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Abstract

The two-photon chemistry of gaseous benzene was studied by laser flash photolysis using an ArF laser (193 nm) pumpjstatethe S
The major product was assigned to 1,3-hexadiene-5-yne, and one of the minor products was the phenyl radical. The formation mechanism is
suggested to be as follows: hot benzeng Y& formed by internal conversion from the State, and hot benzene with two-photon energy
(S5 is formed from an excited state of’'S §;** is produced by a two-photon process, and its internal energy reaches 1243 kJ/mol. 1,3-
Hexadiene-5-yne can form at rates much faster than the collision frequed€°6) under benzene 0.53 kPa in the presence of 51 kPa
of propane. Collisional cooling is expected to quench the slow processes ffoas 8/ell as the decomposition of 1,3-hexadiene-5-yne.
1,3-Hexadiene-5-yne and the phenyl radical can be the primary products of the two-photon fragments, which have been found by a multimass
ion imaging technique.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction molecule with two-photon energy; that molecule is denoted
here as §*. The §** of benzene produced by a 193 nm laser
Vacuum ultraviolet photochemistry, in which molecules pulse has the equivalent temperature of 5900 K. Recently,
are excited to high electronic states but at energy levels belowtwo-photon excitation products oftenzene were found by
the ionization potential, is an interesting subject. If molecules the newly developed multimass ion imaging technidids
are pumped to a highly electronically excited state in the gas The major channel for the reaction ¢f'Sis the elimination
phase, internal conversion is efficient and finally leads to a of two D atoms, that is gD, formation. Two ring-opening
highly excited vibrational state in the electronically ground dissociation channels, GB CsD3 and GD3 + C4D3, have
state. Rapid intramolecular vibrational redistribution takes been found.
place in the ground state, forming “hot” molecules callgtl S In 1988, the first examples of reactions frorfi“Swere
The equivalent temperature of'Sis quite high; for exam-  reported in the dissociation of toluene and alkylbenzenes
ple, 3400K at the 193 nm excitation of benzene. Therefore, to benzyl radical[4], and in azulene isomerization to
chemical reactions are easily induced. Laser chemistry vianaphthaleng5]. The two-photon laser chemistry vig's
Sy for many molecules has been studied, and the relatedis commonly observed in alkylboenzeni@d, azulen€[5,6],
reviews are availablg,2]. §5* photochemistry is also of in-  cycloheptatrieneq7], naphthalene[8], cyclophanes[9],
terest. The second photon in a nanosecond laser pulse can exdiazabenzeneld 0], coumaring11], biphenylend12], and
cite §*, in which case §' is immediately convertedto ahot so on. Three or more photons can be absorbed and form
hot molecules with multi-photon energy. The hagg@vith
multi-photon energy dissociates @o_on (N=1-14)[13],
* Corresponding author. Tel.: +81 6 6605 2552; fax: +81 6 6605 2552, and triphenylmethane with three-photon energy dissociates
E-mail addressnakashim@sci.osaka-cu.ac.jp (N. Nakashima). to the triphenyl radic&]14,15]
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The one-photon chemistry of benzeng(8=2, 3) is al- 0 100 200 300
ready established. In the 1960s, photoproducts by the Hg ' ' ' '

. L 06 F 40 mJ/cm2 |
resonance line excitation at 184.9 nm were reported to be '
fulvene and 1,3-hexadiene-5-yne. The intermediate of the W:a%
04 f -

products was suggested to bgf §16,17] In 1983, §* was
detected in the transient absorption spectra by laser photol-
ysis at 193 nnj18]. The disappearance rate constant of the
S, state was measured in 1995 with 170 fs pulses at 200 nm
as 2.5x 10'3s1, strongly supporting the efficient formation , Flat(t=200- 30008 _ .
of S§* [19]. Using an k& laser (158 nm), a rate constant of o T Peaklt=0m9 5 iom? 7
2.3x 10"s7! from benzene to the phenyl radical was de- ' ﬁm 'y Mhihehghpscteiiaipnt b vt i
rived [20], and an ArF laser was used to measure this rate o 100 200 300
constant as 1.8 10°s~1 [21]. These observed values are in Time/ns

