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Theab initio/Rice—Ramsperger—Kassel-Mard&RKM) approach has been applied to investigate

the photodissociation mechanism of benzene at various wavelengths upon absorption of one or two
UV photons followed by internal conversion into the ground electronic state. Reaction pathways
leading to various decomposition products have been mapped out at the G2M level and then the
RRKM and microcanonical variational transition state theories have been applied to compute rate
constants for individual reaction steps. Relative product yi¢hatanching ratiosfor CgHs+H,
CgH,+H,, CH,+CoH,, CyHy+CoH,, C3Hs+ C5H3, CsHs+ CH3, and GH5+ C,H4 have been
calculated subsequently using both numerical integration of kinetic master equations and the
steady-state approach. The results show that upon absorption of a 248 nm photon dissociation is too
slow to be observable in molecular beam experiments. In photodissociation at 193 nm, the dominant
dissociation channel is H atom eliminatio®9.6%9 and the minor reaction channel is, H
elimination, with the branching ratio of only 0.4%. The calculated lifetime of benzene at 193 nm is
about 11us, in excellent agreement with the experimental value oft$0At 157 nm, the H loss
remains the dominant channel but its branching ratio decreases to 97.5%, while thaj for H
elimination increases to 2.1%. The other channels leadingstd; €C3H5, CsH;+CH;, Cy4H,
+C,H,, and GH;+ C,H; play insignificant role but might be observed. For photodissociation
upon absorption of two UV photons occurring through the neutral “hot” benzene mechanism
excluding dissociative ionization, we predict that thgHg+H channel should be less dominant,
while the contribution of gH,+H, and the GH;+ C3H3z, CHz+ CsHg, and GH3+ C,H3 radical
channels should significantly increase. 2004 American Institute of Physics.

[DOI: 10.1063/1.1676275

I. INTRODUCTION second excited states of benzene have been measured using
pump—probe methods with femtosecond lagér&enzene
Benzene is a prototype aromatic molecule and its photomolecules in theS, state excited by 200 nm light were
chemical behavior has attracted a significant attention in reshown to have a decay lifetime of about 40 fs. It is believed
cent years. Now it is generally recognized that nonadiabati¢nat theS, state mainly decays to the low& and S, elec-
processes play an important role in photodissociation dynamronic states. From the same measurement, the decay of the
ics of benzené * For instance, the hot-benzene mechanismyiprationally excitedS; levels to theS, state was reported to
has been proposed to account for the observed experimentgé within 5-10 ps. Recently, the decay lifetime of benzene
results>® The hot benzene is highly vibrationally excited excited by 155 nm light was determined as 78 Al these
ground electronic state benzene, which is produced by intefesults indicate that electronically excited benzene molecules
nal conversion from the eleCtronica”y excited Singlet State%]ecay very rap|d|y via fast internal conversion to lower elec-
populated after photoexcitation. Lifetimes of the first andironic state(and eventually to the ground electronic sjate
and the “hot” benzene mechanism is adequate. Therefore,
dpermanent address: Institute of Solution Chemistry of Russian Academy dhe photodissociation dynamics can be described in terms of
b)Sciences, Akademicheskaya St., 1, vanovo, 153045, Russia. the ground electronic state potential energy suri@es.
Present addre;s. Division Qf Physical and An'alytlcal Chemistry, Depart- Early experiments on the photolysis of benzene assigned
ment of Chemistry, University of Leuven, Belgium. . _ .
the major products as fulverié?=*21,3-hexadien-5-yng&!?

9Author to whom correspondence should be addressed. Electronic mai _ ) i _
mebela@fiu.edu and polymers, with the minor products including methane,
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ethane, ethylene, hydrogen, and acetyf@é However, in  paper, we used thab initio PES for the GHg species and
those experiments the primary photolysis products could unmolecular parameters to carry out microcanonical RRKM
dergo collisional deactivation with the buffer gas and alsocalculations of the dissociation and isomerization rate con-
participate in secondary reactions. The use of the moleculastants and branching ratios for the whole variety of the ben-
beam technique in recent years allowed the researches tene dissociation products in molecular be@wailision-free
obtain a more clear view on the primary photodissociationconditions. The calculations have been performed for differ-
dynamics under collision-free conditions. For instance, inent available internal energies, corresponding to one- and
1990 Yokoyameet al. detected gHs+H, CgH,+H,, and, two-photon photoexcitations at different wavelengths includ-
surprisingly, GH;+CH; as primary products of benzene ing 248, 193, and 157 nm. For two-photon photoexcitations,
photodissociation at 193 and 248 AMmRecently, Niet al.  the absorbed energy exceeds the ionization potential of ben-
used a more advanced molecular beam apparatus to investiene, 9.24 eV, and the molecule can decompose through dis-
gate the photodissociation reaction at 193 nm and found thgociative ionization and vibronically induced autoionization.
following products: GHs+H, CsH,+ H,, CsH3+CHg, and  In this work, we limit our consideration only to the neutral
C,H3+ C,H;3.1®1" This means that all kinds of cracking pat- hot benzene mechanism, for which the products would form
terns of the G aromatic ring are possible providing sufficient line shape images in multimass ion imaging experiments. In
energy, including €/C, C,/C,, and G/C; with various order to predict the mechanism and product branching ratios
distributions of hydrogen atoms between the fragments. Nfor dissociative ionization, one has to investigate PES and
etal. also showed that the H atom elimination channeldecomposition pathways forg€ in a similar manner as for
comes from one-photon absorption, while 2H oy, HCHs, neutral benzene or benzene trication recently studied BY us.
C,H; elimination channels come from two-photon This task is beyond our goals in this work.

absorption-’ It should be noted that Nét al. applied the

multimass ion imaging technique, which allowed them to

distinguish between dissociative ionization and dissociation; coMmpPUTATIONAL METHODS

of neutral benzene. For the former, the products gave disk-

like images, on the contrary to line shape images for the The PES, different parts of which have been reported in
latter. The photodissociation of benzene at 193 and 157 nraur earlier publication?>~*was obtained using variations of
has been also investigated in the collisionless moleculathe G2M method? with geometries and vibrational frequen-
beam conditions using the photofragment translational spesies of intermediates, transition states, and products obtained
troscopic technique and the results confirmed that the Hising the hybrid density functional B3LYP metHoavith the
elimination originates from one-photon absorption and is &-311G™ basis set. The optimized geometri@s Cartesian
direct dissociation channel, while the, ldnd CH, elimina-  coordinate} of all species involved as well as their vibra-
tions are two-photon processé&s?® tional frequencies are given in the supplement to this piper.

