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The hot molecule (So**) is in a highly vibrationally excited state formed by rapid internal conversion from initially
prepared electronic excited states. The importance and predominance of the Sy** mechanism in VUV gas phase photo-
chemistry has been demonstrated. In this account, the fundamental physicochemical properties of Sy** are discussed in
order to understand the characteristic features of Sy** reactions, and VUV laser chemistry is reviewed from the following
two points of view: 1) The generalization and classification of VUV chemistry for a variety of molecules, including the
hot molecule mechanism and other competitive mechanisms; 2) A new strategy of multiphoton chemistry that employs
hot molecule as an intermediate. Internal conversion is a dominant deactivation process for many molecules in the VUV
region. Aromatic hydrocarbons and olefins are the representative examples of Sy** reactions. However, fluorescence
and intersystem crossing are major deactivation processes in some cases such as large condensed aromatic hydrocarbons.
The reactions of chlorinated compounds and phenols are explained by other reaction mechanisms such as direct dissoci-
ation and predissociation. Carbonyl compounds and some amines are classified into the intermediate cases. Due to the
large molar extinction coefficient and relatively long lifetime of So**, the multiphoton absorption process can be induced
by a single nanosecond laser pulse. As a result of fast internal conversion and intramolecular energy redistribution, the
second photon and further photons will not be absorbed by the molecule in the electronic excited state but by that in the
So**, and the photon energy of the multiphoton is accumulated as vibrational energy. Therefore, ionization is minor pro-
cess in the case of the multiphoton reaction of Sy**. The neutral radical formation is predominant in the dissociation re-
action, and the rate constant increases because the internal energy is multiplied by the multiphoton absorption process.
The applications of these findings lie in the following: 1) Large molecules of which the single-photon hot molecule reac-
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tion rate is small; 2) Molecules which have been deemed to be photoinert.

Molecules in highly vibrationally excited states are one of
the intermediates in VUV laser chemistry. After VUV laser ex-
citation, such species are formed by internal conversion, finally
leading to the electronic ground state. Intramolecular vibra-
tional redistribution in polyatomic molecules is complete with-
in a period much shorter than 1 ns. The molecule is populated
in highly excited vibrational states with the internal energy of
the incidental photon energy plus the energy associated with
room temperature. We call this a hot molecule and denote it as
So**. The equivalent temperature of Sy** can reach more than
a few thousand Kelvin, then Sy** dissociates and/or isomeriz-
es. This type of pathway in photochemistry is called the hot
molecule mechanism.'

We will review VUV laser chemistry from two points of
view. The first asks, how widely operative is the hot molecule
mechanism? The second asks, are there cases of two or three
photon chemistry in the hot molecule mechanism: photochem-
istry of So*™* which is produced by successive excitation.

The reaction mechanism for large molecules was first pro-

posed for isomerization of cycloheptatriene to toluene in 1962
by Srinivasan and by Thrush and Zwolenik.?> Troe and his co-
workers studied this process extensively as a model system of
Sy** 3% Nakashima and Yoshihara studied hot molecule mech-
anism of benzene, a typical aromatic molecule, by UV-VUV
laser excitation.’ Toluene was found to dissociate to a benzyl
radical by hot molecule mechanism in a sub-microsecond
range in 1985 and since then has been treated as a model sys-
tem of dissociation from So**.°7'° As shown in Table 1, olefin,
cycloheptatriene, and formaldehyde'' had already been dis-
cussed on the basis of hot molecule mechanism; however,
many types of molecules have remained untested or have not
been thoroughly discussed in terms of the hot molecule mecha-
nism. VUV laser excitation is very effective to study hot mole-
cule mechanism because the available internal energy is suffi-
ciently large to induce a chemical reaction in a short time if a
non-radiative transition takes place, which leads to the ques-
tion: Do any molecules become hot and react? Answering this
question is one of the targets of this account. We have exam-
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Table 1. VUV Laser Chemistry”
WL Reaction Mechanism MP?
Hydrocarbons
Aromatics Benzene>?’ 193, 158 Iso, Dis Hot Yes®
Toluene'? 193 Dis Hot Yes
Azulene® 308 Iso Hot Yes
[2.2]Paracyclophane™ 193 Dis Hot Yes
Naphthalene® 193 Iso Hot Yes
Anthracene* 193 T,F — —
Alkane Methane® 121 Dis Hot, T No
Cyclohexane®® 1589 Dis Hot, PD No
Alkene Tetramethylethylene38 193 Dis Hot No
Cycloheptatriene® 193 Iso Hot Yes
1,4-Cyclohexadiene” 193 Dis Hot —
Alkyne Acetylene®® 193 Dis S, T No
Diphenylacetylene*® 193 T — —
Others
Oxygen Formaldehyde' uv Dis Hot No
Phthalic anhydride** 193 Dis Hot No
Coumarin® 193 Dis Hot Yes
Benzyl alcohol®’ 193 Dis Hot No
Phenol® 193 Dis PD —
1-Benzofuran® 193 Dis Hot No
9-Fluorenone™® 193 Dis, T — —
Nitrogen Pyrazine®’ 248, 266 Dis Hot Yes
Acetonitrile® 121 Dis Hot No
Acrylonitrile® 193 Dis Hot No
Halogen Chlolobenzene® 193 Dis Hot? No
Hexafluorobenzene® 193 Iso Hot —
Fluoroethylene® 158 Dis Hot, DD No
Vinyl chloride® 193 Dis DD, Hot No
Sulfur Thiophene™ 193 Dis Hot No
Dimethyl sulfoxide” 193 Dis Hot, DD No

ined several types of molecules using VUV lasers, aiming to

a) Abbreviation: WL, Laser wavelength (nm) used in the experiments; MP?, Multiphoton hot molecule process?; Iso,
Isomerization; Dis, Dissociation; T, Triplet excited state; F, Fluorescence; S, Singlet excited state; Hot, Hot molecule mech-
anism; DD, Direct dissociation; PD, Predissociation.

b) We have found two-photon reactions of benzene by 193 nm laser irradiation, details will be published in a separate paper.
¢) J-H. Wang and K. Liu, J. Chem. Phys., 109, 7105 (1998). A dissociation reaction channel on the triplet surface has also
been investigated.

d) T. Shimada, Thesis, Osaka University (1993). The rise of product (72X 10° s~!) has been observed at 225 nm. The rise
component was diminished by the addition of helium.

e) F. P. Schwarz, D. Smith, S. G. Lias, and P. Ausloos, J. Chem. Phys., 75, 3800 (1981).

f) A. Kumar, P. D. Naik, R. D. Saini, and J. P. Mittal, Chem. Phys. Lett., 309, 191 (1999); X. Zhao, R. E. Continetti, A.
Yokoyama, E. J. Hintsa, and Y. T. Lee, J. Chem. Phys., 91, 4118 (1989).

g) D. A. Blank, A. G. Suits, Y. T. Lee, S. W. North, and G. E. Hall, J. Chem. Phys., 108, 5784 (1998).

h) F. Qi, O. Sorkhabi, A. H. Rizvi, and A. G. Suits, J. Phys. Chem. A, 103, 8351 (1999).

i) D. A. Blank, S. W. North, D. Stanges, A. G. Suits, and Y. T. Lee, J. Chem. Phys., 106, 539 (1997). The contribution of hot
molecule mechanism on the promary fragmentation has been estimated to be 83% for DMSO-/s and 73% for DMSO-dg
respectively.

be converted again to Sy**.