agreement with the statistical reaction rate constant at each

internal energy. The kinetic energies of the H atom elimina- Fig- 1. Time profiles of transient signals observed at 230 nm at a high laser
tion were measured and clearly indicated that the reaction fluence of 40 mJ/cii(a) and a low fluence of 4 mJ/éntb), for 0.53 kPa of

benzene in the presence of 0.1 MPa of nitrogen. The initial decay compo-
3
occurs from hot benzene@gat both of 2 and ArF laser en- nent is due to the collisional relaxation of hot benzegelsy the addition

ergies[22]. The two-photon chemistry ofgebenzene forms  of another gas, in this case nitrogen. The remaining component with a con-

Absorbance

02 r

the fragments of D4, CD3 + CsD3, and GD3 + C4D3 in a stant absorbance after 100 ns is ascribed to photoproducts. The ratio of the
beam under collision-free conditioft3]. absorbance dt=300nst=0ns is 0.27 at 13 mJ/cfrand increases to 0.55
at 40 mJ/crA.

In this paper, two-photon chemistry is studied in the pres-
ence of a foreign gas at several tens of kPa. The primary ) _
products from §* and/or intermediates for the fragments ©Of quartz and focused into a monochromator (Jovin-Yvon
can be obtained. The reaction rate constants at the energy ofiR320, A% =1.3nm); the reflected light was focused into
the two photons of the ArF laser wavelength are expected to@nother monochromator (Jovin-Yvon UV184 =2.5nm).
be so high that the products would form before the quench- The signal at 230nm through the latter monochromator
ing reactions by the collisional relaxation and would then Was used for normalization of signals through the former
be stabilized by collisional cooling before subsequent reac- Monochromator, where the monitoring wavelengths were
tions. The slow processes frorj*re completely quenched ~ changed step by step. The sample had to be renewed for
because the reaction rate constant to the phenyl radical ise@ch shot under high laser intensity experiments, because
much slower than the rate of collisional relaxation. The hot benzene was very reactive. In order to average data of
molecule itself has a high internal energy, but the buffer gas |nd|V|c_juaI several shots, the norm_allzatlon pro_cedure was
is cold. This characteristic enables us to observe thermally €fféctive to compensate the10% signal fluctuation. Data
unstable primary products via hot molecules such as 1,3-Were collected with a Tektronix TDS 620 oscilloscope.

hexadiene-5-yne and the phenyl radical. These products can 1he typical time profiles are shownifig. 1 Timet=0ns
be intermediates of the two-photon fragments. was defined at the peak absorbance as indicated in the figures.

The time did not mean the end of the laser pulse. For the
case of 0.1 MPa of nitrogen, 90% of the laser energy has
reached the sample cell and the 10% tail follows after the

2. Experimental 0ns. Therefore, the data were corrected by multiplying the
nitrogen raw data=0ns by a factor of 1.1Fig. 2). The
2.1. Time-resolved absorption Spectra normalization factor was 1.4 &£ 0 ns InFIg 3. Data for the

power-dependence experiments were taken only with the first
A conventional method of nanosecond laser photolysis shot because the photoproducts were highly photoreactive;
was applied to gaseous benzene in a quartz cell irradiatedthe second shot caused a very different time profile.
by an ArF excimer laser (Lambda Physik COMPex102, Asamplewas prepared by filling gaseous benzene through
193.3 nm, fwhm 14 ns, maximum energy 200 mJ/pulse). The & vacuum line and adding nitrogen or propane gases into the
method was primarily the same as that previously describedsample cell. The cell was left for a couple of hours in order to

