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The photolysis of pyrrole has been studied in a molecular beam at wavelengths of 250, 240, and
193.3 nm, using two different carrier gases, He and Xe. A broad bimodal distribution of H-atom
fragment velocities has been observed at all wavelengths. Near threshold at both 240 and 250 nm,
sharp features have been observed in the fast part of the H-atom distribution. Under appropriate
molecular beam conditions, the entire H-atom loss signal from the photolysis of pyrrole at both 240
and 250 nm (including the sharp features) disappear when using Xe as opposed to He as the carrier
gas. We attribute this phenomenon to cluster formation between Xe and pyrrole, and this assumption
is supported by the observation of resonance enhanced multiphoton ionization spectra for the
(Xe- - -pyrrole) cluster followed by photofragmentation of the nascent cation cluster. Ab initio
calculations are presented for the ground states of the neutral and cationic (Xe- - -pyrrole) clusters as
a means of understanding their structural and energetic properties. © 2007 American Institute of

Physics. [DOI: 10.1063/1.2754688]

I. INTRODUCTION

A prototypical six -electron heteroatomic aromatic
molecule like pyrrole (C,HsN) constitutes an ideal model for
the study of more complex systems, such as nucleobases and
aromatic aminoacids.'™ Furthermore, pyrrole, along with
other nitrogen containing heterocyclic compounds, is an im-
portant source of nitrogen fuel in coal’ and heavy oils as well
as an important component in many oil-based products. Pyr-
role and related molecules also play an important role in the
synthesis of biologically active compounds, pesticides, poly-
mers, and organometallic complexes.6

The UV absorption spectra of pyrrole is broad and un-
structured, presenting two intense absorption bands around
165 and 210 nm and a weaker feature around 240 nm.”® The
interaction of the 'z bright states and '7o” dark states
and its effects on the photochemistry of pyrrole or similar
heteroaromatic molecules, and even in DNA bases, have
been reported. H-atom elimination is the main fragmentation
channel upon excitation of pyrrole at longer UV wave-
lengths. The S,('A,, ' mo”) state of pyrrole presents a 3s Ry-
dberg character for short N-H bond distances but becomes
antibonding when the separation increases (Fig. 1).>**"' Di-
rect absorption from the Sy(X 1A1) ground state to the excited
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Lro™ state of 1A2 electronic symmetry is electric dipole for-

bidden, but vibrational coupling with the nearby excited
states of 'A,, 'B,, and 'B, symmetries [particularly the
bound 'B, state due to the dominant oscillator strength of the
1B2<—X ]Al(w*<— r) transition] increases the vibronic tran-
sition probability. The relative positions (in energy space) of
the "7 and the '7ro” potential energy surfaces (PESs) de-
termines the dissociation dynamics. In the case of pyrrole,
the '7o” PES is located below the '7r7r" PES, facilitating a
rapid internal conversion (IC) from the 77" to the '7o”
state. Much of the photochemistry of the 77" state is thus
determined by the dynamics of the 'm0 PES. A conical
intersection between S, and S, could facilitate internal con-
version from the excited state towards the ground state. The
behavior of the '7o” state can be directly attributed to the
following two properties related to its electronic structure:
First, the antibonding o orbital is localized on the N-H
bond, which makes H-atom loss via the 70" state a highly
probable dissociation channel. Second, the conical intersec-
tion of the '7ro”™ with the ground state is a result of the fact
that the ground (X 1A1) state of pyrrole does not correlate
with the ground (X %4,) state of the pyrrolyl (C,H,N) frag-
ment. Instead, it correlates asymptotically with H (1s) and
the A, excited state of pyrrolyl. The excited (1 'A,) state of
pyrrole correlates with H (1s) and the ground state of pyrro-
lyl (see Fig. 1).

The photodissociation dynamics of pyrrole has attracted

© 2007 American Institute of Physics
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FIG. 1. Cuts through schematic potential energy curves for the ground and
excited states of pyrrole, showing the asymptotic correlations for H-atom
loss.

significant attention in the past few years,“’lz_l5 In the work
of Temps and co-workers the H-atom elimination channel
has been studied by velocity map imaging, showing a bimo-
dal kinetic energy distribution. The fast H atoms are pro-
duced upon excitation of the first excited state of pyrrole
(1'A,), followed by a prompt dissociation of the N—H bond,
giving rise to an intense, narrow peaked kinetic energy dis-
tribution. The slow H atoms originate from the dissociation
of ground (X 1A1) state molecules after IC from the excited
state, producing a broad signal at low kinetic energies. A
mean recoil anisotropy parameter of S=—0.37+0.05 is ob-
tained for the fast atoms, whereas the slow H-atom distribu-
tion was found to be nearly isotropic. More recently, in the
experiments of Ashfold and co-workers, the high velocity
resolution attainable in the Rydberg tagging method allowed
the observation of the vibrational structure of the pyrrolyl
coproduct. Analysis of the fragment modes, which are evi-
dent in the Kinetic energy release (KER) spectrum, suggests
that the 1 'A,« X 'A, transition is selectively induced by the
excitation of one or more quanta of vibration in certain non-
symmetric skeletal modes of the parent molecule. The mea-
sured angular distribution of the H atoms was shown to de-
pend on the identity of the vibrational state of the pyrrolyl
cofragment—consistent with the view that the parent mode
providing vibronic enhancement to the 1 'A,« X 1A1 excita-
tion maps through into the product. Although most of the
peaks appearing in the KER spectrum show a negative an-
isotropy, there are obvious exceptions, reaching values as
high as B~ +1.