In this case, the internal energy

extend further the hot molecule reactions.

A second photon is easily absorbed by Sy**, because Sy**
often has a high molar absorption coefficient at the laser wave-
length. The absorption line shape of Sy** is interesting be-
cause of its high temperature with a narrow energy distribu-
tion. The excited state resulting from the second photon will

becomes about twice that of the Sy** produced by the first
photon. The multiply excited species dissociates and/or
isomerizes very fast. These types of reactions were first dem-
onstrated in 1987 with the toluene dissociation reaction to ben-
zyl radical'? and azulene isomerization to naphthalene.® Even
CW laser excitation can induce multiphoton chemistry of azu-



T. Yatsuhashi et al.

lene.'* How widely does this type of multiphoton reaction oc-
cur? Three photons and more are conceivable, as discussed in
the original papers. Cg reactions'> by nanosecond laser exci-
tation can be classified as this sort of mechanism. We have
tried to find some other examples and this is the second topic
of this account.

Three factors about the physical chemistry of the hot mole-
cule mechanism are important and will be discussed briefly.
The first point is the fast and highly efficient non-radiative
transition, the nature of which was discussed in the 1980s. The
one major target at that time was the third channel of ben-
zene.'®'7 Recently the study of non-radiative transition entered
a new stage. VUV ultrafast spectroscopy has clearly shown
that an internal conversion occurs on the order of femtosec-
onds and picoseconds for molecules such as benzene and tolu-
ene,'® benzene dimer,'® benzene-ammonium complex,” pyra-
zine,?! ethylene, and vinyl chloride.”? As a result of recent
theoretical work, the internal conversion process is explained
in terms of a conical intersection between the initial and final
states.?? Unfortunately, the theoretical calculation for the non-
radiative transition from the highly electronic excited state to
the electronic ground state is difficult due to the complexity;
however, such an internal conversion process has been demon-
strated well experimentally.

Since So** has interesting characteristics, including high
temperature with a narrow energy distribution and the ability
to be instantly prepared, it is a good object for studying direct
measurements of a reaction rate constant compared with the
statistical theory. Agreement between observation and theory
is excellent, and this is the second point. Collisional energy
transfer is the third point. Many papers concerning this subject
have been published. We utilize these results to explain reac-
tions of the hot molecule mechanism by single as well as mul-
tiple excitation.

In the first section we briefly describe our experimental
technique. The second section contains a review of some of
the fundamental aspects of the absorption profiles of Sp** of
benzene, examples of dissociation rate constants of alkylben-
zene, and one comment on a yield of photoproducts affected
by collisional relaxation. An understanding of these concepts
is necessary so that the reader can interpret individual experi-
mental results. In the later sections, examples of the hot mole-
cule mechanisms are described.

1. Experiments

Before describing the details of hot molecule reactions, we
will explain the experiments briefly. The molecules that have
sufficient vapor pressure at ambient temperature can be exam-
ined under any experimental conditions, such as the collision-
free conditions to obtain a reaction rate constant or high-densi-
ty conditions to achieve multiphoton reactions. For our exper-
iments, samples were gasified at a suitable temperature. Small
molecules such as benzene can be examined under these differ-
ent conditions well; however, nonvolatile samples require spe-
cial handling. For that reason, the large molecules, which have
a low vapor pressure at room temperature, were left unex-
plored. The molecules could be prepared for the photolysis by
elevating the experimental temperature for efficient vaporiza-
tion and for sufficient absorbance at the laser wavelength. A
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typical suprasil gas cell was placed in a homemade hot cell; the
temperature was controlled by a thermocouple-heater combi-
nation. The reaction cell was kept for over 30 minutes at the
experimental temperature to ensure complete vaporization and
complete mixing with the foreign gas. The transient absorp-
tion measurements were performed by a flash lamp-photomul-
tiplier tube combination with an ArF excimer laser (193.3 nm,
200 ml/pulse, fwhm 14 ns). Zero s was defined as the time
where the transient absorption has a sharp hump in the plenty
amount of nitrogen as shown in Fig. 4. The details of the each
definition of zero s have been noted in the original paper. The
sample and cell were renewed at every laser shot in order to
avoid effects due to the accumulation of photoproducts.
Sometimes a surprising difference was found between the first
and second laser shots by VUV laser excitation due to the pho-
toproducts.

2. Physicochemical Properties of Sy**

2-1. Absorption Spectrum of Sy**.  We will describe
briefly the absorption spectra of hot molecules. Fig. 1 shows
the absorption spectra of benzene at room temperature and its
So** formed by internal conversion on irradiation with an ArF
laser as an example.’ The energy of an absorbed photon (193
nm) is distributed among all of the vibrational modes (v;). The
equivalent vibrational temperature can be calculated to be
3389 K according to Eq. 1, under the assumption of harmonic
oscillation of the vibrational modes.

hv;
Eo=[;l (hvi)_l
exp T

where E is the total internal energy, Eroom temp 1S the average
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Fig. 1. Absorption spectrum of Sy** of benzene formed by
internal conversion on irradiation with an ArF laser. The
solid line is a simulation spectrum on the basis of a modi-
fied Sulzer—Wieland model at 3389 K. Stars and closed
circles are observed values of transient absorbance imme-
diately after excitation of 2 Torr benzene (circles) and 2
Torr of benzene in the presence of 800 Torr of nitrogen
(stars). The dotted line is the absorption spectrum of ben-
zene at room temperature. The vertical scale on the left
side is for the dotted line and for the solid line is on the
right side.
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thermal internal energy at room temperature, / is Planck’s con-
stant, k is Boltzmann’s constant, and 7 is the vibrational tem-
perature, respectively.

The absorption line shape, molar extinction coefficient (&)
can be estimated using a modified Sulzer—Wieland model,
which was originally developed to explain the absorption spec-
tra of halogen molecules at high temperatures.

e(T.V) = Emax VL\ Aexp(—ABY), @)
0
where Vv is the observing wavelength and v, is the absorption
maximum at 0 K. A and B are parameters based on the spec-
trum at low and the high vibrational temperatures.>* The spec-
tral line profile has a Gaussian shape, as can be seen in Eq. 2
and Fig. 1. Fair agreement between the observation and calcu-
lation is seen within experimental errors, indicating formation
of So** with the quantum yield of close to unity for the internal
conversion to So**. The absorption spectrum can be interpret-
ed as a broadened spectrum of the allowed transition of S; «
So('Ejy < 'Ajy) due to the high vibrational temperature. An
interesting result in the spectrum is that a hot molecule has
strong molar absorption coefficients in the wavelength region
on both sides of an allowed transition. This is a key parameter
when inducing VUV-multiphoton chemistry.

