J. Phys. Chem. R000,104,203-208 203
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The photodecomposition of gaseous phthalic anhydride (PA) has been studied by ArF laser photolysis. The
transient absorption profiles were strongly dependent on the concentration of the ground-state PA, the foreign
gas pressure, and the laser fluence. Both biphenylene and triphenylene were detected as the final products.
These results clearly indicated that benzyne (1,3-cyclohexadien-5-yne) was formed during the photolysis.
The quenching of biphenylene formation by a foreign gas clearly showed that biphenylene was derived from

a highly vibrationally excited (hot) intermediate. The hot PA and benzyne were found to be intermediates of
the PA decomposition reaction.

Introduction conversion from an electronically excited state in the gas

Benzyne, a very important intermediate in organic synthesis Phase: A hot molecule carries a very high vibrational energy
processeshas attracted much attention for about 60 years since that nearly equals the absorbed photon energy. The equivalent
the first demonstration of its existenéeThe existence of  Vibrational temperature is around 2664000 K for the benzene
benzyne was well proved by synthetic methods including isotope derivatives. Many molecules such as aromatic hydrocarkfons,
labeling® The properties of benzyne were experimentally olefins? and aliphatic hydrocarboffsform hot molecules
examined and also discussed using theoretical calculations.during UV—VUV lightirradiation. The hot molecule mechanism
Numerous theoretical studies were carried out to investigate thefor the chemical reactions has, however, been explored for only
properties of benzyne, such as structuaeomaticity® thermo- a small variety of mollecule.s. An accumulatiqn of knowledge
chemistr§ and the isomerization reactidmMoreover, notonly ~ Of hot molecule chemistry will be a great help in understanding
o-benzyne but alsp-benzyné andm-benzyné were regarded ~ high-temperature chemistry. In this study, decomposition of
as remarkable intermediates. Recently, the observation ofgaseous PA was studied by ArF laser flash photolysis. The
benzdlyne (tetradehydrobenzene) was Succe’%ﬂnzyne was |nﬂuence Of various eXpe”mental COﬂdItIOH.S SUCh as the
formed by the flash vacuum pyrolysis (FVPpr photolysid? concentration of PA, t_he laser fluence, and the inert gas pressure
of the parent molecule, and then isolated in the cold matrix for On the transient species revealed that benzyne was formed from
direct observation® In these cases, benzyne was characterized Vibrationally hot PA whose vibrational temperature was calcu-
by steady-state spectroscopic methods such as IR spectrdécopy, lated to be 2700 K (Figure 1).
photoelectron spectroscopymicrowave spectroscopy,and . .

NMR spectroscopy’ However, time-resolved spectroscopy was EXPerimental Section

reported only in the 1960s for TOMMS'® and UV-vis Phthalic anhydride (PA, 99%) was purchased from Aldrich
absorption spectroscopy.The observation of benzyne and its  and purified by sublimation. Phthalic anhydridé{PA-d;) was
dimerization process was successful in the microsecond region,synthesized by refluxing phthalits acid (Aldrich, 98% D) in

but flash photolysis in the nanosecond region was not achiéved. acetic anhydride, and then purified by recrystallization followed
The UV-vis absorption of benzyne was reinvestigated using a by sublimatior?” Nitrogen gas was purchased from Osaka
steady-state matrix isolation technicfiié=or the matrix isolated Sanso, and the stated purity was 99.99%.

condition, the photoirradiation of phthaloyl peroxide, benzocyclo-  Crystals to be photolyzed were dissolved in benzene which
butenedioné’® and phthalic anhydride (PAjresulted in the  could be easily removed. About 100 of liquid was deposited
formation of benzyne, and an interconversion among intermedi- onto the bottom of the sample tube. The solvent was then
ates was observed. The matrix isolation is an effective method pumped carefully away until the background pressure was less
for isolating and characterizing the active intermediate, but the than 103 Torr, and the tube was sealed. No residue of benzene
photoirradiation of matrix isolated materials may be complicated was detected in the absorption spectra. The PA was vaporized
because reactants were closely packed in the nmf&tiix.the at 423 K in a homemade hot cell (temperature was controlled
case of FVP, a very high-temperature condition, benzyne waspy a chromet-alumel thermocouple and a 400 W heater). The
also detected as an intermediate, but the interconversion amon@oncentration of PAwas 2% 104 M (66 Torr). The accuracy
intermediates never occurred. Biphenylene and triphenyleneof the concentration was5% because of the uncertainly of
were formed as final products by the FVP of PA. the cell volume which was sealed off by hand. The maximum