In this work we use the slice imaging technique coupled
with a vacuum ultraviolet (UV) (1+1’) REMPI scheme to
detect H atoms from the photodissociation of pyrrole. The
experiments were carried out at 193, 240, and 250 nm using
different carrier gases. In contrast to the 243 nm based
(2+1) REMPI scheme used by Temps et al., the vacuum
ultraviolet (VUV) approach has a much higher resolution,
thus allowing the observation of much of the vibrational
structure reported by Cronin et al. Effects of the carrier gas
on the measured H-atom signal are also presented, which
strongly support the formation of mixed clusters of Xe with
pyrrole molecules with entirely different photolysis
behavior—especially in the long wavelength region. In
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FIG. 2. A schematic diagram of the ion optics used in the present experi-
ment. As noted in the text the supporting grounded rods are moved to a
larger diameter than in the original design described in Ref. 17.

Sec. IT we outline the experimental and computational details
of our study. In Sec. III we present the experimental results
for the photolysis of pyrrole at the three different wave-
lengths as well as the REMPI photofragment and photoelec-
tron spectra associated with the (Xe- - -pyrrole) dimer cluster.
These results are discussed in Sec. IV together with theoret-
ical results for the (Xe- - -pyrrole) cluster. Final conclusions
and future plans are presented in Sec. V.

Il. EXPERIMENTAL AND THEORETICAL METHODS
A. Experiment

The slice imaging experiments presented here were per-
formed in a recently enhanced apparatus, but all features and
procedures relevant to the present study have been described
previously.16 In the present experiment we use a new set of
ion optics to perform slicing and velocity mapping using a
single field."” In the original design, four grounded rods were
used as standoffs to hold the repeller and extractor at the
proper distances. These rods were located on a diameter of
50 nm with respect to the time of flight axis. However, we
noticed that for long delays (>300 ns) the rods started to
affect the roundness of the images. Hence it was necessary to
move the rods to a larger radius (96 mm). The repeller is
held using flush screws while the extractor is bolted onto a
larger grounded plate as shown in Fig. 2. In order to maintain
space focusing, the separation between repeller and extractor
was increased slightly from 22.5 mm reported previously to
31.5 mm.

Photolysis UV radiation at 240 and 250 nm is generated
by Nd:yttrium aluminum garnet (Spectra Physics Pro Series
450) pumping a master oscillator power oscillator system
(Spectra Physics 730D10). The 193 nm laser light is gener-
ated from a compact excimer laser (Neweks PSX-501) and is
polarized using Brewster reflection.

We use a VUV-UV (1+1’) REMPI scheme for detecting
the H atoms. The VUV radiation at 121.6 nm pumps the
hydrogen atom to its 2p state, from where it is ionized by the
UV light at 364.7 nm. The VUV laser radiation is generated
using nonresonant tripling by focusing the 364.7 nm radia-
tion produced by an excimer pumped dye laser system (LPX
400, FL3002) with a 150 mm focal length lens in a cell
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containing 170 mbar Kr and 370 mbars of Ar. The resultant
VUV beam is focused onto the 2 mm diameter molecular
beam using a MgF, lens (Crystran) while the residual
364.7 nm laser light is focused about 1.5 cm behind the
beam. Both UV and VUV laser beams remain mutually very
well collimated. Optimization of both the alignment of the
VUV and UV laser beams and the Kr/Ar mix ratio in the
tripling cell is performed by monitoring the H atoms pro-
duced by running a current of 3 A through a tungsten fila-
ment. The red-hot filament generates H atoms from the py-
rolysis of background pump oil (the base pressure in the
detector region is 1 X 1077 mbar). When the hot filament is
turned off, negligible amounts of H atoms are observed.

Due to the high velocity of the H-atom photofragments,
the laser bandwidth used to excite the 2p < ls transition is
narrower than the Doppler profile. In order to record all the
velocities with similar probabilities, the VUV laser is
scanned over the Doppler profile of the 2p <« ls transition
during the experiments. The phase matching conditions in
the tripling cell are sufficient to cover the region scanned.

Slice images are obtained using a 300 ns extraction de-
lay and an effective 10 ns detector gate. The repeller voltage
used is 1500 V, and the detector voltages are 4.8 kV be-
tween back (output) microchannel plate (MCP) and phosphor
screen, 1200 V on the back (output) MCP, and pulsing
—700 V on the front (input) MCP. Images are obtained using
two laser polarization geometries: X (pump), Z (probe), and
ZZ geometries, where X is perpendicular to the laser propa-
gation axis (Y) and Z is parallel to the molecular beam. An-
gular distributions determined from the XZ images are nor-
malized by the angular distributions measured in the
corresponding ZZ images thus removing any systematic er-
rors such as detector inhomogeneities.

The molecular beam is produced by a home built pulsed
nozzle based on a piezoelectric disk actuator.'® Pyrrole is
freeze thawed and subsequently heated to assist evaporation
into the gas line supplying the nozzle. Carrier gas is added to
the supply line at a total backing pressure of approximately
500 mbars. The nozzle orifice is 1 mm in diameter and gas
pulses of less than 300 ws duration are generated.