2-2. Specific Rate Constant. A hot molecule produced
by VUV excitation has enough internal energy to induce reac-
tions. Such a hot molecule is in a microcanonical state with a
small width of energy distribution, which means the reaction
will give a specific rate constant and can be explained in terms
of the statistical reaction theory. The most rigorous compari-
son between experiments and theory has been done for alkyl-
benzene. The first measurement of the rate constant was done
by Troe’s group for the system of hot toluene formed by
isomerization of excited cycloheptariene by a KrF (248 nm) la-
ser in 1981.* Tkeda et al. found that hot toluene can be pro-
duced by internal conversion of toluene excited directly by an
ArF (193 nm) laser, and the dissociation rate constant to the
benzyl radical was measured in 1985.5 A number of commer-
cially available molecules allowed the study of hot molecules
to expand. The major techniques were transient UV absorp-
tion of radicals by nano-microsecond laser photolysis,*®%!?
time-resolved laser-induced fluorescence of dissociated hydro-
gen,” and molecular beam measurements by varying the flight
distance.’® An F, laser (158 nm) was employed to increase the
internal energy of hot molecules.'®?’

It is important to note here that observations are in good
agreement with a statistical reaction theory, as shown in Fig. 2.
The dissociation rate constant kgyat an energy E and angular
momentum quantum number J is given by Eq. 3, where Ng; is
the number of quantum routes and pg is the density of state of
the parent molecule.

key = B 3
hpe,

The observed values are plotted in Fig. 2 with calculated
curves. The specific rate constants are calculated by Brand et
al.’ and Frochtenight et al.?® for C-H bond dissociation of me-
thyl-substituted alkylbenzenes. Reported values that were
scattered more than one order of magnitude between research
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Fig. 2. Specific rate constants for C—H bond dissociation

of toluene (upper curve), p-xylene (middle curve), and
mesitylene (lower curve). The curves are re-plotted from
Ref. 9 for toluene and p-xylene, and from Ref. 26. De-
tailed prameters for SACM calculation and correction fac-
tors can be found in the Refs. The measured points are
from Ref. 9 ((J), Ref. 26 (A, ®), Ref. 25 (A), and Ref. 8,
10 (O). Only central values without error bars are plotted.

groups in the early stage of the measurements, have converged
to reasonable values. In Fig. 2, only the central values without
error bars are plotted. Many other alkylbenzenes have been
measured, including deuterated compounds.3°?® For the case
of olefins, measurements are in fair agreement with calcula-
tions by the RRKM statistical theory."*

2-3. Depression of Reaction Yield by Collisional Relax-
ation. Hot molecules are collisionally deactivated by foreign
gases. The collisional energy transfer has been a good subject
to study, because of the narrow energy distribution in the ini-
tially prepared Sy** state (ca. 0.1 €V in the case of benzene).
Many systems have been studied and reviewed, including re-
sults from the use of other methods.?’ The collisional cooling
process of S¢** in gas phase and even in supercritical fluids®
is one of the central topics of physical chemistry. Many exper-
iments and molecular dynamics simulations have been per-
formed for small molecules®' such as benzene®? as well as for
large molecules.*® In the relation to chemical reaction from
So** with the internal energy of single and/or multiphoton en-
ergy, the pressure dependence of the yield should be discussed.
The dissociation rate constant of toluene is 2X10°s™! at 193
nm excitation, and the single-photon reaction is completely de-
pressed in the presence of several tens Torr (1 Torr = 133.322
Pa) of nitrogen. In the case of two-photon chemistry, the ini-
tially prepared hot toluene is still active within the pulse width
of an ArF laser. The relative yield decreased to about 35% of
the peak when the pressure of propane increased from 100 to
800 Torr.!

One of our recent observations is shown in Fig. 3. The for-
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Fig. 3.  Pressure dependence of the relative yield of biphe-
nylene formed by dimerization of benzyne which is de-
rived from the vibrationally hot phthalic anhydride. Ab-
sorbance are measured at 355 nm observed at 400 ns after
the laser pulse (423 K).

mation of biphenylene by an ArF irradiation to gaseous phthal-
ic anhydride was significantly suppressed by the addition of ni-
trogen, and a fairly linear correlation was obtained. The
dimerization of benzyne would not be affected by foreign gas,
however, the formation of benzyne will be strongly quenched
if the precursor of benzyne is derived from vibrationally hot
species. Assuming the collisional frequency is 5X 107 Torr s ™!,
hot molecule collides every 35 ps in the presence of 570 Torr
of nitrogen. This is an important observation that supports the
conclusion that biphenylene is formed by Scheme 1, including
hot phthalic anhydride:**
More discussion of this system is included in this account.

3. UV-VUYV Gas Phase Photochemistry: Hot Molecule
Formation and Reactions

In the early stage of studies of hot molecule chemistry, aro-
matic hydrocarbons and olefins have been spotlighted. In par-
ticular, the dissociation reactions of alkylbenzenes and olefins
are good target reactions because the produced radicals are
easily detectable and identifiable. The molecules other than
hydrocarbons have not been discussed well in terms of the hot
molecule mechanism. Recently, we have started to examine
several types of molecules using VUV lasers with the goal of
making generalized statements about hot molecule reactions.
VUV photochemistry of various molecules has been widely
studied by other researchers too, especially Y. T. Lee group has
recently developed a photofragment translational spectroscopy

which is an effective method to discern a contribution of Sy**.
It is impossible to list all of the many and detailed experimen-
tal and theoretical results; selected examples of VUV photo-
chemistry are listed in Table 1.

What is a hot molecule? How can we identify hot mole-
cules? We have mentioned benzene as the most typical exam-
ple of a hot molecule and discussed it briefly in section 2. The
agreement of the theoretical and experimental absorption spec-
tra is strong evidence of a hot molecule formation (2-1). How
can we say whether the reaction occurred as a result of the hot
molecule mechanism? The success of the reaction rate calcu-
lation by the statistical rate theory provides the answer (2-2).
The quenching of the product yield by a foreign gas is strong
evidence of the hot molecule mechanism (2-3).

Are there any examples of hot molecules other than hydro-
carbons? Though studies of the reaction of hot molecules oth-
er than hydrocarbons are ongoing, some examples of carbonyl
compounds and ethers will be shown to examine whether the
reaction is explained well by the hot molecule mechanism or
not (3-2). Other examples of which hot molecule mechanism
are not operative, including works by other researchers, will be
mentioned (3-3). In the next paragraph first we will mention
some examples of hydrocarbons only briefly (3-1) because the
detailed results have already been described elsewhere.! We
will also describe the results of the photolysis of condensed ar-
omatic hydrocarbons.