[23,24] The size of the laser irradiation was typically a complete mixturing before laser irradiation. The sample cell
0.5cmx 3cm area. The laser fluence was controlled by after irradiation was cleaned in the furnace at 770K for sev-

NaCl solution filter, while the fluence was measured by €ralhours. Benzene and nitrosobenzene were purchased from
Genetec ED 200 and ED 500 power meters. Transient specied\ldrich Chem. Co. with stated purities of 99.9 and 97%, re-
were monitored by an EG&G FX425 Xe flash lamp and spectively. Nitrogen and propane gases were purchased from
monochromators connected to Hamamatsu Photonics R7580saka Sanso with stated purities of B9.999% and €Hg
photomultiplier tubes. The transmitted light through two slits 99.9%. Nitrogen monoxide was obtained from Takachiho
with 1 mm wide was separated by a thin-beam splitter made Sangyo with a stated purity of 99.9%.
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1 ter (Shimadzu UV-2550). The molar extinction coefficient
of 1,3-hexadiene-5-yne was 2610*M~1cm~1 at 239 nm.
The absorption spectra of 1,5-hexadiyne and pentane showed
a negligible contribution to the spectrum of 1,3-hexadiene-
5-yne (less than 0.08 10* cm~1 in the 200 nm region). The
molar extinction (see Sectidh3) has been corrected to ac-
count for the pressures of the other two mixtures.
Photoproducts of benzene were accumulated by irradiat-
ing the ArF excimer laser at 10 Hz at 30 mJZcior 3 h while
the benzene flowed continuously. The products were trans-
ferred under vacuum and then measured immediately with the
NMR spectrometer. The nitrosobenzene absorption spectrum
in the gas phase was re-measured, and the molar extinction
coefficient was confirmed to be 1:010* M~1cm™! at the
peak of 271 nm.

0.1

Absorbance

slope=1.0
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Fig. 2. The correlation between laser fluence and transient absorption of
benzene at 0®@) and 300 ns () for 0.53 kPa of benzene in the presence
of 0.1 MPa of nitrogen observed at 230 nm. The symbols of squaye (
indicate the difference betwed@and(. The lines with slopes of 1.0 and

2.0 indicate that the speciés are produced by a one-photon process and
that the products(0) are formed by a two-photon process.

3. Results
3.1. Higher laser fluence gives a higher yield of products

Fig. 1shows typical time profiles of transient signals ob-
served at 230 nm at high and low laser fluences. Obviously
] ) . there are two components; one of them shows fast (100 ns)

~ 1,3-Hexadiene-5-yne was synthesized in the manner pre-gecay, and the other has longer-lasting absorbance. In a previ-
viously described25,26] NMR data on Bruker Avance 600 oy study, the fast-decay component has been assigned to the
showed a mixture afisandtrans1,3-hexadiene-5-yne, pen-  co|jisional cooling process of!Sin the presence of 0.1 MPa
tane, and 1,5-hexadiyne. The ratio@$ to transwas 5:8  of pitrogen[18]. The decay time becomes shorter in the pres-
and that of 1,3-hexadiene-5-yne to pentane to 1,5-hexadiynegnce of higher nitrogen pressure and in the presence of effi-
was estimated to be 16:1.7:1 on the basis of the proton inten-¢jent energy-transfer molecules, like propane compared with
sity ratio. 1,3-Hexadiene-5-yne has the specific NMR cou- pitrogen. After the initial decay, the flat component lasts more
pling constant, which originates from the end of the triple {han a few microseconds. This was assigned to photoproducts
bond. The coupling constantsmn‘sandtransl,3-hexac_j|ene- in the laser fluence range below 10 mJ?di8,27] The for-
5-yne were 2.37 Hz at 3.03 and 3.23 ppm, respectively. The mation efficiency of the photoproducts is higher at a higher
chemical shifts originating from conjugated bonds were rec- |5ser fluence. This finding is manifested by comparing the
ognized in the spectral regions of 5.3-5.6 and 6.3-6.9 ppm. r4tio of absorbance between the flat part (photoproducts) and
The UV of the mixture were measured on a spectrophotome- e peak (§). The ratio 0.27 at 13 mJ/hincreases to 0.55

at 40 mJ/crh.