B. Theory

Geometry optimizations and subsequent harmonic vibra-
tional analysis for the ground states of pyrrole (C4H;N), pyr-
role cation (C4,HsN*), and their complexes with Xe
[(Xe-+-C4H;sN) and (Xe---C,HsN*)] were carried out at the
second order Mgller-Plesset perturbation (MP2) level of
theory.19 The geometries of all species were optimized using
the augmented correlation-consistent basis sets®® of double
(aug-cc-pVDZ) and triple (aug-cc-pVTZ) zeta quality on the
C, N, H atoms and the corresponding aug-cc-pVDZ-PP and
aug-cc-pVTZ-PP basis sets based on small-core relativistic
pseudopotentials21 for Xe. Harmonic vibrational frequencies
were obtained using the combination of double zeta quality
basis sets (aug-cc-pVDZ/aug-cc-pVDZ-PP) for all species.
In order to converge the energies at the MP2 level of theory
we have also performed single point energy calculations with
the combination of basis sets of quadruple zeta quality (aug-
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cc-pVQZ/aug-cc-pVQZ-PP) at the optimal geometries ob-
tained with the combination of triple zeta sets. All electronic
structure calculations were carried out with the GAUSSIAN 03
(Ref. 22) program suite.

lll. RESULTS
A. Photolysis at 250 nm

Figure 3(a) shows the XZ image for the photolysis of
pyrrole at 250 nm, seeded in He (all images shown are quad-
rant symmetrized). Figure 3(b) shows the KER spectrum of
the H atoms obtained from the image in Fig. 3(a) when using
for calibration the value of Dy(N—H)=32 850 cm™! as deter-
mined by Cronin et al. In the KER spectrum of Fig. 3(b) we
observe a number of peaks. For comparison purposes we
have overlaid our KER spectrum with the one of Cronin et
al. obtained at the same wavelength by Rydberg tagging. The
agreement between the two experimental spectra is excellent.
Aside from the superior velocity resolution of the Rydberg
tagging method, the same sharp features (peaks) are ob-
served in the slice imaging data. Our images indicate that a
non-negligible yield of H atoms is formed with a small ki-
netic energy as part of a broad distribution that tails off
around 10 000 cm™'. Angular distributions for several of the
sharp peaks are shown in Fig. 4. Angular distributions are
fitted to the functional form 1+ B[P, cos(6)], where 6 is the
angle between the photolysis laser polarization (in this case

1.0 r T T T
®) 250 nm B

08F Slice Imaging E
— Rydberg Tagging

06}

Intensity
o
FS

o
N
T

0.0 L
0 2000 4000 6000 8000

KER /cm!

10000

FIG. 3. (a) H-atom photofragment slice image following the photolysis of
pyrrole at 250 nm with &, aligned vertically. (b) H-atom kinetic energy
distribution obtained from image (a) and from Ref. 14.
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FIG. 4. H-atom photofragment angular distributions for
the various peaks in the KER spectrum of Fig. 3(b).
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vertical) and the recoil axis and B is the anisotropy param-
eter. We observe negative values of S that tend towards zero
(i.e., an isotropic recoil distribution) as the H-atom velocity
becomes small.

When seeding pyrrole in Xe or Kr and expanding under
the same conditions of backing pressure, pulse duration, etc.,
essentially no H-atom release was observed when exciting at
250 nm, and we were unable to obtain an image of reason-
able quality.

B. Photolysis at 240 nm

The XZ image for the photolysis of pyrrole seeded in He
at 240 nm is shown in Fig. 5(a). Figure 5(b) displays the
KER spectrum of the H atoms obtained from the image in
Fig. 5(a) using the same calibration as in Fig. 3(b). For com-
parison purposes we have again overlaid our KER spectrum
with that recorded at the same wavelength by Cronin ef al.
The agreement between the two experimental spectra is once
again excellent. Most of the sharp features observed in the
very high resolution Rydberg tagging experiment are re-
solved or partially resolved in the slice imaging data. Angu-
lar distributions for several of the peaks are shown in Fig. 6.
As in the case of 250 nm and in addition to the sharp features
at large H-atom KER, we observe an underlying broad dis-
tribution in the slice imaging data that tail off at
~11 000 cm™".

When seeding pyrrole in Xe or Kr and expanding under
the same conditions of backing pressure, pulse duration, etc.,
essentially no H-atom release was observed when exciting at
240 nm, and we were unable to obtain an image of reason-
able quality.

C. Photolysis at 193 nm

Figure 7(a) shows the XZ image for the photolysis of
pyrrole at 193 nm when seeding in He, whereas the KER
spectra when seeding in both He and Xe are shown in Fig.
7(b). Unlike the longer excitation wavelength behavior re-
ported above, the photolysis of pyrrole at 193 nm using Xe

150 180

Scattering Angle (deg)

as the carrier gas appears to be just as efficient as when using
He. The main difference with the spectra obtained at the two
longer wavelengths is the absence of any sharp features in
the KER spectra. A bimodal distribution is observed and the
H atoms appear to recoil with very low anisotropy. When
comparing to the previous Rydberg tagging experiments, the

12 240 nm D (b) 1
—— Slice Imaging E
1.0 } —— Rydberg Tagging 1
o
08} A d
2
B
§ 0.6} B L
£
04} H -
| A
0.2} J
0.0 T T T T
0 2000 4000 6000 8000 10000
KER (cm™)

FIG. 5. (a) H-atom photofragment slice image following the photolysis of
pyrrole at 240 nm with &, aligned vertically. (b) H-atom kinetic energy
distribution obtained from image (a) and from Ref. 14.
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main difference of our data is the relative intensity of the fast
and slow features in the KER distributions.'*"* Only a slight
difference between the intensities of the peaks corresponding
to the fast and slow H atoms is observed among the two sets
of data obtained when using He and Xe as carrier gases.
From the angular distributions shown in Fig. 8, once again
we see that the anisotropy parameter approaches zero as the
velocity of the H atoms is reduced.

