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Abstract

We report on the first observation of the organoxenon HXeCCH molecule in the gas phase. This

molecule has been prepared in a molecular beam experiment by 193 nm photolysis of an acetylene

molecule on Xen clusters (n̄ ≈ 390). Subsequently the molecule has been oriented via the pseudo-

first-order Stark effect in a strong electric field of the polarized laser light combined with the weak

electrostatic field in the extraction region of a time-of-flight spectrometer. The experimental evi-

dence for the oriented molecule has been provided by measurements of its photodissociation. For

comparison, photolysis of C2H2 on Arn clusters (n̄ ≈ 280) has been measured. Here the analo-

gous rare gas molecule HArCCH could not be generated. The interpretation of our experimental

findings has been supported by ab initio calculations. In addition, the experiment together with

the calculations reveals information on the photochemistry of the HXeCCH molecule. The 193 nm

radiation excites the molecule predominantly into the 21Σ+ state, which cannot dissociate the Xe-

H bond directly, but the system evolves along the Xe-C coordinate to a conical intersection of a

slightly non-linear configuration with the dissociative 11Π state, which then dissociates the Xe-H

bond.
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I. INTRODUCTION

The noble gas elements were long thought to be exempt from any chemical bond formation

until 1962, when the first compound containing Xe atom was synthesized.1 In the past

decades, noble gas chemistry has made a great progress. Among the most interesting noble

gas compounds belong their hydrides of the type H-Rg-Y, where Rg is the rare gas atom (Ar,

Kr or Xe) and Y is an electronegative atom or group. These species have been first observed

experimentally in 1995.2,3 Surprisingly, compounds of this type paved the way towards the

first and so far the only neutral argon compound HArF.4 The bonding in these molecules

has partly an ionic character with the positive charge localized on the H-Rg group and the

molecular residue Y being negative, (H-Rg)+Y−. However, the role of the covalent bonding

in these molecules is also essential. Until today, about twenty HRgY hydrides have been

identified. The fast development of the field is summarized in recent reviews.5–7 The HRgY

species can also contain an organic moiety as predicted theoretically by Lundell et al.8 The

first experimental evidence for organoxenon hydride formed from acetylene (HXeCCH) was

reported in 2003.9,10

Typically these molecules are prepared by UV photolysis or radiolysis of various HY

molecules in Rg matrices and subsequently identified by IR spectroscopy of a characteristic

vibrational band, the strong H-Rg stretching mode. In the matrix, the generation of the

molecule usually proceeds in two steps: first the atomic H and the rest fragments of Y are

produced by the HY molecule dissociation, and then the temperature is raised to activate the

migration of the H-atom in the matrix and the molecules are formed in the recombination

reaction H+Rg+Y→HRgY. However, an alternative direct formation mechanism has been

observed in some cases, e.g., after the photolysis of HCl in a Kr matrix.11,12 In this case

the H fragment was backscattered from an Rg atom in the next Rg-layer, recoiled to a

transition state of the H-Rg-Y geometry, and recombined to the HRgY molecule. Such

processes have been simulated by molecular dynamics with the non-adiabatic transitions

included.13 The time scale for such fast processes is of the order of a few picoseconds. The

HRgY molecule generated in the direct process can be immediately photolyzed with the next

photon arriving with the UV radiation used to photolyze the HY molecule. Therefore, the

total yield of the HRgY molecules generated in the matrix by the direct process is smaller

than for the molecules generated after the matrix annealing.
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Rare gas hydrides in the gas phase have been first observed in the group of U. Buck.14–16

The molecules are prepared by photodissociation of HY molecules on free Rg clusters in

molecular beams. Obviously, only molecules generated by the direct mechanism can be

produced in this case. The experimental evidence for the rare gas molecule in this exper-

iment is its orientation by a pseudo-first-order Stark effect17 and subsequent photolysis of

the oriented molecule. The measured time-of-flight spectra of the H-fragments from the

randomly oriented HY molecules are isotropic, while the fragments from the oriented HRgY

molecules contribute to the spectra anisotropy, as will be briefly discussed below. More de-

tails on the generation and orientation of HRgY molecules in cluster beam experiments can

be found in our recent review.18 A fairly high degree of orientation is required to identify the

molecule, which depends on molecular parameters such as the anisotropy of dipole polariz-

abilities. Since there is a trade off between these parameters, the stability of the molecule

and their photochemical properties, so far only two of these species (HXeI and HXeCl)

could be identified in the gas phase. We note that in our method a single laser pulse can be

utilized for (i) dissociation of the HY molecule and preparation of HRgY, (ii) orienting the

HYRg molecule, (iii) photodissociation of this molecule, and (iv) ionization of the outgoing

hydrogen fragment.

