roughly follows a Boltzmann form with a rotational temper-
ature of about 1200 K. From the observed distributions for
each branch, the average rotational energy of the OH prod-
ucts was calculated to be about 1400± 100 cm−1.

Electronic populations. Spin–orbit coupling causes the
existence of two fine structure states, f1 and f2, that corre-

Fig. 1. Laser-induced fluorescence excitation spectra of OH produced from photodissociation of (CH3)3COOH at 266 nm employing the A← X transition.

Fig. 2. Rotational population distribution of OH obtained from the spectra
in Fig. 1.

spond to X2�1/2 and X2�3/2, respectively. Analysis of the
spectra reveals that there is no significant difference in the
fine structure state micropopulations summed over all the
accessible rotational levels(P(2�1/2)/P(2�3/2) = 1.08 for
OH(X2�, v′′ = 0)). This should be contrasted to the pre-
viously reported preferential population of the lower-lying
f1 state following the formation of OH in the bimolecular
reaction of O(3PJ ) with hydrocarbons, a reaction that is
known to proceed via a direct abstraction mechanism [16].

Coupling of orbital and rotational angular momenta
produces two�-doublet fine structure states,�+(A′) and
�−(A′′), the former corresponding, in the limit of high
rotational states, to orientation of the half-filled p� orbital
in the plane of molecular rotation, the latter to orientation
at 90◦ to that plane. The relative populations of OH pro-
duced in the�+(A′) and �−(A′′) states, probed by P/R
and Q branches, respectively, shows preferential popula-
tion of the�−(A′′) state (Fig. 3), thereby providing some
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Fig. 3. �-Doublet distribution of OH produced from photodissociation of
(CH3)3COOH at 266 nm.

support for a mechanism in which the OH product is formed
following an orienting dissociation, i.e., during the course
of (CH3)3COOH† fragmentation.

Vector correlations. Correlations of rotation with trans-
lational motion have been thoroughly analyzed by Dixon
[17] and the anisotropy is defined by a number of bipolar
moments of the translational and rotational angular dis-
tributions. The Doppler-broadened line shape in the LIF
spectra of the photofragments depends on the rotational
alignments, the polarization of the photolysis and probe
lights, the excitation–detection geometries, and the branch
of the rotational transitions probed. The generalized line
shape functions are then given by

g(χD) = 1

2νD
[g0+ g2P2(χD)+ g4P4(χD)+ g6P6(χD)]

(1)

whereχD andνD are the relative and the maximum Doppler
shift, respectively, andP’s are the even-order Legendre
polynomials. The Legendre polynomials of the fourth- and
sixth-order are often neglected since the contribution of
these high order terms to the Doppler profiles are small
compared to the experimental errors. The multipliers,g’s in
Eq. (1), are the linear combination of the bipolar moments,
βk

0, which are given by

g0 = b0+ b1β
2
0(02) (2)

g2 = b2β
2
0(20)+ b3β

0
0(22)+ b4β

2
0(22) (3)

whereb’s can be calculated from the excitation–detection
geometries and the angular momentum coupling factors de-
fined by Dixon [17]. In this experiment, the two different
excitation–detection geometries described in Section 2 have
been employed, and the correspondingb values have been
obtained for the different rotational branch transitions [18].

The bipolar momentsβ2
0(02), β2

0(20), β0
0(22), β2

0(22) repre-
sent the rotational alignment,βµJ , translational anisotropy,
βµv(= 2β2

0(20)), v–J, andµ–v–J photofragment vector cor-
relations, respectively. The experimental Doppler profiles
are fitted by the equation

g(χD) = 1

2νD
[1+ βeffP2(θ)P2(χD)] (4)

where θ is the angle between the recoil velocity and the
probe direction and

βeff =
b2β

2
0(20)+ b3β

0
0(22)+ b4β

2
0(22)

g0P2(θ)
(5)

From the least-squares fit of the observed profiles to Eq. (5),
the four bipolar moments can be calculated by solving the
linear equations.