D. REMPI photofragment and photoelectron spectra

When using Xe as the seeding gas in the molecular
beam, several (1+1’) REMPI transitions are observed: \
=363.898, 363.844, and 363.796 nm. Excitation at these
wavelengths produces Xe* ions in the mass spectrum, and a
typical photofragment image of these Xe* products is shown
in Fig. 9(a). A series of rings are observed with low aniso-
tropy. At larger radii a strongly anisotropic feature is present
as shown in Fig. 9(b). This is the same image as that shown
in Fig. 9(a) but with enhanced contrast. The appearance of
the images is the same for all the resonances observed in this
region and only the yield of Xe* varies between the reso-
nances. The Xe™ KER spectrum obtained from the photofrag-
ment image is shown in Fig. 10(a).

The REMPI photoelectron spectrum obtained following
excitation at A=363.898 nm was also recorded and results
are shown in Fig. 10(b). Three main peaks are observed
along with two satellite features. The spectra and the laser
wavelength in this region is calibrated by measuring the
(3+1) REMPI of atomic Xe via the 5d[5/2], J=3 state at
82430 cm™!.

16— .

193 nm ®) ]
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14
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4000 8000
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0.0
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FIG. 7. (a) H-atom photofragment slice image following the photolysis of
pyrrole at 193 nm with &, aligned vertically. (b) H-atom kinetic energy
distribution obtained at 193 nm for Xe and He carrier gases.
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FIG. 8. H-atom photofragment angular distributions for the various peaks in
the KER spectrum of Fig. 7(b).

IV. DISCUSSION
A. Photolysis of pyrrole

In the previous studies of pyrrole photodissociation at
243 nm by Temps and co-workers, a bimodal H-atom KER
distribution attributable to N-H bond fission was observed.
Our results at all three wavelengths also show this character-
istic bimodal distribution. The intense fast channel was at-
tributed to “direct” dissociation involving vibronically in-
duced excitation from the S, state to the S ](IAZ, Y7o") state
(see Fig. 1). The slow products observed when exciting at
short wavelengths are readily attributable to a mechanism
that involves initial excitation from the SO(IAI) to the
S,('B,,'m7") state, followed by internal conversion back to
the S, ground state and subsequent unimolecular (statistical)
dissociation. At longer wavelengths, however, the photon en-
ergies are insufficient to access the 'B, state. The slow
H-atom products observed when exciting pyrrole in He car-
rier gas at 240 and 250 nm (which are less evident in the
Rydberg tagging data) may raise from the dissociation of
ground state pyrrole molecules formed by coupling from the
1 lA2 state at the conical intersection at large Ry_y bond

FIG. 9. (a) Xe* photofragment image following the excitation of pyrrole
seeded in Xe at A=363.9 nm, with &, aligned vertically. (b) Same image
as (a) except that the contrast has been enhanced to reveal the weak aniso-
tropic ring at larger radius.

J. Chem. Phys. 127, 064306 (2007)

lengths or from the dissociation of some (unintended) cluster
component within our beam. Similar conclusions were
reached by Ashfold and co-workers following the photolysis
of pyrrole in the range of 193.3 nm <A, <254 nm. Their
experiments suggested a trend in the relative intensity of the
fast and slow peaks, namely, that the slow channel gains in
intensity as the photolysis wavelength decreases. For wave-
lengths >240 nm, the unsurpassed velocity resolution of-
fered by the Rydberg tagging23 method allowed them to re-
solve well defined structure in the fast channel, attributable
to the population of selected vibrational levels of the ground
state of the pyrrolyl radical. Our adaptation of a (1+1’), as
opposed to the (2+1), REMPI detection scheme for H atoms
eliminates the photoelectron-recoil problem of the latter
method resulting in high-resolution images24 and allows
resolution of much of the structure observed by Ashfold and
co-workers.' %

The KER spectrum obtained at 193 nm shows no resolv-
able sharp features. Its center of gravity in kinetic energy
space is barely shifted from that seen in the long wavelength
data. When A is reduced from 240 to 193 nm, therefore,
the additional energy provided by the photon is largely re-
tained as vibrational excitation of the pyrrolyl moiety. These
observations indicate a remarkable degree of vibrational
adiabaticity in the dissociation of pyrrole molecules through
their §,('A,, 7o) state.'**

The measured angular distributions for the fast H atoms
at 243 nm in the experiments of Temps and co-workers were
shown to be anisotropic, associated with a 8 parameter of
~—0.3. At those wavelengths where it was possible to re-
solve product vibrational structure, the Rydberg tagging
experiments14 showed that the recoil anisotropy depended on
the vibrational level of the pyrrolyl cofragment but averaged
to an overall negative B. Our energy resolution does not
allow full delineation of these features in the present slice
images, but a negative B value is also found for the fast H
atoms measured in the present work, that tends towards zero
at lower velocities (Figs. 4, 6, and 8).

B. The (Xe---pyrrole) cluster

In the present study, when pyrrole is seeded in Xe or K,
no H-atom photofragments are observed when exciting near
the extreme red end of the parent absorption spectrum. We
attribute this blockage (quenching) of the N-H bond fission
when seeding in Xe to the formation of clusters and below
we discuss our specific observation for the (Xe- - -pyrrole)
dimer cluster (to be referred to as Xe-Py from now on).