Here we report on the first observation of the free organoxenon hydride HXeCCH gen-

erated by the photolysis of an acetylene molecule C2H2 on a Xen cluster. Previously the

molecule has been observed after photolysis9 and, alternatively, fast electron bombardment10

of acetylene in solid Xe matrices. This molecule has also been prepared in argon and kryp-

ton matrices19 and its complex with CO2 has recently been characterized.20 In relevance to

the present study also the photodissociation of HXeCCH molecule at 193 nm irradiation

has been reported in Ref. 20. In all these experiments the molecule was generated in solid

state matrices, with the indirect process mentioned above after annealing of the irradiated

sample. Interestingly, it has been predicted that molecular crystals of HXeCCH should be

a stable phase.21

The output of the present experiment is a kinetic energy release spectrum originating

from oriented species. We have used the support of theoretical calculations to confirm that

the signal originates from the HXeCCH molecule. Theoretical calculations also bring further

insight into the processes of formation and decomposition of the molecule. In particular we

need to find whether (i) HRgY can be formed under the experimental conditions, (ii) HRgY
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is stable on the timescale of the experiment, (iii) HRgY can be oriented, (iv) HRgY can

be photoexcited, and (v) what are the reaction channels of HRgY after photoexcitation

and what is the energetics of the excitation processes. We have therefore explored the

potential energy surface of the HYRg/HRgY system at several levels of theory. The ground

state has been explored with density functional theory (DFT), M øller-Plesset perturbation

theory of second order (MP2), multi-state complete active space perturbation theory (MS-

CASPT2) and multi-reference configuration interaction (MRCI) levels, the excited states

have been mapped using equation of motion - coupled cluster (EOM-CCSD), MS-CASPT2

and MRCI levels of theory. It has been shown in several studies22–24 that calculations

covering a significant portion of the correlation energy, including the static correlation, is

vital for reliable estimates of HRgY compounds. This is especially true for the H+Rg+Y

dissociation channel. We have also used theoretical calculations to obtain the molecular

parameters on the basis of which we can discuss the degree of orientation of the molecule in

our experiment.

The HXeCCH molecule has been reported to be stable by 1.46 eV with respect to the

separation to the fragments H+Xe+C2H.5 Although the decomposition to Xe+HCCH is

exoergic by 4.5 eV, it is prohibited by a 2.18 eV high and extremely broad barrier along

the H-Xe-C bending coordinate. Two other species have been isolated in the matrices:9,10

HXeCC and HXeH. Furthermore, HCCXeCCH molecule has been predicted theoretically.25

We discuss the possible occurrence of these species in our experiment. We have also inves-

tigated the photolysis of acetylene on Arn clusters. We show that in this case the rare gas

molecule HArCCH is not generated or stabilized.

II. EXPERIMENT

A. Experimental apparatus

The experiment was performed in an apparatus for photodissociation studies of molecules

in cluster environments26 used previously at the Max-Planck Institute in Göttingen, and

installed recently at the J. Heyrovský Institute of Physical Chemistry in Prague. More

details of the experiment relevant to the generation of oriented molecules can be found in

the review Ref. 18 and references therein.
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Briefly, the Rgn cluster beam was produced by a supersonic expansion of neat Rg gas

through a nozzle of conical shape (60 µm diameter, 30◦ opening angle, 2 mm length).

The mean cluster sizes were determined by the expansion pressure and nozzle temperature

according to Hagena’s empirical law27,28 and are summarized in Tab. I. After passing through

a skimmer followed by a differentially pumped vacuum chamber, the cluster beam entered

a pick-up cell filled with the acetylene gas, where the C2H2 molecules were attached to the

clusters.

