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The sequential two-photon dissociation of hydrogen peroxide into electronically excited hydroxyl radicals has been investigated 
at the photolysis wavelengths of 266 and 193 nm. Using a conventional rate equation approach, the differential second-photon 
absorption cross section at 266 nm was determined to be u 2~2xlO-16cm2byacomparisonofthephotoinducedOH(A2X+) 
emission with the laser-induced fluorescence of simultaneously formed OH(X 21Ti) under the same excitation and detection con- 
ditions. The second-photon absorption cross section at 193 nm was found to be smaller by a factor of approximately 60, in 
accordance with the existence of additional dark dissociation channels. The analysis of the distribution of available energy into 
OH(A) reveals that translatio~l excitation must be very high and, furthermore, that there is subs~nti~ly less energy left in 
fragment rotation than expected from results of isoenergetic one-photon dissociation. The rotational state dist~butions in v‘ =O 
are found to be approximately Boltzmannian with maximum populations at Non c 6 (266 nm ) and Non = 9 ( 193 nm ). The 
internal energy distribution of OH(A) resembles that of OH(X) following the one-photon process at the same wavelength and 
half of the photon energy. Thus, a model is proposed, in which the two-photon dissociation dynamics is characterized by the 
evolution of the intermediate state departing from the first-photon Franck-Condon region before further absorption. 

1. Introductitm 

High-power pulsed UV lasers have been used to 
produce electronic~ly excited atoms and free radi- 
cals from the multiphoton dissociation of numerous 
molecules [ I,2 1. The spectroscopic and dynamic in- 
formation obtained from such nonlinear optical pro- 
cesses can complement that obtained from single- 
photon transitions due to the different selection rules 
for both phenomena [ 31. Using two-photon excita- 
tion, upper electronic molecular states can be pre- 
pared, which possess, for example, in the case of in- 
version-symmet~c molecules the same parity as the 
ground state. Furthermore, doubly excited states from 
A.I= 2 or AZ,= 2 transitions are allowed. The excita- 
tion of these states via ordinary single-photon ab- 
sorption is strictly forbidden. Furthermore, where the 
absorption of one or two photons leads to the popu- 
lation of the same upper (repulsive) electronic state, 
as is allowed in molecules having lower than inver- 
sion symmetry, the interesting question arises, how 

far the different excitation schemes influence the dis- 
sociation dynamics as observed in the reaction en- 
ergy disposal patterns of the photofm~ents. Whether 
a dynamical distinction occurs between isoenergetic 
one-photon and two-photon dissociation events, de- 
pends strongly on the nature and the lifetime of the 
participating intermediate state in the two-photon 
process. Prototypically, either the first photon is res- 
onantly absorbed populating a real intermediate state 
or, if such a state is absent, a virtual state is excited, 
where the transition probability increases with the 
number of near-resonant real states having the ap- 
propriate symmet~. Generally, the distinguishing 
feature between the different excitation mechanisms 
is a noticeably lower absorption probability for the 
non-resonant process. Simultaneous absorption of a 
second photon by the virtual state within a time de- 
termined by the uncertainty principle gives rise to a 
transition into the Franck-Condon region that is also 
accessible ,in an isoenergetic (E= 2h Y ) one-photon 
process. If the evolution on the upper potential en- 
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ergy surface of the species excited by one- or two- 
photon absorption causes molecular dissociation, it 
is expected that the dynamically equivalent photo- 
fragmentation pathways will lead to equivalent final 
state distributions. For example, this had been exper- 
imentally observed in recent studies of the photodis- 
sociation of Hz0 and D20 in the second continuum 

141. 
Otherwise, if the intermediate state is real, the se- 

quential absorption of both photons is separated by 
a time delay during which evolution of the interme- 
diate state occurs. Then the excitation to the final 
(repulsive) state probes a different region of the up- 
per electronic surface than the isoenergetic one-pho- 
ton process. Therefore, the dissociation pathways may 
diverge and the extent of the differences which arise 
in the fragment energy disposal depends on the time 
delay between the absorbed photons that is limited 
by the lifetime of the intermediate state. The first ex- 
ample of such a photolysis process was found in NOz, 
where final state distributions for ultraviolet single- 
photon dissociation were discovered to be substan- 
tially different from those following isoenergetic vis- 
ible two-photon dissociation [ 51. Two-photon dis- 
sociation near 450 nm yielded NO( X *IT) product 
radicals mainly in u” =O and 1, while 225 nm one- 
photon photolysis produced a NO vibrational distri- 
bution inverted in Y” =2. To interpret the two-pho- 
ton dissociation dynamics, a model was suggested 
where absorption of the first photon projected the 
ground state onto a dense system of vibronic inter- 
mediate states arising from at least three electronic 
states. The high density of electronic configurations 
at the intermediate level was responsible for substan- 
tial intramolecular energy redistribution. 