The other very high-temperature condition, namely vibra- concentration of PA in this experiment was well below the
tionally hot molecule formation, is achieved after a rapid internal calculated vapor pressure, at 423 K (18 T@#r)A linear

*To whom correspondence should be addressed. E-mail: tomo@ COIT€lation between the absorbance and the concentration of PA
sci.osaka-cu.ac.jp. was satisfied under the experimental condition. The ground-
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Figure 1. Schematic description of the photodecomposition reaction of PA via hot sité. (S
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Figure 2. Absorption spectra of gaseous PA (423 K, 570 Togr N b 35 »
thick line), biphenylene (423 K, 570 TorrNhin Ii_ne), and triphenylene ( ) Slope = 4.3x10° Torr!
(493 K, 650 Torr N, dotted line). The absorption spectra of PA were 3
multiplied (x 5) to provide a clearer presentation. .
—~| N
. . . o|Z 254
state absorption of PA is too strong to observe the transient N °
absorption between 270 and 300 nm; therefore, the spectra of 2l 5 5 4
this region were measured at a half-concentration of PA to obtain 2 o
the intensity of light transmittance. The reaction cell was kept <
for over 30 min at the experimental temperature for the complete 159
vaporization of PA. The decomposition of PA was not observed
1 1 1 1 1 1

for several hours under this condition.
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The absorption spectra were measured by a spectrophotometer
(Shimadzu UV-2400). Gaseous PA was irradiated by an ArF
laser (Lam_bda Physik LPF 205, 193.3 nm, fwhm 20 ns, 150 Figure 3. (a) Transient decay profiles of PA observed at 260 nm in
mJ/pulse) in an area of 0.5 cx 3.0 cm. Laser fluence was  the absence of nitrogen (dotted line) and in the presence of 570 Torr
controlled by a NaCl aqueous solution filter and by adjusting of nitrogen (solid line). Laser fluence was 15 mJ-ém(b) Stern-
the applied voltage of the laser. Laser flurence was monitored Volmer plot of the transient absorption at 400 ns after the laser pulse
by a pyroelectric joule meter (Genetec ED 200). Transient observed at 355 nm in the presence of 570 Torr of nitrogen. Laser
species were monitored by a pulsed Xe flash lamp (EG&G Fx fluence was 14.& 0.4 mJ cm?.

425) with a perpendicular beam against the laser beam. Theygicyity in transient absorption measurement of gaseous PA
transmittance light was focuse_d into a monochromator (ACton qe 14 the significant influence of photoproducts on transient
Regearch Spectrabro 150) Wh'c,h was connected to a photomuly,e profiles even in the second laser shot. The transient decay
tiplier tube (Hamamatsu Photonics R758). Data were collected ijes of the first and second laser shots were dramatically
by a digital oscilloscope (_Sony Tektronix TDS 620B) and igterent. A significant difference in the decay profiles was
analyzed on a Power Macintosh. The sa_lmple anc_zl cell WET€ clearly observed at 230 and 260 nm. The sample and cell were
renewed at every laser shot, so the error in the optical density e, renewed for every laser shot in order to obtain results in
may be relatively large because of the difference in the cells. y,iq 54,0y However, successive laser irradiations were also

Nitrogen Pressure (Torr)

Data were not averaged, and a single shot measurement wag,

carried out.