The molecules on clusters were photolyzed in a detection chamber equipped with a two-

stage time-of-flight spectrometer of the Wiley-McLaren type (WMTOF). Subsequently, the

H-fragments were ionized, and the spectrometer was used to record their time-of-flight dis-

tributions (TOF). For this purpose the WMTOF was operated in the so called low-field

mode with a small electrostatic field applied to extract the ions toward the detector. With

the extraction, ions could be detected with initially zero velocity or even a velocity vector

pointing away from the detector and their velocities could be analyzed. The extraction field

intensity was essential for the HRgY molecule orientation as discussed below, and is given

in Tab. I.

The acetylene molecules were photolyzed by the 193 nm radiation from an ArF/F2-

Excimer laser (Lambda: Compex 102). The laser pulses were repeated at a frequency of

10 Hz with a pulse duration of 20 ns. The emitted light was polarized using a thin film

polarizer (TFP), and sent into the detector chamber perpendicularly to both, the cluster

beam and the WMTOF axis. To orient the HXeCCH molecule the light was polarized par-

allel (0◦) with respect to the WMTOF axis. The effective laser intensity was approximately

3.3×1010 Wcm−2 in the interaction region.

After the dissociation the H fragment ionization proceeded with 243.07 nm laser beam

via the one-color, resonance enhanced multiphoton ionization (REMPI) in a 2+1 excitation

scheme. This wavelength was generated by mixing the fundamental of a Nd:YAG laser

(Quanta Ray GCR-5) with the frequency doubled output of a dye laser (LAS, LDL 20505)

operated at 630.3 nm, and pumped by the second harmonic of the Nd:YAG laser. The laser

pulses were repeated at a frequency of 10 Hz with a pulse duration of 5 ns. The polarization

of the ionization laser light was again parallel to the WMTOF axis (0◦ polarization). The

effective laser intensity in the focal spot was approximately 3.1×1010 Wcm−2, quite similar

to the intensity of the 193 nm radiation (Tab. I).
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Essential to these experiments was the beam overlap. The time synchronization of the

two laser beams was achieved by triggering the excimer laser by the Nd:YAG laser pulses

via a pulse delay generator. The spatial overlap of the two focussed laser beams with the

intersection point of the cluster beam and the WMTOF axis was achieved by measuring

the signal from a test system (HBr)n/Ar system. Since the indication for the photolysis of

oriented molecules was asymmetry of the TOF spectra, great attention was paid to careful

laser beam alignment to obtain the symmetric shape of the TOF spectrum of the test system.

The tight laser light focusing into a small spot in the interaction region was important, since

the molecule alignment and orientation depend strongly on the electric field intensity of the

laser light, as outlined below.

The measured TOF spectra were converted to the kinetic energy distribution (KED) of

the H atom after the photodissociation. The transformation was carried out by a com-

plete Monte-Carlo (MC) simulation of the particle trajectories considering the parameters

of the photodissociation process, the molecular beam data, the finite interaction volume,

the geometry of the experiment and the electronic response of the detector.29,30

B. Formation and orientation of H-Rg-Y molecules

The detailed mechanism of the HRgY molecule generation in the cluster beam exper-

iment and its orientation has recently been described elsewhere.18 Therefore only a brief

recapitulation is given here. Following the HY molecule dissociation in the Rgn cluster the

generated H fragment atom can recoil from the neighboring Rg atoms and recombine with

the Y group, with one additional Rg atom inserted, to create the HRgY molecule. During

this process the excess energy deposited into the Rgn cluster evaporates its constituents

which results in a bare HRgY molecule or, alternatively, a molecule with a few Rg atoms

attached.16,18

After the HRgY molecule is created, it is oriented in the combined weak electrostatic

field εS used to extract the fragment ions and the strong electric field of the plane-polarized

laser εl. In the present experiment both these fields were aligned parallel to the WMTOF

axis to observe the molecule orientation. First, the principal axis of the strongly polarizable

HXeY molecule is forced to align in the direction of the εl vector by the interaction of the
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polarizability anisotropy with the laser field, given by

V = −(2πIl/c)(α‖ − α⊥)cos2θ + α⊥. (1)

Here Il is the laser intensity Il = (c/4π)ε2
l , α‖ and α⊥ are the polarizabilities parallel and

perpendicular to the molecular axis, and θ is the angle between the molecular axis and

the field polarization, which is parallel to the WMTOF axis in the present geometry. The

molecule alignment can be characterized in terms of a dimensionless parameter17

∆ω = 10−11∆α(Å
3
)Il(Wcm−2)/B(cm−1), (2)

where ∆α = α‖−α⊥ and B is the rotational constant of the HRgY molecule. When aligned,

the molecule can still point in two opposite directions in the polarization plane.