3-1. Hydrocarbons as Typical Examples of Hot Mole-
cule Chemistry. Benzene has been regarded as a good target
molecule for long time by chemists and physicists since the
first discovery. The photophysical and photochemical proper-
ties are still under study by theoretical calculations and new
experimental methods.*> Benzene is also an important and in-
teresting molecule in hot molecule chemistry. The fundamen-
tal photophysical properties of hot benzene have been dis-
cussed as a model case. Another important feature for
photochemists is that thermally unstable and different products
than that obtained in an ordinary thermolysis would be expect-
ed because the intermediate and the products can be cooled
down by collisional relaxation in the case of hot molecule
chemistry. A rapid cooling process for Sy** is a distinctly dif-
ferent point from the thermal reactions at the corresponding
temperature. In the case of benzene, fulvene is derived from
So** and acetylene (biphenyl) from ordinary thermolysis as a
major product. In the latter case, the most thermally stable
product was produced after the frequent collisional heatings.
The continuous UV-VUV photoirradiation to liquid aromatic
hydrocarbons results in the formation of soot.*

These characteristic features of Sp** chemistry are signifi-
cant in the case of olefins. Olefins have been examined well
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under various conditions. Collin published a detailed review in
1988 that covered the hot molecule chemistry of over 25
years.” Dissociation rate constants have been measured.'?%
Olefins are regarded as good examples of So** chemistry in
which the product distribution can be controlled by several fac-
tors such as excitation wavelength and reactant pressure.” The
simplest olefin, ethylene, has now attracted attention again,
and the photodissociation”® via Sy** was reinvestigated by
both ultrafast spectroscopy and theoretical calculations.*! An
ultrafast internal conversion of ethylene (30 fs) was measured
in real time.*

Condensed Aromatic Hydrocarbons. Benzene is one of
the most important model molecule that has been studied well
in terms of So** chemistry. And so a simple question may
arise: Can we see So** in even larger aromatic molecules? The
important data are the correlation between the fluorescence
quantum yield (lifetime) and the excitation wavelength. Ex-
periments have been done for many molecules such as
benzene'” and naphthalene.”> As the exciting wavelength be-
comes shorter, the fluorescence yield (lifetime) drops sudden-
ly. This feature has been discussed in terms of the third decay
channel. In the case of naphthalene, the threshold energy is es-
timated to be 10000 cm™' above the lowest excited singlet
state, whereas that of tetracene is 25000 cm™'.** We have suc-
ceeded in observing hot naphthalene using an ArF laser irradi-
ation,* which, at room temperature, did not produce triplet
state, cation radical, nor emission. We can safely say that the
internal conversion channel is operative for naphthalene by ex-
citing it with an ArF laser. The transient spectrum during the
laser pulse is well simulated by the modified Sulzer—Wieland
model for Sy**. Through the examination of foreign gas ef-
fects and laser fluence dependencies, we have found that the
consumption of naphthalene is suppressed by nitrogen and the
product is formed by a two-photon process. We have assumed
azulene as a plausible product from the energy diagrams and
the results of azulene photolysis.*> However, identification of
products is necessary for drawing the whole reaction scheme,
because we can suggest an isomerization reaction as another
possible reaction of hot naphthalene.

We have examined other large aromatic hydrocarbons such
as anthracene, phenanthrene, and triphenylene.*® A significant
emission was observed for these large aromatic molecules
even by an ArF laser light excitation in the gas phase. Figure 4
shows the time-resolved absorption spectra of anthracene ob-
tained at 473 K. A strong emission as shown in the inset of
Fig. 4 was observed during the laser pulse and therefore the
spectrum at O ns was not shown in the wavelength region be-
tween 330 and 440 nm. The absorbances of the stable product
observed at 260 and 400 nm were proportional to the laser flu-
ence. The species which has peaks at 380 and 400 nm is as-
signed to be the triplet state of anthracene.*’” No other product
was found in the transient spectra but we can see the evidence
of collisional relaxation of hot species in the decay profile, as
shown in the inset of Fig. 4. We can assign it to be anthracene
in a vibrationally excited state; however, the multiplicity is un-
known. In conclusion, it is clear that the internal conversion is
not a main deactivation pathway of highly electronic excited
anthracene, phenanthrene and triphenylene. The experimental
results showed that naphthalene is only in large condensed aro-
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Fig. 4.  Transient absorption spectra of anthracene at O ns
(@) and 200 ns (O) after 193 nm laser irradiation in the
presence of 690 Torr of nitrogen at 473 K, and the inset
shows the transient time profiles at 260 and 400 nm.

matic molecule safely assignable as an Sy** after an ArF laser
irradiation.

3-2. Hot Molecule and a Variety of Deactivation Mecha-
nisms Found in Carbonyl Compounds and Ethers. Form-
aldehyde'! and its fluorinated derivatives*® are known to be the
typical examples of hot molecule chemistry of carbonyl com-
pounds. Except for these compounds, hot molecule has not
been sufficiently investigated in the carbonyl compounds. On
the other hand, strong emission from S; was observed in the
case of dibenzofuran (ether). These results clearly show that
internal conversion (Sy** « S,) is not a dominant deactivation
pathway, even though molecules were excited to a higher elec-
tronic state. The competition with another photophysical pro-
cess such as the internal conversion to the S; state (S; < S,,) or
intersystem crossing (T, < S,)) should be considered in these
cases.

We would like to show the one-photon benzyne formation
from phthalic anhydride and the two-photon decarbonylation
of coumarin via So**. The details of coumarin photolysis will
be described later (4-2).

Phthalic Anhydride (Internal Conversion).** Phthalic
anhydride (PA) is an important reactant as a source of benzyne.
The study of benzyne has been performed by flash vacuum py-
rolysis or photolysis, and it has been isolated in a cold matrix
for direct spectroscopic observations. Many steady-state spec-
troscopic methods have been used successfully to characterize
benzyne; however, time-resolved spectroscopy was reported
only in the 1960s. The observation of benzyne and its dimer-
ization process was successful in the microsecond region, but
flash photolysis in the nanosecond region was not achieved.

The photolysis of PA by VUV light is a good example to
compare the hot molecule mechanism with thermolysis such as
flash vacuum pyrolysis because of the simplicity of the decom-
position reaction. One can expect an easily detectable final
product, biphenylene, which has characteristic absorption
peaks and large molar extinction coefficients. The transient
absorption spectra of PA irradiated by an ArF laser are shown
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in Fig. 5. The spectra exhibited strong bleaching between 270
and 300 nm, which corresponded to the depletion of the
ground state PA. The absorbance at 0 ns monotonically de-
creased with increasing wavelength, and no vibrational struc-
ture was observed in the region of 300-370 nm, where the
ground state PA did not have significant absorption. The
monotonic spectra were understood to be those of a hot mole-
cule. It is reasonable to conclude that the hot PA which is in-
stantaneously formed with a laser pulse and a dominant ab-
sorber at O ns.