A theoretical study of time delayed two-photon 
processes has been performed by Cribb and Brick- 
mann [ 61. They calculated the semiclassical proba- 
bility for a transition from the vibrational ground state 
of the ground electronic surface to an electronically 
excited vibronic state via a repulsive real intermedi- 
ate state as a function of different potential parame- 
ters and of the second-photon arrival time distribu- 
tion. The maximum transition probability was 
observed to shift with the mean delay time between 
the two photons and to depend on the wave packet 
momentum gained during the propagation time. The 
effects become more evident with increasing dis- 

placement between ground and excited surfaces. 
This report describes a second molecular example, 

hydrogen peroxide, where the photofragmentation 
pathways are dynamically distinct for one-photon and 
isoenergetic two-photon dissociation. Photoinduced 
emission due to two-photon dissociation of H202 has 
been observed following irradiation at 193 nm [ 7,8]. 
Since the upper electronic state potential of H202 are 
sufficiently well known from experimental [ 9- 111 
and theoretical [ 12-141 work, a sequential excita- 
tion mechanism can be rationalized as shown in fig. 
1. The first UV photon carries the molecule from the 
ground state (2 ‘A) into an intermediate state, which 
can be identified as one of the two low-lying singlet 
states, A ‘A and fi ‘B, that correlate with two OH rad- 
icals in their electronic ground state (X ‘ITi). After a 
time delay z, absorption of the second photon in- 
duces a transition to a high-lying dissociative state 
thatdecaysintoOH(A2Z+)+OH(X21Ti).TheE’A 
and F ‘B states are energetically accessible #I. They 

#’ The alphabetical order of the electronically excited molecular 
states of hydrogen peroxide considers the OH-dissociative state 
that has been recently observed by Gerlach-Meyer et al. [ IS] 
and calculated ab initio by Reinsch. [ 131. 

OH(A)+OH(X) 

\ 

hvz 

L=------ 
t 

OH(X)+OH(X) 

Fig. 1. Schematic illustration of the sequential two-photon exci- 
tation process in hydrogen peroxide (2 ‘A) involving the repul- 
sive intermediate (A ‘A or B ‘B) and the final molecular state 
(E’Aand/orF’B). 
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are also held responsible for OH(A) generation fol- 
lowing VUV siu~e-photon absorption [ 1 I f . 

In the present study, we investigated the energy 
distributions of OH(A %+ ) produced by the reso- 
nant two-photon excitation of H202 at 266 nm and 
completed earlier studies of the nonlinear photodis- 
sociation of H202 and D202 at 193 nm [ 8 ] . The final 
state dist~butions from the two-photon processes are 
compared with those from single-photon excitation 
at various wavelengths in the UV [ 9, lo] and VUV 
[ 11,16 1. Furthermore, single-photon measurements 
at 266 and 157 nm were carried out for direct com- 
parison of excitation rates. Conventional rate equa- 
tions for sequential absorption lead to a calculation 
of the differential second-photon absorption cross 
section for OH (A) p~du~tion following two-photon 
excitation of hydrogen peroxide. 

2. Experimental 

In this experiment photoinduc~ emission was in- 
vestigated following H20t (D,Oz) excitation by 
either a quadrupled Nd:YAG laser (Quanta Ray, 
DCR-IA) operating at 266 nm or an ArF excimer 
laser (Lambda Physik, EMG 201 MSC) at 193 nm. 
The beam of the pulsed laser was focused into an alu- 
minum cell by a 300 mm focal length quartz lens pro- 
viding a power density of up to 1 GW cmw2 in the 
focal region. The optical and electronical detection 
system was similar to that used in our earlier studies 
on OH( A *I? ) [ 111. In order to measure nascent 
emission spectra, fluorescence from the A ?Z+-X *Hi 
transition was collected, dispersed by a 0.5 m mono- 
chromator (Minuteman) and the spectrally resolved 
emission was detected by an optical multichannel 
analyzer (OSMA, Physical Instruments). The slits 
were oriented parallel to the laser beam axis to view 
exclusively emission from the double cone focal re- 
gion. The resolving power of the detection system was 
adjustable to maximal n/A,& 3 x lo4 (grating 3600 
grooves/mm, slit width 20 pm). Integration time was 
up to 12 min (7200 laser shots at 10 Hz) to improve 
the signal-t~noise ratio. 

For the compari~n of excitation rates in the 157 
nm one-photon and 193 nm two-photon processes a 
grating of lower resolution (600 grooves/mm) was 
used to simultaneously detect the total fluorescence 

between 280 and 320 nm from the ( 1, 0), (2,1), (0, 
0), ( 1, 1) and (2,2) vibrational bands. In the single- 
photon experiment the setup remained unchanged, 
except that the excimer laser was operated with low 
power density ( x 5 MW cm-*) on the F2 line. In this 
case the light path was flooded with dry nitrogen gas 
to avoid abso~tion of the VUV radiation by am- 
bient oxygen. 

