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Photodissociation of Azulene at 193 nm: Ab Initio and RRKM Study
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The ab initio/Rice-RamspergetKasset-Marcus (RRKM) approach has been applied to investigate the
photodissociation mechanism of azulene at 6.4 eV (the laser wavelength of 193 nm) upon absorption of one
UV photon followed by internal conversion into the ground electronic state. Reaction pathways leading to
various decomposition products have been mapped out at the G3(MP2,CC)//B3LYP level and then the RRKM
and microcanonical variational transition state theories have been applied to compute rate constants for
individual reaction steps. Relative product yields (branching ratios) for the dissociation products have been
calculated using the steady-state approach. The results show that photoexcited azulene can readily isomerize
to naphthalene and the major dissociation channel is elimination of an H-atom from naphthalene. The branching
ratio of this channel decreases with an increase of the photon energy. Acetylene elimination is the second
probable reaction channel and its branching ratio rises as the photon energy increases. ThEgfi@gréents

at 193 nm are phenylacetylene and pentalene and the yield of the latter grows fast with the increasing excitation
energy.

Introduction CHART 1

Polycyclic aromatic hydrocarbons (PAHs) are known to be 7 9 ! o
major air pollutants resulting from incomplete combustion of Y p
fossil fuels and also, together with their cations, have been 6 O 2
proposed as possible carriers of the unidentified infrared
emission bands from various interstellar objdetsAs the 3
simplest PAHs, azulene and naphthalene (Chart 1) have been
intensively investigated in recent decades both experimentally
and theoretically. One of the major subjects of these studies is
the transformation of azulene to naphthalene. The thermal Of 81.5-98.6 kcal/mol, whereas the radical routes have activa-
rearrangement from azulene to naphthalene in the gas phasé©on energies of 2439 kcal/mol. _ _
has been studied in numerous experiments using@abeling Photoreactions of azulene and naphthalene cation radicals
technique®~15 Several intramolecular reaction mechanisms have Were studied experimentally and theoretically by several research
been proposéd20 to explain carbon permutations observed 9roups. For instance, Jochims et&#*investigated photofrag-

in the experiments. However, none of these mechanisms alongMéntation of naphthalene and azulene and deuterium isotope
can explain all experimental data. DFT and ab initio calculations ffects on the photofragmentation thresholds of naphthalene

at the B3LYP/6-31G* and MP2/6-331G(3df,2p) levels per- ~ monocations in the energy range of-72 eV. They also
formed by Alder et a?! showed that the preferable reaction performed semiempirical MNDO calculations of the azulene
mechanism for this reaction in the gas phase is a radical naphthalene isomerization reaction and gave a complete outline

promoted mechanism, which initiates by the formation oG of all possible photofragmentation reactions that could be

and GoHo radical intermediates and provides several alternative ©PServed in this energy range. Lifshitz and co-workers inves-

ways of rearrangement. They obtained a barrier of 39.2 kcal/ tigated photoisomerizatiqn angd p_hotoglissociation of the naph-
mol for the spiran pathway and 43.6 kcal/mol for the methylene _tha_lenc_a and azulene catiéhs® using tlme-dependen.t photo-
walk pathway, which is at least 30 kcal/mol lower than the lonization mass spectrometry (.TPIMS)' They gstabllshed that,
values calculated for the closed-shell system. Later, Parrinello b?'”g eXC'.ted’ the azu_Iene cation rearranges into naphth_alene
and co-workers employed the CeParrinello metadynamics with a barrier of approximately 80 kcal/mol, and then dissociates

" " et . .
method to compare the intramolecular and radical-promoted t0 CioH7" and GHg" fragments with similar branching ratios.

fl . ;
pathwiays? They concluded the norcaradiene pathway to be 72 08C %), ik, SR00 B2 S CRETRRS T
the preferable intramolecular mechanism with barrier heights the configuration of the s fragment. Schroeter et .

investigated mass spectra of several types @flC and

Azulene Naphthalene

lﬁiﬁgﬁgiiﬁﬁmcﬁua Universit concluded that the gt fragment should be a benzocyclo-
8 National Taiw%n University. v butadiene cation. Van der H&ftpn the basis of DFT B3LYP/
P Florida International University. cc-pVDZ calculations of naphthalene dissociation channels,

10.1021/jp053218m CCC: $30.25 © 2005 American Chemical Society
Published on Web 09/08/2005



Photodissociation of Azulene at 193 nm J. Phys. Chem. A, Vol. 109, No. 39, 2008775

