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Cyclophane derivatives were irradiated with an ArF excimer laser in the gas phase. No triplet states,
fluorescence, or cation radicals were observed in the transient spectra. TheCBkbonds dissociated,
forming corresponding xylylenes by a two-photon process. The bond dissociations were explained in terms
of a multiphoton reaction of hot molecules formed by an internal conversion. In addition, a slow rise of
xylylene that originated in the single photon dissociation process of hot cyclophane was observed in the case
of methyl-substituted paracyclophanes under low pressure conditions. The specific reaction rates of the
dissociations of highly strained paracyclophanes were well explained by a statistical reaction theory, if a
simple consideration of strain energy was made in the calculations.

Introduction bution of molecular strain to the dissociation energy is not very

Determining specific reaction rate constants is one of the most ¢/€ar- Therefore, we addressed the question of how we can
important topics of research in physical chemistrihe consider the strain energy in the dissociation reaction. We

reactions of hot molecules, which are in a highly vibrationally €x@mined [2.2]paracyclophane (2PCP) derivatives. Highly
excited state, are ideal for determining of the specific rate strained 2PCP a_md its dgrlyatlves ha".e attracted Interests in the
constants for the following reasons: (1) hot molecules can be ©V€' 50 years since their f!rst synthesis. The st.ralned. structure
produced instantaneously with laser pulses due to an ultrafast2ffects molgcular prqpertles, and has bee;n investigated by
internal conversion from an initially prepared electronic excited SPECOSCOPIc, theoretical and crystallographic méatie.have
state; (2) hot molecules are in a microcanonical state with a ©<@mined vacuum-UV photolysis of gaseous 2PCP and methyl-
small width of energy distribution; and (3) the internal energy substituted derivative’.Fast production ofp-xylylene (-

can be varied because it corresponds to the incidental photordUinodimethane) as a result of the two-photonic process via hot
energy plus the energy associated with the experimentalzpcp was found. Unfortunately, the reaction rate of 2PCP is

temperature. Therefore, the reaction of hot molecules will give 1©° fast to be determined by a nanosecond laser flash photolysis

a specific rate constant that can be compared with the constantYStem-
obtained by a statistical reaction theory. The reaction of hot  In this study, we examined the dissociation rate constants of
molecules was first proposed in 196The dominance of hot  highly strained cyclophanes by an ArF excimer laser in the gas
molecule formation on irradiation with ultraviolet light was Phase. The dissociation rate constants were well explained by
C|ear|y investigated in the 1980s, and excellent agreement hasthe statistical reaction theory ifa Simple consideration of strain
been reported between the rate constants derived by observatio§nergy was made in the calculations.
and those derived theoreticaflyRecently, hot molecule forma-
tion was reinvestigated with the help of a newly developed forms Experimental Section
of spectroscopy. Vacuum-UV ultrafast spectroscopy showed
clear evidence of the ultrafast internal conversidhotofrag- [2.2]Paracyclophane (2PCP, Aldrich) was purified by subli-
ment translational spectroscopy is effective for discerning the mation under vacuum. 4,7-Dimethyl[2.2]paracyclophane (M2-
contribution of a hot molecufeAnother recent important feature ~ PCP), 4,7,12,15-tetramethyl[2.2]paracyclophane (M4-PCP), [2.2]-
of hot molecule chemistry is a multiphoton process that occurs metacyclophane (2MCP), [2.2]metaparacyclophane (2MPCP),
via hot molecule$.An examination of a variety of molecules and [2.2.2]paracyclophane (3PCP) were synthesized previously
strongly indicated that the dominant production of hot molecules by one of the present authors (Y.&)Nitrogen gas was
in the gas phase can be expected in the case of aromatid?urchased from Osaka Sanso, and the stated purity was
hydrocarbong.These molecules are suitable candidates for the 99.999%. Nitrogen monoxide was obtained from Takachiho
determination of the specific reaction rate constants. Sangyo, and the stated purity was 99.9%.

