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Photodissociation Dynamics otert-Butyl Hydroperoxide at 193 nm
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The photodissociation dynamics t¢ért-butyl hydroperoxide at 193 nm was investigated by measuring
rotationally resolved laser-induced fluorescence spectra of OH fragments. The OH fragments are exclusively
produced in the X{1;, 3) state. From the spectra, the fraction of the available energy distributed among the
products was found to bigOH) = 0.04,f; = 0.56, fi(t-BuO) = 0.40, with negligible fraction of OH being

in excited vibrational states. In addition, vector correlations were obtained by analyzing the Doppler profiles
of the spectra. The detailed dynamics of the dissociation process is discussed compared to the dissociation of
Hzoz.

Introduction bach and Zaré> The line shapes of the spectra are determined
. . o : by the coupling of rotational and translational motion of the
Studies of molecular photodissociation dynamics are of

P y molecules. Thus, the Doppler-broadened spectra of the photo-

fundamental importance to investigate electronic structures of : ide relationshins betw h lociti dth
molecules because the process is governed by the excited statgagmen S provide refationships between the velociies and the
otational angular momenta of the fragments. The Doppler

and potential energy surfaces along the reaction coordinate. The . . SO .
detailed dynamics of the process can be understood by measurSPectroscopic technl_que IS I|m|_ted by the resolution of the
spectra. The translational energies of the fragments should be

ing energies and certain vector properties of the system. Thes . . o .
g 9 brop y elarge enough to provide broad spectroscopic transitions, while

physical properties of the system can be precisely measured®™ 9> ~ ™ : " .
from optical spectra in favorable cases where the photofragmentsthe individual rotational transition should also be resolved in

absorb and/or emit radiation in an easily accessible spectralthe spectra under the given resolution. A commercial dye laser

region. The Doppler-broadened absorption or emission spectra‘:u"emIy available typically provides 0.04 chbandwidth in

of the photofragments by polarized photolysis and probe light the visible region, and various laser spectroscopic tephniques
provide information on the energy distribution among various such as Iaser-lr)duced quo_rescence (LIF) have been widely used
degrees of freedom of the fragments as well as directions of to obtain the high-resolution spectra of the photofragments.
the transition dipole moment, recoil velocity, and angular  Studies of the photodissociation of organic peroxides by
momenta of the fragments3 From the measurements, the irradiation of UV light have been reported for many years. In
excited state and the potential energy surfaces along the reactiofparticular, the photodissociation of 8 in the first UV
coordinate can be identified. absorption band has been thoroughly studiedlhe transition

Spectroscopic transitions in molecules to the repulsive part iS assigned ag* <= n whose transition dipole moment lies
of the potential energy surface result in continuous spectra. OnePerpendicular to the ©0 bond axis. The complete vector
can theoretically determine the energies of the excited statesCorrelations have been measured, from which the detailed
and describe the nature of the transitions by ab initio calcula- dynamics of the dissociation process at 266 nm have been
tions. When the dissociation starts from a part of the repulsive @nalyzed. The photodissociation of (§COOH is another
potential surface, the angular distribution of the fragments is 900d example of studying the dynamics by applying the Doppler
especially important among many experimental observables inSPectroscopic technique. In addition, it is interesting to study
determining the nature of the excited state. Maximum absorption the effect of alkyl substitution in yD, on the dissociation
of the dissociating light by the molecule takes place when the dynamics because the symmetry is lower and the substituted
transition dipole moment of the molecule lies along the electric group is relatively heavy. (CHCOOH is dissociated inttert-
vector of the linearly polarized dissociating light. Thus, the butoxy and OH radicals upon irradiation of the UV light. The
angular distribution of the recoiling fragments measured relative Photodissociation at 248 nm was studied by Simons and co-
to the electric vector of the dissociating light in the laboratory Workers in which slightly negative—v (8 = —0.2) and slightly
frame reveals the direction of the transition dipole moment of Positivev—J correlation at highl have been observédn the
the molecule in the molecular frame. From the direction of the case of HO; at 266 nm, a negative—v correlation f = —1)
transition dipole moment, the symmetry of the excited state can Was reported.The perpendicular transition in this spectral region
be identified according to proper selection rules. results in the negative |Imltlng value of ttle_l/ correlation in