The Doppler resolved spectra have been measured for the
P1 and Q1, or R1 and Q1 rotational branch transitions for
the rotational quantum numbersN ′′ = 4, 5, 6, 7, 9, 10, 11,
12, 13 which are well separated from other transitions. In
Fig. 4, typical Doppler-broadened LIF spectra forN ′′ = 11
are presented. Since thet-BuO fragments should have in-
ternal energy distributions, the OH fragments should have
corresponding speed distributions. Since the internal energy
distributions of thet-BuO fragments have not been mea-
sured in this experiment, the measured profiles have been
fitted assuming Gaussian speed distribution with various
widths. In order to find the best fits, the following proce-
dures were employed. First, the best fit was found to the
observed profile of one rotational branch transition varying
βeff , the average speed, and the width of the speed distri-
bution. The measured average speed and the width for the

Fig. 4. Rotationally resolved Doppler profiles in the spectra of OH obtained
from different branch transitions under different excitation–detection ge-
ometries.
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Fig. 5. Vector correlations in the photodissociation of (CH3)3COOH at
266 nm obtained from the Doppler profiles in the spectra of OH.

best fit are 3800 and 200 ms−1 for N ′′ = 11, respectively.
Then, for the profiles of the different rotational branch tran-
sitions under different experimental geometries at the same
N′′, the best fit was obtained by just varyingβeff . From the
measuredβeff ’s for the sameN′′, the bipolar moments are
calculated by solving the linear equations. The calculated
bipolar moments for differentN’s are presented in Fig. 5.
In the figure, the negative translational anisotropy(βµv =
−0.1) indicates the OH fragments should be essentially
ejected perpendicular to the transition dipole moment of the
parent molecule, although the value is far from the limiting
value of−1. The positive increasingv–J correlation with
increasingN′′ implies more parallel orientation of the ro-
tational angular momentumJOH to the recoil velocityvOH
(out-of-plane dissociation). In addition, slightly positive
µ–v and positive�–v–J correlations were also observed.

4. Discussion

The UV Spectrum oftert-butyl hydroperoxide shows
continuous absorption starting from around 300 nm due to

Table 1
Fraction of the available energy distributed among the products produced from the photodissociation of (CH3)3COOH at 266 nm

Eav (cm−1) 〈ftrans〉 〈frot(OH)〉 〈fvib(OH)〉 〈fint((CH3)3CO)〉
25,040a 0.51± 0.05 0.06± 0.01 <0.01b 0.43± 0.06
Impulsive model 0.54 0.03 0.001

a Eav = hν + Eint((CH3)3COOH at 300 K)−D0((CH3)3CO–OH).
b Approximated from the noise in the spectra.

the transitions from the ground state to repulsive A, B, and
C states. The absorption at 266 nm could be identified as
the n→ �∗ transition along the O–O bond to the lowest
repulsive A state. Thus, similar to the 248 nm case, the
photodissociation dynamics oftert-butyl hydroperoxide can
be understood as the electronic transition at 266 nm to this
repulsive surface results in the direct, impulsive dissocia-
tion. In H2O2, the direction of the transition dipole moment
of the lowest electronic transition to the repulsive A state
is perpendicular to the dissociating O–O bond (perpendic-
ular transition). Although thet-butyl substitution to H2O2
lowers the overall symmetry of the parent molecule and
hence the direction of the transition dipole moment cannot
be clearly identified, the transition at this wavelength could
be still assumed essentially perpendicular. The measured
negative translational anisotropy parameter of−0.1 is the
result of this perpendicular transition, though the limiting
value is−1 for the pure perpendicular transition. In fact,
the translational anisotropy parameter of−1 was observed
in the dissociation of H2O2 from the repulsive A state at
266 nm [6]. The deviation of the translational anisotropy
parameter from the limiting value might be due to mole-
cular rotation of the parent molecule during the dissociation
and/or to some dynamical effects. However, judging from
the repulsive nature of the dissociating surface and the slow
rotational period of the parent molecule on the order of pi-
coseconds, it is unlikely that the molecular rotation reduces
the translational anisotropy. Thus, as Simons and coworkers
pointed out [9], it is suggested that the bending torque at
the impulse would deflect the fragment OH out of the recoil
direction, which will substantially reduce the translational
anisotropy.