For the hot-benzene photodissociation mechanigm, These parameters were employed in our RRKM and VTST
initio studies of the reaction pathways on the ground statéalculations.

PES can elucidate the dissociation and isomerization mecha- In the RRKM theory(or quasiequilibrium theopy*>*°
nisms. Using theb initio energies and molecular parametersrate constank(E) at an internal energ for a unimolecular

for various intermediates and transition states, we can appligactionA* —A*— P is expressed as

then the Rice—Ramsperger—Kassel—Mar¢g&RKM) [or o WHE-E"

variational transition state theofyTST)] approach in order k(E)=— ——,

to predict individual reaction rate coefficients and relative h p(E)
branching ratios of different products as functions of thewhereo is the reaction path degeneratyis Planck’s con-
available internal energy determined by the excitation wavestant, W*(E— E*) denotes the total number of states for the
length. It is important to note that the statistical theory, suchransition state(activated complex A* with a barrier E?,

as RRKM, can be applied to rate constant calculations if the(E) represents the density of states of the energized reac-
system has a sufficient time to undergo intramolecular vibratant moleculeA*, andP is the product or products. We used
tional relaxation(IVR), i.e., IVR must be faster than the the harmonic approximation to calculate the total number
isomerization and/or dissociation processes. For the mediunand density of states employing the direct count metfidn.

size molecules like benzene, IVR is supposed to occur on the calculations of the number of states for transition states
picosecond time scale and therefore, as long as the reactiave incorporated tunneling corrections using Miller's scheme
rate constants do not exceed thé®&0? limit, the RRKM  where the shape of the barrier is approximated either by
theory is applicable. parabolic or Eckart potentidl.

Over the recent years, we have studied various isomer- For the radical product channels, such agHg+H,
ization and dissociation pathways of benzene employingc;H;+ CsH;, CsHiy+CHs, or GHs+ CoHs, normally, no
high levelab initio and density functional calculatio%:®  distinct transition state exists on the PES for the last reaction
The PES of benzene have been also investigated before Isyep, as it is a simple bond cleavage process. In such a case,
Miller and Melius?*?° Bettingeret al,?® and most recently we use the VTST approathby considering different posi-
by Miller and Klippenstein in conjunction with RRKM cal- tions for the transition state along the reaction path, calculat-
culations of temperature/pressure dependent rate constarntg rate constants corresponding to each of them and finding
for the recombination of two propargyl radicafs? In this  the minimal rate. In the microcanonical VTST, the minimum
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in the microcanonical rate constant is found along the reacwhere[ C]; and[C]; are concentrations of various interme-

tion path according to the following equation: diates or productsk,, and k,, are microcanonical rate con-
stants computed as described above. The fourth order

dk(E) Runge—Kutta me?hd’? 3% was used_ to solve. the systgm of
—=0, the master equations and to obtain numerical solutions for
dqg concentrations of various products vs time. The concentra-

tions at the times when they have converged were used for

whereqg” is the reaction coordinate, so that a different tran-calculations of product branching ratios. Additionally, we
sition state is found for each different energy. The reactiorused the steady-state approximation to compute the branch-
coordinates in our calculations were chosen as the lengths @fg ratios and obtained nearly identical results.
breaking C—H or C—C bonds. The individual microcanonical
rate constants are minimized at the point along the reactionl. SUMMARY OF PES FOR VARIOUS DISSOCIATION
path where the sum of stat&®*(E—E®) has a minimum. AND ISOMERIZATION MECHANISMS
Each pf these calculatiops requires valugs o_f the classic%l\_ Atomic hydrogen elimination
potential energy, zero-point energy, and vibrational frequen-
cies as functions of the reaction coordinate. The benzene molecule can split out a hydrogen atom to

We used the following procedure for the VTST calcula- produce the phenyl radical,¢8s. As seen in Fig. 1, the
tions. At first, we calculated a series of energies at differencalculated C—H bond energy ingBs (isomer1) is 115.2
distances between two dissociating fragments correspondirigal/mol at the G2M level, somewhat higher than the experi-
to the length of a bond to be broken during dissociationmental value of 1120.6 kcal/mol*® The H-elimination oc-
which is considered as the reaction coordinate. To obtaigurs without an exit barrier. Additionally, the hydrogen loss
these energies, we performed partial B3LYP/6-81@eom-  can be preceded by migration of a hydrogen atom around the
etry optimization with fixed values of the reaction coordinatearomatic ring. A first 1,2-H shift leads from benzefig to a
and all other geometric parameters being optimized. Then weyclohexadiene carbene intermediat€CsHg (2), where the
calculated BI—7 vibrational frequencies projecting the re- CH, group is located in ortho position relative to the carbene
action coordinate out. Single-point energies for the optimizedarbon. The barrier for the hydrogen shift is 89.4 kcal/mol at
structures were refined at the coupled cluter the G2M level an lies 88.8 kcal/mol abové. 0-CsHg can
CCSDOT)/6-311G* level. Then, the CCSO)/6-311G™ lose a hydrogen from the GHgroup yielding the phenyl
energies were multiplied by a scaling factor in order to matcHadical via a barrier of 33.2 and 121.4 kcal/mol relative2to
CCSDT)/6-311G™ and G2M energies of the final dissocia- and1, respectively. Another 2,3-H shift idleads tom-CgsHg
tion products. The scaling factor in this procedure was com#4) or 1,4,6-(or 1,2,4) cyclohexatriene, 77.3 kcal/mol above
puted as the ratio of the relative energies of the product®enzene. Elimination of a hydrogen atom frdnagain pro-
calculated at the G2M and CC$D/6-311G* levels. For duces the phenyl radical with a barrier of 44.1 kcal/mol
the GHs+H channel, we additionally carried out similar (121.4 kcal/mol with respect to benzgnéinally, a third
calculations with scaling the CC$D)/6-311G™* energy to  3,4-H shift leads fromm-CgHg to p-CgHg (5), 92.9 kcal/mol
the experimental energy of these products with respect tbigher in energy tharl, which can be described as cyclo-
benzene, i.e., the experimental C—H bond energy. As thbexadiene carbene with the Glgroup in the para position
C—-H bond energy obtained at the G2M level, 115.2relative to the carbene carbon. The barrier for 4he5 rear-
kcal/mol??*°deviates by~3 kcal/mol from the experimental rangement is 36.8 kcal/mol, 114.1 kcal/mol above benzene.
value of 112.@:0.6 kcal/mol® this may affect the gHg  The hydrogen loss from-CgHg occurs via a barrier of 121.6
— CgHs+ H variational rate constants, especially, at low ex-kcal/mol relative tol. Thus, if hydrogen elimination takes
citation energies. Finally, the variational transition statesplace from a CH group after one or more H migrations in
with the minimal values of the number of states were embenzene, the system has to overcome a barrier of 121-122
ployed to calculate rate constants of the direct dissociatiokcal/mol in order to produce the phenyl radical.
processes using the above RRKM formalism.