At 266 nm the comparison of signal levels follow- 
ing two-photon-induced emission versus laser-in- 
duced fluorescence (LIF) following single-photon 
dissociation under the same excitation and detection 
conditions was achieved in a standard LIF appara- 
tus, which has been described previously in detail [ 91. 
Here the undispersed total emission from the two- 
photon dissociation was detected by a photomulti- 
plier tube (Valvo, XP2254B, 2.8 kV) preceded by a 
set of imaging optics and an interference filter 
(3 10 It 10 nm). The PMT signal was registered by a 
digital storage oscilloscope (LeCroy, 9450), aver- 
aged over 100 shots and subsequently integrated. 
Similarly the LIF signal from a single rotational line 
of OH( X *Hi) was detected through the same optical 
system following broad band resonant excitation 
(Ay i_=0.4 cm-’ fwhm) by the tunable radiation of a 
frequency doubled dye laser (Lambda Physik, FL 
2002 E ). Pump and probe beams were mutually or- 
thogonal and the time delay between the two was 20 
ns. 

H202 and D202, respectively, were rapidly pumped 
through the photolysis cell at pressures in the range 
of 0. 1 - 10 Pa. The probe gas evaporated from a liquid 
H202/Hz0 solution with a peroxide concentration of 
> 95%, as determined by its refractive index [ 17 ]. 
This corresponded to a vapor composition with ap- 
proximately 20% water. Any influence on the OH 
product state distribution by singly excited Hz0 at 
the photolysis wavelengths used was ruled out, since 
water dissociates into electronically excited hydroxyl 
radicals only when photolyzed below 135 nm [ 181. 
However, care must have been taken on account of 
its possible two-photon excitation [ 4 1. Therefore, the 
ratio of the total photoinduced emission following 
successive irradiation of equal amounts of the HzOz/ 
H,,O mixture and of pure Hz0 at 266 nm was deter- 
mined and found to be 5 : 2. Since water only makes 
up 20% of the vapor in the Hz02/H20 mixtures there 
would only be a 6% contribution to the total OH (A) 
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signal from this interference. The same applied to the 
193 nm experiment [ 71. 

Deuterium peroxide was prepared by mixing H202 
(90%) with an excess of DzO and distilling the mix- 
ture to higher peroxide concentration. 

3. Intensity dependence 

For an unsaturated single-photon absorption the 
(possibly laser-induced) fluorescence emission has to 
vary linearly with the photolysis laser energy. In the 
present case of a two-photon process a quadratic de- 
pendence is found. The log-log plot shown in fig. 2 
shows the total OH (X-A) fluorescence as a function 
of different laser fluences for 193 nm (squares) and 
266 nm (crosses) irradiation. The slope of the straight 
line fitted to the experimental points is 2.0 + 0.1 at 
193 nm and 1.9 + 0.1 at 266 nm, respectively, clearly 
demonstrating the expected power dependence for a 
two-photon process. At high fluences ( > 0.1 GW 
cm-‘) the quadratic dependence is observed to 
change into a linear one due to bleaching of the 
H202 (X ‘A) ground state [ 8 1. The relative displace- 
ment of the curves results primarily from the uncer- 
tainties in the determination of absolute focal power 
densities at 266 and 193 nm. 

In principle, a quadratic power dependence can be 
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Fig. 2. Two-photon induced OH(A’X’+X ‘l-Ii) emission fol- 
lowing excitation at 193 nm (squares) at 266 nm (crosses) as a 

function of the laser power density. The fitted slope in the log- 

log plot is 2.0 f 0.1 at 193 nm and I .9 + 0.1 at 266 nm. 

caused by secondary excitation with subsequent flu- 
orescence emission of a product molecule formed in 
a single-photon process. This mechanism can be ex- 
cluded in the present case because secondary absorp- 
tion of photons in the far-UV by hydroxyl radicals 
would result in highly vibrationally excited 
OH (A 2z+ ) radicals, which undergo extremely rapid 
predissociation and therefore decay non-radiatively 

[191. 
Furthermore, OH(A) could also be generated by 

the photolysis of hydroperoxyl radicals, H02, which 
have been observed as primary products from a mi- 
nor ( 12 f 1%) H202 dissociation channel at 193 nm 
[ 15 1. Since this channel is endothermic by more than 
120 kJ mol- ’ at 266 nm we do not attribute the two- 
photon signals to HO2 photolysis. 

4. Second-photon absorption cross section 

In principle, the exact treatment of a sequential two- 
photon excitation would be the solution of the time- 
dependent Schrijdinger equation. Recently, Williams 
and Imre [20] have investigated single- and two- 
photon processes using a time-dependent formalism. 
In the case of cw excitation, i.e. the laser pulse length 
being longer than the decay time, they demonstrated 
that the first photon prepares the intermediate repul- 
sive state I !Pr), where I Pr) is not a moving wave 
packet, but a time-independent wavefunction. 