concluded that both phenylacetylene and benzocyclobutadieneprocess. In this case, we used the variational transition state
cations could be observed in photodissociation experiments. theory (VTSTY® by considering different positions for the
Experiments with neutral azulene and naphthalene revealedtransition state along the reaction path, calculating rate constants
that most of the excited azulene nonradiatively relaxes to the corresponding to each of them, and finding the minimal rate.
vibrationally excited ground state due to ultrafast internal To perform VTST calculations, the B3LYP/6-31G* energies
conversion, and the internal conversion rate remains fast with were scaled by the ratio of energies of the products calculated
an increase of the excess enefgy?* This allows one to prepare  at the B3LYP/6-31G* and G3 levels. Before the scaling, the
highly vibrationally excited azulene and naphthalene molecules basis correction term, i.e., the difference between MP2/
in the ground electronic state and investigate their isomerization G3MP2large and MP2/6-31G* energies, was subtracted from
and dissociation behavior. Experiments with azulene in a the G3 energies of products. These terms were calculated exactly
molecular beam using the multimass ion imaging techniques along the H-atom elimination potential energy profile and then
under 193 nm photoexcitation performed by Ni's gréfup added to the scaled B3LYP/6-31G* energies. Additional
indicated that vibrationally excited azulene isomerizes to computational details of our ab initio/RRKM/VTST approach
naphthalene with a rate of 45 10° s71, and then eventually ~ have been described earlfér.
dissociates through the H-atom elimination channel with a rate  In the section devoted to a discussion on the most favorable
of 5.1 x 10* s~ The most recent molecular beam experiments pathways of azulerenaphthalene isomerization, we were
of this research group on azulene photodissociiioeveal a interested first in a qualitative comparison of rate constants for
minor acetylene elimination channel in addition to the H-atom all discussed pathways. Since preliminary estimates reveal great
elimination. The initial stage of acetylene elimination has not distinction in rate constants for different pathways and omission
been resolved due to the small probability of this channel. of several intermediates separated by low barriers could not
Kinetic energy distribution of acetylene angHg fragments distort the qualitative reaction scheme, only the highest in energy
shows a maximum at 2625 kcal/mol. In most cases, the transition states along each route were used as barriers between
maximum in kinetic energy distribution is closely related to the azulene and naphthalene to compute rate constants for particular
difference between the energy of the exit barrier and energiespathways. Nevertheless, for the final calculations of phodisso-
of products (the reverse barrier height from the products). ciation product branching ratios and the overall rate constant
To clarify the azulenenaphthalene rearrangement mecha- we used a more sophisticated reaction scheme including most
nism under molecular beam collisionless conditions and explain important intermediates and the steady-state approximation was
the acetylene elimination mechanism, accurate ab initio calcula- employed.
tions of the potential energy surface (PES) are necessary. The
MP2 calculations, which were already repoffedr this system, Results and Discussion
may not be sufficient to describe the kinetics of the azulene
photodissociation reaction with high accuracy. Therefore, in this
paper we revisit previous semiempirical and DFT calculations
following the azulene-naphthalene rearrangement schemes
proposed earliet16-22 and calculate rate constants and branch-
ing ratios of main isomerization and dissociation channels using
the RRKM statistical approach.

I. Azulene—Naphthalene RearrangementEarlier theoreti-
cal investigations of azulene and naphthalene revealed a great
variety of routes for the azuler@maphthalene isomerization.
Roughly, all possible reaction mechanisms can be divided into
six main groups. These are (1) CH-group transfer from the
seven-member ring to the five-member ring of azulene through
a bicyclobutane-like structure (bicyclobutane mechanism), first
proposed by Scott et & (2) azulene— naphthalene rearrange-
ment through a norcaradiene-like structure followed by a

The geometries for all intermediates and transition states werehydrogen shift (norcaradiereinylidene, or DewatBecker
fully optimized using the hybrid density functional B3LYP mechanism, originally proposed by Becker et ahd Dewar
method’-38 with the 6-31G* basis séf Connections between et all9), (3) cleavage of the 9,10-bond in azulene, first proposed
transition states and corresponding local minima were confirmed by Scott et al?, (4) migration of a CH-group from the seven-
by intrinsic reaction coordinate (IRC) calculations. Optimized member ring of azulene to the five-member ring (methylene
geometries of various intermediates and transition states andgroup migration, first proposed by Alder et®).(5) hydrogen
their total energies are given in the Supporting Information. shift followed by one-step rearrangement to naphthalene (orig-
Energies of intermediates and transition states at B3LYP/6-31G* inally proposed by Alder et &.7), and (6) a spiran path-
optimized geometries were calculated using the G3-type com-way. The isomerization through a spiro structure, discussed
putational schem#2 in particular, its G3(MP2,CC)//B3LYP  earlier>~7161%was established to play an important role in the
modification4%>¢ Zero point energy (ZPE) corrections were radical-promoted mechanisthin this paper, we explore this
taken into account using B3LYP/6-31G* frequencies without mechanism for neutral azulene.
scaling. All calculations were performed employing the GAUSS- 1. Bicyclobutane Mechanisnihe bicyclobutane isomeriza-
IAN 984! and MOLPRO 2002 packages. RiceRamsperger tion mechanism (Figure 1) initiates from rearrangement of the
Kasset-Marcus (RRKM) and microcanonical variational tran- seven-member ring of azulene into a benzvalene-like structure
sition state theorié¢d 4> have been applied to compute rate of intermediatels3 through a barrier aTS1, followed by the
constants for individual reaction steps. G3 energies and B3LYP/ CH-group transfer from the benzvalene-like structure toward
6-31G* frequencies for all intermediates and transition states the five-member ring above a barrierg$2, and formation of
were used to perform the RRKM calculations. In these calcula- the bicyclobutane-like intermediats4. In turn,|s4 rearranges
tions, available internal energy was taken to be equal to theto a metastable minimurts5, which then isomerizes to the
energy of a 193 nm photon absorbed by the azulene moleculenaphthalene. The highest transition state along this rott81s
(148.1 kcal/mol). Relative product yields (branching ratios) were with a barrier height of 80.2 kcal/mol. Rate constants corre-
found using the steady-state approach. For the radical productsponding toT S1are 1.9x 10* s 1in the forward direction and
channels, gH; + H, no distinct transition states exist on the 9.6 x 10' s71 in the reverse direction. This rearrangement
PES for the last reaction step, as it is a simple bond cleavagemechanism has been studied earlier by Alder ét al.the MP2/