The Doppler profiles in polarized absorption and emission Hz02 but the relatively largé-BuO group affects the dynamics

Spec[ra of molecules have been thorough|y ana|yzed by Hersch_of the dissociation reSUIting in the smaller translational anisot-
ropy parametep in the case of (Cg3COOH. At 193 nm, it

T E-mail: HLKIM@CC.KANGWON.AC.KR. has been found that the transition leads to a mixture of the A
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and B states in kD, and the dynamics has been studied by 101213 14 16 16 17 18
measuring the vector correlations of the OH fragmé#tEhe R T T T

dissociation directly occurs from the repulsive A and B states ssr 6 5 4 3Q 2

and most of the available energy has been found to be distributed SIS
in thfe producF traryslaﬂon«{%%). Crim gnd go-workgrs havg Py ————
studied the vibration-mediated photodissociation via the fifth 1

overtone excitation of the OH stretching vibration of (g4
COOH10 They found large internal excitation in theBuO
group contrary to the direct dissociation from the repulsive state.
Thus, it is also interesting to study the photodissociation
dynamics of this molecule at higher photon energies by
examining the substituent effect on energy disposal and the 307.0 307.5 308.0 308.5
vector correlations. Wavelength(nm)

The dissociation dynamics has been studied by measuringrigure 1. 1: A portion of the LIF excitation spectrum of OH produced
the laser-induced fluorescence spectra of the OH fragments. Byfrom the photodissociation ofert-butyl hydroperoxide at 193 nm
analyzing the Doppler profiles of the spectra the energy employing the 8-0, A — X transition. The assignments are from ref
distribution and the vector correlations of the fragments have 11.
been obtained.
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Experiment

[s o< -3 n o}

The experiment was performed in a flow cell with a
conventional pumpprobe geometry. The cell is a cube made
of stainless steel with four arms in which baffles are placed to
minimize scattered light. The cell was evacuated at a pressure
of about 1023 Torr and the gaseous sample was continuously
flowed at a sample pressure of about 20 mTorr. Trebutyl [ 55 -
hydroperoxide, purchased from Aldrich (90% purity), was P .
pumped through a glass sample cell for at teds until it 0 2 4 6 8 10 12 14 16 18 20
reached a concentration of more than 95% before use. N

The 193 nm dissociating light was obtained from an ArF Figure 2. 2: Rotational population distribution of OH obtained from
excimer laser (Lambda Physik Lextra 50) whose output was e LIF spectrum in Figure 1.
linearly polarized with a stack of quartz plates at a Brewster

angle. The horizontally polarized probe light is a frequency- qjqna is corrected for variation of the laser powers. A signal

doubled output of a dye laser (Lumonics HD-500) pumped by o cass0r digitizes the signal that is stored and processed in a
the second harmonic of an Nd:YAG laser (Lumonics YM-800).