The present study of the photodissociation of hy- 
drogen peroxide uses nanosecond laser pulses for ex- 
citation. Hence, the decay process is observed in the 
cw limit. The resonant two-photon dissociation of 
H202 will be modeled by a conventional rate equa- 
tion approach with sequential and competing photo- 
chemical reactions depicted schematically in fig. 3. 
Only irreversible first-order kinetic processes have to 
be considered. The experimentally observed signal S, 
which is proportional to the concentration of flu- 
orescing OH radicals per unit volume, [OH (A) 1, is 
foundtobe (cf.eq. (4)inref. [8]): 

See [OH(A) I= [H20210(~2Zlk V 

xZ[ 1 -exp( -a,Z)] . (1) 

[H,O,], represents the initial concentration of hy- 
drogen peroxide molecules in the ground state. The 
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Fig. 3. Schematic representation of the rate equation approach 
used to model competing one-photon and two-photon excitation 
processes in hydrogen peroxide. The experimentally observed ra- 
tio of [OH(X)] to [OH(A)] depends on the relative magni- 
tudes of pump and dissociation rates. 

q (cm2) (i= 1, 2) are absorption cross sections for 
the transitions to the intermediate state H,O$ and 
the final state H,OY. The corresponding rate con- 
stants for dissociation into hydroxyl radicals are la- 
belled by ki (s- ’ ). The fluence of the laser radiation 
f (photons cma2) is given as the power density P 
(photons crnm2 s- ’ ) integrated over the pulse dum- 
tion T(s). 

At low laser fluences (I< l/a,) the exponential 
term in eq. ( 1) can be replaced by ( 1 -cr,Z) yielding 
the observed quadratic dependence 

[OH(A) I= HzOzlo(~,elk~ W2. (2) 

At high fluences (I> 1 /ai ) the exponential term in 
eq. ( 1) vanishes and the signal increases linearly with 
Z 

IOH I= If1dhlo(~dk, TV - (3) 

Fig. 3 demonstrates that abso~tion of a second pho- 
ton in the intermediate state competes with efficient 
dissociation into two ground state OH radicals. From 
very detailed LIF studies on OH (X ) using sub-Dop- 
pler and polarization spectroscopy at 266 nm the first 
excited Hz02 state (A ‘A) is known to decay within 
rI = 60 fs [ 2 11. Thus, the dissociation rate k, = In 2/ 
r1 greatly exceeds Pq at the given experimental laser 
fluences unless a very unrealistic value of a2 > 1 O- I4 
cm2 is adopted. 

The concentration of OH products formed in their 
electronic ground state, X ‘Iii is essentially deter- 
mined by the first absorption step leading to H,O;, 
because the removal of H,Ot by further excitation as 
well as the amount of OH(X) from dissociating 
H20f* is negligibly small. Because each dissociating 

peroxide molecule generates two product radicals and 
only low laser fluences I< 1 /nl are applied, the con- 
centration of OH (X ) radicals per unit volume is 

~OH~X)l=2~H2O~l~~,Z. (4) 

The first-photon absorption cross section cri has been 
conventionally measured to be 3.8 x 10V20 cm* at 266 
nm [22]. 

Dividing eq. (4) by eq. (2) yields a simple rela- 
tion for the branching ratio into both dissociation 
channels 

[OH(X)]/[OH(A)] =2k, T/ozZ=2k,/Pa2. (5) 

In contrast to B,, the direct measurement of a2 via 
absorption or emission detection techniques is com- 
plicated by problems of absolute determination of 
collection efficiencies and OH densities. We present 
a relative measurement of o2 by comparison of signal 
levels obtained with two-photon excitation versus LIF 
detection of OH (X ) radicals formed after the first- 
photon absorption under constant excitation and de- 
tection conditions. 

The laser-induced fluorescence signal per unit vol- 
umes s’ following resonant excitation of the fraction 
of OH(X 211i; v” =O, J” ) radicals in the rotational 
stateJ” is 

S’a[OH(X)]P(J”)a’Z’, (6) 

where the prime labels parameters of the LIF experi- 
ment. The population number PfJ” ) of a selected ro- 
tational state is well known from earlier studies [ 91. 
The state resolved OH(X) absorption cross section 
Q’ is composed of the tabulated Einstein coefficient 
B (cm’ J-’ s-~) [23], the wavelength A (cm), and 
the Doppler width Av, (s-t), which is assumed to 
coincide spectrally with the dye laser bandwidth 
(Avo=Av,): 

cr’ = Bh/lAvD . 17) 

Combining eqs. (5 )- (7) yields the desired expres- 
sion for cr,: 