The issue of strained molecules is one of the most interesting Cyclophanes (CPs) to be photolyzed were dissolved in
dimensions of specific rate constant determination. The contri- cyclohexane which could be easily removed. About A0®mf
CP solution was deposited onto the bottom of the sample tube.
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of CPs, concentration was controlled by adjusting the experi- 6
mental temperature. The temperature was controlled by a
chromet-alumel thermocouple and a heater combination. The 5
reaction cell was kept for over 30 min at the experimental "\‘/‘/
temperature to achieve equilibrium with the additional gas. The
decomposition of CPs was not observed at the experimental
temperature.

Absorption spectra were measured by a spectrophotometer
(Shimadzu UV-2400). Gaseous CPs were irradiated by an ArF
excimer laser (Lambda Physik Compex 102, 193.3 nm, fwhm
14 ns, 200 mJ/pulse). Laser fluence was controlled by a NaCl
aqueous solution filter, and by adjusting the applied voltage of
the laser. Laser fluence was monitored by a pyroelectric joule 9
meter (Genetec ED 200 and ED500). Transient species were
monitored by a pulsed Xe flash lamp (EG&G FX 425) and a
monochromator connected to a photomultiplier tube (Hamamat- 0 sl :
su Photonics R758) combination. Two different optical arrange- 190 210 230 250 270 290 310
ments were constructed for obtaining time-resolved absorption Wavelength (nm)
spectra and rise curves under collision-free conditions. For the figure 1. Absorption spectra of 2MCP (solid line, 403 K) and 2MPCP
transient absorption spectra measurements, a perpendicula(dotted line, 413 K) in the gas phase.
arrangement between monitor beam and the laser beam was
used. An optical path length was 3 cm, and the laser beam was
irradiated in an area of 0.5 cre 3.0 cm. The transmitted
monitor light was divided with a thin beam splitter into two
beams after path through a sample cell. A transmittance light
was focused into a monochromator (Jovin-Yvon HR320 =
1.3 nm). Reflected light was focused into a monochromator
(Jovin-Yvon UV10) and used to normalize the transient absorp-
tion spectra. For the dissociation rate constants measurement
under a collision-free condition, a coaxial configuration between
the monitor beam and the laser beam was d$ekh optical
path length was 40 cm. A monitor light was focused into a
monochromator (Acton Research SpectraPro 150). Additional _. 4
gas pressure was adjusted with a 1000 Torr capacitance
manometer (MKS Baratron).
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Data were collected by a digital oscilloscope (Sony Tektronix I C) @
TDS 620B), and analyzed on a Power Macintosh. The sample 1) ©
A
due to the accumulation of photoproducts. Data obtained by 2R A éé a A +
each single shot measurements were averaged to obtain better I a ]
signal-to-noise values. Rise profiles were deconvoluted by an | gg

and cell was renewed at every laser shot in order to avoid effects H
) R )
instrumental response to obtain kinetic results. . . 2} bapn@ang
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Wavelength (nm)
Xylylenes Formed by a Multiphoton Process under High- ) ) )
Pressure Conditions.Figure 1 shows the gaseous absorption ng(;ii 0(%) Transient absorption spectra of 2PCP (0.23 Torr, 458
. - , 10. .8 mJcm?, 615 Torr of nitrogen). (b) Transient absorption
spectra of 2MCP angl ZMPC_P. Absorption spectra taken in the spectra of 2MCP (1.84 Torr, 453 K, 8:5 0.6 mJ cm2, 610 Torr of
gas phase are consistent with those reported in the condenseditrogen). (c) The comparison of transient absorption of 2MPCP (open
phasé? with a small spectral shift toward the short wavelength circle, 1.3 Torr, 423 K, 11.6t 1.0 mJ cm?, 570 Torr nitrogen), and
side. As was reported in our earlier paper, 2PCP derivatives reproduced spectrum with that of 2MCP and 2PCP (open triangle).
decomposed to the correspondmgylylenes p-quinodimethane) The ground-state absorption was corrected. Data were taken at 100 ns
as a result of ArF laser irradiatinin the present study we  2fter the laser pulse.
photolyzed other cyclophanes (CPs) such as 2MCP and 2MPCP matrix; however, the spectrum features are not ci2aMPCP
To observe vibrationally relaxed products, the transient absorp- (Figure 2c, open circle) has a transient spectrum similar to that
tion spectra were measured in the presence of several hundre@f 2PCP, although a broad peak was observed around 320 nm.
Torr of nitrogen. Figure 2 compares the transient absorption We then tried to reproduce the transient spectrum of 2MPCP
spectra of 2PCP, 2MCP, and 2MPCP. The transient spectrumwith that of 2MCP and 2PCP. Reasonable agreement was
of 2PCP (Figure 2a) clearly showsxylylene formation aswas  observed between the transient spectra of 2MPCP and the sum
reported previously.2MCP (Figure 2b) shows a structureless spectrum of 2MCP and 2PCP, as shown in Figure 2c. From the
and broad spectrum over the entire wavelength region. Analogy results described above, we concluded that a-GEH, bond
with 2PCP photolysis suggests timaylylene would be formed dissociation occurred in the case of 2MPCP. Similarly, a bond
from 2MCP by CH—CH, bond cleavage. The absorption cleavage should occur in the case of 2MCP. 2MCP forms two
spectrum ofn-xylylene was measured in a low-temperature rigid m-xylylenes, and 2MPCP forms+ and p-xylylene.