Computational Methods
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Figure 1. Bicyclobutane mechanism of azulene-to-naphthalene isomer- Is2
Izafion. Figure 3. 9,10-Bond cleavage mechanism of azulene-to-naphthalene
s isomerization.
T1x107s
I
3.7x10° 7! proposed to be the major isomerization route. For the cation
{T—s? radical system, an additional intermediate, hydrogen shifted
] I naphthalene, separates the ring’'s distortion and the hydrogen
Dﬁ%q il shift rearrangement stages. For the neutral system, rate constants
L e o2 B R of the azulene naphthalene isomerization through the norcara-
72.4 Dﬁﬁ@“ diene-vinylidene mechanism are 74 1(° and 3.7x 1(®s!
i 2 \.TJ in the forward and reverse directions, respectively. This re-
:ﬁ{:ﬁ arrangement mechanism has been studied earlier by Alder et
e o8 al2! at the MP2/6-31+G(3df,2p) level who obtained for the
0.0 i ! highest barrier along this pathway the value of 79.6 kcal/mol.
aicna s m 3. Cleavage of the9,10-Bond. There are two possible
\ - 98 pathways of the direct azulene 9,10-bond cleavage (Figure 3).
il The first is a one-step 9,10-bond cleavage with simultaneous
09 Naphthalene H-shift (TS9). The corresponding transition state has a ten-
Is1 v member-ring structure. The barrier along this route is extremely
AL high (125.8 kcal/mol). The second pathway initiates from a
Is2 hydrogen shift between positions 8 and 9 in azulene. The
Figure 2. Norcaradiene mechanism of azulene-to-naphthalene isomer- hydrogen-shifted azulene resulting from this step and established
ization. as a minimum by the B3LYP/6-31G* geometry optimization

is not a minimum at the G3 computational level. This metastable
6-311+G(3df,2p) level. They obtained for the highest barrier intermediate relaxes to a norcaradiene-like strudagevithout
along this pathway the value of 86.2 kcal/mol. a barrier. The geometry d$6 differs from the geometry of the
2. Norcaradiene-Vinylidene MechanisnThe norcaradiene norcaradiene-like structufieS5 by the position of one hydrogen
vinylidene mechanism is a one-step azulenaphthalene atom. At thels6 geometry, the hydrogen atom is located near
rearrangement with a barrier of 72.4 kcal/mol (Figure 2). The the ninth carbon, whereas iS5 the hydrogen is positioned
process initiates from a simultaneous decrease of the distancenear the carbon 8. The intermedid#$ rearranges to a ten-
between the carbon atoms 8 and 10 and an increase of themember-ring intermediate? after overcoming a barrier of 92.6

distance between atoms 9 and 10 (see struci&®a on the kcal/mol atTS7. Then,Is7 isomerizes to naphthalene by ring
minimal energy reaction path obtained by IRC calculations, closure through a transition staléS8. The critical transition
Figure 2). As a result, in the transition state configuratib8%) state on this pathway i§S7. Rate constants corresponding to

the molecule has the five- and six-member rings joined by a TS7are 1.8x 10° and 9.6x 10° s~ in the forward and reverse
triangle consisting of the carbon atoms 8, 9, and 10. The directions, respectively.

hydrogen atom linked to the carbon atom 8 of azulene still keeps 4. Methylene Waldsomerization of azulene into naphthalene
this connection in the transition state. After going over the through a CH-group migration starts from a hydrogen shift
transition state, the distance between atoms 9 and 10 increasebetween the carbon positions 4 and 5 (Figure 4). Both directions
and the molecule, by passing via a vinylidene-like structure of the shift are possible, so there are two alternative routes at
TS5b, attains a planar structure with two six-member rings. At the initial stage of the methylene walk pathway: throd@@io

the same time, the hydrogen atom initially bound to the atom 8 and TS12 with barrier heights of 85.4 and 88.8 kcal/mol,
shifts toward the atom 9, finally leading to the naphthalene respectively. Both routes eventually converge through several
structure. This reaction mechanism is very similar to the metastable structures to the same intermedgdt#, which has
Dewar—Becker mechanism, computed for the azulene cation two fused six- and five-member rings with an out-of-ring £H
radical by Koster et &8 at the CCSD/cc-pVDZ level, and is  group. At the next step, the Gidroup bound to the six-member
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Figure 4. Methylene walk mechanism of azulene-to-naphthalene
isomerization.

ring transfers toward the five-member ring over the barriers at
TS14 and TS15 producing the structurels12 and thenls13,
which finally isomerizes to naphthalene by an inter-ring
hydrogen shift. In this scheme, we have omitted some inter-
mediates that were found to be local minima after B3LYP/6-
31G* geometry optimization, but not minima at the G3
computational level.

According to this scheme, there are three barrier3, S0,
TS12 andTS15 that should be tested as the limiting stage for
the methylene walk pathway. RRKM calculations performed
within an assumption of a single transition state along the
pathway give values of 1.% 10% 3.1 x 1C%, and 7.0x 10*

s 1in the forward direction, and 6.8 10%, 1.6 x 10% and 3.7

x 10t s71in the reverse direction. Taking into account th&t1L0
and TS12 provide alternative routes on the first stage of the
pathway and the rate constants T@15are significantly higher
than those fomfS10andTS12 we conclude that the barriers at
TS10andTS12are the limiting stages of the pathway and find
the resultant rate constants as a sum of thos€$d0andTS12,
which gives 1.6x 10* s™1in the forward direction. However,
in the reverse direction the reaction step going ov8d5 is
critical and the rate constant can be estimated a3l s ™.