S 2k, BhP(J”)Z 
a2=$7- AAVD . (8) 

The volumes for OH radical generation and probing 
do not need to be treated explicitly, since they were 
identical because the dye laser beam overlapped the 
entire photolysis region. The experimental parame- 
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ters, applicable to eq. ( 8 ), are as follows: The photol- Possible measurement errors include the assump- 
ysis laser operated at an energy of 22 mJ with a 6.5 tion that matching focal volumes are probed with well 
ns pulse length and had a 2 mm2 cross section in the behaved Gaussian laser beams. Only then can the in- 
focal area. Induced OH (A) emission following irra- tensity be treated as spatially constant [ 241. The geo- 
diation of 4.0 Pa Hz02 yielded a signal of 0.4 arbi- metrical conditions in our study, i.e. the focal vol- 
trary units. Thereupon induced fluorescence follow- ume and the overlap of the pump and probe lasers, 
ing excitation of the Q1 (4) transition (AvpxO.40 have been investigated very accurately by applying 
cm-’ [21])bytheprobelaser(Z’=5x10-5Jcm-2) the technique of velocity-aligned Doppler spectros- 
produced an offset of 3.9 units, thus giving S/s’ = 0.1. copy (VADS) [ 25 ] to the single-photon photolysis 
Comparison of S with S’ at the PIZ ( 1) absorption line of Hz02 at 266 nm [ 26,271. In this case the beam 
resulted in a ratio of 0.3. Variation of the photolysis sizes could be extracted as sensitive parameters in the 
energy revealed the expected behavior where the LIF fitting procedure of the VADS line shapes obtained 
signal increased linearly with the energy in contrast at different delay times to the delay function. As the 
to the quadratic dependence of the photoinduced result of the VADS measurements it was confirmed 
emission. From the experimental signal ratios and the that the dye laser beam completely envelops the pho- 
population numbers P(4)=0.10 and P( 1)=0.05 tolysis focus and consequently, all of the spatially dis- 
[ 9 1, a value of a2 x 2 x 1 O- I6 cm’ follows. This corre- tributed emerging OH(X) radicals can be probed. 
sponds to a pumping rate into Hz O$” of PO2 x 5 x 10” Furthermore, any influence of spectrally narrowed 
s- ’ at the typical laser intensity. The assumption that detection due to the interference filter was excluded, 
the second-photon excitation is rate-determining since the (laser-induced) emission spectra following 
(Paz > kZ) sets an upper limit of r2 < 15 ps for the life- single-photon and two-photon excitation of H202 at 
time of Hz O? . Therefore it is not possible to distin- 266 nm were found to be very similar (vide infra). 
guish between proposed molecular state geometries Corrections for minor contributing polarization ef- 
having their transition dipole oriented perpendicular fects, e.g. photofragment alignment, were not in- 

( rmax z 340 fs) or parallel ( T,,,~,,,x 100 fs) to the O-O cluded. When all uncertainties are considered, a con- 
axis [ll]. fidence range for a, of ( l-5 ) x 1 O-l6 cm2 is derived. 

It should be pointed out that both sequential exci- 
tation steps of the two-photon process occur under 
different excitation conditions. With regard to the 
orientation of the transition moment of the parent 
molecules, the first photon interacts with an isotropic 
molecular distribution, whereas the second photon 
encounters on orientated molecules due to the ani- 
sotropic selection of the first absorption process. Since 
any anisotropy can be destroyed by molecular mo- 
tion, the influence of this effect may decrease when 
the delay time between the absorption steps becomes 
longer. 

In addition to the determination at 266 nm, a2 was 
measured at 193 nm by comparison with the total 
OH (A) fluorescence signal S” obtained from single- 
photon dissociation at 157 nm [ 111. In the case of 
VUV excitation, one obtains for the volume normal- 
ized fluorescence signal: 

The precision of the deduced value of the second- 
photon absorption cross section is limited by possi- 
ble shortcomings of the rate equation approach as a 
model for the two-photon excitation process as well 
as errors in the measurement itself. To check whether 
the various simplifications introduced in modeling 
the kinetics according to fig. 3 were justified, the sys- 
tem of coupled differential equations was solved nu- 
merically and found to lead to identical results com- 
pared to the calculation with the derived equations. 

