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Abstract

A series of alkylarenes (AR) was excited by an ArF excimer laser in the gas phase. The neutral radical was observed by transient
absorption spectroscopy without traces of emission, triplet state, or cation radical. Single and multiphoton (up to three-photon) processes
were observed even though molecules have similar structures. This presents a quite different feature from ordinary photochemistry in the
condensed phase. Neutral radical production was explained well by the hot molecule mechanism and compared with statistical reaction
theory. The differences between multiphoton reactions in the condensed phase and those in the gas phase were discussed.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Hot molecule; Multiphoton reactions; ArF excimer laser; Alkylarenes; VUV photochemistry; Vibrationally excited state

1. Introduction theory [3]. One of the most important differences from
ordinary thermal reactions at the same temperature is that

Vacuum ultraviolet photochemistry, excitation of the products can be cooled down by collisional relaxation.
molecules to higher electronic states but at an energy be-Therefore, thermally unstable products can be obtained
low the ionization potential, is very interesting subject to Wwithout undergoing secondary reactions and could be used
explore and holds great potential for the field of radical for further studies. Production of neutral radicals instead of
chemistry. In the condensed phase, collisional relaxation ion radicals is another application of hot molecule reactions.
occurs efficiently and draws excited molecules down to the Generally, photolysis is thought to be the easiest way of rad-
lowest excited state, in other words, to the reactive stateical production. However, it is not easy to produce neutral
where photochemical reaction are dominant. However, thereradicals by short wavelength laser light in the condensed
is another possible reactive state if molecules are excited tophase. Instead, a cation radical is formed due to multiphoton
high electronic states in the gas phase under collision-fregionization in the condensed phase. Subsequent absorption
conditions. Such a state can be described as vibrationallyof photons by radicals results in fragments, which induce
excited levels in the electronic ground state of molecules, complex reactions and finally result in soot formatid.
which are known as “hot molecule”. In the case of aro- Although alkylarenes (AR) could be decomposed with the
matic hydrocarbons, as the excitation wavelength becomesmultiphoton process both in the condensed and in the gas
shorter, the internal conversion rate becomes faster in thephase, the decomposition mechanisms are very much dif-
gas phas¢l]. For example, the rate of internal conversion ferent Scheme L The formation of radicals was explained
of benzene from the&S, state is on the order of tens of by the deprotonation (R: H) of radical cations in polar
femtoseconds measured by VUV ultrafast spectros¢2py  solvent, which were formed by the second photon absorp-
Such a high internal conversion rate results in a high yield tion by the electronic excited state in the condensed phase
of hot molecule formation. This behavior is very different (Scheme 1ja In the non-polar solvent with 266 nm laser
from ordinary photochemistry in the condensed phase. Hot excitation, further photon absorption was not necessary and
molecules react from a state with extremely high vibrational diphenylmethane (DPM) radical formation through a triplet
temperatures with a specific reaction rate constant, whichstate was reportedb]. On the other hands, the radicals
can be compared with that obtained by statistical reaction were formed from hot molecules§*) which was produced

by the second photon absorption by hot moleculgy (n

* Corresponding author. Tek:81-6-6605-2554; fax+81-6-6605-2522.  the gas phaseStheme 1p[6]. The difference betweef
E-mail address: tomo@sci.osaka-cu.ac.jp (T. Yatsuhashi). andS§* is the degree of internal energy accumulated in the
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(a) condensed phase: by a NaCl aqueous solution filter, and by adjusting the ap-
AR ——= AR(S*) = AR(S)) -~ AR+ ¢ > A-+R' plied voltage of the laser. Laser fluence was monitored by

’ a pyroelectric Joule meter (Genetec ED 200 and ED500).
(b) gas phase: Transient species were monitored by a pulsed Xe flash lamp

