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Photodissociation Dynamics of N-Methylindole, N-Methylpyrrole, and Anisole’
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Photodissociation experiments employing molecular beams of N-methylindole, N-methylpyrrole, and anisole
at 193 and 248 nm, respectively, have been conducted using multimass ion imaging techniques. We find that
CHj; elimination is the sole dissociation channel for the studied molecules at both 193 and 248 nm. The
photofragment translational energy distribution of anisole is found to contain both fast and slow components
at the two wavelengths. On the other hand, a fast component (large recoil velocity) is dominant for
N-methylindole at 248 nm, and a slow component (small recoil velocity) is dominant at 193 nm. The absorption
coefficient of N-methylpyrrole is too weak for study at 248 nm. The photofragment translational energy
distribution at 193 nm includes a large portion of the slow component and a small portion of the fast component.
The findings indicate that the fast component corresponds to dissociation from the repulsive excited state and
the slow component corresponding to dissociation from the ground electronic state. A comparison with the
photodissociation dynamics of phenol, pyrrole, and indole suggests that replacement of the H atom by CHj;
does not change the dissociation channels on the excited state. However, the respective dissociation channels

for anisole and N-methylpyrrole on the ground state differ significantly from that for phenol and pyrrole.

I. Introduction

One important photophysical characteristic of aromatic bio-
molecules concerns the low fluorescence quantum yields upon
excitation by ultraviolet (UV) light.!™* This behavior indicates
the presence of a fast nonradiative channel, which efficiently
quenches the fluorescence. This nonradiative process is assumed
to be ultrafast internal conversions (IC) to the ground electronic
state. The so-called “photostability” of these aromatic biomol-
ecules prevents undesirable photochemical reactions from
occurring after UV irradiation.>® However, recent theoretical
calculations indicate that the 1;70* excited electronic state plays
a crucial role in the photochemistry of these molecules, in
particular, those molecules containing hydroxy and azine groups
such as phenol, indole, and pyrrole.® For indole, the first excited
lzor* state is bound with respect to the N—H bond distance,
whereas the 1770* state is repulsive. The diabatic 1;70* potential
curve correlates with ground-state products: CgNHg + H.
Although absorption of UV photons corresponds to excitation
to the 1zzsr* state, its population can be transferred to the 1770*
potential through a conical intersection. As a result, instead of
direct internal conversion to the ground state, dissociation from
the 1ro™* potential curve offers an alternative explanation for
the rapid fluorescence quenching. Repulsive potential energy
surfaces for 1;to* are also available for phenol along its O—H
bond and for pyrrole along its N—H bond. The difference is
that the respective 17zz7r* potential minima for indole and phenol
fall below that of the 17t0* potential energy surface (in the area
close to the equilibrium geometry in the ground electronic state)
in contrast to pyrrole, where the 1;7o* state is lowest in energy.

Experimental evidence in support of these theoretical calcula-
tions was available years earlier and more recently. Photofrag-
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ment translational spectroscopy has been used to study the
photodissociation of pyrrole at 193 and 248 nm under collision-
free conditions. In addition to some ring-opening dissociation
channels, cleavage of the N—H bond on the repulsive electroni-
cally excited state of pyrrole was observed before the theoretical
predictions.® Recent H atom photofragment velocity map ion
imaging and Rydberg H atom high-resolution translational
spectroscopy have uncovered more detailed information on the
H atom elimination channel in support of the previous experi-
mental measurements.” Hydrogen atom elimination on the
repulsive excited states of phenol and indole was first observed
in multimass ion imaging/molecular beam experiments.® More
recently, Rydberg H atom high-resolution translational spec-
troscopy has revealed a detailed dissociation mechanism and a
vibrational mode dependence for this process.'?

The dissociation mechanism may change if hydrogen atoms
are replaced methyl groups. For example, differences in delayed
luminescence between N-methylindole and indole in the gas
phase using laser irradiation wavelengths of 266 nm and
230—250 nm have been reported.!" Delayed annihilation
fluorescence, which spectrally matches fast fluorescence, was
observed for N-methylindole; however, there is no similar
fluorescence with indole. Rather, a delayed luminescence band
with a wavelength maximum of 535 nm was observed, which
was interpreted as free-radical luminescence resulting from N—H
bond dissociation for indole. Interestingly, no free radicals from
the dissociation of the N—C bond in N-methylindole have been
observed.

On the other hand, anisole and phenol appear to have similar
dissociation mechanisms in the gas phase. The photodissociation
of gaseous anisole has been studied at 193 nm.'? Transient
absorption spectra (in the range 210—300 nm) show two broad
bands, assigned to phenoxyl radicals, which are produced on a
time scale shorter than 1 ns upon irradiation by an ArF laser.
The photodissociation mechanism was a proposed predissocia-
tion. By contrast, both phenoxyl and phenoxymethyl radicals,
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were observed in the transient absorption spectra of anisole (in
acetonitrile) at 248 nm in laser photolysis experiments.'?