The optimal structures of the ground states of pyrrole
(Py, X 'A, of C,, symmetry), its cation (Py*, X *A, of C,,
symmetry), and their minima with Xe, (Xe-Py), and
(Xe—Py)*, at the MP2 level of theory with the combination
of basis sets of triple zeta quality (see Sec. II B) are shown in
Fig. 11, where the labeling of the atoms is also denoted.
These calculations aim in the characterization of the struc-
tural and energetic properties of the respective ground states
for the neutral and cation (Xe—Py) cluster and will be used as
the starting points in future calculations of their excited state
manifold. Complexation of the neutral Py as well as its cat-
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ion (Py)* with Xe results in two minima, one 7 bonded with from its distance from the center of mass (M)

the Xe out of plane (denoted as m,) the other with the Xe in
plane and bonded to hydrogen (denoted as m,), as shown in
Fig. 11. In the case of the (Xe-Py) cluster, both have C,
symmetry (albeit having different planes of symmetry) on
the 'A’ PES (see Table I). For the (Xe—Py)* cluster, the
7-bonded minimum (m,;) assumes a quasisymmetric geom-
etry (*A) whereas the hydrogen-bonded minimum (,) has
C», symmetry (*A,) (for the m, structures all atoms lie on the
same plane). The (7-bonded) structure of C; symmetry for
(Xe—Py)* is a first order transition state with an imaginary
frequency of 22 cm™!, lying just 0.05 kcal/mol above the
local quasisymmetric minimum of C; symmetry.

The optimal values of the internal coordinates of all spe-
cies with the double (first line) and triple (second line) zeta
sets are listed in Table I. As expected due to the weak inter-
action with Xe, the internal coordinates of the (Py) and (Py)*
fragments in both the m; and m, (Xe—Py)* minima are mini-
mally perturbed from their isolated gas phase values result-
ing in slightly distorted, off-C,, geometries. Typical changes
due to the weak interaction with Xe are <0.001 A for the
bond lengths involving heavy atoms, <0.0002 A for the
bond lengths involving H [except for the N-H bond length of
the H-bonded m, minimum of (Xe-Py)* which changes by
0.006 A], and <0.05° for the bond angles. The position of
Xe with respect to the (Py), (Py)* fragments is determined

Cp b

Py (1A11 CZV) (xe'PY) (1A'1 cs); m,

Py* (%A, Cy) (Xe-Py)* (?A, C,); m,

of the (Py), (Py)® moieties and the corresponding angle
as indicated in Fig. 11 and Table I. The dihedral angle
8=[Xe-(M-N-H)] is uniquely determined (5=90° for m,,
6=0° for m,) due to symmetry. It should be noted that the
position of (M) is slightly different in the m; and m, minima
due to the slightly different values of the internal coordinates
of the (Py) and (Py)* fragments in the two minima as indi-
cated from the results of Table I. Furthermore for the
H-bonded minimum 2, of the (Xe-Py) cluster the two sets
of bond lengths for C,-C,, C,—N, C,—H,, etc., and corre-
sponding angles are not exactly identical as the presence of
Xe in the plane of the molecule slightly perturbs them but the
differences between the two sets are <0.001 A for the bond
lengths and <<0.1° for the angles. The R(Xe-M) distance for
the H-bonded minimum (m,) is ~1.0 A longer than the one
for the m-bonded minimum (m,).

The corresponding energies (in a.u.) of all species with
the combination of basis sets up to quadruple zeta quality are
shown in Table II. The harmonic vibrational frequencies at
the MP2//aug-cc-pVDZ/aug-cc-pVDZ-PP level of theory are
shown in Table IIl. The corresponding harmonic zero-point
energies are 51.84 (Py), 55.15(Py)*, 51.75(Xe—Py,m,),
51.80(Xe—Py,m,), 55.54(Xe—Py*,m,), and 55.71 kcal/mol
(Xe—Py*,m,), respectively. For the neutral (Xe-Py) cluster

(Xe-Py) ('A’, C,); m,

FIG. 11. Optimal geometries for the (Xe-Py) and
(Xe—Py)* clusters.

(Xe-Py)* (2A;, C,,); m,
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TABLE I. Optimal geometries for (Py), (Py)*, and their clusters with Xe, (Xe-Py), and (Xe—Py)* at the MP2
level of theory with the combination of double (first line) and triple zeta (second line) quality basis sets (see

text).
(Xe-Py) (Xe-Py)*
my ny my my
Internal (Py) (7 bonded) (H bonded) (Py)* (7 bonded) (H bonded)

coordinates X'A, (G,  'AT(C) A" (C) XA, (Cy) 24 (C)) ’A, (Cyy)
R(N-H) (A) 1.0122 1.0124 1.0122 1.0180 1.0179 1.0235
1.0051 1.0053 1.0054 1.0114 1.0111 1.0124
R(C,-N) (A) 1.3795 1.3789 1.3789 1.3656 1.3646 1.3642
1.3693 1.3687 1.3689 1.3550 1.3541 1.3789
R(C,-H,) (A) 1.0878 1.0878 1.0878 1.0904 1.0903 1.0904
1.0761 1.0761 1.0762 1.0788 1.0786 1.0878
R(C,~C,) (A) 1.3975 1.3980 1.3979 1.4411 1.4407 1.4414
1.3829 1.3835 1.3835 1.4281 1.4276 1.3980
R(C,-H,) (A) 1.0890 1.0891 1.0891 1.0891 1.0890 1.0890
1.0768 1.0769 1.0769 1.0771 1.0770 1.0891
HH-N-C,) (deg) 124.78 124.75 125.13 125.30 125.28 125.36
124.87 124.85 125.50 125.39 125.38 124.75
$(H,~C,~N) (deg) 121.30 121.33 121.28 121.62 121.63 121.52
121.24 121.28 121.27 121.58 121.61 121.33
H(N-C,—C,) (deg) 107.36 107.33 107.37 108.34 108.34 108.48
107.41 107.39 107.41 108.37 108.39 107.33
#(H,~C,~C,) (deg)  125.50 125.51 125.52 124.91 124.94 125.03
125.48 125.48 125.49 124.88 124.90 125.51
R(Xe—-M) (A) 3.6117 4.7104 3.7245 4.7964
3.4978 4.5984 3.5412 4.6960