2.2. 1,3-Hexadiene-5-yne and nitrosobenzene

The correlations between laser fluence and transient ab-
0.6 g 03 sorption of benzene indicate that the photoproducts are pro-
202 230 nm .
05 < 0‘1 duced by a two-photon process as showfi 2, because
’ e . , S the slope of the photoproducts at 300 G3)(is close to 2.0.
g 0.4 _AOns 070 100 200 300 The absorbance (abs.) differences were plotted as square
g 0.3 t/ns | symbols [J) in Fig. 2based on the following equation:
o
2 = Simulated Curve by ;
2 02 imulated Lurve by Difference abs(0)
0.1 jﬁ=41211 = abs (t = 0, e) — abs photoproducts/(= 300 ns ).
D

yuasse yensaon’)

O . 1 I L
220 230 240 250 260 270 280 290
Wavelength/nm

The species at 0ns are composed of the componérsrsi
photoproductstE0), when the reactions are very fast. In
order to extract the component’Srom t=0ns abs. data,

F;%- 3. Tfansierf:t absorption ?Detli(tra atfﬂ) (and 300 “S<(b>) for 3-33 kpad the abs. differences were obtained by subtracting the photo-
of benzene in the presence of 51 kPa of propane are observed by irradiatio r nder th mption of h r

with an ArF laser at 10 mJ/ctnThe thick mesh line on the 300 ns da@) n[;O(iuctS u c:]e tt € %SSl: pt380 of abs. g OtoghOdmﬁtgt’(

was constructed with the absorption spectra of 1,3-hexadiene-5-yne (H), the )~ a S_' photoproduc st_:é ns,O). Since _e photo-
phenyl radical (P), and fulvene (F) at a concentration ratio of 4:2:1. The Products just after formation would have large internal en-

definition of 0 ns is indicated in the inserted data. ergy, the spectra of photoprodudts O ns would be broad
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compared with those at 300 ns, where they are in a colli-

sionaly relaxed state; nevertheless, the above assumption is a) 272nm  ——With NO

Absorbance
o
o
(=]

expected to be fairly good at 230 nm. At a high temperature, Without NO
an absorption spectrum changes broad; the peak absorption 0.2 | e bbb
is suppressed and the absorption at valley is higher. The ab- @ ‘g?memjoo 300

sorption spectrum of the products is broad as shoviAign3 0.15

and the observed point at 230 nm is located in the middle
between the peak and valley. Therefore, the absorption co-
efficient at 230 nm is not expected to be changed largely by
the internal energy of the products, in other words, the above
assumption is acceptable. The difference abs. denoté&d by Without NEH {300 ns)

in Fig. 2 can be regarded as that of hot benzege 8e- - ¢) ' l 4

cause the reactions to the product are very fast as discussed
below. i ; , :

The hot benzene {S, [J) has a slope close to 1.0, whereas 56b G 555 . P
adeviationfromthe ideal slope of 1.0 fg§"Ss seenin ainten- P
sity region higher than 20 mJ/@&xThe photoproducts show a
slope smaller than 2.0 in a higher-intensity region. The pho- Fig. 4. Trap of photoproducts by nitrogen monoxide. (a) The time profiles of
toproducts could be photo-decomposed because the probatransien_t absorption in the cases of including and excluding 27 kPa of NO at
ble product 1,3-hexadiene-5-yne has a high molar extinction 272 nm in the presence of 51 kPa of propane at a laser fluence of 15nJ/cm

ffici f | th ds i it of Mem—1 The formation process of the phenyl radical is considered to be completed
coefficient of several thousands In a unit o m~= at within the laser pulse. The slowly rising process in transient absorption by

193 nm (see SectioB.3). As a conclusion, § is produced the addition of NO is indicated as the formation process of nitrosobenzene.