Results
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Figure 3. Correlation between xylylenes produced from 2MPCP and
laser fluence in the presence of 570 Torr of nitrogen (1.3 Torr, 423 K,
277 nm).

The most significant difference betweenxylylene and
p-xylylene is in a subsequent reaction. The spectral change in
p-xylylene was not observed for a few microseconds after the
laser pulse. On the contranyyxylylene showed a slow spectral
change even in the presence of 610 Torr of nitrogen. No
appreciable pressure dependence of 2MCP was observed in th
rise curves (typically at 255 nm). The unimolecular reaction
would then be attributable to the instability mfxylylene. To
obtain more information about the transient, the spectra were
taken in the presence of nitrogen monoxide. Nitrogen monoxide

can trap the carbon-centered radical, as in the case of the pheny

radicall* The slow rise observed at 255 nm was diminished in
the presence of 8 Torr of NO and 610 Torr of nitrogen,
indicating that the reaction betweem-xylylene and NO
obstructed the unimolecular reactionrofxylylene.

Figure 3 shows the correlation between the transient absorp-

tion of 2MPCP and laser fluence. The slope of the plot indicated
that the formation ofp-xylylene is a two-photon process.
Saturation of the transient absorbance was observed above 1
mJ cnT2. This finding can be explained in terms of the depletion
of the ground state of 2MPCP. Two-photonic transient formation
was also observed in the cases of 2MCP, 2PCP, M2-PCP, an
M4-PCP. The reaction completed within the laser pulse duration
indicated a fast reaction rate constant 82(x 10 s™1).

Slow Rise of Xylylenes from Methyl-Substituted Para-
cyclophane under Low-Pressure ConditionsA significant
difference was found between the time profiles of CPs under

Hosoi et al.

molecules does not correspond to the rise profile, because the
molecular collision is negligible under low-pressure conditions.
These results suggest that multiple instances of the same
chemical reaction (Cy+CH, bond cleavage) occurred concur-
rently, but with different rate constants, in the cases of methyl-
substituted 2PCPs. Observation of the slow dissociation process
strongly supports the hot molecule mechanism.

We then assumed a time-dependent function of the concen-
tration of photoproducts at the observed wavelenif)) to
determine the rate constants of the rise profiles. The function
has a single time constarkyf9 and two parameter<;; and
Cz:

F(t) = P + Sexp(—kyd) + A(1 — exp(—ky,d))
= Cy(1 — exp(—kypd)) + C,

@)