It should be noted that in the case in which the excitatiorB. Molecular hydrogen elimination

energy is large and there exist low frequency modes, the The 1,2-H elimination from benzene cannot occur

harmonic apprquatlon \.N'" not be accgrate for low fre— since a transition state for such process could not be found
guency modes in calculating these quantities and may mtroc-iespite a careful search. Instead, 1,1-¢imination takes
duce certain errors in our treatment. In order to take into L

. - place from isomeR and the H-loss is preceded by the 1,2-H
a}ccount anharmon|c|ty, more sophisticated RRKM CaICUIa’shift in 1. The H, elimination barrier is 33.2 and 121.4 kcal/
tions are required, but they are beyond the scope of th

fhol relative to2 and 1, respectively. This reaction is less

present work._ . .. ._._endothermic than the atomic hydrogen loss and the G2M

Under co!hsmn-free_molecular bea”f‘ conditions, klne'['Cc mputed heat of reaction, 86.4 kcal/mol, closely agrees with
master quatlons for unimolecular reactions can be express e experimental value of 85.2 kcal/nfBlH, elimination

as follows: can also take place after additional hydrogen shifts, yielding
m- and p-benzynes from then-CgHg and p-CgHg interme-

diC]; _S kicl-S k.[Cl diates4 and5, respectively. The meta- and para- isomers of

dt L Clj ml Clis CgH, are 14.3 and 27.2 kcal/mol less stable than
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FIG. 1. Various reaction channels for isomerization and dissociation of benzene. Numbers in parentheses show energies relative (fo kealz@og
calculated at the G2M levefor intermediates, transition states, and products involved in the reaction.

o-benzyné®? As a result, the H loss pathways leading to
m-CgH, and p-CgH, from 4 and 5 have higher barriers of
128.1 and 131.8 kcal/mol relative th respectively, com-
pared to 121.4 kcal/mol for the channel producm@sH,

dien-5-yne (3'), obtained by a facile rotation around the
single C—C bond, is slightly more favorable, 60.5 kcal/mol
relative tol. The isomef3 can also be readily formed by the
4—3 rearrangement. The barrier for ring opening 4nis

from 2. It should be noted that the energy of TS2b for therelatively low, 23.3 kcal/mol. The energy of the—3 TS

5—p-Ce¢H,+H, reaction relative to TS2a fo4—m-CgH,

with respect to benzene is 100.6 kcal/moal, i.e., 10.1 kcal/mol

+H, was computed using the multireference configurationower than the energy of th2—3 TS. Thus, the ring opening

interaction MRC(10,10/6-311G* method*> We had to

in benzene can occur by the following pathway»2—4—3

turn to the MRCI approach in this case because perturbativgiih the highest barrier of 108.6 kcal/mol for te-4 step.

calculations of triple excitations in the CCED method

The other pathways leading to the ring opening have slightly

failed for TS2b indicating a strong multireference characterhigher but comparable barriers: 110.7 kcal/mol for2—3

of the wave function for TS2b.

C. Cleavage of the carbon ring

and 111.3 kcal/mol for the mechanism involving fulvene,
which will be described below.
Hexa-1,3-dien-5-yne&3 and3’) can eventually produce

Dissociation mechanisms leading to the formation ofCsHa+CoH, and GH,+C;H, by various mechanisms. In
various hydrocarbon molecules and radicals involve cleavthe first mechanism, the initial step is a 5,4-H migration to
age of a C—C bond. The calculations show that this has to baroduce vinylvinylidenev-C,H, and GH,, which has a
preceded by rearrangement of the aromatic ring to a carboYery high barrier, 103.8 and 164.3 kcal/mol ab®@/eand 1,
chain. Aromaticity of benzene has to be destroyed beforéespectively. The intermediatey-C4H,, 139.0 kcal/mol

CeHg can decompose to,E,,. Aring opening in cyclohexa-
diene carben@ leads to an acyclic isomes, cis-hexa-1,3-

higher in energy than benzene, can undergo H-migration to
the more stable vinylacetyleng, 8, isomer with a barrier of

dien-5-yne, via a barrier of 110.7 kcal/mol relative to ben-4.1 kcal/mol. The calculated endothermicity of thgHg
zene. During the2—3 isomerization the ring opening is —C4H4;+ C,H, reaction is 101.1 kcal/mol, in a satisfactory

accompanied by a 1,2-hydrogen sh#fiis 64.4 kcal/mol less
stable than benzene. Another conform&anshexa-1,3-