The additional weak extraction electric field εS of the WMTOF turns this alignment

into orientation. Interaction of this field with the permanent dipole moment of the linear

molecule µ is given by

V = −µεscosθS, (3)

where θS is the polar angle between the molecular axis and the direction of the electrostatic

field. This interaction can be again characterized by a dimensionless parameter

ω = 0.0168µ(Debye)εs(kV cm−1)/B(cm−1). (4)

For sufficiently large values of ω the rotor J , M states of the molecule can be confined

to oscillate about the field direction in the so-called pendular states comprised of linear

combinations of states with the same M and different J . In a combined parallel static electric

field and a non-resonant laser field even a weak static field can induce a strong orientation

by the pseudo-first-order Stark effect.17,31,32 The orientation of the molecular axis in a given

state is characterized by its orientation cosine 〈cosθs〉: the greater the orientation cosine the

smaller the angular amplitude of the molecular axis librations in the field. The orientation

cosine as a function of ∆ω and ω has been calculated elsewhere (e.g. see Fig. 6 in Ref. 17).

For the lowest tunneling doublet the J̃ = 0,M = 0 and J̃ = 1,M = 0 states are oriented

opposite with respect to one another. J̃ is the angular momentum quantum number of the

field-free rotor state that adiabatically correlates with the field-oriented hybrid. Therefore

their mixture would exhibit alignment only. Orientation can be achieved if a single state

is selected. The strong cooling of the nascent HRgY molecule necessary to obtain the pure
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lowest J̃ = 0,M = 0 state of a tunneling doublet is provided by the cluster environment

which leads to a very small zero point motion of the created HRgY molecule.15 The molecular

parameters necessary for the calculation of the orientation cosine for the present molecule

have been calculated as outlined below and are summarized in Tab. II.

After the HRgY molecule is formed and oriented it can be photodissociated. Succes-

sively the fragment H atoms are ionized by the 2+1 REMPI process and detected with the

WMTOF spectrometer. Since at the 0◦ laser beam polarization the HRgY is oriented with

the H atom pointing towards the detector, the resulting arrival times of the nascent protons

are shorter than the corresponding times of the zero kinetic energy fragments. Consequently,

the measured time-of-flight (TOF) spectrum is asymmetric with respect to the zero kinetic

energy fragment peak with more intensity on the shorter arrival time side. Thus the spec-

trum asymmetry is an indication for the photodissociation of an oriented molecule in our

experiment.

III. CALCULATIONS

In order to justify our interpretation of the asymmetry of the TOF spectra from photodis-

sociation of C2H2/Rgn system in terms of the oriented HXeCCH (or HXeCC or HArCCH)

molecule, we have mapped out the potential energy surface of both the ground and several

excited states of the HXeCCH and HXeCC systems. We have explored the stability of the

generated hydride molecules as well as the dynamical events following the HXeCCH pho-

toexcitation. Furthermore, we have calculated the molecular data needed to evaluate the

orientation angle of the molecule, i.e. the principal components of the polarizability tensor

α‖ and α⊥, the permanent dipole moment µ, and the rotational constant B. These calcu-

lations were performed for both possible xenon molecules HXeCCH and HXeCC, as well as

for the HArCCH species, since the C2H2/Arn system has been measured for a comparison.