by a one-photon process and that the products are formed by(b) The products’ spectra observed at 300 ns in the presebpef(27 kPa

a two-photon process. of NO and in the absenc®] of NO at a laser fluence of 15mJ/cm in the
Transient absorption spectra at 0 @) @nd 300 ns @) presence of 51 kPa of propane at a laser fluence of 15 Jfdre shoulder

. . . around 272 nm is assignable to nitrosobenzene. (c) Absorption spectrum of

in the presence of 51 kPa of propane were obtained by irra- jiosobenzene as a refereri2e].

diation with an ArF laser at 10 mJ/énas shown irFig. 3.

The short-lived component §§ showed a decay faster than

that for nitrogen, because propane has a 18 times greater effluence; however, the major product was considered to sur-

ficient deactivation ability than nitroggh8]. As a result, the  Vive to a great extent.

Absorbance

NO 20 Torr (300 ns) 3

0.05 I~

o
-

o

2/104Mem ™!

n
[$a]
o

short-lived component ¢3) would have a lifetime of several As one of the current authors previously demonstrated,
nanoseconds, and the shape becomes similar to the excitatiothe phenyl radical can be trapped by NO by measuring the
laser pulse. absorption spectrum in the UV regi§a8], as follows.

This spectrum has a small hump around 239 nm and other NO gas does not have absorption at 193.3nm, and the
structures around 247 and 259 nm. These are explained inproduct nitrosobenzene has absorption with the molar ex-
terms of spectral overlap and depletion on the monotonoustinction coefficient of 1.0« 10*M~1cm~! at a broad peak
spectrum of §. The hump would be due to a photoprod- around 271 nnf29]. Mixtures of 0.53 kPa of benzene, 27 kPa
uct (239 nm), while the structures result from the benzene of NO, and 51 kPa of propane were irradiated at a laser fluence
absorption in the ground state (247 and 259 nm). The deple-of 15 mJ/cm. Fig. 4inset shows the time profiles of transient
tions have been interpreted in terms of bulk heating effects absorptions for cases including or excluding NO at 272 nm.

[18,24,27] The rise time of sub-100 ns was observed with NO similar
to that observed for the phenyl radical and NO reacia®j.
3.2. Identification of three products In fact, a rising time of 73 ns at 2.67 kPa of NO is expected

for the phenyl radical and NO reaction, based on the reaction
The formation of 1,3-hexadiene-5-yne was confirmed in rate constant of 2.09 10~ cm® molecule s~ [30]. The

the NMR spectra of photolysed mixtures; the peaks were phenyl radical would be formed by two-photon absorption
the same as those of synthesized 1,3-hexadiene-5-yne. Theecause the one-photon process is slow and quenched com-
reaction mixture had the same coupling constadntZ.4) pletely by the foreign gas, propane. The formation should be
as that of synthesized 1,3-hexadiene-5-yne at 3.2 ppm. Thiscompleted in the laser pulse; therefore, the rise of transient
observation indicates a proton peak at the end of the triple absorption after the excitation pulse is attributed to the forma-
bond. The chemical shifts originating from conjugated bonds tion of nitrosobenzenéig. 4 shows the transient absorption
were also recognized in the spectral regions of 5.3-5.6 andspectra at 300 ns in the NO trap for samples that includgd (
6.3-6.9 ppm. The irradiation laser energy was 30m3/cm or excluded @) NO gas. A shoulder was observed at 261 nm
where the relation between the products and the laser fluenceand a broad peak at 271 nm. These features are attributed to
deviated from the slope of two as seerfig. 2. Photoprod- nitrosobenzene by comparing them to the lower spectrum of
ucts could be partly photolysed by the laser light at this laser nitrosobenzene. It should be noted that the absorbance versus
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3 smaller than the yield (0.24) of the benzyl radical formation

25t __—1,3-Hexadiene-5-yne from toluene with the same two-photon mechanism at a flu-
. ot ence of 11.5mJch[4]. The reason is presumably due to
_'E el Fulvene the benzene’s smaller molar extinction coefficient of the in-
,'i N termediate (§'). The coefficient of hot benzenef$ at the
= Phenyl Radiical ArF laser wavelength is 8300 ™M cm~1[18], lower than the

0.5 / 20000 M~ cm~1 for hot toluend4].