agreement with the experimental value of 104.8 kcal/fhol.
Vinylacetylene can be also produced directly fr@&nby a
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6,4-H migration via a somewhat lower barrier of 92.6 andl,2,4,5-hexatetraenes. The energy of this bond is calculated
153.1 kcal/mol relative t&' and1, respectively. A stepwise as 74.2 and 76.7 kcal/mol itd and14', respectively, and the
mechanism involving two sequential 6,5- and 5,4-hydrogeroverall endothermicity of the gHg 1— C3H;+ C3H3 reac-
shifts leads fronB to C;H,+ C,H, via a carbene intermedi- tion is 149.2 kcal/mol. The most stable isomers of th&lgC
ate 6, CH=C-CH=CH-CH,—CH. The highest barrier, radical are HCCCCCiHand HCCCHCCH. These products
179.5 kcal/mol abovd, occurs at the second step. can be formed by the following pathways: The 3,1-H shift to
3 and3' can also decompose tq,@, (diacetylengand the CH, group in16 gives 2,3,4,5{or 1,2,3,4} hexatetraene
ethylene. The overall endothermicity for thgHg 1— C,H, 17 (76.6 kcal/mol abovel) via a barrier of 143.2 kcal/mol
+CyH, channel, 102.7 kcal/mol(103.7 kcal/mol in relative to benzene. The C—GHingle bond in17 can be
experimerft)), is similar to that for GH,+C,H,. 3’ can  cleaved yielding the HCCCCGH CHj; products with over-
undergo a 4,5-H shift accompanied with a rupture of theall endothermicity of 150.6 kcal/mol. On the other hand, the
bridged CC bond. The ethynylvinylidene structure, which4,6-H migration to CH in 3’ produces 3,4-hexadien-1-yne
seems to be produced as a result, is not a local minimum of2,3-hexadien-5-ynel5 through a barrier of 140.9 kcal/mol.
the GH, PES and spontaneously rearranges to diacetylend5 lies 75.0 kcal/mol above benzene and can decompose to
so the products are diacetylene and ethylene. The barrier BSCCCHCCH+-CH; by cleavage of the C—CHbond. The
164.6 and 104.1 kcal/mol relative fband 3', respectively. HCCCHCCH isomer is only 0.9 kcal/mol higher in energy
Second possible channel leading to the same prod@tts, than HCCCCCH, so the total endothermicity of this disso-
—7—C4H,+ C,H,, involves two sequential 3,4- and 4,5-H ciation channel is 151.5 kcal/mol.
migrations via the carbene intermediat&, CH-C
=C-CH,—CH=CH,. The higher barrier is found at the g other isomerization pathways
second step and it is similar to that for the one-s&p i o
—C4H,+ C,H, decomposition, 164.6 kcal/mol above ben- The production of the tricyclic isomer of benzene, ben-
zene. Thus, the barrier to producgHG+C,H, from ben- zvalene(11), occurs 'Fhrough formation _of 'Fwo extra C—_C
zene is 11.5 kcal/mol higher than that for production ofbonds, S0 that the six-member aromatic ring converts into
CaHs+ CoH,. fused five-member and two three-member cycles.
A less stable isomer of {1, cyclobutadienes-CyH,, C,,-symmetric _benzvgleqe lies 7.1.1.kcaI/moI at the G2M
can be formed from benzene with a slightly lower barrierlevel and the isomerization barrier is 98.3 kcal/mol. The
than the more stable vinylacetylene. The pathwag-t0,H, mos@ favorable pathwa_y Ieading from benzene to fylvene
involves the isomerization of benzefido Dewar benzeng  (10) involves theo-CgHg intermediate2. From2 the reaction
via a barrier of 103.5 kcal/mol. At the second step, DewaiProceeds by formation of a new C—C bond in the ring giving
benzend77.9 kcal/mol higher in energy than decomposes the blcyclc[3.1.0]he'xa—1,3-d|ene'|ntermed|a&e The transi-
to c-C4H, and acetylene with the barrier of 69.6 kcal/mol. tion state connecting and 9 resides 104.7 kcal/mol above
The highest barrier on this pathway is 147.5 kcal/mol rela2€nzene9 is very unstable kinetically and easily rearranges
tive to benzene, i.e., 5.6 kcal/mol lower than the barrier leadt© 10 by the three-member ring opening via a barrier as low
ing to vinylacetylene. Meanwhile, the calculated endotherS 0-3 kcal/mol72.0 kcal/mol relative to benzepe-ulvene
micity for the GyHg1—c-C4H,+CyH, reaction is 136.7 1S the sec_ond most stable isomer ofHg lying about 30
kcal/mol, 35.6 kcal/mol higher than that for the reaction giv-Kcal/mol higher in energy thah Fulvene can be also formed

ing vinylacetylene and acetylene. from benzyalene. 11 can f?rst_ isomerize to 2,4-
cyclopentadienylcarbeng 2), which is 107.5 kcal/mol less
D. Formation of various hydrocarbon radicals stable than benzene, via a barrier of 109.2 kcal/mol with

) ) respect tol. Next, 12 undergoes a 1,2-H shift leading to
Various hydrocarbon radicals can be produced by C—G,jyene via a barrier of 114.4 kcal/mol.

bond cleavages_iﬁ and1_3’ or in other chain ispmers of Elg Fulvene undergoes the ring opening by a two-step
formed through isomerization of hexa-1,3-dien-5-ynes by seqechanism. The first step is a 1,2-H shift between two ring
quential hydrogen shifts. Although various routes to the radix5pons leading to intermediat8. The calculated barrier is
cal products exist, here we describe only the most favorableq 3 5nd 101.7 kcal/mol relative to fulvene and benzene
pathways(see Fig. 1 For instance, a 5,1-H shift i#' leads egpectively, and3 is 92.4 kcal/mol higher in energy than
to acis-bisallene intermediaté4 (1,2,4,5-hexatetraene, 75.0 panzene. At the next step, the (§H)C—CH, bond in the
kcal[mol abovel) via a bar.rier of 53.8 and. 11.4.3 kcgl/mol, ring is cleaved with formation ofcis-bisallene (1,2,4,5-
relative to3' and1, respectivelyl4 can easily isomerize by hexatetraenel4. The highest barrier for the ring opening

rotation around the single C—C bond givitgnsbisallene  51ong the10—13 14 pathway is 111.3 kcal/mol for the sec-
14', 2.5 kcal/mol more stable than tlués-conformer at the ond step.

G2M level. In turn,14’ undergoes a 4,2-H migration with a
barrier of 66.3 kcal/mol to produce 1,3,4,5-hexatetra&@e
4.5 kcal/mol lower in energy that4'. The energy of the
single C-C bond in 1,3,4,5-hexatetraene is 96.6 kcal/mo
and its cleavage leads to theC,H;+ C,H5 products, 164.6 Rate constants for individual reaction steps calculated
kcal/mol abovel. using the RRKM theory and VTST are presented in Table |
The other radical products are propargyl radicalgHC and product branching ratios obtained by solving the master
They can be formed by the single C—C bond cleavage irequations are collected in Table Il. In the calculations, we

IV. RATE CONSTANTS AND PRODUCT
?RANCHING RATIOS
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TABLE |I. RRKM and VTST calculated unimolecular rate consta(sts), reaction path degeneracies, and barrier heititual/mo) of various reaction steps
in photodissociation of benzene.