- * - k% PO . .
AR = AR = AR(S)™) A-+R

ic, ivr ic, ivr

(EG&G FX 425) with a perpendicular beam against the laser
beam. The transmittance light was focused into a monochro-
Scheme 1. mator (Jobin-Yvon HR320) which was connected to a pho-
L tomultiplier tube (Hamamatsu Photonics R758). Data were
molecule. In the case of hot molecule, it is not necessary - . .
. .7 collected by a digital oscilloscope (Sony Tektronix TDS
for R to be hydrogen. Interestingly, the second photon is .
. . ) - 620B), and analyzed on a Power Macintosh. The sample and
not always necessary if the internal energy is sufficient to : .
. 7 . cell was renewed at every laser shot in order to avoid effects
produce a reaction rate faster than the collisional relaxation .
. : : due to the accumulation of photoproducts. Data were not av-
rate. Therefore, single and multiphoton reactions could be . .
. eraged, and a single shot measurement was carried out. Da-
observed simultaneously. . .
. . . tum was corrected with the datum observed at fixed wave-
Multiphoton hot molecule chemistry was found in 1987 : o : .
. L : - length at the same time for normalization. A typical spracil
for the dissociation of tolueng’] and isomerization of azu- .
) gas cell was placed in a home made hot cell. The tempera-
lene [8]. The second photon was easily absorbed by hot
molecules because hot molecules have relatively long life ture was controlled by a chromel-alumel thermocouple and
y long a 400 W heater combination. The reaction cell was kept for

times and large molar extinction coefficients in the VUV over 30min at the experimental temperature for the com-

region. We have investigated a few examples of multipho- lete vaporization and complete mixing with foreian aas
ton hot molecule chemistj@]. An accumulation of knowl- P P P 9 gn gas.

edge on multiphoton hot molecule chemistry is necessary
in order to explore new photochemical reaction pathways of 3 Regits and discussion
photo-inert molecules , such as biphenyl¢h@] and also

to study radicals.

In this study, VUV photochemistry of a series of alky-
larenes was studied in the gas phase by an ArF excimer
laser excitation. The radicals were formed by multipho-
ton processes without emission, triplets state or cation

radicals. The transient spectra within the laser pulse du- were taken at 0 (filled circle) and 400 ns (open circle). The

ration were well-simulated by the Sulzer—Wieland model 0s was defined as the peak of the sharp hump appearin
for hot molecule spectra. The multiphoton process via . b P b app 9

. in the transient time profiles in the presence of nitrogen at
hot molecules in all alkylarenes were observed and were p .
; . 230 nm as shown iRig. 1e As clearly shown in the spectra,
compared with reaction rate theory.

absorption in the visible region was negligible. The absence
of absorption in the visible region indicates that the forma-
tion of triplet states and cation radicals of alkylarenes were
negligible. Absorption of cation radicals in the visible re-
) gion have already been reported for the 1,3-diphenylpropane
2.1 Materials radical cation[12] and the triphenylmethane radical cation
] ) ) [13]. Triplet state absorption of diphenylmethdiid] also

Diphenylmethane (DPM, Aldrich) and 1,3-diphenylpro-  appears in the visible region. By analogy, the absorption of
pane (DPP, Nacalai) were purified by a trap-to-trap distilla- ther radical cations and triplet states of alkylarenes were
tion. 1,2-Diphenylethane (DPE, TCI) was purified by Sub- eypected to appear in the visible region. Instead, the absorp-
limation. Triphenylmethane (TPM, Nacalai) was purified {jon spectra after the sharp hump were clearly identified as
by rgcrygtalliza}tion from ethanol with charcoal followed by \yell-known benzyl-type radicals. These spectra were essen-
sublimation. Nitrogen gas was purchased from Osaka Sansqia”y identical to the diphenylmethyl radicél5], benzyl

3.1. No triplet state, no emission, no radical cation but
neutral radicals in the transient absorption spectra

Fig. 1 shows the transient absorption spectra of alky-
larenes in the presence of nitrogen as a foreign gas. Spectra