The anisotropy of the polarizability, rotational constants and dipole moments were cal-

culated at the MP2 and DFT levels, with aug-cc-pVTZ basis set33 on the light atoms (H,

C, Ar). For xenon, we have used corresponding aug-cc-pVTZ-PP basis based on small-core

relativistic pseudopotential.34 In the pseudopotential used (ECP28MDF), 28 electrons have

been treated explicitly. The MP2 method with a basis of a triple zeta quality provides a

reasonable compromise between computational costs and accuracy. The average atom po-
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larizabilities calculated at this level for the H, C and Xe atoms have deviated at most 4 %

with respect to the experimental data.35 The polarizability anisotropy of the xenon dimer

(Xe2) has been calculated as 1.24 Å3, in complete agreement with experimental value of

1.3±0.3 Å3.36 DFT/B3LYP calculations with the same basis lead to somewhat worse agree-

ment with the experiment for the atomic polarizabilities, however, still generally with an

error less than 10%. We can expect MP2 and DFT methods to be working well for the

closed shell systems C2H2, HXeCCH and HArCCH. We have treated the open shell HXeCC

radical using the unrestricted formalism of the MP2 and DFT methods. In this case we

should be concerned about the spin contamination. This problem is usually less pronounced

at the DFT level.37 This is shown to be also the case here. The spin eigenvalue at the MP2

calculation has been calculated to be as large as 1.10 compared to 0.75 for a pure doublet

state. With the DFT/B3LYP approach, the S2 was 0.77. We have therefore calculated

HXeCC molecular properties at the DFT level.

The ground potential energy surface of the HXeCCH molecule has been explored at the

DFT, MP2, MS-CASPT2 and MRCI levels of theory. Aug-cc-pVDZ (or Aug-cc-pVDZ-PP

for Xe) basis and the same effective core potential as described above have been utilized.

Optimization of the stationary points (minima and transition states) has been done with

DFT, MP2 and MS-CASPT2 methods, MRCI energies have been then calculated for MS-

CASPT2 optimum geometries. It has been shown that the MP2 method systematically

overestimates the stability of the rare gas hydrides.23 This is due to bond breaking during

the isomerization or decomposition processes. The transition state of the reaction HCCXeH

→ HCCH· · ·Xe has been found at DFT, MP2 and MS-CASPT2 levels and confirmed by the

IRC calculation.

Potential energy surfaces in the excited states have been described at MS-CASPT2 and

MRCI levels. EOM-CCSD excitation energies in the Franck-Condon geometries have been

calculated for comparison. The aug-cc-pVDZ basis has been used for all calculations in

the excited states. The C2v symmetry has been exploited for potential energy scans in

linear geometries with 2/0/2/2 electrons in 4/0/1/1 orbitals for A1/A2/B1/B2 irreducible

representations (irreps), no orbitals were frozen. For interpolation calculations, the Cs

symmetry has been employed with 4/2 electrons in 5/2 orbitals for A’/A” irreps. For cases

where the symmetry has not been applied, the active space with six electrons in six orbitals

(6/6) has been used for the multi-reference calculations. Five states have been averaged
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in the MS-CASPT2 and MRCI calculations of the HXeCCH system: Ground state of 1Σ+

symmetry, two excited 1Π states and two excited 1Σ+ states. For the HCCH· · ·Xe complex,

two 1Σ+ and two 1Σ− states have been averaged. For the interpolation between the two

local minima, 6 and 3 states in A’ and A” irreps of the Cs symmetry group were averaged.

The described active space selection and state averaging lead to inclusion of all important

orbitals and electronic states and was found to be consistent with results for larger 10/10

active space and also with the EOM-CCSD values. The excitation energies for both HXeCCH

and HCCH· · ·Xe molecules are robust with respect to the active space choice and symmetry

constraints. The first three excitation energies of the HCCH· · ·Xe molecule do not differ

from the experimental values of acetylene excitation energies by more than 0.1 eV at the

MRCI level.38 The same active space has also been used for the HArCCH molecule. For

calculation of the HXeCC radical, the 5/6 active space has been used. Davidson correction

has been added to the MRCI energies to account for the lack of size extensiveness.

The electronic spectrum of the HXeCCH molecule has been calculated at the MRCI level

with no symmetry applied in 6/6 active space. The spectrum has been estimated by a Monte

Carlo procedure utilizing reflection principle,39 with 400 ab initio points randomly selected

from the vibrational harmonic ground state Wigner distribution.