248 nm 193 nm 157 nm 2X248 nm 2X193 nm
Rate Barrier Reaction path 115.2 148.1 182.1 230.6 296.2
constant Reaction height degeneracy kcal/mol kcal/mol kcal/mol kcal/mol kcal/mol

Kis1 1- 2 89.4 12 3.5x% 10 2.01x 10 7.44% 10° 1.69x 10'° 2.09x 10"
Kt 2— 1 1.2 2 5.80< 102 7.75x 10 8.87x 10%? 9.84x 10'? 1.06x 10'
Kis2 221 33.2 1 1.1x10° 1.22x10° 6.44% 10° 8.22x 101° 4.48x 10
Kisza 421 50.8 1 0 6.66 10° 3.19x 10° 1.52x 100 1.96x 10
K2 521 38.9 1 0 6.4x10° 3.37x 10° 1.20x 10 1.17x 10%
Kisa 220 33.2 2 3.3%10°2 3.60x 10° 2.06% 10'° 2.74% 10 1.52x 102
Kisa 2— 3 225 1 1.7& 10 4.72x10% 5.09% 10 2.53% 102 7.53% 102
K.sa 3- 2 46.3 1 8.54 10 3.19x1¢° 1.28x 10° 1.80x 10° 1.17x 10'°
Kiss 2— 4 20.4 2 6.65 107 1.71x 10%° 1.16x 104 4.29x 10 1.07x 10%?
K.ss 4 2 31.3 2 1.6K10° 2.01x10° 2.79% 10'° 1.83x 10 6.94x 10!
Ko 4— 3 23.3 1 4.0%10° 3.68x10'° 2.33x 10 8.97x 10 2.35% 102
K.ss 3 4 36.2 1 7.6 10 2.11x 10 2.40x 10° 1.50x 10° 5.67x 10°
Kis7 324 103.8 1 0 0 3.9 10t 4.52x 10° 2.12% 10°
Kiso 324 92.6 1 0 1.7410°° 1.26X 106° 6.19x 1¢° 9.01x 1¢°
Kisto 3- 6 95.2 1 0 0 7.87% 10t 1.42x 10° 3.20x 1¢°
K.sto 6— 3 14.9 2 0 0 2.55¢ 1010 6.64x 10 2.66% 102
Kst1 6—24 34.8 2 0 0 4.0% 10° 1.93%x 10° 8.25x 10'°
Kis12 3—23 104.1 1 0 0 57X 1¢° 5.95% 10° 2.68% 10°
Kists 33— 7 74.7 1 0 1.3% 107 1.60x 10° 3.48x 1¢° 1.14x 101°
Kisia 7— 3 3.8 2 0 3.0% 10 1.23x 10%? 2.18x 10 3.00% 10%?
Kis1a 7—23 33.2 2 0 1.4%10°8 6.28x 10° 5.77x 10° 1.05x 10
Kisis 1- 8 103.5 6 6.6% 10° 1.16x 10° 1.46X 10 7.72x 10° 1.72x 10'°
Kis15 8- 1 25.6 1 8.2% 10’ 1.54x 10'° 1.22x 104 5.50x 10 1.60x 10%?
Kists 822 69.6 2 0 7.9x10°! 4.38x 10 3.51x 101 1.79% 10%
Kiso1 4-20 44.1 2 1.6%10°° 4.72x 10 5.85x 10° 1.38x 10 1.16x 102
Kiso2 520 28.7 2 3.1K10? 2.25x10° 9.71% 10'° 1.03% 102 4.87% 102
Kis23 4— 5 36.8 2 1.06¢10* 3.72x10° 1.04x 10%° 1.07x 10 5.41% 10
K.is23 5- 4 21.2 4 1.3% 10 4.55x 1010 4.46x 10 2.04x 10'? 5.76x 10'?
Kis2a 29 16.5 1 6.8410° 4.48< 10 2.03x 10 5.77x 10 1.19% 10%
K.is2a 9- 2 33.0 1 3.8410° 2.21x10° 2.83x 10%° 1.84x 10 7.05x 10
Kis2s 9-10 0.3 1 7.7 10 8.37x 10" 8.71x 10%? 9.01x 10%? 9.25x 102
K.s25 10— 9 41.6 2 1.9%10° 3.21x10° 1.71x 10%° 7.38x 100 2.40% 10
Kis2s 1—11 98.3 12 3.3% 107 1.35x10° 1.08x 10° 4.18% 10° 7.53% 10'°
K.s26 11— 1 27.2 2 5.4%10° 4.67X 10 3.33x 10% 1.46% 102 4.30% 10'?
Kisa7 11-12 38.1 2 3.9%10° 1.99x 10° 4.57x 10'° 4.31x 10 2.11x 10%?
K s27 1211 1.7 2 2.9 10 8.83x 102 1.16x 10" 1.37x 10' 1.54x 10
Kisos 1012 84.0 2 9.5 103 3.71x10* 8.74x 1¢° 5.25X 10° 1.07x 10'°
K.s28 12—-10 6.9 1 4.9%10° 7.74< 101 2.09x 10%? 3.84x 10%? 5.72x 10%
Kis2o 1-12 114.7 12 5.9%10 ¢ 8.34x 10° 4.36x 10° 5.56X 10° 2.20% 100
K.s20 12— 1 7.2 2 7.0%10° 1.27x 10 3.41X 10%? 6.22% 102 9.15% 102
Kis30 1013 71.3 2 1.3%x10° 4.58<10° 2.35x 10° 5.53x 10° 6.14x 10'°
K.1s30 13-10 9.3 2 9.1% 10%° 1.01x 10%? 2.48% 10'? 4.64x 10'? 7.00x 10%?
Kisa1 13-14 18.9 1 2.8 107 4.04x 10 3.17x 10 1.24% 10%? 3.09x 10%?
K.sa1 14-13 36.3 2 1.0&410° 1.59x 10° 3.61x 10° 3.17x 10° 1.44x 100
Kis3z 314 53.8 1 1.1x10° 6.21x10° 5.22x 10 1.19% 10° 1.11x 101°
K.s32 14— 3 39.3 4 1.2% 107 1.62x10° 5.99% 1¢° 7.24% 10° 4.06% 10'°
Kisas 3'-15 80.4 1 0 1.4K10° 117X 10° 5.33x 10 2.67x 10°
K s33 15— 3 65.9 3 0 3.2410 1.21x 10° 2.94x 10° 8.99x 10°
Kisaa 14 —16 66.3 2 0 1.0& 107 1.87x 1¢° 3.89x 10° 1.14x 10'°
K s34 1614 70.8 1 0 2.76 10 6.22x 10° 1.60x 10° 5.52x 10°
Kisas 16—17 75.2 1 0 7.9410°1 1.38x 10° 6.61x 10 3.11% 10°
K.s3s 17—16 66.6 3 0 7.3%x10° 7.76Xx 10° 2.51x 10° 8.64x 10°
Kisao 3 3 2.0 1 1.35 10%2 1.68x 102 1.92x 10%? 2.13% 10'? 2.30X 10%?
K.sa0 3- 3 5.9 1 9.03 10 1.56x 10 2.15x 10%? 2.78% 10%? 3.39x 1012
Kisa1 1414 2.6 2 1.24¢ 10 1.75x 10* 2.06x 10%? 2.36x 10% 2.61x 10%
Kuisa1 14 —14 5.1 2 8.06<10M 1.52x 10'? 2.07x 10'? 2.66x 10'? 3.22x 10%?
Kytsr® 1-20 6 1.91x10°* 2.50x 10 1.36X 10 1.65% 10° 5.82x 101°
Kyts1® 1—20 6 4.75¢ 102 8.61x 10* 3.01x 10 2.81x 10° 8.44x 100
Kyts2 1527 1 0 0 7.99x 10° 5.73x 10° 1.86x 10!
Kyisa 17—28 1 0 0 3.52x 10° 1.91% 10° 6.58% 10'°
Kuisa 14'—25 1 0 0 4.96x 10° 2.99x 10° 1.25x 10
Kutss 1626 1 0 0 1.62x 10* 2.61x 10° 2.31x 10'°