2. Experimental

and the stated purity was 99.9999%. radical[16], and tripehylmethyl radicdlL7] measured in the
condensed phase. All the results indicated that C—C bond
2.2. Measurements cleavage occurred in DPE and DPP. The C-H bond was dis-

sociated in DPM and TPM. The products and dissociation
Absorption spectra were measured by a spectrophotome-eactions are reasonably explained in view of bond dissocia-
ter (Shimadzu UV-2400). The details of transient absorp- tion energy. Thermolysis of alkylarengk8] has been stud-
tion spectra in the gas phase at high temperature was deied well for DPM[19], DPE[20], and DPH21]. Based on
scribed previously11]. Gaseous sample was irradiated by an the transient absorption spectra, it is concluded that the neu-
ArF excimer laser (Lambda Physik COMPex 102, 193.3 nm, tral radical was formed by VUV laser photolysis in the gas
FWHM 20ns, 200 mJ/pulse). Laser fluence was controlled phase as in the case of thermolysis. However, it should be
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Fig. 1. The transient absorption spectra of alkylarenes in the presence of nitrogen observed®atahs @400 ns Q) after the laser pulse. (a) DPM
(373K), Spectra were taken in the presence of 504 Torr nitrogen. Laser fluence. a3 mJcnt2. (b) DPE (423K), Spectra were taken in the
presence of 544 Torr nitrogen. Laser fluence was480.4mJcnt2. (c) DPP (423K), Spectra were taken in the presence of 544 Torr nitrogen. Laser
fluence was %4 0.3mJcnr2. (d) TPM (433K), Spectra were taken in the presence of 585 Torr nitrogen. Laser fluence WasQ6mJcn2, (e)

Time evolution of the transient absorption of TPM (230nm, 433K, 585 Torr of nitrogen).

noted that the formation of radicals by VUV laser irradia- was apparent in the visible region. The solid lineFig. 2
tion was completed within 100 ns and remained constant asis the simulated spectrum of a hot molecule by modified

shown inFig. le Sulzer—Wieland moddPR2]. The absorption spectrum of a
hot molecule has a broad shape and is red-shifted compared
3.2. Spontaneous formation of hot molecule with its cold molecule. All the spectra except TPM can be

assigned to those of hot molecules of the reactants. In the
Transient absorption spectra of gaseous alkylarenes in thecase of TPM, the absorption was reasonably assigned to
absence of nitrogen are showrFig. 2 Again, no absorption  the hot triphenylmethyl radical (also compare the spectra in
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Fig. 2. The transient absorption spectra of alkylarenes in the absence of nitrogen observed at Os after the laser pulse. (a) DPM (373 K), laser fluenc
was 95+ 0.5mJcnt2. (b) DPE (423K), laser fluence was78t 0.4mJcnt2. (c) DPP (423K), laser fluence was7@ 0.3 mJcnt2. (d) TPM (433K),
laser fluence was 16+ 0.1 mJcnt2.