S”K[~H(A)]“=[H,~,]~“Q”I”, (9) 

witha”=l.5~10-‘8cm2andQ”=0.06 [28] being 
respectively the absorption cross section and the 
quantum yield, at 157 nm. In our experiments irra- 
diating 1.3 Pa H202 with VUV laser light at an inten- 
sity of 66 mJ cmA2 resulted in a fluorescence signal, 
which was about 70 times more intense than that fol- 
lowing two-photon excitation at 193 nm with 4.4 J 
cm-2. The excitation volumes were identical and the 
energies have been corrected for the effect of preab- 
sorption. Since the applied laser intensity at 193 nm 
efficiently saturated the A-X transition, eq. (4) has 
to be compared to eq. (3) which leads to 

u2=(S/S”)k, Tu"Q"(Z"/Z) . (10) 
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The calculated differential second-photon absorp- 
tion cross section o2 s 3x 10-*g cm2 at 193 nm is ap- 
proximately 60 times smaller than at 266 nm. This 
difference is de~niteIy outside the error Limits of both 
measurements and is taken as a clear indication that 
the quantum yield for OH(A) production decreases 
drastically with elevated photon energy as is ex- 
pected due to dissociation via energetically favorable 
channels to non-fluorescing fragments [ 291. The ef- 
fect can also be seen in the single-photon excitation 
of H20Z, where the quantum yield of 0.18 at 130 nm 
drops sharply to c 0.08 at 106 nm [ 28 1. Further- 
more, the result indicates that the energetically pos- 
sible decay into two OH(A) product radicals is ex- 
tremely unlikely. 

5. Internag state dis~ibation 

When nascent state dist~butions from photoin- 
duced emission are investigated, the mean lifetime of 
the product radicals in the upper electronic state hm- 
its the useful experimental pressure range, since in- 
termolecular processes can influence the total fluo- 
rescence intensity by quenching and the fragment 
state distribution by rovibrational relaxation pro- 
cesses. As long as quenching is substantially faster, 
the spectroscopic information is not spoilt by colli- 
sional relaxation. Differently to translationally ex- 
cited OH (X *lITi) radicals, where rotational relaxa- 
tion takes place at a gas kinetic rate [27,30], in the 
case of OH(A*C’) quenching with ko=3x lo-‘O 
cm3 molecule- ’ s- ’ [ 7,3 I] has been observed to be 
the faster process. This was expe~mentalIy con- 
firmed, since the spectral structure did not show any 
pressure effects up to 7 Pa. 

Fig. 4 shows the low-resolution emission spectra of 
OH (A %+ ) following two-photon excitation of hy- 
drogen peroxide at 193 nm (a) and 266 nm (b). The 
obvious vibrational bands are ( 1,O ) around 282 nm 
and (0,O) + ( 1, 1) beyond 306 nm. From the inte- 
gration of the single bands with correction for predis- 
sociation effects and normalization with regard to the 
vibrational transition probabilities [ 231 the relative 
yield at 193 nm for v’ =O to U‘ = 1 was caiculated to 
be 0.76: 0.20. The determination of the population in 
U’ = 2 was complicated by strong predissociation and, 
therefore, is only estimated to be less than 0.04. At 

Fig. 4. ~w-re~lutio~ fluorescenft? spectra of OH(A ‘X+) fol- 
lowing two-photon excitation of hydrogen peroxide at 193 nm 
(a) and 266 nm (b). The vibrational bands to be seen are ( 1,O) 
around 282 nm and (0,O) + ( 1,l) beyond 306 nm. Experimen- 
tal conditions were 1.5 Pa (a) and 7.0 Pa (b) hydrogen peroxide 
irradiated at a laser fluence of 50 MW crnm2. 

266 nm we found 0.78 : 0.22 without v’ = 2 being de- 
tected. The corresponding vibrational partitioning in 
the 193 nm two-photon dissociation of deuterium 
peroxide was determined to be 0.63 : 0.27 : 0.10. 

The rotational structure of the vibrational bands 
could not always be resolved, especially in the 266 
nm experiment, where the low emission intensity did 
not allow exploitation of the full instrumental reso- 
lution. Therefore, at 266 nm no rotational state dis- 
t~bution in U’ = 1 can be given and only averages over 
all fine-structure components of a rotational transi- 
tion were analyzed. As a dynamical feature of the 
photodissociation process of H202 and D202 at 193 
nm the resolvable spin components were observed to 
be statistically populated. Our method of inverting 
overlapping rotational lines into population num- 
bers by convolution of a simulated OH (OD) spec- 
trum with the independently determined instrumen- 
tal resolution and the subsequent least-squares fit 
procedure to the experimental spectrum has already 
been described [ 111. 

Generally, fluorescence from electronically excited 
species generated by polarized photolysis is expected 
to be polarized, too. in the present study we dimin- 
ished the influence of possibly existing pola~zation 
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effects due to product alignment by averaging over 
the lambda components of a rotational state. 

From the population analysis we obtained the ro- 
vibrational distributions shown in fig. 5 for the 
OH (A ‘C+; v’ = 0) vibrational state. When In [ P(J’ )/ 
2J’ + 1 ] is drawn as a function of the rotational en- 
ergy in a Boltzmann plot, the observed rotational state 
distributions for two-photon dissociation can be de- 
scribed by straight lines with single rotational tem- 
perature parameters. For H202 (D,Ot) two-photon 
dissociation at 193 nm we found TV,=,.,= 3800f 100 
K (~170~200 K) and T~~=,=48OOItlOO K 
(5100+800 K). At 266 nm a value of TySzO= 
2200 rt 150 K resulted. 