The characteristic absorption peaks of biphenylene are
clearly seen at 355 nm in the high laser fluence condition (Fig.
5b). It is possible to quantify biphenylene, although the inter-
mediates such as hot PA and benzyne have a broad and struc-
tureless spectrum. Examining the wavelength of 355 nm,
where biphenylene would be the only observable product at
400 ns after the laser pulse, one can easily obtain the effects of
laser fluence and foreign gas on the final product yield. Figure
6 shows the effects of laser fluence on the biphenylene forma-
tion. Two important conclusions can be drawn from the data in
Figs. 3 and 6. First, the biphenylene formation is suppressed
by the addition of foreign gas, indicating the inclusion of Sy**
as an intermediate. Second, the biphenylene formation re-
quires two photons, indicating that the formation of benzyne is
a one-photon process. We can then safely say that biphenylene
is formed by the dimerization of benzyne, which is derived
from the vibrationally hot PA.

An interesting finding indicates that a successive reaction
after the complete cooling of hot molecule. The transient time
profile at 260 nm, measured at a relatively high laser fluence
(35 mJ cm2), has a slow rise component even in the presence
of nitrogen. This behavior should not originate in the colli-
sional cooling processes nor reaction of hot molecule but the
intermolecular reactions because the hot molecule was almost
completely de-energized by the collision with nitrogen. The
most likely species to appear at the high laser fluence condi-
tions would be triphenylene, which has a strong absorption at
260 nm. The formation of triphenylene would contribute to
the transient absorption at 260 nm, and the slope of the plot
(open circle, 260 nm) in Fig. 6 is greater than 1 in the high flu-
ence region (> 10 mJ cm ).

1-Benzofuran (Internal Conversion).*’

We examined 1-
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Fig. 6.  Laser fluence dependency of the transient absorp-

tion of phthalic anhydride at 400 ns after the laser irradia-
tion in the presence of 570 Torr of nitrogen observed at 260
nm (O) and 355 nm (@). The solid line has a slope of 1.0
(O) and 2.0 (@), respectively.

benzofuran (BF), which does not have favorable leaving
groups (CO, CO,) as PA has. No absorption corresponding to
the cation radical and triplet state were found in the transient
absorption spectra, but BF emits very weakly. The foreign gas
efficiently suppresses the yield of the product which is formed
by the single-photon process. All the results indicate that the
hot BF would mainly be formed as an intermediate by 193 nm
laser irradiation. The decomposition reaction of BF occurrs
via Sp**; however, the steady-state absorption spectrum of re-
siduals after the laser irradiation gives no clear indication
about the product. The product may be complicated mixtures
of the fragmented BF.

It should be noted that Sorkhabi et al. have recently found
the contribution of So** in the decomposition reaction of furan
excited at 193 nm.”

9-Fluorenone (Intersystem Crossing) and Dibenzofuran
(Fluorescence).*® The decarbonylation of gaseous fluo-
renone occurrs on irradiation with a 193 nm laser. The forma-
tion of biphenylene has been clearly observed in the absorption
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Fig. 7. Normalized transient time profiles of fluorenone at

290 nm in the absence and presence of 570 Torr of nitrogen
at 420 K.

spectrum of photolysate. The normalized transient time pro-
files of fluorenone in the absence and presence of 570 Torr of
nitrogen are shown in Fig. 7. The transient profile at 290 nm
consists of two decay components. The fast component is af-
fected by the nitrogen, while the effect of nitrogen is not ob-
served in the slow component. The transient absorption spec-
trum is similar in shape to that of triplet fluorenone. The
spectrum obtained within a laser pulse was slightly red-shifted
compared with that obtained at 100 ns after the laser pulse.
From these results, we conclude that the very fast hot triplet
formation and cooling process contribute to the decay profiles.
The deactivation to T, from an initially prepared highly excited
state presumably complets within a instrumental response time
period. A similar decarbonylation reaction of fluorenone, in-
cluding the formation of biphenylene as well as biphenyl and
fluorene, has been observed in the pyrolysis at 1100 K.>! The
decarbonylation reaction of fluorenone, which was rarely ob-
served in the condensed phase photolysis, is interesting in view
of photochemistry, although the contribution of Sy** is uncer-
tain. In the case of dibenzofuran, the transient species appear-
ing at 255 nm was almost completely diminished with 580 Torr
of nitrogen. The suppression of the transient indicates the ex-
istence of So**; however, an internal conversion is probably
not the only deactivation pathway from an electronic excited
state, because a strong S; emission is observed.

3-3. Comments on Other Molecules of Which Hot Mole-
cule Mechanism Are Not Operative. We have examined
various types of molecules by transient absorption spectrosco-
py to find a clue to distinguish which molecules become Sy**
and which do not. Some examples not described in this sec-
tion are also listed in Table 1.

Amine and Related Compounds. Aliphatic and aromatic
amines have rarely been examined by transient absorption
spectroscopy in the gas phase, perhaps due to the difficulty in
distinguishing an So** reaction from an electronic excited one.
Diphenylamine, which has an internal conversion yield of 0.6
in the condensed phase,’> was examined by an ArF laser in the
gas phase. The transient time profiles were not so much affect-
ed by a foreign gas. It is difficult to discern the existence of
hot diphenylamine. The direct dissociation of the N—H bond
would be induced by exciting a n-6* transition of dipheny-
lamine at around 200 nm. However, recent VUV photolysis
studies on ammonia®® and methylamine®* have shown the sig-
nificant contribution of Sy** by photofragment translational
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spectroscopy. These results may indicate the limitation of
transient absorption spectroscopy to explore these types of
molecules.

Diazabenzenes (diazines) are interesting examples because
the predominance of internal conversion process has been dis-
cussed in terms of third decay channel.”> Recently, the internal
conversion of pyrazine has been shown to be fast enough (20
ps)*! to compete with the other reactions. Both the single®® and
multiphoton Sy** reactions of pyrazine have been investigat-
ed.”” Such fast internal conversions and multiphoton reaction
have been observed for pyridazine and pyrimidine,”® too,
which shows a high internal conversion yield of 0.93 and 0.88,
respectively.’

As listed in Table 1, Moriyama et al. have found H atom
elimination from vibrationally hot acetonitrile formed by fast
internal conversion from a primary photoexcited state prepared
by a 121.6 nm laser.>’

Halogenated Compounds. Many halogenated com-
pounds have been employed in laser photolysis studies. The
most important point in the case of halogenated compounds is
the identification of the reaction mechanism. A direct dissoci-
ation and predissociation mechanism are possible in the VUV
photolysis, especially in the chlorinated compounds.
Chlorobenzene® and benzyl chloride®' have been examined as
a source of phenyl radical and benzyl radical. In both cases,
the hot radicals have formed within the laser pulse. Research-
ers still do not agree on whether the dissociation reaction
mechanism is a direct dissociation mechanism or an Sy** reac-
tion. In either case, the studies have contributed important in-
formation about radicals in the vibrationally excited state. The
details of the relaxation process and the molar extinction coef-
ficients of radicals have been determined. On the other hand,
hexafluorobenzene® showed similar behavior toward benzene.
The formation of Sy** is dominant, and the transient spectrum
is well simulated theoretically as a hot molecule. Unlike chlo-
rinated benzene, dissociation of both C—F and C—C bonds of
hexafluorobenzene excited by a 193 nm light is too slow to be
measured. Lin et al. have examined a series of fluorinated eth-
ylenes using a 158 nm laser and concluded that the major pho-
todissociation reactions, C=C bond breaking and HF elimina-
tion, occurrs on the ground electronic potential surface through
internal conversion from the initially excited electronic state.®*
Brownsword et al. investigated the direct C—Cl bond dissocia-
tion of CH;CF,Cl as a primary reaction after photoexcitation at
193 nm.% In the case of vinyl chloride, five dissociating chan-
nels have been found.®> A major reaction channel has originat-
ed in a direct dissociating surface (no*), and the other four
channels originated in the So**. From these facts, we can con-
clude that it is impossible to avoid the direct dissociation chan-
nel as long as a molecule, which contains chlorine, is excited
by 193 nm laser.