Fig. 1d instead of hot TPM. The absence of hot TPM means 3.3. Radical formation by single-, two-, or three-photon
that the formation of triphenylmethyl radical is very fast and hot molecule mechanism. Comparison with statistical
the molar extinction coefficient of radical is larger than hot reaction theory
TPM. All the results indicated that an initial intermediate
is a hot molecule of reactant formed by a rapid internal  The single-photon hot molecule reaction of toluene is a
conversion within the resolution time of 10ns. typical example which has been studied well. The dissocia-
Hot molecules in a highly vibrationally excited state are tion reaction rate constant of toluene with single 193 nm pho-
deactivated by collision with a foreign gas. If a hot molecule ton excitation is 24 x 10° s~1 [24]. Interestingly, under the
is a source of radicals, the foreign gas will significantly sup- collision-free condition, both single- and two-photon reac-
press the formation of radicals. In fact, the Stern—Volmer tions were observed. Toluene dissociated by the two-photon
constants (Torrl) obtained by the correlation between the mechanism with rate constants faster than instrumental re-
reciprocal of optical density of the radicals and nitrogen gas sponse (>19s™1). Recently, photoisomerization of toluene
pressure were.® x 10-3 (DPM, 315nm), 19 x 103 (DPE, was found by Ni and co-workef&5]. Due to the large mo-
253nm), 75 x 102 (DPP, 252 nm), and.@ x 10~3 (TPM, lar extinction coefficient of radicals, it is difficult to observe
310 nm). While the slow (single-photon) reaction of a hot isomerization by transient absorption spectroscopy.
molecule is suppressed by collision with a foreign gas, the Fig. 3 shows the correlation between the absorbance of
fast reaction (multiphoton reaction) of a hot molecule sur- transients and laser fluence. The initial (hot reactant) ab-
vives. At a nitrogen pressure of 400 Torr, the formation of sorption (filled circle, 0s) was linearly proportional to the
radicals was still significant. These results indicated that the laser fluence, while radical absorption (open circle, 400 ns)
radical formation reaction rate competes with the collisional was proportional to the square (DPM, DPE, DPP) or cubic
deactivation rate with nitrogen. For example, the radical for- (TPM) of laser fluence. The absorption of both hot reactant
mation rate is calculated as»x210'°s~1 assuming a colli-  and radical should be overlapped. However, the molar ex-
sional rate constant of % 10’ Torr~1s~1 [23] and nitrogen tinction coefficient of hot reactant is larger than that of rad-
gas pressure of 400 Torr. icals at shorter wavelength region and the relative ratio of
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Fig. 3. The correlation between absorbance and laser fluence @@ and 400ns ) after the laser pulse in the presence of nitrogen. (a) DPM
(230nm, 373K), Spectra were taken in the presence of 504 Torr nitrogen. The solid line has a slope@®f and 2.0 ). (b) DPE (230 nm, 423K),
Spectra were taken in the presence of 544 Torr nitrogen. The solid line has a slope @) Ba0d 2.0 O). (c) DPP (230 nm, 423K), Spectra were taken
in the presence of 544 Torr nitrogen. The solid line has a slope of@)0ad 2.0 ). (d) TPM (315nm, 433K), Spectra were taken in the presence
of 585 Torr of nitrogen. The solid line has a slope of 3.0.

the concentration of hot reactant is larger than that of rad- activation, it was equivalent to the vibrational temperature
ical at Os as clearly seen frigs. 1 and 2 Therefore, we of 2770K.
obtained the different power dependencies for hot reactant The statistical reaction rate theory can predict the spe-
(0s) and radical (400ns). The saturation of the triphenyl- cific dissociation rate constant of the molecules. Assum-
methyl radical formation under a high laser fluence region ing that the internal energy consists of the photon energy
was observedrig. 3d). This saturation indicated the deple- of 618.8kJmof! (193.3nm) and vibrational energy at
tion of the ground state of reactants or the decomposition the experimental temperature. Bond dissociation energy
of radicals by further photon absorptipr]. The photofrag- (kJmol 1) values were taken from the literature as fol-
mentation of the benzyl radical has been discu$26{l lows: 343 (C—-H, DPM)[27], 339 (C-H, TPM)[27], 277

Hot molecules have large molar extinction coefficients (C—C, DPE)[28], and 301 (C-C, DPP[R9], respectively.
in the VUV region; thus, the second photon is easily ab- The vibrational energies and the eigenvalues of vibration
sorbed. However, the absence of cation radicals meant thatvhich was required for RRKM calculation were obtained
the intermediate in multiphoton processes was not the elec-by Gaussian'94 (HF, 6-31G(d, pJ30]. The scaling factor
tronic excited state but the electronic ground state formed of 0.91 was used for adjusting the calculated data to the ex-
by ultrafast internal conversion. As a result of internal con- perimental data. The vibrational frequencies of the activated
version and photon absorption sequence, photon energycomplex were assumed to be reduced to 90% of those in the
was accumulated as vibrational energy. For example, if ground stateFig. 4 shows the correlation of the calculated
DPE absorbed two 193 nm photons without collisional de- dissociation rate constant and internal energy for DPM,
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imaging technique[31] and the time-of-flight technique
[32]. We need a picosecond VUV system to measure the
range above 1. Nonetheless, qualitative agreements
between theory and experiment were confirmed. However,
we and other groups have succeeded in observing reaction
rates of similar molecules and found fairly good agreements
between experimental results and theoretical calculations
[3,33,34] The internal energy ofS; was dependent on
how many photoabsorption, internal conversion cycles were
achieved. Single-photon hot molecule reactions (fr§j§)
two-photon hot molecule reactions (frof§*) and further
multiphoton hot molecule reactions occurred at the same
time though reaction rate constants were quite different. It is
Fig. 4. Dissociation rate estimated by RRKM theory for DPM, DPE and quite different features of hot molecule reactions compared
TPM (seeSection 3.3 The dashed lines indicate the maximum internal  With ordinary photochemical reactions.