Results and Discussion

sted. After tens of laser shots, no transient was observed
because of the consumption of vapor material under the
experimental conditions. The pale yellow products, which were

insoluble in acetonitrile, were observed on the wall of the cell.
Laser Flash Photolysis of PA and Final Products.The These insoluble materials were not analyzed, but would be a
absorption spectra of gaseous PA (423 K, thick line) and high polymer of benzyne or secondary products of biphenylene.
biphenylene (423 K, thin line) are shown in Figure 2. PA has  Foreign Gas Pressure and Concentration EffectsThe
a strong absorption at the laser wavelength. An ArF laser (193.3 effects of foreign gas and the concentration of the ground-state
nm) pumps PA to the $Sstate. The photolyzate was dissolved PA on the transient absorption were examined. Both factors were
in acetonitrile, and the absorption spectra of biphenylene and afound to be very important. Figure 3a shows the effect of the
small amount of triphenylene were clearly observed. The addition of nitrogen as the foreign gas. Zero s was defined as
formation of biphenylene and triphenylene is strong evidence the time where the transient absorption at 260 nm in the presence
of benzyne formation as an intermediate during the photode- of 570 Torr of nitrogen has a sharp hump as shown in Figure
composition process of PA. We may first point out some 3a. In the absence of nitrogen, the transient profile at 260 nm
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Figure 4. Transient decay profiles at relatively low (thick line, [PA]

= 2.5 x 10° M) and high (thin line, [PA]= 1.0 x 10* M)
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consisted of two rise components. The fast-rise component i
appearing befa 0 s was identical whether the nitrogen gas was 0.009 ST ES
added or not. On the contrary, the slow-rise component ! 10 100
appearing afte0 s was very much suppressed with nitrogen,
and a stable transient was observed over several hundreds of ) ) ) ] ]
nanoseconds. The fast-rise component would correspond to th({ igure 5. 1(_a) Norlma"zed trans'egt ?gzorp;'%&pmf"ﬁs . d'ﬁgre”t '%Ser
excied singet stae of PA and the formation of viratonally "*5ice%, race ) was messur a5 m3taece () was served
hot PA. The slow-rise component would imply (1) a relaxation - gependency of the transient absorption at 400 ns after the laser
process of vibrationally hot PA and hot benzyne in the early irradiation in the presence of 570 Torr of nitrogen observed at 260 nm
stage, and (2) a dimerization or trimerization process of benzyne (O) and at 355 nm@). The solid lines have a slope of 1.0)and 2.0
in the latter stage. Even in the absence of a foreign gas, the(®), respectively.
collisional relaxation of hot molecules will occur because the
concentration of the ground state of PA is high enough (6.6 was calculated to be 2.9 10" s, assuming the collisional
Torr). Assuming that the collisional frequency is<5107 Torr? rate constant of & 10" Torr * s~.% Therefore, a hot molecule
s71, PA collides every 3 ns. should not live for a long time. The influence of the concentra-
The sharp decay, which appeared in the presence of sufficienttion on the transient profiles, even in the presence of nitrogen,
nitrogen, would originate in the collisional deactivation of the clearly shows the involvement of the intermolecular process in
vibrationally hot molecules (PA and benzyne) and the stable the transient profiles. The transient decay profile at 230 nm looks
absorption appearing after a sharp hump would be that of complicated, but it can be easily explained. The fast rise and
benzyne. The decarbonylation and decarboxylation reaction of decay aroud 0 s would imply at least three processes, such as
hot PA would compete with the collisional deactivation rate by (1) the depletion of the ground-state PA, (2) the formation of
nitrogen due to sufficient initial internal energy, unconfined Vibrationally hot PA, and (3) the collisional deactivation of the
conditions, and a large enthalpy change during the decomposi-vibrationally hot PA with N. The shape of the hump depends