L 1 |

200 220 240 260 280

Wavelength/nm . .
4. Discussion

Fig. 5. The absorption spectra of 1,3-hexadiene-5-yne, the phenyl radical
[30], and fulvend31]. The vertical axis shows the molar extinction coeffi- 4.1, Two-photon products
cient.

. Photofragments by two-photon excitation have been
Iaser power at 261 nm showed a slope of 2.0, sugggstlng thatdetected under jet-cooleg-tbenzene by the multimass ion
nitrosobenzene and its precursor, the phenyl radical, Wereimaging technique at 193 nf8]. In that study, the authors

produced by a two-photon process. observed the elimination of two D atoms and the formation of
The absorption spectrum of fulvene shows featured peaksCGD4 and two ring-opening channelsgls — CDs + CsDg

in the UV region, and these peaks can be easily detected. Ny GDg — CoD3 + CyDs.

f h di K in the UV Based on their observations
act, the corresponding peaks were seen in the SPECUMy¢ the small kinetic energy release in the ring-opening

;after adsarr]nple was pho;olyds_t(ajd. Thel fglveﬂe llntensfllty WaSs Gissociation channels and in the elimination channel of
ow, and the present study did not clarify the laser fluence the two D atoms, those authors suggested that internal

dependence. conversion also occurred after the second photon absorption
by §* and that the dissociations occur in the electronically
3.3. Reconstruction of the transient absorption spectrum  ground state through the hot moleculg’S The reactions at
193 nm are listed below. They include one-photon reactions
Three species—1,3-hexadiene-5-yne, phenyl radical, andat 184.9, 193, and 158 nm, which are isomerization, and

fulvene—were identified. Although other products may have hydrogen-atomic and molecular-dissociation reactions.
been formed, we tried to reconstruct the photoproduct spec-

trum in Fig. 3 at 300 ns using the three reference spectra.

Fig. 5shows the absorption spectra of 1,3-hexadiene-5-yne, C6He (Sp*) = CeHe (isomers) (1) [16,17]

the phenyl radica[30], and fulvene in the gas phafd]. CeHe (S") — CeHs +H ) [20,21]
1,3-Hexadiene-5-yne has a broad peak around 240 nm and-6Hs (S*) = CeHa+Hz ®3) [21]

a shoulder around 250 nm. The molar extinction coefficient CeHe (S5™) = CeHa + 2H 4 3]

of the peak is measured at %8.0*M~—1cm?, which is ~ CeHe (S5™) — CHz + CsH3 (5) 3]

close to that in isooctane solutiers 2.55x 10°M~tcm-  CeHe (S5™) — CoHa+ CaHs (6) Bl

at 250 nm[26]. The 10 nm blue shift is often seen when a C6Hes (S5™) — CeHs (isomers) (7 This Work
molecule is placed into a solvent. CeHe (S5™) — CeHs +H (8) This Work

The thick mesh line on the 300 ns dat@)in Fig. 3was
composed of the absorption spectra of 1,3-hexadiene-5-yne The present experiment was performed in the presence
(H), the phenyl radical (P), and fulvene (F) with a concentra- of a foreign gas, propane (51kPa), in which the colli-
tion ratio of 4:2:1. It should be noted that the major part of sjonal relaxation takes place with a collision frequency
the thick mesh line can be simulated without the spectrum of of 8.x 10°s~1. According to our analysi§18], propane
fulvene. We included fulvene because it was detected in thetakes away energy of about 14 kJ/mol by the collision at an
stationary-state spectrum of the photoproducts. internal energy of 624 kJ/mol. The collisional cooling can