The two laser beams are temporally separated by about 30 ns.
The 30 ns delay time between the pump and probe light and 20Results and Analvses
mTorr sample pressure should ensure a nascent product energy Y
distribution. The laser-induced fluorescence (LIF) spectra of the A portion of the LIF spectra of the OH fragments produced
OH fragments were measured employing theXAtransition from the photodissociation of (GH$COOH is presented in
in UV. The 0-0 transition of OH was excited and the resulting  Figure 1. In the spectra, individual rotational transitions in the
total fluorescence was probed through a cutoff filter at 300 nm. 0—0 band of the A-X transition are resolved and assigned
The power of the probe laser light was kept as low as possible gccording to Dieke and Crosswhite.The OH spin-orbit
(typically 20uJ/pulse) to avoid saturation and to minimize the population ratio was measured as a functionNof It was
scattered radiation. The scattered radiation was also cut off statistical and no preference in the population between the two
through baffles which are placed in the arms attached to the spin—orbit states was found. The rotational population distribu-
cell. In order to measure the Doppler profiles of the spectra, tion which peaks at the rotational quantum numidér= 7,8
several rotational transitions were probed under high resolution. and extends ttN = 19 is obtained from the measured spectra
The bandwidth of the probe laser light is 0.06¢rim the visible by using the reported Einsteihcoefficients (Figure 2}2 From
that is measured by the linewidth of the rotationally resolved the distribution, the average rotational energy of OH was found
gaseous 2 spectra at ambient temperature. The horizontally to be about 1600 cni. The rotational transitions from the-1.
polarized dissociating and probe laser beams are collinearly band region have been measured but no appreciable intensities
counterpropagated or introduced at a right angle to the cell to exceeded the noise in the spectra. The rotational transitions from
obtain two different experimental geometries. The former the higher vibrational states of OH could not be measured from
geometry providesy U ky andeq || €, while the latter provides  diagonal transitions such as-2 and 3-3 bands due to extensive
€d || kp andeq U ep Whereeq and e, are the directions of the  predissociation from the higher vibrational states in the A state.
electric vectors of the dissociating and probe lights &nas However, since no appreciable slow speed components corre-
the propagation direction of the probe light, respectively. sponding to the higher vibrational states of OH have been
The laser-induced fluorescence is detected through a collec-observed in the Doppler profiles, it was concluded that the
tion lens by a PMT (Hamamatsu R212UH) whose direction of population of OH in the higher vibrational states is negligible.
view is at a right angle to the two laser beams, and the detected Correlations of rotation with translational motion have been
signal is fed to a boxcar averager. The powers of the dissociatingthoroughly analyzed by Dixdfi and the anisotropy is defined
and the probe lights are separately measured and the detectey a number of bipolar moments of the translational and

Relative Population
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rotational angular distributions. The Doppler-broadened line DET
shape in the LIF spectra of the photofragments depends on the

rotational alignment, the polarizations of the photolysis and
probe lights, the excitationdetection geometries, and the
rotational branch transitions probed. The generalized line shape
functions are then given by

90o) = ng[go + 9,P,(xp) + 94P4(rp) t 96Ps(xp)]

whereyp andvp are the relative and the maximum Doppler
shift, respectively, an®’s are the even-order Legendre poly-
nomials. 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 multiplieg;s in the above equation,
are the linear combination of the bipolar momelﬁé,which

are given by -1 0 1 -1 0 1
) cm™”’ cm”’
D= bo + b1ﬂ0(02) Figure 3. 3: Doppler profiles of the rotationally resolved spectra of
OH at the rotational quantum number 13 under two different experi-
0,= bzﬂg(zo)_}- b3ﬁ8(22)+ bﬁg(ZZ) mental geometries described in the Experimental Section. Smoothe

curves are the best fits to the equation given in the text.

where b's can be calculated from the excitatiodetection  — 4

geometries and the angular momentum coupling factors defined

by Dixon. In this experiment, the two different excitatien 2r AQOO 27

detection geometries described in the Experimental Section have g I

been employed, and the correspondimg/alues have been L CRADCREREEDO
obtained for the different rotational branch transitiéh3he Rt 2t
bipolar momentsg3(02), 5(20), 3(22), f5(22) represent the
rotational alignment,;, translational anisotropyf,, (=2
ﬁg(ZO)), v—J, andu—v—J photofragment vector correlations,

0 5 10 15 20 0 5 10 15 20

respectively. The experimental Doppler profiles are fitted by N N
the equation 5 1.0
o
4 & 5t °
9(rp) = (L2vp)[1 + BexPo(0)P,(xp)] = a4l 8 & @8599
) S 00t
where@ is the angle between the recoil velocity and the probe ® a2 Q? = sl
direction and 11 o8
0.0 L——— 10 b
Ber = [055(20) + byBo(22) + byB(22))/goP(0) 0 5 10152005 01520
N N

From the least-squares fit of the observed profiles by the above Figure 4. 4: Vector correlgtions asa function of the rotational quantum
equation, the four bipolar moments can be calculated by solving "UMPers by solving the linear equations (see the text).
the linear equations.