d(Xe-M-N) (deg) 84.32 29.09 81.94 0.00
86.08 27.25 85.09 0.00

the m-bonded minimum (m;) is lower in energy than the
hydrogen-bonded one (m,) as indicated in Tables III and IV.
The order is, however, reversed for the cation (Xe—Py)*
cluster for which the H-bonded minimum (m,) is lower in
energy. The energy separation between the two isomers in-
creases with increasing basis set but it is converged with the
combination of the largest basis sets (aug-cc-pVQZ/aug-cc-
pVQZ-PP) used in this study. Our best estimate at the MP2
level with the combination of the largest basis sets used in
this study (aug-cc-pVQZ/aug-cc-pVQZ-PP) and inclusion of
harmonic zero-point energy differences is that for the neutral
(Xe-Py) cluster the 7r-bonded isomer (m;) is more stable
than the hydrogen-bonded isomer (m,) by ADy=0.07 eV,
whereas for the cation (Xe—Py)* the situation is reversed

with the H-bonded minimum being more stable than the
a-bonded one by 0.04 eV. The effects of (harmonic) zero-
point energy corrections to this difference are quite small
(+0.002 eV for the neutral and —0.007 eV for the cation) as
can be seen from Table IV.

Experimental confirmation of the cluster formation, al-
beit in its excited state, is given from the Xe* images at the
various REMPI transitions around 363.9 nm. The VUV light
produced at this wavelength is very close to the energy of the
5d[5/2], J=3 level of atomic Xe at 82430 cm™', but the
one-photon transition to this state is of course forbidden
(AJ==1). If the Xe* observed in the mass spectrum is pro-
duced from REMPI of atomic Xe, carrier gas, no Xe* recoil
is anticipated and the image is expected to consist of a single

TABLE II. Energies (in a.u.) of Xe, Xe*, Py, Py*, and the two minima for (Xe-Py) and (Xe—Py)* at the MP2
level of theory with the basis sets of double through the quadruple zeta quality.

Species

Isomer

aug-cc-pVDZ/
aug-cc-pVDZ-PP

aug-cc-pVTZ/
aug-cc-pVTZ-PP

aug-cc-pvVQZ/
aug-cc-pVQZ-PP

Xe
Xe*
(Py)
(Py)*
(Xe-Py)

(Xe—Py)*

m; (7 bonded)
m, (H bonded)
m; (7 bonded)
m, (H bonded)

—328.4250454 -328.549 1126 -328.661 616 8
-327.9730150 —328.093 650 5 —328.201 346 4
—209.563 020 1 -209.748 373 4 —209.807 809 4
-209.258 193 9 -209.4379167 —209.495 551 8
—537.993 644 9 —538.304 5577 —538.477554 6
—537.992016 1 —538.302 396 1 —538.475 1417
—537.689 850 5 —537.995 0422 —538.166 078 4
=537.6912490 =537.996 997 6 —538.167 7547
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TABLE III. Harmonic vibrational frequencies (in cm™) for Py, Py*, (Xe-Py), and (Xe—Py)* at the MP2//aug-
cc-pVDZ/aug-cc-pVDZ-PP level of theory.

(Xe-Py) (Xe—Py)*
my my m nmy
(Py) (7 bonded) (H bonded) (Py)*+ (7 bonded) (H bonded)
X', (Cy) ‘A’ (c) ‘A" (C) XA, (Cy) A (Cy) *A; (Cy)
515 (b)) 50 (a’) 40 (a") 489 (b,) 26 22 (by)
609 (a,) 65 (a”) 45 (a") 499 (a,) 49 61 (b))
637 (b)) 66 (a’) 53 (a') 687 (b)) 67 71 (ay)
665 (a,) 515 (a’) 526 (a”) 741 (by) 488 495 (b,)
719 (by) 592 (a”) 610 (a”) 862 (ay) 492 501 (ay)
792 (b,) 631 (a') 643 (a”) 869 (b,) 680 739 (by)
817 (a,) 659 (a") 665 (a”) 883 (a,) 737 768 (b;)
859 (b,) 715 (a') 719 (a") 890 (b,) 846 864 (a,)
882 (ay) 784 (a') 794 (a”) 914 (a,) 869 872 (b,)
107 (a,) 801 (a”) 817 (a") 1013 (b,) 882 882 (a;)
1056 (b,) 858 (a”) 859 (a') 1080 (a,) 884 899 (b,)
1096 (a;) 882 (a') 883 (a') 1114 (a,) 901 912 (a,)
1157 (by) 1036 (a’) 1036 (a') 1181 (ay) 1014 1016 (b,)
1168 (a;) 1055 (a”) 1056 (a’) 1215 (by) 1080 1080 (a;)
1292 (b,) 1096 (a’) 1096 (a’) 1308 (b,) 1114 1113 (a,)
1431 (a,) 1158 (a”) 1156 (a') 1493 (b,) 1182 1184 (a;)
1481 (by) 1168 (a') 1168 (a') 1518 (a,) 1214 1219 (by)
1495 (a,) 1291 (a”) 1290 (a’) 1561 (a;) 1307 1310 (by)
1545 (b,) 1431 (a’) 1431 (a’) 3270 (b,) 1493 1502 (b,)
3272 (by) 1482 (a”) 1480 (a') 3293 (ay) 1519 1518 (a,)
3283 (a,) 1495 (a’) 1494 (a’) 3294 (b,) 1560 1562 (a,)
3299 (b,) 1544 (a") 1543 (a’) 3310 (a,) 3277 3280 (b,)
3305 (a,) 3271 (a") 3271 (a’) 3479 (b,) 3294 3294 (a,)
3673 (ay) 3283 (a') 3284 (') 3609 (ay) 3297 3296 (b,)
3297 (a") 3300 (a’) 3310 3310 (a;)
3304 (a’) 3307 (a’) 3577 3499 (a,)
3669 (a’) 3671 (a’) 3611 3703 (b,)