5. Hydrogen ShiftThe hydrogen shift mechanism is similar
to the norcaradienevinylidene channel described above. The

main difference is that the hydrogen shift precedes rearrange-

ment of the rings (Figure 5). The first step on this route is
isomerization of azulene to tHe6 intermediate througfi S6,
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Figure 5. Hydrogen shift mechanism of azulene-to-naphthalene
isomerization.
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the wave function, it is impossible to use the G3 computational
level to calculate energy of the spiro-intermediet®4. In this
case, the UB3LYP/6-31G* energies instead of G3 energies were
presented. The next step is rearrangement of the spiro-structure
to a methastableis-vinylidene intermediatés15 through the
transition stateTS19 and then isomerization to the phenyl-

which is similar to the 9,10-bond cleavage mechanism. The next butenynds16. B3LYP/6-31G* geometry optimization revealed

step is rearrangement of the norcaradiene structsBeto
naphthalene through the transition sta&L7. The rate-limiting
stage of this pathway is the hydrogen shift with a barrier of
88.6 kcal/mol atTS6. Rate constants, corresponding to this
transition state, are 4.0 10° and 2.2x 10' s™1in the forward
and reverse direction, respectively.

This reaction mechanism is very similar to the corresponding

a small (3.2 kcal/mol) barrier betwedsl5 andls16, but G3
energy calculations confirmed thatl5is not a local minimum.
The configuration offS19was found employing UB3LYP/6-
31G* geometry optimization for an open-shell singlet state
starting from a triplet wave function. Because of the instability
of the wave function in the vicinity o S19, we were not able

to confirm the connection ofS19with Is14 andIs15 by IRC

azulene cation radical rearrangement mechanism, calculated atalculations. Nevertheless, UB3LYP/6-31G* geometry optimi-

the CCSD/cc-pVDZ levéf and proposed as one of preferable

pathways of the azulereaphthalene isomerization reaction.
6. Spiro-Radical MechanismThis pathway starts from

rearrangement of azulene into a spiro structaid, which has

the electronic wave function of a biradical open-shell singlet

character (Figure 6). Due to a multideterminant character of

zation of the singlet electronic state starting from this vicinity
with a triplet initial guess for the wave function converged to
eitherls14 or Is15. Phenylbutenyne isomerizes to naphthalene
through transition stat€S20having a vinylidene structure. The
energy of the barrier (70.9 kcal/mol) and the transition state
structure are very close to the energy and geometyS& for
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Figure 9. Acetylene elimination reactions from naphthalene. Photo-
dissociation initiates from photoexcitation of azulene.

The final product for both routes is pentalengHg, as the

Figure 7. Generalized scheme of azulene-to-naphthalene rearrange-acetylene molecule is eliminated from the four-member ring in

ment.

TS21 06.1

Isl

Figure 8. Acetylene elimination pathways starting directly from
azulene.

the norcaradienevinylidene pathway. The critical transition
state along the spiro-radical pathwayTiS19, lying 87.4 kcal/
mol above azulene. The rate constants correspondii@i®
are 2.0x 10* and 1.1x 1(? s!in the forward and reverse
directions, respectively.

the intermediates. The highest barriers along the first and second
routes are 96.1 and 93.1 kcal/mol, respectively. The differences
between the barriers at the highest transition state and the energy
of the products (reverse barriers) are 24.4 and 21.4 kcal/mol
for the first and the second routes, respectively. These values
are related to the maximum of the kinetic energy distribution
observed in experimer€.Judging from the calculated reverse
barriers, these pathways can be considered as possible candidates
for the acetylene elimination channel. If one excludes metastable
intermediates from this pathway and defines the highest
transition state as the limiting stage on the route, the total rate
constant of the €H, loss process has a value of 6<210° s™1.
Figure 9 shows possible acetylene elimination channels from
naphthalene. Here we suppose that naphthalene itself has been
produced from vibrationally excited azulene. Two differegitie
isomers can be formed from naphthalene. The first reaction
pathway is the benzocyclobutadiene channel. It features the
formation of Dewar-benzene-like intermediais20 or 1s21,
where two fused four-member rings are oriented differently with
respect to the remaining six-member cycle, followed by tté,C
loss. The highest barrier for this channel is calculated for the
last reaction stepTS29 and is 99.6 kcal/mol (relative to
azulene), which is higher than that for acetylene elimination
from azulene, 93.1 kcal/mol. The rate constant obtained within
an assumption that the highest transition state is the limiting

The scheme in Figure 7 summarizes the discussion on thestage on this route is 5.4 10° s, which is 3 orders of
azulene-naphthalene isomerization mechanism. According to magnitude lower than that for the8; loss from azulene. This
this scheme, the major rearrangement channel is the norcaramakes this dissociation channel unfavorable in comparison to
diene-vinylidene pathway that provides 92.8% of naphthalene. the pentalene channel. Meanwhile, the reverse barrier for this
The bicyclobutane, methylene walk, and spiro-radical pathways route is approximately 20 kcal/mol, making it a possible
give 2.5%, 2.1%, and 2.6% of the product, respectively. The candidate for the elimination channel observed experimentally.
total rate constants of azulenmaphthalene isomerization The second pathway is the phenylacetylene channel. It
reaction are 7.7 10° and 3.8x 10° s in the forward and  proceeds first by a hydrogen shift to one of the carbons involved
reverse direction, respectively, which is in good agreement with in the G-C bond fusing two aromatic rings of naphthalene
the experimental value of 44 10° s~ for the forward direction (1s23), which is followed by ring opening tds24, and is
obtained in the molecular beam experim&nThis confirms completed by gH, elimination from the out-of-ring hydrocarbon
the validity of the suggested reaction scheme and sufficient chain. The highest barrier along this route is 87.5 kcal/mol at
accuracy of energy calculations performed in this work. TS33for the last reaction step, which is 12 kcal/mol lower than