The total excess energy E,, for the two-photon dis- 
sociation process of Rz02 (R=H, D) into two hy- 
droxyl radicals at the wavelength ;i is given by 

E BY =2hc/l+ Eint(R2OZ) -Do-Te 3 (11) 

with Eimt( R20,) being the internal energy of the par- 
ent molecule, &, the dissociation energy [ 32 ], and T, 
the term value for the OR(A*Z’) state [33]. The 
internal energy Eint ( R202) is mainly determined by 
the rotational energy of the parent ( z 3.7 kJ mol-l) 
and the vibrational energy of the v., torsional mode 
( G 1.6 kJ mol-r ). The partitioning of the available 
energy calculated following eq. ( 11) into product ex- 

0.10 - 

0.06 - 

0.06 - 

0.04 - 

0.02 - 

o-l: * * r. I1 t ‘ 1 I r *. I 
0 4 6 12 16 26 24 26 

N’[OH] 

Fig. 5. Comprehensive view of OH(A ‘IF, u’ -0) rotational en- 
ergy distributions from single-photon VUV dissociations of H202 
atl24nm(m) [16],147nm(+) [16],and157nm(A) [ll] 
compared to the near-isoenergetic two-photon processes at 193 
nm ( x ) and 266 nm (V ). Population numbers are corrected 
concerning predissociation and are normalized by IWP( N’ ) = 1. 

citation is shown in table 1. The fractions of Eav re- 
leased as vibration and rotation in the OR (A ‘C+ ) 
radical are: 

.&(A)= ; P(v’)Evib(~‘)lEav 3 (12) 

fAx(A) = ; ON Kot(N’ )lGv, (13) 

Furthermore, the calculated maximum fraction of the 
available energy that can be transferred theoretically 
into OR transIation is given by 

fZ” =ifF”(A) =fF(X) 

=4[1-fYib(A)-.Lt(A)l 9 (14) 

when one assumes OH (X ) partner fragment forma- 
tion without internal excitation. The fractions for 
OH (A) and OH(X) are identical due to conserva- 
tion of linear momentum. 

6. Two-photon diss~i~tion dynamics 

In fig. 5 the experimentally observed OH(A *C+; 
Y’ = 0 ) rotational energy distributions from two-pho- 
ton dissociation of H202 are contrasted with those 
following near-isoenergetic single-photon VUV exci- 
tation. The characteristic and obvious feature of the 
latter processes is very high rotational excitation of 
the OH(A) product. In the photolysis at 157 nm the 
partially inverted rotational state distribution peaks 
at N&n 22 1 with a very narrow width (fwhm) of 

.Iwbti x 6 [ 111. The vibrational mode of the OH (A) 
fragments was only weakly excited. Expressed in 
terms of energy partitioning, more than 44% of the 
available energy is released in OH (A) rotation (see 
table 1). The rotational state distributions following 
dissociation at 147 and 124 nm show a similar struc- 
ture with the population maximum at N& = 2 l-22 
and a systematic broadening to AN& z 8 and 11) re- 
spectively [ 163. 

Interpretation of the energy disposal data leads to 
a model for the single-photon VUV dissociation of 
hydrogen peroxide, where the major part of fragment 
rotation is induced by a strong torsional dependence 
of the upper state potential. Conservation of energy 
and angular momentum together with the observed 
OH(A) alignment [ 111 demands that the simulta- 
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Table 1 
Energy partitioning in OR (A %+ ) from the dissociation of RrO, ( % ‘A ) into OH (X ‘TIi ) and OH (A *Z+ ) following resonant n-photon 
excitation at wavelength 1 (nm). Energies are given in kJ mol-‘. Dissociation energies and term values used for the calcnlation of the 
available energy _I& are as follows: Dc(HrOr)=197 kJ mol-‘, &(DrO,)=204 kJ mol-’ [32], T,(OH[A])=388 kJ mol-‘, 
7’,(OD[A])=391 kJ mol-’ [33] 

R n 1 

H 1 124 388 
H 1 147 233 
H 1 157 179 
D 1 157 170 
H 2 193 657 
D 2 193 648 
H 2 266 319 

3.4 
2.5 
9.7 

13.1 
8.4 

76 
72 
79 
47 
32 
42 
18 

0.02 
0.02 
0.01 
0.02 
0.03 

0.20 
0.31 
0.44 
0.28 
0.05 
0.06 
0.06 

0.27 
0.35 
0.47 
0.46 
0.46 

1161 
1161 
1tt1 
1tt1 
this work 
this work 
this work 

neously formed OH ( X ) partner fragment is also ro- 
tationally hot. Hence it follows that the kinetic en- 
ergy of both fragments must be rather low (at 157 
nm: dour 1700 m s-’ and voDz 1900 m s-l). The 
identification of the torsional motion, which results 
predominantly from the strong dependence of the 
potential energy on the dihedral angle, as the pro- 
moting mode is supported by the ab initio calcula- 
tions of Meier et al. [ 141. There all suitable excited 
states show an energy gradient of several eV around 
the Franck-Condon region in that coordinate. 