whereC; = A— SandC, =P + S P, S andA represent the
absorption of xylylene formed by a multiphoton process, the
precursor hot CP, and xylylene formed by a single-photon
process, respectively. The observed rise profiles were decon-
voluted with an instrumental response function. We evaluated
kobsand the ratidC,/C; on the basis of the averaged rise profiles.
As is clearly seen in Figure 4a, the amounts of the fast-rise
nd slow-rise components depend on the laser fluence. As the
aser fluence increases, the contribution of fast rise components
increases dramatically. Figure 4b shows the correlation between
the transient absorption of M2-PCP and laser fluence. The open
and full circles represent the amount of fast- and slow-rise
gomponents, respectively. This figure shows that the fast-rise
component is proportional to the square of the laser fluence,
while the slow-rise component is linearly proportional to the
laser fluence. The fast rise is attributed to the two-photon process
being completed within the laser pulse duration, as in the case
of 2PCP. The slow-rise component was diminished in the
presence of foreign gas. Therefore, we concluded that the slow-
rise component originates in the reaction of the hot molecules.
Figure 5 shows the typical rise profiles of M2-PCP and M4-
CP. The formation gb-xylylene from M2-PCP is faster than
from M4-PCP. The rate constants were almost identical in the
ressure ranges of 0.69.30 Torr (M2-PCP) and 0.660.17
orr (M4-PCP), being regarded as ones under collision-free
conditions. The data were then averaged. The obtained rate
constants are listed in Table 1.

Discussion

low-pressure conditions and those measured in the presence of The Hot Molecule Mechanism is Operative in the Photo-

a foreign gas. The formation of xylylenes was completed within

chemistry of Cyclophanes in the VUV RegionAs we have

the laser pulse in the presence of foreign gas. Figure 4a showseported in an earlier paper, 2PCP decomposed to the corre-

the transient profiles of M4-PCP under low pressure conditions.
Laser flash photolysis of M4-PCP as well as M2-PCP produced

spondingp-xylylenes as a result of ArF laser irradiatibihe
decomposition mechanism was well explained in terms of the

both instantaneously formed and gradually formed species. Themultiphoton hot molecule mechanism. If a molar extinction

absorption of the former built up within the duration of the laser
pulse. The absorption of the latter, which was diminished in
the presence of foreign gas, built up over a submicrosecond
time scale. On the contrary, the slow risekylylene from

coefficient of a hot molecule is larger than that of the ground-
state molecule, the multiphoton reaction would take place
efficiently. For example, the molar extinction coefficient (193.3
nm) of benzene in the ground state is ca. 4650 Mm~ at

2PCP was not observed even though the experiments wereroom temperature, while it is ca. 9000 #cm~? at 3389 K for

performed under collision-free conditions. The formation of
p-xylylene was completed within the laser pulse duration. The
fast two-photon reaction is dominant in the case of 2P@B.
judged from the time-resolved spectra, the slow rise observed
in the cases of M2-PCP and M4-PCP did not originate in the
dissociation of CH—H bonds but in the formation op-
xylylenes? In addition, the vibrational relaxation of hot

hot benzene. The second photon was absorbed by the hot
benzene and decomposé®imilarly, second-photon absorption
expected to occur in hot CPs. A strong absorption band
originated in the allowed transition of the benzene moiety
presumably exists in the region where wavelengths are shorter
than 190 nm. It is expected that this band will be broadened
and have a high molar extinction coefficient at the laser
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Figure 4. (a) Rise profiles of dimethylparaxylylene formation form M4-PCP (0.17 Torr, 413 K, 275 nm) at different laser fluence. Dashed line is

the boundary line between fast- and slow-rise components. (See text.) (b) Correlation between the absorbance of methylparaxylylene and laser
fluence. Methylparaxylylene formed by slow process (full circle) and by fast process (open circle) from M2-PCP (0.30 Torr, 423 K, 280 nm) were
plotted against the laser fluence.
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Figure 5. Rise profiles of paraxylylene formed from methyl-substituted paracyclophanes. (a) M2-PCP (0.3 Torr, 423 K, 280 nm, 9:6)mJ cm
(b) M4-PCP (0.17 Torr, 413 K, 275 nm, 9.4 mJ ¢tin Dotted lines are observed signals, and solid lines are fitting curves simulated by using eq
1 and profiles of instrumental response.