Il. Azulene and Naphthalene Dissociationl. GH; Elimi- that for the benzocyclobutadiene channel. However, the reverse
nation. A scheme of acetylene elimination from azulene is barrier for this pathway is about 30 kcal/mol, which is
presented in Figure 8. There are two possible pathways of thissignificantly larger than the maximum observed on the experi-
reaction: the first goes througls17 and the second passes mental kinetic energy distribution curve. Employing the same
through 1s18. In both intermediates, the seven-member ring approximate method for the rate constant calculation as for the
rearranges into two fused five- and four-member rings, but they previous GH, elimination routes, the rate constant for this
are oriented differently with respect to the pentacycle of azulene. pathway is 1.1x 10? s™1.
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Figure 11. H; loss reactions from naphthalene. Photodissociation starts  1s31
from photoexcitation of azulene.
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2. H Elimination.Figures10 and 11 presenj lbss processes W
from azulene and naphthalene, respectively. In all cases, the -
reac?'on initiates by a hyqfog,e” shift t.O g nglghborlng position Figure 13. H-atom elimination through the hydrogen shift mechanism.
and is followed by H elimination. H eliminations from other  Energies denoted with an asterisk were calculated at the UB3LYP/6-
hydrogen shifted naphthalene isomers that could be obtained31G* level and then scaled by the ratio of energies of the products
by consequent H migrations have barriers of approximately 10 calculated at the B3LYP/6-31G* and G3 levels (as described in the
kcal/mol higher than the elimination from single-hydrogen- text).
shifted isomers|§28—Is30) and therefore are neglected. The
barriers for the elimination from azulene are much higher than
those from naphthalene (112.6 kcal/mol for azulene vs 83.6 kcal/
mol for naphthalene). For the rate constant calculations, only fol
the highest transition states were taken into account. The total
rate constant for the four possible Eliminations from azulene

1.1 x 10* s7%, respectively. Thus, H-atom loss is much more
likely from naphthalene than from azulene.
The second mechanism initiates by hydrogen shifts and is
lowed by H-atom elimination from Chigroups. Figures 13
and 14 present the reactions starting fromdtendp positions
; . o S . of naphthalene. Geometries of H-atom elimination transition
(Figure 10) is 3.0x 107% s™, which is extremely low in  ga05 were found by the UB3LYP/6-31G* geometry optimiza-
comparison with fast azuler@aphthalene rearrangement and 5, of open-shell singlet states starting from a triplet wave
other elimination channels. The total rate constant pldss function. All H-atom elimination routes, being started from
processes from naphthalene (Figure 11) has a value 0k6.8 |y ghjfted naphthalene and calculated at the UB3LYP/6-31G*
10" s™* that is comparable with rate constants for the acetylene |gye|, exhibit small exit barriers. Taking into account that the
elimination reaction. B3LYP/6-31G* energies significantly differ from the G3

3. H-Atom EliminationH-atom elimination processes from  energies for hydrogen shifted naphthalenes and its dissociation
azulene and naphthalene can be realized by two differentproducts, we tried to calculate the G3 energy for all hydrogen
mechanisms. The first mechanism is a directHC bond elimination transition states. Unfortunately, we could not
cleavage without distinct transition states (Figure 12). Rate perform CCSD(T) calculations for these transition states due
constants in this case were found by using the variational to a multideterminant character of wave functions. Instead, we
transition state theory. The total rate constants for hydrogen employed the same procedure as for the direct H-atom elimina-
elimination from azulene and naphthalene are £.80° and tion and scaled the UB3LYP/6-31G* energies by the ratio of
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ﬁ 1538 elimination from CH groups, 96, is more than an order of
Naphthalene magnitude higher than the total symmetry factor for the direct

H loss from CH, 8. In addition, due to the use of the approximate
scheme for the energy evaluation (see above) of transition states
] = ] ) for H loss from CH, the corresponding rate constants and the
Figure 14. H-atom elimination through the hydrogen shift mechanism branching ratios of H loss from GHcan be somewhat
(continued). overestimated. We did not take into account azulene H-atom