The photophysics of jet-cooled N-methylpyrrole molecules
following excitation to the first excited singlet state (242.7—237
nm) has been investigated by the resonance enhanced multipho-
ton ionization spectroscopy/velocity map ion imaging of CHj
photoproducts.'* Direct dissociation on the repulsive excited
potential energy surface yields fast CH; fragments. However,
this product channel was only observed within a narrow
wavelength range near the absorption band origin. Slow CHj
fragments were observed (at all of the photolysis wavelengths
used) and are attributed to the dissociation of highly vibrationally
excited molecules in the ground state formed via radiationless
transfer from the excited electronic state.

In this work, we investigated the photodissociation of
N-methylindole, N-methylpyrrole, and anisole at 193 and 248
nm, respectively, using multimass ion imaging techniques, and
we compare our findings with the previous studies.

II. Experiment

Our experiments have been described in detail elsewhere.'*
Here, we offer a brief description. Each compound tested is
vaporized by flowing ultrapure He (400 Torr) through a reservoir
filled with a solid sample of the compound at 7= 50 °C. The
compound/He mixture is then expanded through an 800 um
(nozzle diameter), high-temperature (70 °C) pulsed nozzle to
form the molecular beam. Molecules in the beam are photo-
dissociated by a UV photolysis laser pulse (Lambda Physik
Compex 205: pulse duration ~ 20 ns). The photofragments are
distributed on an expanding sphere (due to the recoil velocity)
in flight to the ionization region (due to the molecular beam
velocity, or center-of-mass velocity) where they are ionized by
a VUV laser pulse. The distance and time delay between the
VUV laser and the photolysis laser pulses are set so that the
VUV laser beam passes through the center-of-mass of the
dissociation products, generating photofragment ions along the
VUV beam. The length of the ion segment is proportional to
the fragment recoil velocity (in the center-of-mass frame)
multiplied by the delay time between the photolysis and the
ionization laser pulses. To separate the different masses within
an ion segment, a pulsed electric field is used to extract the
ions into a mass spectrometer. With the mass analysis conducted
in the mass spectrometer, the length of each fragment ion
segment continues to expand in its original direction in
accordance with the recoil velocity. At the exit port of the mass
spectrometer, a two-dimensional ion detector is used to detect
ion positions and intensity distributions. In this two-dimensional
detector, one direction is the recoil velocity axis, and the other
is the mass axis.

Dependent on the molecular beam velocity, changes in the
distance, between the photolysis and the VUV laser beams, are
made to match the delay time between the two laser pulses to
ensure that the ionization laser passes through the center-of-
mass of the products. Changing the distance between the two
laser beams changes the length of the fragment ion segment in
the images we observe. Molecules that do not dissociate into
fragments upon absorption of UV photons contain high internal
energies. These hot molecules, which remain within the mo-
lecular beam, move with the beam velocity to the ionization
region where they are ionized by the VUV laser. The wavelength
of the VUV laser in this experiment was set at 118.2 nm. The
resulting photon energy was high enough to ionize the parent
molecules. The dissociation of parent molecular cations would
not occur with the energy left after the VUV laser ionization.
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Figure 1. Photofragment ion images of anisole at photolysis wave-
length (a) 193 nm with pump—probe delay time 0.7, 15, and 15 us for
mle =15, 65, and 93, respectively; (b) 248 nm with pump—probe delay
time 2, 14, and 14 us for m/e = 15, 65, and 93, respectively. The
ionization wavelength is 118 nm.

However, the VUV laser photons are sufficiently energetic to
dissociate the hot molecules. The resulting ion image for
dissociative ionization differs from that for the dissociation
products of the neutral parent molecules. Because ionization
and dissociation occur at the same position in space, the image
for dissociative ionization is a two-dimensional projection of
the photofragment ion’s three-dimensional recoil velocity
distribution. It is a disk-like image, rather than a line-shape
image. Additionally, the size of the image from dissociative
ionization does not change with the delay time.

On the other hand, if the fragments crack into small ionic
fragments upon VUV photoionization, the shape of the image
is also disk-like; however, the width of the image changes with
the delay time. From the shape of the image, along with changes
in its width (with respect to the delay time), the images resulting
from the dissociation of neutral molecules can clearly be
distinguished from those images resulting from the cracking of
heavy fragments and the dissociative ionization of parent
molecules.