TABLE 1: Observed (kq) and Calculated (carcg) Dissociation were not observed in the transient absorption spectra. Thus an
Rate Constants of Cyclophane Derivatives efficient two-photon absorption by the hot CPs occurred, and
strain energy Kealed (S71)° xylylene was formed during the laser pulse duration. The hot
(kI mofy)a  Kyps(sH)P 1hy 2hw CPs with single photon energy (193.3 nm) correspond to
M2-PCP 123 51 10 65x 10 7.9 x 104 equivalent vibrational temperatures of 1610 K (2MCP), 1580
M4-PCP 123 2.1x 100 2.1x 100 4.8x 104 K (2MPCP), 1590 K (2PCP), 1440 K (M2-PCP), and 1310 K
2PCP 123 >2x 10 21x10 1.3x 101§ (M4-PCP), the temperatures being estimated with vibrational
gmggp ‘g% g %g’i ig %gi }8111 energies obtained theoreticallyThe absorption of the second
3PCP 0 1.9x 100  <10° 57% 107 photon will increase the temperature. At such high temperatures,

. . a chemical reaction is expected to occur.
aData were taken from the literature. See the text for details. . .
b Dissociation rate constants measured under collision-free conditions. 1€ photochemistry of CPs in the condensed phase can be

© Specific reaction rate constants calculated on the basis of RRKM described as follows. Photodissociation of 2PC&hd photo-
theory. See text for detail§ Not measured because of the existence cyclization of 2MCP7 have been reported. Photoirradiation of
of the successive reaction nfxylylene. 2PCP in a low-temperature rigid matrix produced intermediate
wavelength at high temperatures. Observationally, we found thatspecies such gsxylylene and biradical species in which two
efficient two-photon reactions occurred for all of the CPs benzyl radicals are linked together by an ethylene bridge in the
examined, although the species corresponding to the hot CP-position!® These two species can be distinguished by their
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absorption spectra. Biradical abstracts hydrogen from the parentwithin a measurable time duration, and the fast reaction should
CPs finally formed stilbene derivatives and alkylated phen- be completed within the instrumental response of our nano-
anthrené? In contrast, the final products after the thermolysis second laser flash photolysis system. Suppression of the slow
of CPs are styrene, xylenes, benzene, toluene, and benzocycloreaction can be achieved either by adding a foreign gas or by
butene. Successive thermal rearrangement and interconversiotincreasing the concentration of the reactant itself, as the hot
of xylylene isomers occurred during the pyrolysis process (930 molecules deactivate by virtue of molecular collisions. We can
°C, 0.1 Torr)?° Only p-xylylene was successfully trapped on a diminish the one-photon process of a hot molecule by adjusting
cold surface after the flash vacuum thermolysis (2PCP, 655 the pressure. For transient absorption measurements, experiments
°C).2! p-Xylylene further polimerizes to form polyparaxyl- were carried out in the presence of a large amount of foreign
ylenes?? Through the examination of transient absorption gas to observe vibrationally relaxed products. Under these
spectra, no absorption corresponding to the biradical speciesconditions, the collisional deactivation rate of a hot molecule
was found. The enthalpy difference between biradical and is much faster than the reaction rate constant of a hot molecule
p-xylylene is only 20 kJ moi'.® It is reasonable to assume that having energy corresponding to a single photon. Assuming that
the subsequent dissociation reaction of biradicgl-tylylene the collisional frequency is % 107 Torr~! s71, the collisional
occurs in a short time. The rate determining step is the first rate is calculated to be 2.9 10° s71 (570 Torr of nitrogen).
bond dissociation process. The spontaneous dissociation of theTherefore, only the fast hot molecule reaction was observed.
two CH;—CH; bonds does not occur because the internal For the single-photon hot molecule reaction to be observed, the
vibrational energy is insufficient to break the two bonds molecular collision rate must be smaller than the reaction rate
simultaneously if the hot molecule mechanism is operating.  constant. In addition, the molar absorption coefficient of the
The subsequent reaction wéxylylene may be originated in ~ hot molecules increased and/or decreased with time due to the

the isomerization to more stable one. Bpthando- xylylene, vibrational cooling. The experiments were then carried out under
which have less biradicaloid character thaixylylene?? were low-pressure conditions. We have measured specific reaction
successfully characterized by absorption spectroscopy. Ther-rate constants for the formation pixylylenes (Table 1).

molysis of ZMCP formeg-xylene (35%) rather tham-xylene As was clearly shown in Figure 5, the reaction rate became