energies of the products calculated at the B3LYP/6-31G* and elimination reactions through the hydrogen shift mechanism
G3 levels. Before scaling, the basis correction term, i.e., the because the rate constants should be at least not higher than
difference between MPZ/GsMP2|arge and MP2/6-31G* ener- those for the direct H-atom elimination, which are negllglble
gies, was subtracted from the G3 energies of products. These 4. CHz Elimination. The last dissociation channel that is
terms were calculated exactly for all the transition states and worth mentioning in this paper is the fragmentation to benzene
then added to the scaled UB3LYP/6-31G* energies. The and GHa. This reaction path initiates from the azulene re-
described simplified calculations decrease the transition statearrangement to phenylbutenytsd 6 (Figure 6) and is followed
energies to values that are lower than the energy of the productsby hydrogen migrations through barriers B669 and TS70
In Figures 13 and 14, these energies are denoted with asterisksdeading totrans- andcis-phenylbutenyne, respectively (Figure
Nevertheless, the structures of the transition states found at thel5). The hydrogen shifted phenylbutenyne intermediat
UB3LYP/6-31G* level appeared to correspond to the minimal then loses a hydrogen eventually in favor of the phenyl residue
rate constants calculated along the corresponding H-atomvia the barriers alS72andTS74 and finally, yields GHs +
elimination potential energy profiles. C4H.. The highest barrier on this reaction patiT&72is 122.3
Migrations of hydrogen atoms along the six-member rings kcal/mol, which is too high to observe these products experi-
and H-atom loss processes have comparable magnitudes of ratgentally at the excitation energy of 6.4 eV. Hence, we do not
constants. So, the overall rate constant for each eliminationinclude this reaction channel to the final reaction scheme.
channel is determined by the minimal rate constant among these Ill. Overall Reaction Scheme, Steady-State Rate Con-
two processes. The results presented in Figures 13 and 14 showtants, and Branching Ratios.The overall reaction scheme is
that only the first and the second hydrogen shifts could influence shown in Figure 16. Here, we extend the previous approximate
the reaction rate for H elimination. The other elimination routes calculation schemes by an addition of some important inter-
seem to be unlikely due to relatively low rate constants for the mediate steps and include the azulene-to-naphthalene rearrange-
corresponding hydrogen shift reactions. All reaction rates shown ment process into consideration. Calculations display that the
in Figures 13 and 14 are calculated within an assumption that major dissociation channel is H-atom elimination (99%), which
only the highest transition states along each route determineoccurs after isomerization of azulene to naphthalene. This result
the rate constants. Preliminary tests performed for severalis in good agreement with the molecular beam experiment for
reaction routes revealed a good agreement of multistep rateazulen€®®> The next important group of reaction channels
constants with those obtained by the simplified one-step schemeincludes decompositions into thek; and GHg fragments. Two
The total rate constant computed for the H-atom elimination possible kinds of gHg fragments can be observed in experi-
reaction through the hydrogen shift mechanism is 5.a0* ments. The first is pentalene (0.7%), which is formed directly
s1, so about 80% of H atoms eliminate through the hydrogen from the azulene molecule without isomerization to naphthalene.
shift mechanism. This result seems to be surprising, as intuitively The second is phenylacetylene (0.2%), which is produced after
the reverse reaction of H addition to a radical site of the naphthyl the rearrangement to naphthalene. The benzocyclobutadiene
radical should be faster than that to a CH group. Therefore, H fragment (less than 0.01%) is predicted to have too low yield
elimination from a CH group could be expected to be faster to be observed in the molecular beam experiment. Clearly, the
than that from a Ckligroup. If we consider the corresponding CgHg + C;H, products are relatively minor as compared to
rate constants excluding reaction path degeneracies (symmetryCigH; + H. Although the rate constants for the individual
factors), indeed, the values for the H loss directly from CH reaction steps leading to these products shown in Figure 16 are
groups are normally higher than those from Gitoups. On seemingly large, for example, in the range of40C s~ for
the other hand, the overall reaction path degeneracy for H the formation of pentalene, one needs to remember that in a
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Figure 16. The overall reaction scheme of azulene photodissociation.
multistep reaction the overall rate constant is also determined 24x10%s!
by the steady-state concentration of intermediates on the reaction | (‘ T‘u §! 30x10 10* s
pathway. In the case of pentalene, such steady-state concentra- 52x m"s 1l f;x_!f T

tions are computed to be very low, 2:2 1074, 4.4 x 1075, i o
and 1.0x 10-5for Is17, 1s18, andls19, respectively, in fractions W TS” 50x10°s™ 50x10'"s
of the azulene concentration. As a result, the steady-state rate TS74 TS75
constants for the formation of pentalene are 2.20° s™* via 30 ) 7%

Is17 and 2.6 x 10°® s! via Is18 andIs19. The overall rate ! I
constant for the production of pentalene directly from azulene “'-.‘ "-., g2 660
(without taking into account the isomerization of azulene to A = =l i

naphthalene and backward) is then £.80° s1, slightly lower
than the value of 6.2« 10° s~ obtained previously without

8{} 2

taking the existence of the intermediates into account. H 00i" 3 Al 2 A % 1
elimination is the third possible dissociation product that can ~ Azulene ;3 Azulene
be observed and the branching ratio of this channel is 0.1%. 34_9' e

The calculated value of the total rate constant of azulene 7 A Naphthalene
photodissociation is 6.% 10* s7%, which is in good agreement 788 987
with the experimental value of 5.¢ 10* s~1.35 The results of

the RRKM calculation using the steady-state approximation for
multistep reactions refine the preliminary estimates of the rate
constants presented in the previous sections and also allow us

to evaluate the product branching ratios much more accurately.zocyclobutadienet C,H,, or CioHg + Hy, and reverse re-
The GoH7 + H products clearly dominate the photodissociation arrangement to azulene followed by decomposition to pentalene
reaction, but it is also interesting to see relative branching ratios + acetylene. The reverse rearrangement rate constant is twice

Figure 17. CH group permutations in azulene and naphthalene.

of the minor GHg + C;H2 and GoHg + Haz products. Initially, as low as the rate constant for pentalene elimination from
we obtained rate constants of 62103, 1.1 x 1%, and 6.8x azulene. Therefore, the rate-limiting stage for the pentalene
10! s71 for the pentalene, phenylacetylene, angHg elimina- channel starting from naphthalene is its isomerization to azulene.