Molecular constants have been calculated using the Gaussian03 programme suite,40 all

the other calculations have been performed with the Molpro06 code.41

IV. EXPERIMENTAL RESULTS

Fig. 1 shows the two TOF spectra of H-fragments from the photolysis of acetylene on

Arn, n̄ = 280, clusters (a), and on Xen, n̄ = 390, clusters (b). Both spectra are similar with

the maximum at about 3.98 µs, which corresponds to the arrival time of the zero kinetic

energy H-fragments. In the C2H2·Arn spectrum (a) there are two almost symmetric peaks

on both sides of the main maximum. It should be noted, that a slight asymmetry of the

TOF spectrum arises even if a completely isotropic orientation of the dissociating molecule

is assumed. The slight asymmetry results from the larger detector acceptance angle for the

H-fragments ejected in the direction of the detector compared to the acceptance angle for

the H-fragments ejected in the opposite direction, which have to be turned around by the

extraction field to fly towards the detector. This very small asymmetry can be accounted for
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by the MC simulation of the dissociation process in the WMTOF considering the explicit

geometry as outlined in the experimental section. The fit of the experimental data using

this simulation procedure for the C2H2 molecule is shown by the solid line in the Fig. 1 (a).

In contrast, the bottom spectrum (b) could not be successfully fitted assuming the sym-

metric dissociation in all directions towards and away from the detector. The TOF spectrum

asymmetry here is more pronounced and, in addition, the shoulder at the shorter arrival

times is not only higher than the shoulder on the other side but also wider, extended to

shorter times. A reasonable fit could be only achieved assuming the spectrum to be com-

posed of two contributions: (i) a symmetric part assuming the symmetric dissociation in

directions towards and away from the detector, the thinner full line (note that the resulting

TOF spectrum is still slightly asymmetric even for this ”symmetric” component, as in the

Ar case above); and (ii) an asymmetric part resulting in the dashed line and the shaded

area below. The later spectrum can only arise from a dissociation of a molecule preferen-

tially oriented in the direction towards the detector. There are only two candidates for such

molecules which can be generated from C2H2 on Xen: HXeCCH and HXeCC, as will be

discussed below.

From the TOF spectra fits in Fig. 1 the H-fragment KEDs are obtained shown in Figs. 2

and 3. The circles in Fig. 2 correspond to the KED of H-fragments used to fit the TOF

spectrum in Fig. 1 (a) from the photolysis of acetylene on Arn. The triangles correspond

to the fit of the ”symmetric” part of the TOF spectrum in Fig. 1 (b), i.e. the KED from

the C2H2 photolysis on Xen. Both spectra were normalized to the same area and the upper

spectrum was arbitrarily shifted for clarity. The asymmetric TOF part in Fig. 1 (b) has

been fitted with the KED shown in Fig. 3, which is due to the photolysis of the oriented

molecule. This KED has been normalized together with the KED of the ”symmetric” part

in Fig. 2 to keep their ratio as obtained from the fit (note the different y-axis scale in Fig. 2

and 3).

V. DISCUSSION

The KEDs in Fig. 2 correspond to the dissociation of C2H2 molecules on the rare gas

clusters Arn and Xen. First, it is worth noting that these distributions extend to significantly

higher energies than the kinetic energies of H-fragments from photodissociation of bare
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C2H2 molecules at 193 nm.42 The KED of the molecular H-fragment has two close maxima

at around 0.2 eV and ends at approximately 0.7 eV (see Ref. 42). Our spectra, on the

other hand, peak at slightly higher energies (0.3-0.5 eV) and extend to approximately 2 eV,

which means a significant amount of internal excitation of the C2H2 molecule prior to the

dissociation in the cluster. This excitation can be justified by the cage effect in the cluster:

the C2H2 molecule is excited by the arriving photon but the cluster prevents its dissociation.