The Doppler resolved spectra have been measured for;the Pfit was obtained by just varyinfesr. From the measurefls's
and Q or Ry and Q rotational branch transitions for the for the same\, the bipolar moments are calculated by solving
rotational quantum numbel= 4, 5, 6, 9, 10, 13, 14, 15, and the linear equations. The calculated bipolar moments for
17 which are well separated from other transitions. In Figure 3, differentN’s are presented in Figure 4. In the figure, the negative
typical Doppler-broadened LIF spectra fér= 13 are presented.  translational anisotropg(, = —0.2) indicates the OH fragments
Since the-BuO fragments should have internal energy distribu- should be essentially ejected perpendicular to the transition
tions, the OH fragments should have corresponding speeddipole moment of the parent molecule, although the value is
distributions. However, the internal energy distributions of the far from the limiting value of-1. The positive increasing—J
t-BuO fragments have not been measured in this experiment.correlation with increasindyl implies more parallel orientation
Thus, the measured profiles have been fitted assuming Gaussianf the rotational angular momentuday to the recoil velocity
speed distribution with various widths. In order to find the best von (out-of-plane dissociation). In addition, slightly positive v
fits, the following procedures were employed. First, the best fit and positiveu—v—J correlations were also observed.
was found to the observed profile of one rotational branch In Figure 5, theA-doublet distribution in the OH fragment
transition varyingBes, the average speed, and the width of the is presented as a function Nfwhile the statistical ratio is unity.
speed distribution. The measured average speed and the widtfThe measured distribution shows that fie A-doublet state
for the best fit are 4600 and 1200 m/s fér= 13, respectively. is preferentially populated at higN, which suggests that the
Then, for the profiles of the different rotational branch transitions OH fragments tend to rotate in the plane perpendicular to the
under different experimental geometries at the shiytbe best dissociating bond axis.
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25 TABLE 1: Fraction of the Available Energy Distributed
g among the Products Produced from the Photodissociation of
201 ° 3 a (CH3);COOH
+ o o ° g ° f g Eav (cm™) {0 HOH)IO [B(OH)D En((CHs):COD
=18 ° 0880°%% 39150 (at193nm) 056 0.04 <0.0P 0.4
™~ 'o Aoa § g 5 0o 2 impulsive model 0.58 0.029 0.001
= O QifR1 aEy = hv + En((CH3)3COOH at 300 K)— Dg((CH3)sCOOH).
O Q2/R2 b Approximated from the noise in the spectra.
5 A& Q1/P1
O Q2/pP2
0.0 — The available energy which can be distributed among the
0 2 4 & 8 10 12 14 16 18 20

fragments is 39 150 cmt. The measured fractions of the
available energy 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 dissocition.
In the model, the initial excitation turns on the impulsive force
between the departing-dD atoms. The linear momentum of
Discussions the atoms is then transferred to the fragments and the average
translational and internal energies of the fragments are calculated
based upon the momentum and energy conservation. The
measured energy distribution implies the dissociation is direct
and fast from the repulsive surfaces as expected. However, a

N

Figure 5. 5: A-doublet distribution of OH as a function of the
rotational quantum numbers from the measured LIF spectra in Figure
1.

The absorption spectrum ¢ért-butyl hydroperoxide in UV
is qualitatively similar to that of KD,.1°> The absorption starts
from around 300 nm and continuously increases to the shorter

wavelength. In HO;, the excited states responsible for the  qant quantum dynamical calculation of the photodissociation
absorption in these wavelengths are théA\B 'B, and C'A of H,0, shows the rotational population distribution of the OH
states which are all repulsive and correlated to the two ground fragment should be Gaussian-like with a tail at higftue to
electronic state OH fragments. The transition dipole moments bending and torsional coupling&.°1f more torsional couplings

of the absorption from the ground A state to theéA state are 41 taken into account, the distribution shows more tailing to
parallel to theC, axis (perpendicular to the-€0 bond) while the highN side. The ab initio calculations of the equilibrium
the transition dipole moment to tAB state is perpendicular to geometry of HO; indicate the dihedral angle of 12@t the

the C; axis. An ab initio calculation predicts that the angle {ans planar geometry and the barrier for corresponding cis
between the internuclear axis and the transition dipole momentygng configurational change is 386 thi® The alkyl substitu-