III. Results and Discussion

A.. Anisole. Figure 1 depicts the photofragment ion images
obtained from the photodissociation of anisole at 193 nm.
Fragments of charge-to-mass ratios m/e = 93, 65, and 15 were
observed. Examination of the photolysis laser power dependence
in the range 0.15—0.87 mJ/cm? showed that the fragments were
from one-photon dissociation. The fragments with charge-to-
mass ratios m/e = 93 and 15, correspond to CcHsO and CHj;
radicals from C—O bond cleavage: C¢HsOCH; — C¢H50 (m =
93) + CH; (m = 15). The image for fragment m/e = 65 is
disk-like, but the width of the image changes with the delay
time. The image is a product of the dissociative ionization of
phenoxyl radical by VUV photoionization (due to the excess
VUV photon energy): C¢HsO + hv (118 nm) — CsHs™ (m/e =
65) + CO. This cracking pattern has also been observed in the
photoionization of phenoxyl radical as generated from the
photodissociation of phenol.'> A comparison of the momentum
distributions for CH; (m/e = 15) and the sum of CgHsO (m/e =
93) and CsHs" (m/e = 65) confirms this dissociation channel.
The photodissociation of anisole at 248 nm shows the same
dissociation channel and fragment-cracking pattern. The pho-
tolysis laser power dependence in the range 2.1—17.6 mJ/cm?
confirmed a one-photon dissociation. Translational energy
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Figure 2. Photofragment translational energy distributions of reaction
C6H50CH3 - C6H50 + CH3 at (a) 193 nm and (b) 248 nm.

distributions for the CHj; elimination channel at 193 and 248
nm are illustrated in Figure 2a,b. The distribution can be
attributed to the sum of two components: slow and fast (i.e.,
slow and fast fragment recoil velocities). The probability for
the slow component decreases monotonically with increasing
translational energy and the peak for the fast component, far
from zero, finds its distribution reaching the maximum value
for the available energy (for C¢HsOCH; — C¢HsO + CHs, the
heat of reaction is 64 kcal/mol). Available energies are 84 and
51 kcal/mol for 193 and 248 nm, respectively. The slow
component (small recoil velocity) is characteristic of dissociation
from a molecule that undergoes internal conversion to the
ground electronic state with little or no exit barrier. The fast
component (large recoil velocity) is typical for dissociation from
arepulsive excited state or dissociation from an electronic state
with a large exit barrier.

The photodissociation of phenol at 193 and 248 nm has been
examined using multimass ion-imaging techniques and step-
scan time-resolved Fourier-transform spectroscopy.'> Major
dissociation channels at 193 nm include cleavage of the O—H
bond, elimination of CO, and elimination of H,O. Only the
elimination of CO and H,O are observed at 248 nm. The
translational energy distribution shows that H atom elimination
occurs in both the excited and the ground electronic states, but
elimination of CO or H,O occurs only in the ground state.

Comparisons made between anisole and phenol show simi-
larities and differences. Dissociation on the repulsive excited
state is observed with both molecules. This indicates that the
properties of the repulsive excited ;to* state and the coupling
between the bound state and the sto* state do not change
significantly as the H atom in the hydroxy group is replaced by
a CH; group. Dissociation from the repulsive state remains as
one of the major channels. The only dissociation channel for
anisole on the ground state is CHj; elimination. By contrast,
phenol exhibits various dissociation channels on the ground
state. The C¢Hs0—CHj3 bond energy (64 kcal/mol) is smaller
than the C¢HsO—H bond energy (88 kcal/mol), which is one
reason why O—C bond cleavage is the dominant channel for
anisole on the ground state. Another reason is that the migration
of the H atom from the hydroxy group to the aromatic ring is
the first step for the CO elimination channel in phenol. The
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Figure 3. Photofragment ion images of N-methylpyrrole at photolysis
wavelength 193 nm with pump—probe delay time 0.3, 10, and 8 us
for mle = 15, 39, and 66, respectively.
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Figure 4. Photofragment translational energy distribution of reaction
C4NH4CH3 - C4NH4 + CH3 at 193 nm.

corresponding step for anisole becomes CH; migration, which
is unlikely due to the large barrier height. As a consequence,
CHj; elimination is the only dissociation channel for anisole on
the ground state.

B. N-Methylpyrrole. The absorption coefficient for N-
methylpyrrole at 248 nm is too small for our purposes.®
Therefore, our photodissociation experiments for N-methylpyr-
role were at 193 nm. Figure 3 illustrates the photofragment ion
images obtained from the photodissociation of N-methylpyrrole
at 193 nm. Fragments of m/e = 66, 39, and 15 were observed.
Examination of the photolysis laser power dependence in the
region of 0.08—0.67 mJ/cm? indicates that the fragments are
from one-photon dissociation. Photofragments of m = 66 and
15 correspond to C4NH, and CHj; radicals from N—C bond
cleavage: C4NH,CH; — C,NH, (m = 66) + CH; (m = 15).
The image of fragment m/e = 39 is disk-like, and the width
changes with the pump—probe delay time. The image corre-
sponds to the dissociative ionization of pyrrole radical by VUV
photoionization due to the excess VUV photon energy: C4NH,
+ hv(118nm) — CsHs" (m/e = 39) + HCN. The translational
energy distribution of this channel is shown in Figure 4. It
includes a large portion of the slow component and a small
portion of the fast component.