The apparent formation yield of a product was defined easily quench slow-rate-reaction channels; in other words,
as the ratio of the concentration of 1,3-hexadiene-5-yne to the cooling mechanism can trap thermally unstable products.
the absorbed photon number, assuming that one-photon abThe reaction rate constants frofj*Scan be evaluated on the
sorption would take place. The yield of 1,3-hexadiene-5-yne basis of the RRKM theory. For the case of the phenyl radical
was estimated to be 0.05, where w0 ns spectrum was  formation, the transition state of the vibrational frequency
assumed to represent the number of photons absorbed. Thef the phenyl radical was assumed to be 84% of those in
molar extinction coefficient of hot benzeneg{phas been  the ground state of benzene. ThekC dissociation energy
determined to be 3500 M cm~1 at 230 nm[18]. The yield of 464.3kJ/mol was used, though the somewhat higher
was calculated using the coefficient of 1,3-hexadiene-5-yne value was also reported (475 kJ/mf#2,33]. The calculated
of 2.6x 10*M~1cm~1 at 239 nm and those of the two other  results fit the two observed values ok110°s~1 at 193nm
minor products irFig. 5. The value of 0.05 at 10 m/Jénis [3] and 2.3x 10’s1 at 158nm[20]. The rate constant
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at 1243 kJ/mol (X% 193 nm +energy at room temperature) The authors did not detect the corresponding absorptions of
was predicted to be 3x410''s1. Some unimolecular  benzene and/or benzene dimer cation. The benzene cation ab-
reaction pathways from benzene to 1,3-hexadiene-5-ynesorption should appear around 500 nm with the large molar
have been suggest§84]. The transition state is predicted extinction coefficient of 5700 M* cm~1 [41]. The formation

to have 463.2 kJ/mol, which is reached after the hydrogen efficiencies of the benzene and its dimer cation were too low
atoms are rearranged before the carbon bond dissociateso be detected by the present apparatus, i.e. the efficiency was
[34]. The extension to an internal energy of 1243 kJ/mol less than 0.005.

predicts the RRKM rate constant to 1,3-hexadiene-5-yne to
be 2.1x 10's~1, The rate constants in reactions (7) and (8)
are far above the collisional rate constant of 8.00° s~ 1.

Slow processes would be completely quenched. Isomer-
ization by the one-photon process of reaction (1) and the
hydrogen-dissociation of reaction (2) are quenched in the  ° . .
presence of 51 kPa of a foreign gas. The molecular hydro- radical by NO trap experiments, but no peak of mtro_soben-
gen elimination process, reaction (3), would be quenched,Zene was observed. In'the early experlm[arﬁj, no rise
because a slow reaction rate is predicted based on the heigh\f\'alS observed due to nitrosobenzene formation. The most

of the transition state; this height is predicted to be 26 kJ/mol probable reason 1s that the laser fluence at that time was
higher than the transition state s + H [34]. 6 mJ/cnt, which has simply not enough power to induce two-

1,3-Hexadiene-5-yne can be a good intermediate for the photon reactions, unlike the 15mJ&msed in the present

. . ; . study.
ring-opening reaction of reactions (5) and (6), and the phenyl . :
radical could be a candidate for the precursor to reaction (4) The photoproduct spectra had been obtained in the pres-

S f 33.3 kPa of nitrogen by irradiating 0.53 kPa of ben-
for the elimination of two hydrogen atoms. The phenyl rad- ence of
ical has an energy of 771 kJ/mol at most for the two-photon zene with 6-9 mJ/cfat 193 nm27]. They thought that the

chemistry. 1,3-Hexadiene-5-yne has the heat of energy Ofproductwa:s fulvene, but the major product should be revised

270 (cis)/253 kJ/mol frans) from the benzene ground state; to 1,3-hexadiene-5-yne.