TABLE IV. Calculated and experimentally determined energetics (in eV) of Xe, (Py), and the (Xe-Py) cluster
and energy separation between the m,; and m, minima. Numbers in parentheses include (harmonic) zero-point

energy corrections.

aug-cc-pVDZ/ aug-cc-pVTZ/ aug-cc-pVQZ/
Energetics aug-cc-pVDZ-PP aug-cc-pVTZ-PP aug-cc-pVQZ-PP Expt.
IP(Xe) 12.30 12.39 12.52 12.13*
IP(Py) 8.29 (8.44) 8.45 (8.59) 8.50 (8.64) 8.2
VIE(Xe-Py) wrt Xe+(Py)* 8.40 8.57
VIE(Xe-Py) wrt (Xe*)+Py 12.41 12.51 12.05°

AEm2_ml, (Xe—Pyr)
AE’"z*’"l’ (Xe-Pyr)*
D.(Xe—Py)*, m,
Dy(Xe-Py)*, m;
D (Xe-Py)*, m,
Dy(Xe—Py)*, m,
D.(Xe-Py), m,
Dy(Xe-Py), m,
D.(Xe-Py), m,
Dy(Xe-Py), m,

0.044 (0.046)
-0.038 (=0.031)
0.18
0.16
0.22
0.19
0.15
0.16
0.11
0.11

0.059 (0.061)
-0.053 (=0.046)
0.22
0.20
0.27
0.25
0.19
0.20
0.13
0.14

0.066 (0.068)
-0.046 (-0.038)

0.24
0.23
0.29
0.26
0.22
0.23
0.16
0.16

“Reference 26.
"This work.
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TABLE V. Photoelectron peak energies and corresponding Xe* KER (see
text for details).

e~ KER Vertical energy Xe* KER
Peak (eV) (eV) (eV)
A 1.28 12.35 0.073
B 1.17 12.46 0.11
C 1.08 12.55 0.14
D 0.95 12.68 0.19

spot. Clearly the appearance of the images and the deduced
from of the KER spectrum in Fig. 9, suggests that the Xe* is
produced from a molecular precursor.

The appearance of the photoelectron spectrum in Fig. 10
further confirms the presence of the (Xe-Py) cluster. The
electron KER of the peaks in the spectrum is listed in Table
V. Peak O in Fig. 10 is the band origin and to a first approxi-
mation we can assign it to the transition [(Xe-Py),v"=0]
—[(Xe-Py)*,v'=0]. The total photon energy VUV+UV is
13.63 eV (10.22+3.41 eV). From the energy of peak O we
determine that the vertical ionization energy (assuming that
the electron is being removed from the Xe atom) for forming
this particular state of the (Xe—Py)™ cluster is
12.05+0.05 eV. We observe that this energy is 0.080 eV
lower than the first ionization energy of Xe. The rest of the
peaks correspond to overtones, i.e., [(Xe—Py),v"=0]
—[(Xe=Py)*,v’ >0]. It is also interesting that although the
photoelectron spectrum appears fairly simple, only Xe* is
observed in the mass spectrum and no (Xe—Py)* parent ion.
This suggests that the parent ion must readily dissociate ac-
cording to

(Xe—Py)* — Xe*(*P;,) + (Py). (1)

To determine the nature of the pyrrole fragment elec-
tronic state we consider a qualitative energy level diagram
shown in Fig. 12. We notice that the energy of the asymptotic
limit for forming Xe*(*P;,) and pyrrole (X'A,) in its
ground electronic state (12.13 eV) is just below the channel
forming neutral Xe('S,) and electronically excited pyrrole
cation Py*(zB,) (formed by removing an electron from the
9a, molecular orbital) located at approximately 13.0 eV. So

J. Chem. Phys. 127, 064306 (2007)

we assume that any (Xe—Py)" states formed from the photo-
ionization process that lie above the energetic limit of
12.13 eV will predissociate into this channel. From the pho-
toelectron KERs we can determine the excess energy E, and
subsequently the KER for the Xe* fragments via the relation-
ship

m(Py)
m(Py) + m(Xe) “

The determined KER(Xe*) values are listed in Table V
and are plotted in Fig. 10(a). The agreement with the low
energy structure in the KER spectrum obtained from the pho-
tofragment images is excellent. For the minor peaks F" and D
we perform the reverse calculation and from the measured
Xe* KER we deduce that the corresponding ¢~ KER would
be in the photoelectron spectrum and we plot the results in
Fig. 10(b). These energies lie well within the photoelectron
spectrum measured and are hence consistent with our model.
Distinct features for these two minor channels are not re-
solved because of insufficient experimental sensitivity and
signal to noise ratio.