Phenol and Alcohol. Phenol and anisole are isovalent
molecules of alkylbenzenes; however, the formation of phe-
noxyl radical by a 193 nm laser irradiation in the gas phase has
been explained by the predissociation mechanism.®® On the
other hand, Chowdhury reported that a 193 nm laser excitation
induced the dissociation of the C—O bond of benzyl alcohol via
the ground electronic state.®” The hot molecule mechanism is
well supported by the agreement of the observed fragments
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(a) Transient absorption spectra of diphenylacetylene in the presence of 430 Torr of nitrogen at 403 K observed at 0 ns (@)

and 100 ns (O) after the laser pulse. (b) Transient time profiles of diphenylacetylene at 300 and 380 nm observed at 403 K in the

presence of 430 Torr of nitrogen.

rise time and calculated data on the basis of statistical unimo-
lecular rate theory. It can be said that the internal conversion
channel is opened for aromatic alcohols but closed for phenols
by a 193 nm light.

Alkynes. 1,3-Butadiyne is formed from acetylene by
VUV laser via two different pathways, the singlet and the trip-
let pathways.®® The contribution of the So** mechanism has
not been found in acetylene photolysis. On the other hand,
diphenylacetylene, whose internal conversion yield is nearly
unity (0.96) in the condensed phase,” is thought to be Sy** at
first glance. However, preliminary measurements showed the
clear appearance of a triplet state in the transient absorption.
Figure 8a shows the transient absorption spectra of diphenyl-
acetylene in the presence of 410 Torr of nitrogen at 403 K.
Two characteristic absorption peaks can be seen at 347 and
376 nm. The spectra are similar in shape to that of the triplet
state observed in the condensed phase.”® The typical decay
profiles are shown in Fig. 8b. Two types of decay behavior are
observed. The absorbance between 330 and 470 nm was
slightly decayed, while decay profiles below 320 nm included
a sharp hump, which is understood to be the collisional deacti-
vation of hot molecule. The absorbances observed at 300 and
380 nm are proportional to the laser fluence. From these re-
sults, the transient absorption has been assigned to be that of
the triplet state. The spectral feature looks like that of a cation
radical; however, a single photon’s energy is not enough to
eject an electron from diphenylacetylene.”' Contrary to the ex-
pectation, there is a strong contribution of intersystem crossing
in the diphenylacetylene photoprocess. The tale of the hot spe-
cies was obvious in the wavelength region below 320 nm,
which overlapped with the ground state absorption of dipheny-
lacetylene, however, it is difficult to determine whether the hot
species is So** or T,**. If the examinations are expanded to
the overlapped wavelength region and the whole spectrum can
be obtained, the contribution of intersystem crossing and inter-
nal conversion may become clear.

4. Hot Molecule as an Intermediate in Multiphoton
Reactions

The hot molecule reaction has been studied both by steady-
state lamps and by pulsed lasers. An important advantage of a
laser as a light source is the high photon density during a short
period. Therefore, an accumulation of internal energy by suc-
cessive photon absorption by an intermediate is possible in la-
ser photochemistry. Multiphoton reactions of Sy** occur for
toluene'? and azulene.'> As we have already stated, So** is a
suitable intermediate in multiphoton reactions for the follow-
ing reasons: (1) So** is formed instantaneously with a laser ex-
citation; (2) So** has relatively long lifetimes compared with
the initially formed electronic excited state;’> (3) So** has
large molar extinction coefficients at the laser wavelength. In
the condensed phase, vibrational relaxation takes place within
several tens of picosecond. The second photon from a nano-
second laser will be absorbed by either (1) the lowest electron-
ic excited state and then ionized, or (2) the vibrationally re-
laxed states electronically in the ground state. Photon energy
will not be accumulated. We suggest three important features
in multiphoton hot molecule reactions. The first feature is that
because a hot molecule reaction is a reaction of vibrationally
excited species, as the size of molecule becomes larger, the re-
action rate constant becomes smaller. If the reaction rate is be-
low the collisional deactivation rate, only the formation and
deactivation of Sy** will be observed. An accumulation of en-
ergy by a successive second photon absorption enables the
molecule to have an increased reaction rate higher than the col-
lisional relaxation rates. The second feature is that a different
chemical reaction is expected due to the high internal energy.
An inert molecule by an one-photon process can be converted
to a labile by the multiphoton process. One of several exam-
ples we have found is multiphoton reactions of biphenylene.”
Furthermore the reaction pathways can be different from the
ordinary thermal reactions, because the rate constant is deter-
mined by the state density. The third feature is that the prod-
ucts are cooled down by collisional relaxation for the case of
an So** reaction. It should be noted that the collisional deacti-
vation rate is controllable by adjusting the foreign gas pres-
sure. On the other hand, it is difficult to obtain thermally un-
stable product in the case of thermolysis because the
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subsequent heating by collision finally produces thermally sta-
ble products.

It should be emphasized again that such internal conversion
is not a useless process, but a very interesting pathway for
forming an intermediate in multiphoton chemistry. In this sec-
tion, we would like to introduce some examples of multipho-
ton reaction of Sy**.

4-1. Alkylarenes as Typical Examples of Multiphoton
Hot Molecule Chemistry. The most simple alkylarene is
toluene, which decomposed to benzyl radical. The formation
rate of benzyl radical from hot toluene is 2X10° s~! (one-pho-
ton process).5 This process is completely suppressed by sever-
al tens of Torr of foreign gas; however, we have found the two-
photon reaction of toluene as our first example of multiphoton
So** reactions.!? The suitable target for the second step of the
multiphoton Sy** chemistry is alkylarenes because we can eas-
ily predict the chemical reactions, and the sufficient spectro-
scopic data for the related radicals are available. In addition,
the effect of molecular size, strain energy, and deuterium sub-
stitution as well as the differences among structural isomers,
are interesting problems that can be discussed in terms of the
So** mechanism. The multiphoton hot molecule reaction of
alkylarenes will be discussed here in view of these factors.