&/ariationalk(E) calculated assuming the;8s+ H dissociation limit to be 115.2 kcal/mol.
bvariational k(E) calculated assuming thesBs+ H dissociation limit to be 112.0 kcal/mol.
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TABLE II. Calculated product branching ratios in photodissociation of ben- ahsorption of a 248 nm photdfiNi and co-worker¥ gave

zene. the upper limit of the dissociation rate ax30°s ! and the

1903 nm 157 nm 2x248 nm 2x193 nm  calculated value is significantly lower than this limit.

1481  182.1 230.6 296.2 Among other decomposition products;H,+H, can be
Product kcal/mol kcal/mol  kcal/mol  kcal/mol formed by tunneling through the barriers at TS2, TS2a, and
CoHot H 20 9959 9751 70.85 6281  152b, as the reaction endothermicities are lower but the bar-
CeHa+Hy 21 0.41 2.07 4.20 4.62 riers are higher than the available energy. However, the value
¢-C4Hy+ CoH, 22 0 0.01 0.85 4.83 of ki, calculated taking tunneling into account is only about
CyHp+CoH, 23 0 0 0.04 0.96 1 s %, which gives for the steady-state rate constant for the
CaHat CoH, 240 0 031 477 1-TS1-+2—TS2—C4H,+H, reaction [K(CgHs+H,)
C3H3+ C3Hs 25 0 0.29 12.30 17.00 9
n-CuHa+ CoHs 2% 0 0.003 0.76 0.85 =K1 X Kiso/ (K4s1+ Kisp) ] @ value lower than 10°s™ 1.
HCCCHCCH+CH; 27 0 0.09 1.54 4.08 Therefore, molecular hydrogen is not likely to be produced
H,CCCCCH+CH; 28 0 0.02 0.15 0.08 upon one-photon absorption at 248 nm. Isomerization reac-

tions are also expected to be rather slow, as the calculated
rate constants to form benzvalene and Dewar benzene are

d five diff | f the initial i | for th 3.4x 10 and 6.7 5* and the steady-state estimates of rate
used five different values of the initial internal energy for the .o ie 1o produce  fulvendk(10) = ke X Kepa! (K i1

“hot” benzene: 115.3 kcal/molabsorption of a 248 nm pho- +Keepa) ] and cis-1,3-hexadien-5-ynek(3) = ke X keea/ (K
tor), 148.1 kcal/mol(193 nm), 182.1 kcal/mol(157 nm, +k:zj)”)] oo 42 and 1210101 feipect:ii/elyt.ﬂ()(n_tﬁle

gggg Il(<ca|I//mo|I(abscl)£r)|;tion ofhtwo 248 nm photopsand other hand, hydrogen scrambling around the benzene ring,
-2 keal/mol(two nm photons which can result in the H/D isotope exchange in deuterated
A. Variational rate constant for H elimination benzenes, can occur on a microsecond scale through the

i i 1—2—1 mechanism.
Let us first pay our attention to the rate constant for the” < echanis