Further support from the predissociation model sug-
gested comes from the angular distribution of the Xe* pho-
tofragments at low energy, that are essentially isotropic, as
expected for a relatively slow (with respect to the rotational
period) predissociation process. On the other hand, peak X in
Xe* KER in Fig. 10(a) is very anisotropic leading us to be-
lieve that this channel results from a direct photodissociation
mechanism. This most probably involves the absorption of
another UV photon that excites the ground state (Xe—Py)*
cluster onto a dissociative state. We assume that this elec-
tronically excited cluster state also correlates asymptotically
to the formation of Xe*(*P,,) and pyrrole (X 'A;) and a
qualitative diagram is shown in Fig. 13. Using conservation
of energy and Eq. (2) we obtain

341 eV-D,[Xe-Py]'=E,

KER(Xe") = (2)

_ KER(Xe*)—m(P}Z (’;'y")(xe) ,

3)

hence

lllllllllllrlllllllllllllllIllllllllllllllllllllll

Peaks A,B,C,D

1 VUV+UV=13.63eV

Xe + Py*(B2B,), 13.0 eV

| Xe'+Py(X'A,), 1213 eV

FIG. 12. Qualitative potential energy diagram for the

(Xe-Py)*

Xe + Py*(AZB,), 9.2V
Xe + Py*(X?A,), 8.2 eV

Xe-Py

RXe-Py

Xe + Py(X 'A;), 0eV

dissociative photoionization of Xe—Py cluster.
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\ UV=3.41 eV

e

A (XePy)* E,

~
s ~ — y
~-= | Xe* + Py(X'A,)
/ D,(Xe-Py)*
A
\/

X (XePy)*

R Xe-Py

FIG. 13. Qualitative potential energy diagram for the photodissociation of
ground state (Xe—Py)* cluster.

D,[Xe-Py]* ~0.45+0.05 eV,

where the error bars are estimated from the average half-
width of the peaks in the KER spectrum. The above value for
Dy(Xe—Py)* for the excited state correlating with the Xe*
+Py(X 'A,) asymptote (see Fig. 12) is an upper limit as we
have assumed that all of the excess energy goes into product
translational energy. This estimate for the binding energy of
the excited state is not to be confused with our calculated
value of similar magnitude for the ground state Dy(Xe—Py)*
correlating with the Xe+Py*(X *A,) asymptote, listed in
Table IV for the two minima of this cluster. The energetics of
the excited states of the (Xe—Py)* cluster will be examined
in a subsequent publication.

Using conservation of energy, the position of the origin
of the photoelectron spectrum at 1.58 eV and the energy
level diagram in Fig. 12 we write,

13.63 eV=D [Xe*Py]+12.13 eV - D, [Xe- Py]*
+1.58 eV, (4)
hence
D,[Xe-Py]*—D,[Xe-Py] ~0.08+0.05¢eV.

This corresponds to the difference in the binding energies
between the ground state of the neutral (Xe—Py) and the ex-
cited state of the cation (Xe—Py)* cluster that correlates with
the asymptote Xe*+Py(X 'A)), see Fig. 12. This energy dif-
ference should not be confused with the calculated (in Table
IV) energy difference between the ground states of the neu-
tral (Xe-Py) and the cation (Xe—Py)* cluster, the latter cor-
relating with the Xe+Py*(X %A,) asymptote. As noted earlier
the energetics of the excited states of the (Xe—Py)* cluster
will be presented in a subsequent publication.

V. CONCLUSIONS AND OUTLOOK

Experimentally, we have demonstrated that when imag-
ing H-atom photofragments, the (1+1’) REMPI scheme used
in this work offers much higher resolution than the tradi-
tional (2+ 1) REMPI at 243 nm. Concerning the UV photoly-
sis of pyrrole we have confirmed the previous results of Ash-
fold and co-workers, namely, that in this region the

J. Chem. Phys. 127, 064306 (2007)

absorption is selectively induced by populating one or more
quanta of vibration in the non-symmetric skeletal modes of
the parent molecule. We have also spectroscopically identi-
fied the formation of the Xe—Py cluster when using Xe as the
carrier gas in our molecular beam. The structure and dynam-
ics of this cluster were discussed based both on the experi-
mental and computational results presented.

A question, which still remains unanswered, is why the
cluster formation apparently quenches N—H bond fission.
Cluster formation generally tends to shift valence absorption
bands to the red and, consequently, it is not obvious that the
closing of the H-atom fragment channel should occur for
energetic reasons, i.e., shifting of the energetic threshold.

Though in the present study we have spectroscopically
identified only the Xe—Py cluster, the presence of higher or-
der clusters Xe—Pyy (N=1,2,3,...) cannot be ruled out.
However, our low stagnation pressures and relatively large
nozzle diameter lead us to doubt whether Xe “snowball” ef-
fects, i.e., entrainment of pyrrole molecules in large Xe clus-
ters, could provide an explanation.

In the case of the dimer cluster, does the presence of the
heavy Xe atom inhibit the nontotally symmetric skeletal vi-
brations that, considering the conclusions of Ashfold and co-
workers, promote the fast H-atom release, therefore shutting
down the N-H bond fission channel? Our current results (see
Table III) suggest that the vibrational spectrum of (Py) is
only weakly perturbed by the presence of one Xe atom. So
this drastic effect should not be attributed to changes in the
vibrational degrees of freedom. Additional electronic struc-
ture calculations aiming to understand how the presence of
the noble gas affects the excited state manifold of pyrrole in
order to address this question are currently under way.
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