tion channels, respectively, which, if used directly, give the Solving the system of differential equations corresponding to
relative branching ratios of 56:1:0.6 for the pentalene, phenyl- this reaction scheme we obtained that approximately 95% of
acetylene, and fgHg products. However, from the steady-state pentalene are produced immediately from azulene and 5% are
calculations we obtained the relative branching ratios as 3.5:1: formed after azulene isomerization to naphthalene and backward.
0.6 (the absolute branching ratios of these products ap- This mechanism and the fact that the azulene-to-naphthalene
proximately are only 0.7%, 0.2%, and 0.1%, respectively). The isomerization is 2 orders of magnitude faster than the formation
reason for the difference in the results is that the reactions passof pentalene from azulene make the phenylacetylene agtdsC
through at least two sequential steps. The first one is the azulene-€liminations more probable reaction channels despite relatively
to-naphthalene isomerization that competes with the acetylenelow rate constants, although the branching ratio of 0.1% for
elimination process leading to pentalene. The second step isthe GoHs channel seems to be too low to be observed in
dissociation of naphthalene to phenylacetyleine€,H,, ben- experiments.
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TABLE 1: Relative Energies of Azulene Photodissociation Products, Their Branching Ratios at Various Photodissociation
Wavelengths, lonization Potentials, and Adiabatic lonization Potentials

branching ratio, %

product energy, kcal/ mol 1P, eV adiabaticIP,eV 266nm 248nm 193 nmx 286 nm 2x 248 nm
azulene 0.0 7.70 7.57
naphthalene —34.9 8.37 8.28
P1, pentalenett C;H,) 71.7 8.00 7.64 0.0 0.0 0.7 12.4 14.0
P2, benzocyclobutadiene-(CzH>) 80.1 8.06 7.47 0.0 0.0 0.0 0.3 0.4
P3, phenylacetyleneH C;H,) 58.1 9.09 8.94 0.0 0.0 0.2 0.6 0.7
P4, GoHe (+H2) 66.3 8.02 7.88 0.0 0.0 0.0 0.0 0.0
P5, GoHs (+H2) 67.6 8.03 7.92 0.0 0.0 0.0 0.0 0.0
P6, GoHe (+H2) 50.0 8.69 8.64 0.0 0.0 0.1 0.8 1.0
P7, GoHs (+H2) 52.5 8.56 8.45 0.0 0.0 0.0 0.0 0.1
P8, GoH7 (+H) 112.8 8.48 7.10 0.0 0.0 0.0 0.1 0.1
P9, GoH7 (+H) 113.0 8.38 7.20 0.0 0.0 0.0 0.1 0.2
P10, GoH7 (+H) 114.2 8.54 7.60 0.0 0.0 0.0 0.0 0.1
P11, GoH7 (+H) 80.4 8.84 7.92 92.0 72.2 67.5 56.0 53.6
P12, GoH7 (+H) 80.8 8.76 7.86 8.0 27.8 315 29.7 29.8

TABLE 2: RRKM and VTST Calculated Unimolecular Rate Constants (s71), Reaction Path Degeneracies, and Barrier Heights
(kcal/mol) of Various Reaction Steps in Photodissociation of Azulene at Several Values of Photon Energy

reaction 266 nm 248 nm 193 nm 2x266nm 2 x 248 nm
path (107.5 (115.3 (148.1 (215.0 (230.6
transition state reaction degeneracy kcal/mol) kcal/mol) kcal/mol) kcal/mol) kcal/mol)
TS1+ TS5+ TS6+ Is1—Is2 4 4.7x 1% 3.1x 10 7.7x 1P 3.4x 10° 9.2x 10®
TS7+ TS10+ TS19
TS1+ TS5+ TS6+ Is2—Isl 8 5.3x 10t 4.8x 10° 3.8x 10° 8.8 x 10° 2.9x 10
TS7+ TS10+ TS19
TS21 Is1—Is17 4 1.2x 16° 6.8x 10° 1.2x 10 3.2x 10° 6.4x 108
TS21 Is17— Is1 2 8.2x 10 1.0x 10° 5.4x 10° 1.1x 104 1.7 x 101
TS22 Is17— P1 2 3.2x 10t 1.7x 10° 1.0x 10 1.1x 101 2.9x 100
TS23 Is1—1s18 4 1.4x 10 6.4x 10¢ 45x 10° 9.6 x 108 2.0x 1
TS23 Is18— Is1 2 5.6x 10° 1.2 x 101 1.0x 10"  8.2x 10% 1.1x 10%
TS24 Is18—Is19 2 6.0x 10° 2.4 x 10 8.8x 10° 2.6 x 101 4.2 x 101
TS24 Is19— Is18 2 3.4x 107 1.2x 10° 3.6x 10° 8.6 x 1010 1.3x 101
TS25 Is19—P1 2 8.1x 1¢° 2.0x 1P 2.6x 10° 8.8 x 10t° 1.9x 104
TS31 Is2— 1s23 8 6.0x 10°3 9.2x 1072 22x 107 8.8x 10° 3.0x 1%
TS31 1s23— Is2 2 5.1x 1¢° 1.3x 10% 1.2x 10" 8.2 x 101t 1.1x 10%
TS32 Is23— 1s24 2 8.3x 1¢® 3.7x 10 1.2x 10" 2.1x 10% 3.1x 10%
TS32 Is24— 1s23 2 8.2x 1° 1.3x 10% 3.1x 101 6.0 x 10% 6.6 x 1010
TS33 Is24— P3 1 1.47x 108 3.5x 10¢ 2.1x 102  7.6x 101 8.9 x 10w
TS26 Is2— 1s20 4 8.6x 10 4.4x 107 6.8 x 10* 2.4 x 10 6.0 x 10/
TS26 Is20— Is2 2 2.8x 10° 5.8x 1C° 47x10°  4.0x 10" 5.6 x 10!
TS28 Is20— Is22 4 5.2x 1% 1.1x 10 1.5x 10 8.4x 10 2.0x 101
TS28 Is22— 1s20 2 2.0x 10%° 4.9 x 10© 3.0x 10t 1.0x 10% 1.2 x 1012
TS30 Is22— P2 2 2.7x 10 52x 10 7.3 x 10% 1.6x 102 2.3 x 1012
TS29 Is21— Is22 2 7.2x 10° 5.4x 107 59x 10° 2.4x 101 4.0x 101
TS29 Is22— Is21 2 1.6x 101 3.7x 10 19x 10"  5.8x 10¢ 6.7 x 101
TS27 Is2— Is21 8 46x 108 6.7x10°% 96x10' 55x10C 2.7x 10
TS27 Is21— Is2 2 2.3x 10¢ 5.8x 10° 4.0x 1C° 5.1x 101 9.6 x 100
VTST Is2— P12 4 2.5x 1072 49x 101 5.4x 10° 43x 10° 1.4x 10
VTST Is2— P11 4 2.0x 10? 4.0x10' 56x1C 45x 10° 1.5x 10
TS65+ TS66+ Is2— P11 8 1.3x 10 45x 10 3.6 x 10 6.0 x 107 1.8x 1¢°
TS60+ TS61
TS54+ TS55+ TS48+  Is2— P12 8 1.1x 10° 1.7x 10 1.4x 10¢ 3.0x 107 9.5x 10/
TS49+ TS16
TS41+ TS43 Is2— P6 4 4.8x 10 1.8x 1072 6.2 x 10 8.8 x 10° 3.5x 10°
TS45 Is2— P7 4 8.8x10°% 35x10* 6.2x 10° 11x 10° 45x 10°
VTST Is1— P8+ P9+ P10 5 - 1.3x 1078 1.8x 1 6.05x 1P 3.2x 10°
TS36+ TS37 Is1— P4 2 - 2.8x 10  3.9x102 2.6x 10¢ 15x 1C°
TS38+ TS39 Is1— P5 2 - 35x 1070  46x 10* 1.3x 10 15x 1¢°
The most recent molecular beam experirigtitat revealed Concluding the discussion about the reaction pathways and