most significant decomposition channel, atomic hydrogen
eIiminatio'n from GHg 1. As no distinct barrier gxists for 'Fhis C. Photodissociation at 193 nm
channel, its rate constant was calculated using the microca-
nonical variational transition state theory. We performed the For 193 nm, only the gHs+H, CgHy+H,, C4H,
calculations assuming two different energies of the dissoci+ C,H,, and GH,+C,H, channels are energetically al-
ating C—H bond, 115.2G2M value and 112.0 kcal/molex- ~ lowed, while the other radical channels are forbidden. The
perimental valug As seen in Table |, at 248 nm the differ- transition states leading to the,ld,+C,H, and GH,
ence in rate constants computed for 115.2 and 112.0 kcal/mot C;H4 products lie higher in energy than available 148.1
exceeds two orders of magnitude. Such deviation stems froikcal/mol, therefore, these reactions can occur only by tunnel-
the fact that the available internal energy at 248 nm is onlying and the corresponding rate constafgee Kisg, Kisi1,
0.1 kcal/mol in excess of the dissociation limit if this limit is Kis12, and Kisi4 in Table ) are very low or zero. For the
115.2 kcal/mol, but increases to 3.3 kcal/mol for the 112.0c-C4Hs+C,H, products, the barrier at TS16, 147.5 kcal/
kcal/mol limit. As the available energy increases, the differ-mol, is slightly lower than the available energy akigs is
ences in the rate constants computed with different dissocialso rather low, 7.810*s™*. This leaves only gHs+H
tion limits diminish from two orders of magnitude for the and GH,4 (mostly orthg+H, as possible products. The cal-
available energy of 115.3 kcal/mol to factors of 3.44, 2.21 culations indicate that H elimination dominates the reaction
1.70, and 1.45 for 148.1, 182.1, 230.6, and 296.2 kcal/moland from numerical solution of the master equations we ob-
respectively. Thus, as the available energy increases, the rd&ined the GHs+H/CgH,+ H, branching ratio at 193 nm as
constant becomes less sensitive with respect to smaf9.6/0.4. Although the branching ratios are not available
changes in the dissociation limit. For branching ratio calcufrom experiment so far, the molecular beams studies showed
lations described in subsequent sections, we use the rate cdhat GHs+H are the major products at 193 nm, while a
stants obtained with the dissociation limit of 112.0 kcal/mol.small amount of gH,+H, can be also formet. Using the
steady-state approximation, we can compute the rate con-
stants for H and Kl elimination through various channels as
well as the total rate constant of benzene decomposition to
When benzene absorbs a 248 nm photon, the internahe GHs+H and GH,+ H, products. As a result, we obtain
energy of the vibrationally excited ground state molecule3.16x 10°s™ ! for the GH,+H, channel, 8.6 10*s ™ for
formed after internal conversiofi15.3 kcal/mol is barely  the direct H loss froni, 9.34x 10? s~ * for the channel com-
sufficient to produce the ¢Els+ H dissociation products. As pleted by H elimination from2, and 1.0% 10> and 3.82
shown in the previous section, the calculated rate constant 10°s ! for the H eliminations from4 and5, respectively.
kuis1 IS Very sensitive with respect to the dissociation limit. Thus, 97.3% of hydrogen atoms are produced directly from
Taking this limit as 112.0 kcal/mol we obtained the dissocia-isomerl without an exit barrier, while 1.1%, 1.2%, and 0.4%
tion rate as 4.7510 2s™1, i.e., the lifetime of benzene in are formed from2, 4, and 5, respectively, overcoming the
this case is in the range of 21 s. This is too long to beexit barriers of~6 kcal/mol. This explains why the experi-
observable in molecular beam experiments. Indeed, recemtental translational energy distribution of H atoms peaks
measurements demonstrated that no dissociation occurs uporar zero valu¢at 1.8 kcal/mo).® The total rate of benzene

B. Photodissociation at 248 nm
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decomposition to various products is computed as 8.89 The absolute values of rate constants for various chan-
x 10* s~ 1. The theoretical lifetime is thus-11 us, close to  Nels, including H and Kilosses, significantly increase at 157
the experimental value of 10s1618 nm because the available internal energy rises by 34 kcal/
Rate constants for a number of isomerization channel§ol. For instancekys, for the direct H elimination fromi
are higher than those for H and kbss. For instance, for ~ shows a~350-fold increase, from 8.6410*s™* at 193 nm
the 1—2 rearrangement is 2.0410’ s andki, for 2—1is ~ to 3.01x10°s™* at 157 nm. Steady-state approximation
7.75<10s 1, which means that hydrogen scrambling gives the total rates of 5.3710°s ™ * for the H, loss from2
around the benzene ring can occur in 50 ns, much faster thdn-1700 times increase as compared to the 193 nm yalue
the lifetime of benzene at 193 nm. Therefore, the H/D iso-and 1.7 10°, 1.87x10°, and 5.9%10°s * for the H
tope exchange in partially deuterated benzene can take plagimination from2, 3, and 4, respectively. Interestingly, in
before these molecules dissociate. The rate of the benzendhis case 87.8% of hydrogen atoms are eliminated directly
benzvalene isomerizatiofl—11) is 1.35x 10°s™! indicat-  from the benzene isomédrwithout passing over an exit bar-
ing that carbon atoms can exchange their positions in th&er. The remaining amount, 5.0%, 5.5%, and 1.7% fiys,
ring (potential C/*3C isotope scramblingin ~0.74 us,  and5, respectively, is formed with the exit barriers of 6.2—
again faster than the molecule can dissociate but slower thah4 kcal/mol. These results can explain the experimental ob-
hydrogen exchange can occur. Assuming steady-state condi€rvation that the position of the peak in the translational
tions, the rate constant for the benzene—fulvene rearrang@hergy distribution of the H atoms produced in photodisso-
ment, which may result in both H and C isotope scramblingciation of benzene at 157 nm shifts significantly away from 0
can be estimated as 1:@0° s L. This rate is similar to that to 3.2 kcal/mol® The total rate constant for thegBs+H
for the benzene-Dewar benze(@ isomerization, also 1.16 channel is computed as 3430’ s™*, and the overall rate of
X 10°. Steady-state calculation of the rate constant for thdenzene decomposition to various products is 3.48
ring opening to form structur® via isomer2 gives 1.22 X10's™*. This gives the lifetime of benzene for photodis-
x10°s 1. Thus, thel—10, 1—8, and 1—3 isomerization  sociation at 157 nm as-29 ns. The calculated lifetime is
channels are also somewhat faster than dissociation t@bout 49 times lower than the experimental value of ds4
CgHs+H. When experimental conditions are such that col-From 193 to 157 nm, the theoretical value of the lifetime
lisions are possible, benzene isomers can be collisionally deélecreases by a factor 6f400, while the experimental value
activated and stabilized. Indeed, various studies of photoshows only a sevenfold decrease. The dissociation of ben-
chemistry of benzene showed that the main process igene at 157 nm was concluded to be most likely statistfcal,
photochemical isomerization and the major products includéherefore, non-RRKM behavior is not expected to cause this
benzvalend1l), fulvene(10), Dewar benzenés), as well as  deviation between experimental and theoretical results. In
cis- and transhexa-1,3-dien-5-yne$3 and 3').°"* Under  the experimental study of benzene photodissociation at 157

collision-free conditions of molecular beams benzene has tdm, the lower instrumental limit for lifetime measurement

dissociate in order to dissipate the excess energy. was about 0.5us, so that the sensitivity of the setup with
respect to faster decomposing species was-fowpparently,
D. Photodissociation at 157 nm new experimental measurements of the lifetime at 157 nm as