The OH (A) rotational state distributions follow- 
ing two-photon excitation at 266 and 193 nm are 
drastically different than those following single-pho- 
ton VUV dissociation, although the total energies 
available to the products are of the same magnitude. 
Surprisingly, the two-photon induced OH(A) rota- 
tional state distribution at 266 nm resembles the dis- 
tribution of OH (X *ITi) following single-photon dis- 
sociation at the same wavelength and thus half the 
photon energy rather than the distribution of the near- 
isoenergetic process at 124 nm. Photolysing H202 
with a single photon at 266 nm yields a Gaussian dis- 
tribution of rotational states with the peak popula- 
tion at N&=6 and ANEn= [9]. At 193 nm the 
two-photon induced OH (A) rotational state distri- 
bution is indeed twice as broad as the corresponding 
one-photon OH ( X ) distribution cf, [ X ] = 0.08 for 
each hydroxyl radical [ lo] ), but the fraction of 
available energy released in product rotation is nearly 
the same. Since the fragments from the two-photon 
dissociation possess a much lower internal energy 
than those following VUV photolysis at a compara- 

ble photon energy, they must be generated with very 
high translational energy. From the values of fp 
calculated according to eq. ( 14) we obtain 
v~~~6000ms-‘andv~x5700ms-‘forthe 193 
nm two-photon processes and vgg x4200ms-‘for 
the corresponding 266 nm excitation. 

For energetic reasons the two-photon processes de- 
velop on the same final singlet states as the single- 
photon processes. Transitions to existing triplet states, 
possible in principle, require spin inversion and are 
excluded due to the expected low transition probabil- 
ity. In the two-photon dissociation of hydrogen per- 
oxide the second photon absorption is found to be 
more probable than the first step by a factor of a2/ 
ol x5000. However, from comparison of the effi- 
ciencies of OH(A) formation in the single-photon 
and two-photon processes one may calculate the 
overall cross section 6i2 for the two-photon dissocia- 
tion as the geometrical average over both individual 
cross sections. At 266 nm a value of 
rr,*= (o,a*)“*x 3 x 1 O- *s cm* results. The fluores- 
cence cross section for the single photon excitation at 
133 nm is rrz 1.3~ lo-” cm* [28]. Thus, both iso- 
energetic excitation pathways have approximately the 
same OH (A ) yield. 

Since different upper electronic molecular states 
cannot be responsible for the experimentally ob- 
served dynamical distinction, it is obvious that the 
trajectories of the two-photon process on the final re- 
pulsive potential surface must be different from those 
for single-photon excitation. The drastically lowered 
fragment rotation implies a dynamical picture where 
the evolution of the intermediate state removes the 
molecular system away from the Franck-Condon re- 
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gion within the delay time r (see fig. 1). Then ab- 
sorption of the second photon proceeding from a mo- 
lecular structure which differs essentially from that 
of the ground state (xx 120” ) with presumably a 
trans-planar conformation (xx 180” ), causes transi- 
tion into a region on the final potential energy sur- 
face which is nearly flat with regard to the dihedral 
angle x. This transition to the final state occurs pre- 
dominantly at large O-O internuclear separations, 
since within the lifetime of the intermediate state 7 

both accelerated OH fragments are substantially dis- 
placed from the equilibrium distance. At 266 nm the 
separation attains about 75% of the initial O-O bond 
length based on a simple kinematic model [ 211. 
Consequently, only a small rotational excitation is 
added by the torsional dependence of the upper state 
potential to the angular momentum gained in the first 
absorption step. 

A fascinating experiment would be the application 
of time-variable femtosecond laser pulses to the two- 
photon excitation of hydrogen peroxide, where we 
would expect to observe a continual convergence of 
the Boltzmannian rotational state distribution in- 
duced by two-photon excitation into the inverted dis- 
tribution following isoenergetic single-photon disso- 
ciation either by gradually shortening the excitation 
pulse or by diminishing the delay time between col- 
liding pulses in a dual beam experiment. However, 
interference phenomena [ 201 have to be considered. 
A laser delivering nanosecond or picosecond pulses 
operates in a quasi-cw regime, where the wave packet 
is built out of a convolution of outgoing waves, as long 
as population remains in the ground state. Differ- 
ently, for a true femtosecond system there is a single 
outgoing pulse. 
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