(3%) 24 This fact suggested thatxylylene would not be stable  slower with methyl substitution. As the number of vibrational
compared witho- andp-xylylene. The similar interconversion  modes increases, the rate constant would decrease if the hot
of mxylylene, observed in the thermolysis, was also occurred molecule mechanism is operating. The number of vibrational
in the case of laser flash photolysis experiment. modes of the various CPs are 90 (2PCP), 108 (M2-PCP), 126
As was clearly shown in the preceding section, reactions (M4-PCP), and 138 (3PCP). The order of the reaction rate
proceed with two photons. The ionization potentials of the CPs constants would be 2PCP M2-PCP > M4-PCP > 3PCP, if
are 8.1 eV (2PCP% 8.24 (2MCP)®% and 7.75 eV (M2-PCP, the reaction threshold energy does not differ among these. To
M4-PCP)?5 Therefore, the energy corresponding to two photons compare the experimental data with that obtained by statistical
(12.8 eV) is enough to ionize any of the CPs. However, no reaction theory, the same conditions were assumed when the
transient absorption appeared in the visible region, where calculations were performed. The vibrational energies required
absorption of the cation radical ang ¥ T,2” should occur. In for RRKM calculation were obtained by Gaussian 94 (RHF,
the case of 2MCP, the internal conversion yield is estimated to 6-31G)2® A scaling factor of 0.9085 was used to adjust the
be almost unity even in the condensed pHéSehe two-photon calculated data to the experimental data. The vibrational
process via a triplet state occurs in a low-temperature méfrix;  frequencies of the activated complex were tentatively assumed
however, all of the results indicate that the intermediates in the to be 90% of those in the ground state. The calculated rate
two-photon process is not in an electronic excited state but in constants are the values under collision-free conditions. The
an electronic ground state. It should be noted that it was not adissociation energy of the GHCH; bond cleavage in ethyl-
radical cation but radical-like products that were formed, even benzene (328.8 kJ mdl)?° was used. The strain energies (kJ
though a multiphoton reaction took place. These observationsmol~1) of the CPs were taken from the literature: 2PCP
are the characteristic features of a multiphoton reaction that (122.6)30 2MCP (49.8), and 2MPCP (97.8) The strain energy
occurs via a hot moleculeA simple summation of the photon  of methyl-substituted 2PCPs was assumed to be the same as
energy exceeds the ionization potential; however, the photonthat of 2PCP. We hypothesize that 3PCP has no strain energy.
energy is distributed over the whole vibrational mode in a very For the threshold energy, we used the difference between the
short time after an ultrafast internal conversion. If the photon dissociation energy and the strain energy. The internal energy
energy is distributed equally to each vibrational mode, the consisted of the photon energy of 619 kJ mohnd the
energy is only a few kJ mot per vibrational mode. Therefore,  vibrational energy at the experimental temperature. Thermal
the absorption of the second photon does not provide enoughdistribution of internal energy is important in rate constant
energy to ionize the molecule. lonization does not occur, but calculations because CPs have rather broad distribution com-
the reaction rate of the hot molecule increases due to thepared with small molecules due to the large number of
accumulation of vibrational energy as a result of photoexcitation/ oscillators. The semiclassical equilibrium distribution of vibra-
internal conversion sequences. All of the results indicate that tional energy? was calculated; for example, the largest molecule
the VUV photochemistry of CPs can be explained in terms of (M4-PCP at 413 K) has the average thermal energy of 84.2 kJ
a hot molecule mechanism. mol~1 (fwhm 34.4 kJ mot?).33 The thermal distribution was
Specific Reaction Rate Constants of Strained Paracyclo-  taken into account for evaluating the specific reaction rate
phane Derivatives: A Comparison between Experiments and constants. The calculated specific reaction rate constants of CPs
Statistical Reaction Theory. In principle, both single and  are compared with the observed rate constants in Table 1. The
multiphoton hot molecule reactions could be observed concur- observed rate constants are in fair agreement with the calculated
rently, although their reaction rates are very different. These figures. These results strongly support the view that the precursor
reactions can be best distinguished when the reaction rates differof the slower reaction is a hot molecule. Reactions that were
by several orders of magnitude. The slow reaction should occur faster than our instrumental response are expected for two-
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