Laser Fluence (mJ cm'z)

tion reactiore® on the molar extinction coefficient of these related species. As
The quenching of product by a foreign gas was then clearly shown in Figure 4, the subsequent slow rise was strongly
examined. Figure 3b shows the Steiolmer plot of the dependent on the concentration of PA. At 230 nm, the dominant

transient absorption with nitrogen. Biphenylene would be the SPecies at 400 ns after a laser pulse would be biphenylene, which
only observable product at 400 ns after the laser pulse observed@s a strong absorption, as shown in Figure 2. The rise was
at 355 nm. The formation of biphenylene was significantly attributed to the dimerization process of benzyne, and the initial
suppressed by the addition of a foreign gas, and a fairly linear concentration of benzyne was proportional to that of PA. On
Stern-Volmer plot was obtained. The SteriVolmer constant the contrary, a significant concentration effect was not observed
was 4.3x 103 Torr L. The dimerization of benzyne may occur ~ at 290 nm (not shown), where the ground-state PA has a strong
by a three-body collision mechanism. The increase of foreign absorption. These results indicate that the dimerization of
gas will enhance the dimerization reaction if the benzyne benzyne, rather than the reaction between PA and benzyne, is
formation was not affected by foreign gas. However, the yield Important.
of biphenylene decreases with increasing nitrogen gas pressure Benzyne Formation by Single-Photon Processhe laser
due to the collisional deactivation of vibrationally hot phthalic  fluence dependencies of the transient absorption were examined.
anhydride, the source of benzyne. All the results indicate that A definite difference was observed in the transient profile
the biphenylene should be derived from the vibrationally excited depending on the laser fluences. Figure 5a shows the normalized
molecule. transient profiles at 260 nm. Trace (I) was measured at a
Figure 4 shows the transient absorption profiles at 230 nm relatively high laser fluence (35 mJ c#), and trace (Il) was
obtained at relatively low (thick line, 2.5 107> M) and at observed at 15 mJ cm. In the low-laser fluence region,
high (thin line, 1.0x 1074 M) concentrations of PA. In the  transient time profiles consisted of a sharp hump, which was
presence of 570 Torr of nitrogen, the frequency of collision assigned to be the formation and collisional deactivation of the
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Figure 6. Transient absorption spectra of PAGs @) and 400 ns®) after the laser excitation. (a) Low-laser fluence condition in the presence
of 570 Torr of nitrogen (15.H 0.9 mJ cn?). (b) Low-laser fluence condition in the absence of nitrogen (#5.0.6 mJ cn?). (c) High-laser
fluence condition in the presence of 570 Torr of nitrogen (36.1.5 mJ cm?). (d) Corrected transient absorption spectra of Figure 6a. The solid
line on the corrected spectrum is the simulated spectrum of hot molecule by modified-SMieéeind model calculation (see the text).