[2.2] Paracyclophane (2PC) and its methyl-substituted de-
rivatives have been examined using an ArF laser,”* for examin-
ing the effects of strain energy on the reaction rates. The
cleavage of cyclophanes into p-quinodimethane has been
found to be a two-photon process in all the cyclophanes exam-
ined. The appearance of quinodimethane from 2PC was within
the excitation pulse width. The specific rate was calculated on
the basis of RRKM theory taking account of strain energy and
the rate was ca. 10'® s™! at the two-photon energy. This rate is
fast enough to overcome the collisional quenching by several
hundreds Torr of nitrogen. The assumption of the amount of
strain energy, which contributes to the activation energy, is a
key factor in the case of strained molecules. The observations
of the product formation rise times of cyclophane derivatives
under the collision-free conditions and the calculations of rate
constants have been successful.”

A large cyclophane, [2.2.2] paracyclophane (3PC), was ex-
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amined.”® Figure 9a shows the transient absorption spectra of
3PC in the absence and presence of nitrogen observed 100 ns
after the laser pulse. The characteristic absorption of p-quin-
odimethane was clearly observed; however, the spectrum mea-
sured without nitrogen included unknown products. Figure 9b
shows the transient time profiles of 3PC at 290 nm in the ab-
sence (II) and presence (II1) of 640 Torr of nitrogen. The colli-
sional cooling of hot p-quinodimethane was observed in pro-
file III at 290 nm. While an increase of the absorbance was
observed in profile II at 290 nm, the slow rise probably origi-
nated in the formation of a product, which was diminished in
the presence of a sufficient amount of nitrogen. The equivalent
vibrational temperature and dissociation rates were calculated
to be 2520 K, 10" s~ (2PC, 2hv); 1900 K, 5.7X 107 s~ ! (3PC,
2hv); and 2480 K, 8.8%X10'° s! (3PC, 3hV), respectively. The
RRKM calculation indicates that at least three photons are nec-
essary to overcome the collisional deactivation by 640 Torr of
nitrogen and to form p-quinodimethane from 3PC. The rate of
the slow rise in the absence of nitrogen observed in Fig. 9b was
evaluated to be 1.9X107 s™!, which is in fair agreement with
the calculated value. The observed rise in the absence of nitro-
gen can be assigned to the two-photon process. Unfortunately,
the vapor pressure of 3PC is not great enough to allow us to ex-
amine the effect of laser fluence, even at 473 K (7X107% mol
dm™3, 0.2 Torr) and the product formation would be saturated
due to the depletion of the ground state.

We have demonstrated some examples of two-photon reac-
tions of So**, which led us to another simple question: How
many photons can be absorbed by a hot molecule? We then
examined o, @'-diphenylalkanes’’ to investigate the three-pho-
ton Sy** reaction. However, the examined diphenylalkanes,
which have methylene chain lengths of 1 to 3, were decom-
posed by the two-photon process via hot molecules. Figure 10
shows the correlation between the transient absorbance of 1,3-
diphenylpropane (DPP) and laser fluence. The initial transient
(@) is formed by one photon, which is ascribed to be hot DPP,
and the appearance of radicals (O) is proportional to the square
of the laser fluence. The change from a two-photon process to
a three-photon process was not observed, even when the meth-
ylene chain length was expanded to 3. From the results of a se-
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(a) Transient absorption spectra of [2.2.2]paracyclophane in the absence (O) and presence of 640 Torr of nitrogen (@) at

473 K observed 100 ns after the laser pulse. (b) Time evolution of [2.2.2]paracyclophane transient absorbance at 290 nm in the
absence (II) and presence (III) of 640 Torr of nitrogen. The line I is an integrated profile of the laser pulse.
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Fig. 10.  The correlation between the transient absorbance

of 1,3-diphenylpropane (DPP, 230nm, 403 K) and the laser
fluence. Absorbances are indicated at O ns (@) and 300 ns
(O) after the laser pulse.

ries of diphenylalkanes, we have concluded that the hot diphe-
nylalkanes at 193 nm excitation do not need the help of a
second photon to cleave the C—C bond in the benzyl position.
This conclusion is also supported by the RRKM rate calcula-
tion. In order to observe three-photon processes, it is neces-
sary to increase in the number of vibrational modes for lower-
ing the equivalent vibrational temperature by substituting with
more bulky substituents.

According to these results, we examined the C—H bond dis-
sociation of triphenylmethane (TPM).”® TPM is a bulky and
distorted molecule with an internal conversion yield of 0.81 in
the condensed phase.” Generally, whether the second and ad-
ditional photons can be absorbed depends on the lifetime and
molar extinction coefficient of the Sy**. In principle, the reac-
tions of the first, second, and third photon could be observed
concurrently although the reaction rates are very different.
The suppression of slow reaction components can easily be
achieved either by adding a foreign gas or by increasing the
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concentration of the reactant itself to deactivate So** collision-
ally. We can diminish the one- and two-photon processes of
So** by adjusting the pressure of a foreign gas.

Figure 11a shows the transient absorption spectra of TPM in
the absence (@) and presence of 585 Torr of nitrogen (O) ob-
served at 400 ns after the laser excitation. The fully relaxed
spectrum (O) is identified as TPM radical by an analogy with
the condensed phase result. The unrelaxed spectrum (@) is
originated in hot TPM and hot TPM radical. The spectra cor-
responding to the triplet state and cation radical as well as fluo-
rescence were not observed in the wavelength region up to 700
nm. Based on the experimental results, we have concluded
that the dominant deactivation pathway of TPM from an elec-
tronic excited state is an internal conversion, and that TPM
radical was derived from vibrationally hot TPM. Figure 11b
shows the correlation between the absorbance of TPM radical
and laser fluence. The experiment clearly demonstrats that the
formation of TPM radical is a three-photon process via Sy**.
The saturation of TPM radical due to both the photodecompo-
sition by the additional photon and the depletion of the ground
state TPM was observed in the laser fluence region above 20
mJ cm 2,

The multiphoton chemistry of TPM has also been studied in
the condensed phase;80 however, the reaction mechanism in the
condensed phase is very different from that in the gas phase.
In the condensed phase, TPM radical is formed by the deproto-
nation of a cation radical, which is formed by the two-photon
ionization. Although the multiphoton reaction is one of the
most distinctive advantages of laser-induced reactions,?' ion-
ization is the most probable process in the condensed phase.
The multiphoton reaction via a Sp** is a special case, and is
important in multiphoton laser chemistry because not a cation
radical but a neutral radical is obtained even though a mul-
tiphoton reaction takes place. A simple summation of photon
energy exceeds the ionization potential; however, the energy is
distributed over the whole vibrational modes (99 in the case of
TPM) in a very short time. If the photon energy is distributed
equally to each vibrational mode, the energy is only 6.9 kJ
mol ™! per vibrational mode. Therefore, the absorption of sec-
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(a) Transient absorption spectra of TPM in the absence (@) and presence of 585 Torr of nitrogen (O) measure at 433 K

observed 400 ns after the laser pulse. (b) The correlation between the absorbance of TPM radical and laser fluence. TPM radical
(315 nm) was observed at 400 ns after the laser pulse in the presence of 600 Torr of nitrogen at 443 K. The solid line has a slope

of 3.0.
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ond photon is not enough to ionize the molecule. Ionization
does not occur but the reaction rate of hot molecule increases
due to the accumulation of vibrational energy as a result of
photoexcitation—internal conversion sequences.