[35] its internal energy just after isomerization would be

973 (Cis)/990 kI/mol frang). The dissociation rate constants

from the phenyl radical and 1,3-hexadiene-5-yne to the frag- 2- Summary

ments in (4)—(6) would be slower than the present collisional ) ) )

cooling, and the three two-photon-channels (4)—(6) could be Fig. 6 summarizes the two-photon chemistry of benzene
quenched under the present collision conditions with the rate Via hot benzenes S and §™) in the gas phase at 193nm

4.3. Comments on the previous flash photolysis
experiments

One of the authors (N.N.) attempted to observe the phenyl

of8.0x 10°sL. in the presence of a few tens of kPa (a few hundreds of Torr)
of a foreign gas. Benzene is pumped to thesgte at the
4.2. Comments on fragments and benzene cation fourth vibrational peak with a molar extinction coefficient of

4650 M1 cm~1. Fastinternal conversion (IC) finally leads to

It should be noted that the present flash photolysis did & highly vibrationally excited but electronically ground state,
not extract a conclusion whether fragment species from re-followed by rapid intramolecular vibrational re-distribution
actions (3)—(6) were included in the transient spectra. The ('VR) whichis defined asg with the equivalent temperature
absorption spectra of ¢Bla, CoHs, CHg and so forth have ~ ©f 3400K. The §" is predicted to have a high molar extinc-
been reported: the benzene spectrum appears in the spedion coefficient of 8300 M*cm™ (0 =3.2x 10~ cn¥) at
tral range between 233 and 2631j86], and GHz has a the 193 laser wavelength. This value was calculated on the ba-
monotonous spectrum shorter than 237[Bﬁ'] A deviation sis of the modified Sulzer—Wieland model for explaining an
from the absorption simulation based on the spectra of 1,3-absorption spectrum at high temperat{ir@]. The $* read-
hexadiene-5-yne, phenyl radical, and fulvene can been seenly absorbs the second laser photon in the excitation pulse and

in the wavelength region shorter than 225 nnfrig. 3. This is eventually converted to hot benze@”SNith the internal
could be an indication of the absorptions of those species byenergy of the two photons. The reaction rate constanfof S
reactions (3)—(6). is estimated to be on the order of'1@~2, which is faster

Benzene and its fragment ions have been detected in thethan the collision rate, and the)$ is transformed to 1,5-
mass spectra by multi-photon excitation of a 193 nm nanosec-hexadieneyne with a minor product of a phenyl radical. Ful-
ond lasef[38—40] Benzene cation is expected to be a dom- vene was also detected. The collision quenches the process

inant ionic species by extrapolating the data in H88]. from §* and stabilizes the products fror§*S. The yield of
The ionization efficiency of the benzene ion can be read as1,3-hexadiene-5-yne was estimated to be 0.05 at 10 J/cm
0.5x 102 at 15 mJ/crA from the estimation in Ref40] The based on the transient absorbance. The collision rate is pre-

cation would be transformed to benzene dimer cation by asso-sumably faster than the further decomposition of the products
ciation with the unexcited state benzene and the dimer cationto CgH4, CsH3, CHz, CoHg, and GHg, which are products
has a strong absorption in the visible—near-infrared region. via §** [3]. In other words, 1,3-hexadiene-5-yne and the
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Fig. 6. Benzene laser chemistry in the gas phase at 193 nm in the presence of a few tens of kPa of a foreign gas proceeds via hogbandegjey (See

text). The vertical scale indicates the internal vibrational enéggy.the ionization potential. Some of the values and species are for the ones under collision free
conditions. They are the molar extinction coefficient §f She equivalent vibrational temperatures, the rate constants, and the fragments. “Cooling” indicates
collisional relaxation with the foreign gas. Isom§t§,17]by one-photon chemistry are not shown.

phenyl radical could be intermediates of those fragmented L. Kaplan, K.E. Wilzbach, J. Am. Chem. Soc. 89 (1967)

productst 1030.
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