_well as a more advanced theoretical consideration would be

Photoexcitation by a 157 nm photon followed by even ; . .
y P y required to reconcile the difference between theory and ex-

tual internal conversion into the ground electronic state pro-~".
duces hot benzene molecules with internal energy of 182 periment.

kcal/mol. In this case, all dissociation channels illustrated inE Di iati ith hiaher int | .
Fig. 1 are open. However, calculations of the branching ra-—" Issociation with higher internal energies
tios show a relatively little change as compared to the results As benzene is photodissociated by the UV light it can
obtained for 148.1 kcal/mdfL93 nm). Atomic hydrogen loss absorb more than one photon and acquire higher internal
remains the dominant channel with the branching ratio ofnergy after eventual internal conversion into the ground
97.5%. The branching ratio for Helimination increases to electronic states. In this case, a greater variety of products
2.1%. Another molecular channel; C4H,+ C,H,(0.01%), can be formed. For example, experimental studies of photo-
plays an insignificant role but might be observed. Of thedissociation at 193 nm showed that the GHCsH; and
radical product channels,;85+ C3H; exhibits the highest C,H;+ C4H5 radical channels are originated from absorption
branching ratio(0.299% followed by GH;+ CHg(0.11%)  of two photon$”*°and the GH,+ H, channel can also have
and GH;+ C,H;(0.003%). Among the gH; isomers, HC- a two-photon characté?. To analyze how the product
CCHCCH is more likely to be produce.09% than branching ratios can change if two 248 or 193 nm photons
H,CCCCCH(0.02%). Although the former is 0.9 kcal/mol are absorbed, we carried out RRKM and VTST calculations
less stable than the latter, the pathway to HCCCHCCHwith the available internal energy of 230.6 and 296.2 kcal/
1-2—-3—-3'—-15-27, has fewer steps than that to mol.

H,CCCCCH,1—-2—3—3'—-14—-14'—16—17—28. In ad- As seen in Sec. IVB, if only one 248 nm photon is
dition, intermediatel4’ can decompose to B3+ C3Hj, absorbed the decomposition reaction is very slow and is not
which makes the production of JACCCCH+CH; less likely to occur under conditions of molecular beam experi-
probable. Experimental branching ratios at 157 nm are noments. Alternatively, if the benzene molecule absorbs two
available until now but it is known that H elimination is the photons it can decompose to various products with the cal-
most important reaction channél. culated lifetime in the range of 0.3 ns. ThgHz+H channel
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remains the most important one but the branching ratio de- The results demonstrate that upon absorption of a 248
creases to 79.9%. Among the other channels, the most sigim photon dissociation is too slow to be observable in mo-
nificant one is GH3;+C3H5(12.3%) followed by GH,  lecular beam experiments and the lifetime of benzene with
+H,(4.2%), CH+CsH5(1.7%), c-C,H,+ C,H,(0.85%),  respect to the gHs+H decomposition channel is computed
C,H;+C,H5(0.76%), GH,+C,H,(0.31%), and GH, as ~21 s. Hydrogen scrambling around the benzene ring
+C,H,4(0.04%). Assuming the internal energy of 296.2 (H/D isotope exchangeoccurs on a microsecond scale. In
kcal/mol corresponding to absorption of two 193 nm pho-photodissociation at 193 nm, the dominant dissociation chan-
tons, we obtained the lifetime of benzene in the range of tengel is H elimination to produce ¢Ei5 and the minor reaction

of picoseconds. ThedEls+ H branching ratio then decreases channel is H elimination, with the branching ratio of 0.4%.
to 62.8%, while that for gH;+ C3H; rises to 17.0%. For the The calculated lifetime of benzene at 193 nm is abou41
other channels, the calculated branching ratios also increasi: close agreement with the experimental value oful0 At

CeHs+H(4.6%), CH+ CsH3(4.2%), c-C4H, 157 nm, the H loss remains the dominant channel but its

+C,H,(4.8%), GH;+C,H3(0.9%), GH,+C,H,(4.9%),  branching ratio decreases to 97.5%, while that fgretimi-

and GH,+C,H,(1.0%). nation increases to 2.1%. Other channels,sHEC
We emphasize here that for several reasons these resultsC;H;(0.29%), GH3+CH3(0.11%), c-C4H,

have only a qualitative character, even for dissociation oft+ C,H,(0.01%), and ¢Hs;+ C,H3(0.003%), play insignifi-
neutral hot benzene. First, with the energy increase anharmaant role but might be observed. The lifetime is computed as
nicity can play a significant role not only for very-low- ~29 ns, i.e., about 49 times shorter than the experimental
frequency modes and can introduce increasing errors to owstimate, and new experimental measurements of this quan-
RRKM and VTST calculations. Second, the mechanism ofity are encouraged. If benzene absorbs two UV photons and
internal conversion into the ground electronic state from alissociates through the hot benzene mechanism, one can ex-
high-lying excited state formed after absorption of two pho-pect the GH5;+ H channel would be less dominant, while the
tons is not well understood. If the excited state energy is asontribution of the other radical channelsgHz+ C5Hs,

high as 296 kcal/mol or about 12.8 eV, one cannot exclud&€H;+ CsHs, and GHs+C,Hs, would significantly in-

that some excited state potential energy surfaces contributrease, and the ¢8i,+ H, branching ratio would remain in

to the photodissociation dynamics. In addition, at such highhe range of~2%-5%. This prediction agrees with experi-
energies above the ionization potential of benzéh24 e\j  mental observatiori§'® of the CH+ CsHz, C,Hz+ C,Hg,

the molecule can decompose through a dissociative ionizand GH,+H, products when benzene is photodissociated
tion mechanism. Third, the dissociation time scglg) be- by two 193 nm photons.

comes comparable with the time required for tBg— S,
|ntgrnal conversion. Thus, we can only suggest that in PhOACKNOWLEDGMENTS
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