4-2. Multiphoton Hot Molecule Reaction Found in Het-
erocyclic Compounds. Several examples of multiphoton
So** reaction of hydrocarbons have been found. However,
studies of the multiphoton hot molecule reactions have been
limited to a small variety of molecules. To our knowledge, the
decarbonylation of coumarin and HCN fragmentation of
pyrazine®” are only examples of multiphoton hot molecule re-
actions other than those with hydrocarbons. The further inves-
tigation is necessary to expand the multiphoton hot molecule
chemistry. Here, the reaction of coumarin will be introduced
as a typical example.

Decarbonylation of Coumarin.* We found the two-pho-
ton decarbonylation of coumarin as the first example. Cou-
marin derivatives are one of the famous laser dyes, while un-
substituted coumarin emits little fluorescence. The
photochemical reaction of coumarin, for example its dimeriza-
tion, has been well studied; however, the unimolecular reaction
of coumarin has not been well studied. The formation of hot
coumarin is strongly expected due to its low fluorescence and
triplet yield even in the condensed phase.”> Coumarin is a fa-
vorable molecule to use to compare the hot molecule mecha-
nism with the thermal decarbonylation reaction, which was ob-
served by the flash vacuum pyrolysis.®?

The vibrational structure of the 1-benzofuran (BF) absorp-
tion has been clearly observed around 240 and 280 nm after
the photolysis of coumarin. No other products were observed
in the absorption spectra. The results show that ArF excimer
laser irradiation of the gaseous coumarin results in the forma-
tion of BF. The time evolutions of the transient absorption of
coumarin in the absence and presence of 570 Torr of nitrogen
are shown in Fig. 12a. In the absence of nitrogen, the fast and
slow rises at 230 nm and the fast and slow decay at 310 nm can
be seen. The slow components are understood to be the colli-
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sional deactivation of the hot product with the ground state of
coumarin. In the presence of 570 Torr of nitrogen, the tran-
sient time profile consisted of a sharp hump, which is under-
stood to be the collisional deactivation of hot coumarin, and a
long-lived stable absorption (profile 2 in Fig. 12a). The tran-
sient absorption spectra of coumarin are shown in Fig. 12b. In
the transient spectra, there is no cation radical, no triplet state,
and no emission, so the internal conversion should be the dom-
inant deactivation pathway. The characteristic product spec-
trum (O) is clearly seen at around 240 nm, which can be as-
signed to BF. The spectrum at O ns (@), which is
monotonically decreased with increasing wavelength in the re-
gion longer than 340 nm where the ground state of coumarin
does not have a significant absorption, is understood to be that
of hot coumarin. The best corrected transient absorption spec-
trum (*) with that of ground state coumarin is shown in Fig.
12b. The solid line on the corrected spectrum in Fig. 12b was
the theoretical simulation curve of the Sy** spectrum by the
modified Sulzer-Wieland model.** A discrepancy between the
best simulated spectrum and the corrected spectrum is seen at
around 240 nm. The difference can be attributed to the influ-
ence of BF even at 0 ns due to the large molar extinction coef-
ficient and fast formation of BF. The correlation between the
transient absorbance of coumarin at 230 nm, where BF is the
dominant species at 300 ns after the laser pulse, and the laser
fluence is on a line with a slope of 2.0, indicating that the for-
mation of BF is a two-photon process. From the facts de-
scribed above, we have concluded that BF is derived from the
vibrationally hot coumarin as an intermediate in a two-photon
reaction.

5. Concluding Remarks

Laser flash photolysis studies in the VUV region for various
molecules in the gas phase have shown the predominance of
the hot molecule (So**) mechanism as summerized in Table 1.
The generalization and classification of hot molecule reactions
are important subjects in photochemistry, with the goals of 1)
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Fig. 12. (a) Transient time profiles of coumarin (1, 230 nm, O Torr of nitrogen; 2, 230 nm, 570 Torr of nitrogen; 3, 310 nm, O Torr

of nitrogen; 4. 310 nm, 570 Torr of nitrogen). (b) Transient absorption spectra of coumarin in the presence of 570 Torr of nitrogen
were observed at 0 ns (@) and 300 ns (O) after the laser pulse. The corrected transient spectrum at 0 ns with the absorption spec-
trum of ground-state coumarin (¢). The solid line on the corrected spectrum is the simulated spectrum of hot coumarin by modi-

fied Sulzer—Wieland model. The details are described in the text.
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showing the similarity and difference between the thermolysis
and Sy** mechanism; 2) finding new chemical reaction path-
ways via Sg** as an intermediate in the multiphoton process;
3) studying the photochemistry of radicals that can be pro-
duced by the S¢** mechanism without interfering with sur-
roundings in the gas phase; and 4) finding the factors that de-
termine the efficient internal conversion.

The further detailed investigation of the Sy** formation
mechanism will be fulfilled both by ultrafast VUV laser spec-
troscopy and by theoretical consideration. The conical inter-
section mechanism has come to occupy an important position
in nonradiative transition theory.® The real-time investigation
of ultrafast internal conversion process has been excellently
demonstrated by Radloff et al.!®?? The factors such as internal
energy (excitation wavelength), structural distortion, and elec-
tronic excited state character will be examined using various
molecules.

A nanosecond laser photolysis is important to achieve mul-
tiphoton chemistry especially a sequential multiphoton pro-
cess, with a single nanosecond laser pulse. The hot molecule
reaction is important in multiphoton laser chemistry because
not a cation radical but a neutral radical is obtained even
though a multiphoton reaction takes place.®"®* The multipho-
ton So** reactions have also been applied to the molecules that
have been deemed to be photoinert, such as biphenylene.” It
should be reiterated that an internal conversion is not an inef-
fective photophysical process, but a very interesting pathway
for forming an important intermediate in multiphoton chemis-
try.

Hot molecules exist even in the condensed phase, but the
collisions with the surrounding solvent are very frequent, so
the lifetime of Sy** is within 1 ns. In spite of this brevity, So**
is observable in the condensed phase with the help of ultrafast
spectroscopy.® The hot molecule reaction was thought to be
difficult in the condensed phase, but it is a very interesting
problem in So** chemistry. Recently, interesting examples
have appeared in the hydrogen bonding system.® The internal
conversion rate of aminoanthraquinone®® and aminofluoren-
one¥ derivatives, having an intramolecular charge transfer na-
ture, is accelerated by forming hydrogen bonds with alcohols.
The promotion of internal conversion by forming a specific in-
teraction in such a system would be one of the special and im-
portant cases of Sp** formation processes in the condensed
phase.
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