vibrationally excited molecule, and a long-lived absorption. In spectra were recorded under different conditions. The spectra
the high-laser fluence region, the rise component after the smallexhibited strong bleaching between 270 and 300 nm under all
hump was clearly observed even in the presence of nitrogen.conditions, which corresponded to the depletion of the ground-
This behavior should not originate in the hot species. The laser state PA. The absorbancets monotonically decreased with
fluence dependency on the optical density was then examinedincreasing wavelength, and no vibrational structure was observed
(Figure 5b). The slope of the plot (open circle, 260 nm) was in the region of 306-370 nm under all conditions, where the
greater than 1 in the high-fluence region10 mJ cnv?). These ground-state PA did not have significant absorption. The
results indicated that the observed transient at the high-lasermonotonic spectra were understood to be those of a hot molecule
fluence condition was formed by an intermolecular reaction. by analogy to the other hot molecufésThe highly vibrationally
The most likely species that appears at the high-laser fluenceexcited PA, hot PA, has broader and structureless spectra. The
condition would be triphenylene, which has a strong absorption absorption spectrum of the hot molecule was successfully
at 260 nm (2x 10* M~t cm™1), as shown in Figure 2. Aftera  simulated for many molecules such as benZeard naphtha-
single-shot laser irradiation at 35 mJ cthe formation of lene23 which have high vibrational temperatures of 3390 and
triphenylene was clearly observed. The formation of tri- 2320 K, respectively. The transient spectra of PA were then
phenylene contributes to the transient absorption at 260 nm inadjusted until there was no spectral structure of the ground-
the high-laser fluence region. state PA. The corrected transient absorption spectrum of PA is
Figure 5b also shows the laser fluence dependencies observeghown in Figure 6d. The other spectra taken under different
at 355 nm. The slope (2.0) indicated that the transient was conditions were also corrected, and they were essentially
formed by a bimolecular reaction or a two-photon reaction. The identical at 0 s. The solid line on the corrected spectrum in
latter possibility will be neglected because the transient has aFigure 6d was the theoretical simulation curve of the hot
rise profile at 355 nm. In the region of 355 nm at 400 ns after molecule spectrum by modified SulzeWieland modef* PA
laser irradiation, neither hot PA nor benzyne will have a hardly emits fluorescence above room temperattifére triplet
significant absorption. At 400 ns after the laser pulse, biphen- yield of PA was not definitively determinef,but the internal
ylene would be a dominant product. Biphenylene is formed by conversion may be a dominant process by analogy, with many
the dimerization of benzyne, and benzyne should be formed by aromatic molecules whose internal conversion yield is nearly
a single-photon reaction. Porter et al. reported the photodecom-unity when they are excited by a VUV laser in the gas plase.
position of PA and the formation of benzyne and its dimerization Based on these facts, it is reasonable that the hot PA, which
by a microsecond flash lamp excitati&t. The PA could be was instantaneously formed with a laser pulse, is a dominant
decomposed by a single-photon process with ArF laser excita-absorber at 0 s.
tion. Benzyne, however, also has a broadened spectrum between
Benzyne Formation from Hot Phthalic Anhydride. The 250 and 400 nm in a matrix isolated conditint is difficult
transient absorption spectra of PA are shown in Figure 6. The to distinguish the vibrationally hot PA from benzyne because
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the absorption spectra may overlap in the entire region. The were then compared after the laser experiments. Again, no
clue to distinguishing a hot spectrum from that of a vibrationally significant difference was observed. The deuterium isotope effect
ground state was the rapid collisional decay (sharp hump) was, however, seen in the dissociation process of the alkyl
induced by a foreign gas, as seen in Figure 3a. The rapid decaybenzene derivative$.The difference between the alkyl benzene
was observed up to 350 nm, depending on the experimentalderivatives and PA could be attributed to the position of the
conditions. At longer wavelengths, the identification of the sharp deuteration. The hydrogen was directly attached to theCC
hump induced by a foreign gas was difficult because of the bond, which will be cleaved in the case of alkyl benzene
low signal-to-noise value. After 400 ns, the structured spectrum derivatives, whereas hydrogen was not attached to the quaternary
of biphenylene (346370 nm) clearly appeared under the high benzenoid carbon and the carbonyl carbon, which will be

laser fluence conditions as shown in Figure 6c.

The estimation of the vibrational temperature of the hot
molecule is important when considering the chemical reaction
of the hot molecule. The vibrational temperature of the hot PA,
g, was then calculated using the equation beféw:

E, (ini) = hv (193.3 nm)}+ E,; (423 K) =
39
hv (193.3 nm)+

ho:

hv;

exg—|—1

hov.

39 |

B (i) = 3~
-1

ex

where Ep is the internal energy of the moleculBgr is the
vibrational energy at the experimental temperatiiis,Planck’s
constant,T is the experimental temperature (423 I),is the
normal vibrational mode of PA, an#lg is the Boltzmann
constant. If the initial energyko (ini), is distributed to the
vibrational modes of PA, i = 1 ~ 39), Eq (ini) should equal
the vibrational energyky (vib). PA has 39 normal vibrational
modes, including 33 IR active modes and 6 IR inactive modes.
All the vibrational modes were not experimentally obtained.
An ab initio calculation (Gaussian 94, HF/6-31G(dp)yas then
carried out to theoretically obtain all the modes. The scaling
factor (0.91) was used for adjusting the calculated vibrational

cleaved.
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