to the 1B state is 20.1® Assuming instantaneous dissociation tjgn slightly opens the dihedral angle in GEOOH and greatly
upon absorption, translational anisotropy parameterslodnd reduces the barrier{(80 cnt%). Assuming the similar trend in
1.6 would be expected for the % A and X — B transitions,  tert-butyl substitution intert-butyl hydroperoxide, the barrier
respectively. Based upon the translational anisotropy measure4s expected to be much lower than the zero-point energy of the
ment, the absorption at 193 nm is assigned as a transition to a0H torsional motion. Thus, the wide angle torsional motion of
mixture of 60% of the A state and 40% of the B staféthough the parent molecule is likely transformed to the fragment OH
the tert-butyl substitution in HO, lowers the symmetry, a  rotational motion upon dissociation and the rotational population
qualitative trend of the similar n—~ o* transition at these distribution observed in this experiment reflects the importance
wavelengths can be assumedent-butyl hydroperoxide. Inthis  of the parent torsional motion, especially at high N. The fact
case, the translational anisotropy parameter would be expectedhat the parent torsional motion should play an important role
to be close to zero. The measured translational anisotropyin the OH fragment rotation is ascertained by thel vector
parameter of-0.2 in this experiment shows the perpendicular correlation measured in this experiment.

nature of the transition at 193 nm but is much larger than the  Coupling between rotation and translational motion can be
limiting value, —1 for the pure perpendicular transition. The analyzed by the shape of the Doppler profiles of the spectra of
deviation might be in part caused by a lifetime of the parent the OH fragment. Since the-J correlation is developed at the
molecule comparable or longer than a single rotational period. moment of dissociation, it can be observed even in the isotropic
However, judging from the impulsive nature of the dissociation dissociation. If the source of the fragment OH rotation is the
which will be discussed later and the longer rotational period bending torque or the impulsive force, the rotational angular
due to heavytert-butyl substitution compared to,, slow momentum should be aligned perpendicular to the recoil
dissociation is unlikely. It is rather reasonable to believe that direction. In this case, the negative J correlation is expected.
the large deviation of the anisotropy parameter is caused by However, if the parent torsional motion is the source of the
the mixed character of the transition, perpendicular and parallel. OH rotation, the rotational angular momentum should be aligned
Another explanation would be dynamical nature of the dis- parallel to the recoil direction and hence the positivel
sociation as mentioned by Simons et al. in the photodissociationcorrelation would be observed. The-J correlation measured

at 248 nn® The bending torque would deflect the OH fragment in this experiment is positive and increasesMsncreases,
away from the recoil axis and hence reducethe correlation. implying again that the parent torsional motion plays the
The possibility of a mixed transition was excluded in the important role in the fragment OH rotation.

photodissociation at the longer wavelengths because the excita- In a diatomic molecule with a singly occupied @rbital such
tion energy is lower. In this experiment, however, the large as OH produced in this experiment, coupling between the
deviation of the anisotropy parameter may be due to the mixed electronic angular momentum and nuclear rotation splits the two
transition and/or to the dynamical nature of the dissociation as degenerate states df = +1, the orbital angular momentum
well. The contribution of each transition at this wavelength could projection to the internuclear axisIn the limit of high rotation,

be estimated if accurate excited state potential energy surfaceghe p, orbital is approximated as a lobe aligned perpendicular
would be available. to the plane of rotationI{~, the lowerA state) or a lobe in the
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plane of rotation{I™, the upper\ state). According to the parity ~ for by the impulsive dissociation model. It is found that the
selection rule, thell~ state is populated by the Q-branch parent torsional motion plays an important role in the rotation
rotational transition and thel* state by the R- and P-branch of the OH fragment.

transitions in the electronic transition. Thus, the specific _ _ _

A-doublet population can be experimentally measured in the  Acknowledgment. This work has been financially supported
spectra. The distribution between the twedoublet states of by Korea Science and Engineering Foundation and the Ministry
OH produced in the photodissociation depends on the correlationof Education in Korea.
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