Photofragment translational energy spectroscopy has been
used to study the photodissociation of pyrrole at 193 nm under
collision-free conditions.® Five primary dissociation channels
were observed. Two channels result from cleavage of the N—H
bond, with one channel following internal conversion to the
ground state and the other channel originating from electroni-
cally excited pyrrole. Another two dissociation channels are
involved in HCN elimination with one channel producing
vinylmethylene and the other channel creating cyclopropene.
The final channel concerns internal conversion to the ground
state followed by a ring opening and N—C bond cleavage to
form NH + C,H,.

No similar ring-opening dissociation channel was observed
in N-methylpyrrole, only cleavage of the N—C bond, the
majority of which resulted from internal conversion to the
ground state and to a lesser extent from the electronically excited
state. The reason that there are no analogous ring-opening
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Figure 5. Photofragment ion images of N-methylindole at photolysis
wavelength (a) 193 nm with pump—probe delay time 3 and 19 us for
mle = 15 and 116; (b) 248 nm with pump—probe delay time 2 and 20
us for mle = 15 and 116, respectively.
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Figure 6. Photofragment translational energy distributions of reaction
C3NH(CH; — CgNH¢ + CHj at (a) 193 nm and (b) 248 nm.

dissociation channels is similar to that for phenol and anisole.
Ring-opening dissociation in pyrrole requires migration of the
H atom from the N—H group to initiate the process. Replace-
ment of the H atom by the CH; group simply hinders the first
step, and consequently no ring-opening dissociation channels
occur. Previous studies in the region of 242.7—237 nm show
that dissociation from the excited state was only observed in a
narrow wavelength range near the absorption band origin.'* Our
results extend to shorter wavelengths and we find that dissocia-
tion from the excited state can still be observed at 193 nm,
although it is a minor channel.

C. N-Methylindole. Fragments of m/e = 116 and 15 were
observed from the photodissociation of N-methylindole at 193
nm. Figure 5 illustrates the photofragment ion images. A study
of the photolysis laser power dependence in the region of
0.1—0.67 mJ/cm? showed that the fragments were from one-
photon dissociation. A match of the momentum distributions
for the two fragments suggests that they come from the same
dissociation channel: CsNH¢CH3; — CgNHg (m = 116) + CHj
(m = 15). The photofragment translational energy distribution
of this channel is illustrated in Figure 6a. Photodissociation of
N-methylindole at 248 nm reveals the same dissociation channel.
The photolysis laser power dependence measured in the region
of 0.82 —6.9 mJ/cm? showed that they were from one-photon
dissociation. The translational energy distribution obtained at
248 nm is given in Figure 6b. The translational energy
distributions at these two wavelengths illustrate very different

Tseng et al.

results. The fast component is the major component in the
translational energy distribution at 248 nm. However, it is barely
observed at 193 nm. The results indicate dissociation mecha-
nisms that differ at these two wavelengths.

Photodissociation of indole at 193 and 248 nm under
collision-free conditions has been studied using these same
techniques. Hydrogen atom elimination was found to be the sole
dissociation channel at both wavelengths. The photofragment
translational energy distribution obtained at 193 nm contains
both a fast and a slow component. Approximately 54% of indole
molecules (following photoexcitation at 193 nm) dissociate from
the electronically excited state, resulting in the fast component.
The remaining percentage of indole dissociates through the
ground electronic state, giving rise to the slow component.
Similarly, a two-component translational energy distribution was
observed at 248 nm. However, more than 80% of indole
dissociates from the electronically excited-state after absorption
of 248 nm photons.

A comparison of indole and N-methylindole shows similar
wavelength dependence in the competition between dissociation
on the ground state and dissociation on the repulsive excited
state. With decreasing pump laser photon energy, internal
conversion to the ground state becomes less important. Popula-
tion transfer from the excited bound state to the repulsive excited
state becomes the dominant channel at 248 nm. However, unlike
that for indole, dissociation from the excited state at 193 nm
rarely occurs for N-methylindole. Our findings are in contrast
to conclusions drawn from delayed luminescence investigations
of N-methylindole and indole, suggesting that C—C bond
cleavage does not occur at the photolysis wavelengths 230—250
and 266 nm.!!
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