energy accumulated in the molecule by two- or three-photon absorption.

Suppose the collisional deactivation was not considered, the crossin934 Hot molecules in the gas phase and radical
points between calculated curves and dashed lines give the maximum ~~ = " h densed ph
reaction rates. Wavy lines on the molecules indicate the dissociative bond cation in the conaen phase

considered in the calculation.
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Multiphoton chemistry of alkylarenes has been studied

also in the condensed phase. The neutral radicals of DPM
DPE and TPM. The dashed lineshig. 4 indicate the max- [35] and TPM[17] were formed by two-photon ionization
imum internal energy accumulated in the molecule by two- followed by deprotonation. Cation radicals were formed as
or three-photon absorption. Suppose the collisional deac-an intermediate in the condensed phase. However, we have
tivation was not considered, the crossing points betweenshown that the hot molecule mechanism was major reac-
calculated curves and dashed lines give the maximum re-tion pathway when gaseous molecules were excited (below
action rates. The results indicate that energy correspondingthe ionization potential) by a VUV laser light. There was
to at least two-photons was necessary to decompose DPMno trace of cation radical. Why were neutral radicals but
DPE and also DPP in the presence of several hundred Tormot ion radicals formed by the hot molecule mechanism? In
of nitrogen. Three-photon energy was required in the casethe condensed phase, an internal conversion followed by in-
of TPM. Single-photon absorption is not sufficient for the tramolecular vibrational redistribution (IVR) and collisional
dissociation reaction of any of the alkylarenes under the deactivation is dominant. Finallyg acted as the main re-
experimental conditions. Unfortunately, the reaction rate of active state in the condensed phase. During the relaxation
neither single nor multiphoton reactions was not accessible from the initial excited state, the internal energy was taken
in this experiment because our observable reaction rate wasy surrounding molecules by molecular collisions. However,
between 10 and 18 s1. It is possible to measure reaction S; has a long enough lifetime to absorb a second photon and
rates on the order of 81 s~ with the multimass ion molecule was ionizedHg. 53. On the other hand, the situ-

(@) (b)

Fig. 5. Reaction scheme of triphenylmethyl radical formation. (a) Typical photochemistry in condensed phase. (b) Hot molecule chemistry inatbe gas p
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ation was quite different in the gas phase. The vertical axis [6] T. Yatsuhashi, N. Nakashima, Bull. Chem. Soc. Jpn. 74 (2001) 579;
in Fig. 5 shows the sum of electronic and vibrational en- N. Nakashima, K. Yoshihara, J. Phys. Chem. 93 (1989) 7763.
ergy of a single vibrational mode. In this picture, the simple [/} N- Nakashima, K. Yoshihara, J. Phys. Chem. 92 (1988) 4389.