The dissociation energy oftert-butyl hydroperoxide into
t-BuO and OH is 37.6 kcal/mol. Then, the available energy,
which can be distributed among the fragments from the
photodissociation at 266 nm is 25,040 cm−1 and the mea-
sured fractions of the available energy in the products are
listed in Table 1. The measured energy partitioning in the
fragments is well explained by the impulsive dissociation
model, which assumes direct and fast dissociation [19]. In
the model, the initial excitation is expected to turn on the
impulsive force between the departing O–O atoms. The lin-
ear momentum of the atoms is then transferred to the frag-
ments and the average translational and internal energies of
the fragments are calculated based upon the momentum and
energy conservation. Therefore, the translational and rota-
tional energy of the OH fragment can be calculated by the
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following equations

Etrans(OH) = m(t-BuO)

M

µ(O–O)

µ(t-BuO–OH)
Eav,

Erot(OH) =
(

mH

mO+mH

)2

sin2 χEav

where M is the mass of the parent molecule,µ’s the
reduced masses andχ the angle∠(OOH). The measured
energy distribution implies that the dissociation is direct and
fast from the repulsive surfaces as mentioned above. In the
impulsive model calculation, it was assumed that the geom-
etry of tert-butyl hydroperoxide in the excited state would
be the same as the geometry in the ground state. However, a
recent quantum dynamical calculation of the photodissoci-
ation of H2O2 shows that the rotational population distribu-
tion of the OH fragment should be Gaussian-like with a tail
at highN due to bending and torsional couplings [20,21]. If
more torsional couplings are taken into account, the distri-
bution shows more tailing to the highN side. The ab initio
calculations of the equilibrium geometry of H2O2 indicate
the dihedral angle of 120◦ at thetrans planar geometry and
the barrier for correspondingcis–trans configuration change
is 386 cm−1 [22]. The alkyl substitution slightly opens
the dihedral angle in CH3OOH and greatly reduces the
barrier (∼80 cm−1). Assuming the similar trend int-butyl
substitution, the barrier is expected to be much lower than
the zero point energy of the OH torsional motion. Thus,
the wide angle torsional motion of the parent molecule is
likely transformed to the fragment OH rotational motion
upon dissociation and the rotational population distribution
observed in this experiment reflects the importance of the
parent torsional motion, especially at highN. The fact that
the parent torsional motion plays an important role in the
OH fragment rotation is ascertained by the positivev–J
vector correlation measured in this experiment.

Coupling between rotation and translational motion can
be analyzed by the shape of the Doppler profiles of the spec-
tra of the OH fragment. Since thev–J correlation is devel-
oped at the moment of dissociation, it can be observed even
in the isotropic dissociation. If the source of the fragment
OH rotation is solely the bending torque or the impulsive
force, the rotational angular momentum should be aligned
perpendicular to the recoil direction. In this case, the nega-
tive v–J correlation is expected. However, if the parent tor-
sional motion is the source of the OH rotation, the rotational
angular momentum should be aligned parallel to the recoil
direction and hence the positivev–J correlation would be
observed. Thev–J correlation measured in this experiment
is positive and increases asN increases, implying again that
the parent torsional motion plays the important role in the
fragment OH rotation.

In a diatomic molecule with a singly occupied p� orbital
such as OH produced in this experiment, coupling between
the electronic angular momentum and nuclear rotation splits
the two degenerate states of� = ±1, the orbital angu-

lar momentum projection to the internuclear axis [23]. In
the limit of high rotation, the p� orbital is approximated as
a lobe aligned perpendicular to the plane of rotation (�−,
the lower� state) or a lobe in the plane of rotation (�+,
the upper� state). According to the parity selection rule,
the Q-branch rotational transition is induced from the�−
state while the R- and P-branch transitions are induced from
the �+ state in the electronic transition. Thus, the specific
�-doublet population can be experimentally measured in the
spectra. The distribution between the two�-doublet states
of OH produced in the photodissociation depends upon the
correlation on the p� orbital of the OH fragment with the
orbitals of the parent molecule and how the p� orbital is
generated upon dissociation, that is the mechanism of the
dissociation process. The measured�-doublet distribution
shows a propensity in the�− state and the propensity is
increased asN is increased indicating the unpaired p� or-
bital of the OH fragment is more aligned perpendicular to
the plane of rotation. The higher propensity in the�− state
of OH recoiling with higher rotational angular momentum
indicates that the p� orbital lobe of the OH fragment con-
serves some of the orientations of the corresponding p� or-
bital in the excited parent molecule just before dissociation
and reflects the importance of the angular motion such as
torsion on the excited surfaces.

In summary, the electronic transition at 266 nm leads the
molecule to the repulsive A state intert-butyl hydroperox-
ide, from which the direct and impulsive dissociation takes
place. The experimental results show that the parent tor-
sional motion plays an important role in the rotation of the
OH fragments.
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