After a partial energy relaxation the C2H2 molecule, which is still vibrationally hot, is

photolyzed by the next photon, resulting in H-fragments with some excess kinetic energy

corresponding to the vibrational excitation. Such a process is only facilitated by the cluster

cage, and therefore cannot be observed for a bare molecule. We have further investigated

this effect of caging and vibrational excitation in (C2H2)n clusters of various sizes; however,

it is beyond the scope of the present paper and will be discussed in more detail elsewhere.43

In the view of the above proposed scenario, it is interesting to compare the structure

noticeable in the the top KED of C2H2 on Arn with the vibrational energy of the symmetric

C-H stretching mode in the C2H2 molecule ν1 ≈ 0.42 eV. The arrows in Fig. 2 are spaced

by this energy. Thus the extent of the KED seems to indicate an excitation with 0,1,2

and 3 ν1 vibrational quanta and even the structure of the spectrum corresponds within

the experimental error to the excitation of these 4 vibrational states. This structure is less

pronounced in the KED of C2H2 on Xen and the spectrum seems to extend to slightly smaller

energies, which can both be qualitatively interpreted, assuming a larger energy transfer from

the excited molecule to the heavier Xe cage. However, it should be noted that the former

KED was obtained from the TOF spectrum with a somewhat worse signal to noise ratio

(see Fig. 1), as indicated also by the error bars in Fig. 2.

Finally, it should be mentioned that the effect of vibrational excitation of the molecule

upon dissociation in the cluster has been observed previously for small (HBr)n clusters on the

surface and inside of large Arn clusters.44 This effect has been assigned to the vibrational

excitation of the HBr molecule induced by a collision of a fast H-fragment from another

photolyzed HBr molecule in the cluster. However, this mechanism cannot operate in the

present case, since the kinetic energy of an H-fragment ejected from the photolyzed C2H2

molecule (∼0.2 eV, and 0.7 eV at most) is insufficient to excite the higher vibrational states

of C2H2. For acetylene, the most probable mechanism would include internal relaxation

following the photoexcitation without hydrogen dissociation.
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The major focus of the present study has been the observation of the oriented rare gas

molecule HXeCCH. The experimental evidence for the photolysis of an oriented molecule

is the asymmetry of the measured TOF spectrum as outlined in the experimental part.

While the asymmetry of the TOF spectrum in Fig. 1 (b) is not extremely pronounced, the

spectrum could not be successfully fitted assuming a random symmetric orientation of the

dissociating molecule, as already mentioned above. Therefore a dissociation of an oriented

molecule had to be invoked, which accounts for a small part of the spectrum shown by the

shaded area in Fig. 1 (b). Below we argue that the HXeCCH molecule can be prepared and

stabilized upon the photolysis and at the same time this molecule can be oriented under the

present experimental conditions.

The previous experiments showed that the HXeCCH molecules could be generated by the

photolysis of the C2H2 in Xe matrices.9,10 The calculated stability of the HXeCCH molecule

has been mentioned in the introduction. We have further explored the energetics of the

HXeCCH formation and decomposition at several levels of theory. Ground state energies for

the HCCH· · ·Xe precursor, the HXeCCH molecule, the transition state connecting these two

structures, and a separate H+Xe+CCH species are summarized in Table III. The ground

and first excited states along an interpolation coordinate from the HXeCCH molecule to the

transition state and further to the HCCH· · ·Xe complex is shown in Fig. 4. The HXeCCH

molecule is prevented from dissociation to Xe+HCCH by a barrier of 1.95 eV at the MRCI

level. This is close to the previously reported value of 2.18 eV calculated at the MP2 level.8

The dissociation is exoergic by 4.84 eV. The HXeCCH molecule is also stable with respect

to the H+Xe+CCH fragments by 0.92 eV at MRCI level which is somewhat lower that pre-

viously reported MP2 value of 1.46 eV in Ref. 8. Our calculated MP2 dissociation energy

provides us with a value of 1.08 eV, close to the MRCI value. However, this agreement is

only achieved after projecting out higher spin components in the MP2 calculations. With-

out this correction dissociation energy of 1.57 eV is obtained. Note that in the transition

state the separation between the ground and the first excited state is small, and thus the

HXeCCH molecule could be formed from the excited precursor via intersection near the

transition state. The potential energy scan could suggest that a direct rearrangement from

the HCCH· · ·Xe precursor to the transition state region can occur upon the photoexcitation.

This is, however, not the case. Transition to the first excited state has only very limited

oscillator strength and the higher states do not support this direct process. Above, we have
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postulated the possibility of an internal conversion process following the photoexcitation of

acetylene. It is therefore also possible that HXeCCH is formed on the ground state PES.