9y f oh 9 ds ionizati P h P [8] M. Damm, H. Hippler, J. Troe, J. Chem. Phys. 88 (1988) 3564.
sum of photon energy exceeds |or?|zat|.on energy, however, [9] T. Suzuki, T. Ichimura, M. Kusaba, N. Nakashima, Chem. Phys.
photon energy was converted to vibrational energy by fast Lett. 263 (1996) 197;
internal conversion and distributed over all the vibrational S. Shimizu, N. Nakashima, Y. Sakata, Chem. Phys. Lett. 284 (1998)
modes (99 in the case of TPM). If the photon energy was 396 - cach e o (2000)

[ ; : T. Yatsuhashi, N. Nakashima, J. Phys. Chem. A 104 (2000) 1095;
dlslmbUtid eqt]iallly to eagh Vlbratlonallmohde’ ';:t]e en?rgy \]:Vas T. Yatsuhashi, N. Nakashima, J. Phys. Chem. A 104 (2000) 10645.
only 6.9kJmo per moade. As aresult, the a sor.pt|0n ora [10] T. Yatsuhashi, T. Akiho, N. Nakashima, J. Am. Chem. Soc. 123
second photon by a hot molecule does not provide enough  (2001) 10137.
electronic energy for ionizatior-(g. 5k because molecules  [11] T. Yatsuhashi, N. Nakashima, J. Phys. Chem. A 104 (2000) 203.
stay in the electronic ground state even though the total (sum[12] T. Shida, Electronic Absorption Spectra of Radical lons, Elsevier,

. i . . . . Amsterdam, 1988, p. 49.

of al.l the.‘ Vlbratlo.nal modes) Ir.]temal energy .IS quite high. [13] R. Akaba, M. Kamata, H. Itoh, A. Nakao, S. Goto, K. Saito, A.
Conical intersection plays an important role in such a fast = egishi, H. Sakuragi, K. Tokumaru, Tetrahedron Lett. 33 (1992)
internal conversion; to access the conical intersection more  7011.
easily, it is necessary to excite molecules to higher state. Ex-[14] M. Fujiwara, A. Yamasaki, J. Chem. Soc., Faraday Trans. 94 (1998)
citation energy-dependent internal conversion is important §5é5-tl <. Steenten H. Mavr. R. A McClelland. 3. Am. Chem.
and a key factor in the difference between hot molecule re- *°! 1'12631590') songe T en e A TIEHIETANG, £ Am. Them. =06
f':lction_s and ree}ctions in the condensed phase, as mentioned 5 gromberg, K.H. Schmidt, D. Meisel, J. Am. Chem. Soc. 106
in the introduction. (1984) 3056.

Formation of hot radicals is expected if radicals in the gas [16] N. lkeda, N. Nakashima, K. Yoshihara, J. Phys. Chem. 88 (1984)
phase are excited again by a VUV laser. In the gas phase, _ 5803-
interference from surroundings , such as a solvent does not{m JL. Faria, S. Steenken, J. Am. Chem. Soc. 112 (1990) 1277.
nte gs, su \ 18] J.W. Sweeting, J.F.K. Wilshire, Aust. J. Chem. 15 (1962) 89.
exist. Therefore, the thermal reaction of a radi@fl] can [19] E.N. Grigoreva, S.S. Panchenko, V.Y. Korobkov, A.Y. Kolesnikov,
be studied by virtue of the hot molecule mechanism. This is V. Kalechits, Khim. Tverd. Topl. 5 (1992) 58.
a great advantage for studying combustion chemistry with- [20] D.G. Robert D, S. Buchang, S. Rustem, H.D. Burtron, Div. Fuel
out interference from surroundings. Successive and compli- Chem. 38 (1993) 526;

ted fi . . dinal th | fi M.L. Poutsma, Fuel 59 (1988) 335.
cated reactions occurring in ordinal thermal reactions can 51y & Gilbert, . Org. Chem. 49 (1984) 6;
be separated and studied as independent reactions using hot * .. Poutsma, C.W. Dyer, J. Org. Chem. 47 (1982) 4903.

molecules, a feature that points to important applications of [22] P. Sulzer, K. Wieland, Helv. Phys. Acta. 25 (1952) 653.

[24] N. Ikeda, N. Nakashima, K. Yoshihara, J. Chem. Phys. 82 (1985)
5285.
[25] C.-K. Lin, C.-L. Huang, J.-C. Jiang, A.H.H. Chang, Y.T. Lee, S.H.
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