a small yield of GHg fragments points to pentalene elimination rate constants, let us consider the possibility of CH-group
rather than phenylacetylene due to too high reverse barrier forexchange reactions in the seven-member ring of azulene and
the phenylacetylene elimination reaction and higher ionization six-member rings of naphthalene. Figure 17 presents the scheme
potential (IP) of phenylacetylene. In factghdy fragments were and rate constants for these processes. For these rate constant
observed even at the energy of ionization photons as low ascalculations, we supposed that one of the carbon atoms was
7.9 eV (157 nm), whereas calculated IP for phenylacetylene is substituted by thé3C isotope, which decreased the symmetry
9.1 eV, as seen in Table 1. The calculated IP for pentalene isof the system. Rate constants for the forward direction divided
8.0 eV, which is close to the experimental energy of ionization by a factor of 2 give approximate rate constants for the isotope
photons, 7.9 eV. exchange reaction if one of the carbons is replaced by3be
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isotope. The factor of 2 arises because after rearrangement intachannels include pentalereC,H, (0.7%), phenylacetylen¢
benzvalene-like intermediatis8, 1s43, 1s44, andls45in Figure C,H; (0.2%), and a trace amount of¢Els + H, (0.1%). The
17) only a half of the molecules will proceed to the isotope- pentalenet acetylene products can be formed directly from
shifted isomer, the other half will return to the initial config- azulene (95%), where this process will, to some extent, compete
uration. The ratio of the rate constant for the isotope-exchange with the isomerization to naphthalene, or after the rearrangement
reaction in azulene and the rate constant for azulene-to-to naphthalene and backward to azulene (5%). The other
naphthalene isomerization gives the relative amount of azulenefragments are produced from naphthalene. Among different
molecules which change their isotope labeled carbon positionspossible GHg products formed by acetylene elimination, ben-
before rearrangement to naphthalene. For the routes throughzocyclobutadiene is very unlikely to be observed at the 6.4 eV
TS1andTS73, calculations give the branching ratios of 1.5% excitation energy due to a high dissociation barrier as compared
and 1.9%, respectively. Employing the same procedure to to the other dissociation pathways. Therefore, thel{mnol-
naphthalene, we obtain that 1.3% and 3.0% (for the routes ecules detected experimentally upon photodissociation of azu-
throughTS74andTS75 respectively) of isotope labeled carbons lene at 193 nm are probably only pentalene and phenylacetylene.
will change their position before dissociation. Analyzing these A comparison of the calculated product branching ratios at
data, we can conclude that isotope exchange processes in azulergifferent excitation energies shows that the ratio between
and naphthalene do not play an important role in the azulene pentalene and phenylacetylene strongly depends on the excita-
photodissociation reaction. So, the isotope exchange observedion energy, and the yield of pentalene rapidly grows with the
in experiment is mostly due to various mechanisms of azulene- energy increase, whereas the amount of phenylacetylene remains
to-naphthalene isomerization described above. small. The yield of H-atoms decreases in favor of acetylene
To predict possible outcomes of future photodissociation with an increase of the photon energy, butt; + H remain
experiments at different wavelengths, we additionally calculated the most important photodissociation products (83.7%) even
rate constants and product yields upon absorption of one or twoupon absorption of two 248 nm photons.
266 and 248 nm photons. The results are summarized in Table
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