An analogous argon compound has not been observed in the matrix experiment, meaning

that the molecule is either not formed or not stable. Our calculations with multireference

methods (CASPT2 and MRCI) do not indicate any local minimum corresponding to the

HArCCH arrangement. This is in accord with an empirical hypothesis presented in Ref. 23

that this compound should dissociate. Therefore we do not expect the HArCCH molecule

to be formed upon the 193 nm (6.42 eV) excitation and even if the molecule was tem-

porarily created, its lifetime would be extremely short. This is in full agreement with our

measurements of the TOF spectrum upon the photodissociation of C2H2 on Arn clusters

(Fig. 1 (a)). This spectrum can be fitted well within the experimental uncertainty assuming

the photolysis of a randomly oriented molecule and no anisotropic component is present. It

is interesting to note that a similar organo-argon compound, HArC4H, has been predicted to

be stable at the MP2 level.45 Our multireference calculations at the MRCI level again show

that the stability of this compound is only a result of neglecting a significant part of corre-

lation energy in MP2 calculations. This conclusion is consistent with CCSD(T) calculations

of Li et al.24

It should be noted that in the matrix experiments the HXeCCH molecule has been

observed after the annealing of the irradiated sample at 40 K, which activates the H-atom

motion in the matrix. The nature of the xenon clusters is however somewhat different. The

temperature is estimated to be higher (79 K)46 and the atoms are moving more freely. Even

solid clusters can have a liquid surface layer.47 This is consistent with our observation that

the HXeCCH molecule is generated in a direct process in the cluster environment.

After establishing the stability of the HXeCCH molecule, we will now discuss its ori-

entation. Our calculations show that the HXeCCH molecule has a large value of polar-

izability anisotropy ∆α = 11.8 Å3 (see Tab. II). For comparison ∆α for the previously

observed oriented molecule HXeI is 17.8 Å3, while it is an order of magnitude smaller for

C2H2 molecule ∆α = 1.7 Å3. The large value of ∆α, together with the other molecu-

lar parameters summarized in Tab. II, results in ∆ω ≈ 45 and ω ≈ 4.1×10−3 for the

present experimental conditions.48 This, in turn, means a high value of the orientation co-

sine 〈cosθs〉 ≈ 0.89 resulting in the angular amplitude of the molecular axis libration motion

in the field θ0
S = arccos〈cos θS〉 ≈ 26.8◦. This is a reasonably high degree of orientation to be
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observed. In our previous experiments we have seen evidence in the TOF spectra asymmetry

for molecules with θ0
S ≈ 25◦, but we were unable to observe molecules which should have

been generated but were expected to have a lower degree of orientation, θ0
S ≈ 54◦.18 It may

be noted that the hypothetical molecule HArCCH has very similar anisotropy parameters

(see Tab. II), and therefore it could be oriented in our experiment, if it were generated.

However, the symmetry of the corresponding TOF spectrum suggests that the molecule is

not stable as proposed above, based on energetics reasons.

There are other species which have been identified in the matrix experiments. First,

in the Ref. 9 xenon dihydride HXeH has been observed. This molecule cannot lead to an

asymmetric TOF spectrum, since it has a linear structure with hydrogens pointing in the

opposite directions. The same argument holds for another possible molecule, HCCXeCCH.

Another rare gas molecule which has been observed in the matrix experiments is HXeCC.9

The calculated value of polarizability anisotropy ∆α = 12.1 Å3 is close to the one found for

HXeCCH. This, together with the other molecular constants outlined in the Tab. II, leads

to the orientation cosine 〈cosθs〉 ≈ 0.89, i.e. θ0
S ≈ 27. The molecule could thus also be

oriented. This molecule is protected from isomerization to HCC+Xe species by a barrier of

1.84 eV (at CASPT2 level). Therefore it can not be completely ruled out as a source of the

anisotropy in the KED spectrum. Nevertheless, since the formation of this molecule requires

the interaction with two photons, it is not expected to be the major species generated in the

system. All other species which can lead to the spectra anisotropy (CCH radical, vinylidene)

do not contain xenon atom and their polarizability anisotropies are low. Therefore, these

molecules cannot be oriented.

Once the HXeCCH molecule has been generated and oriented, its photodissociation should

be discussed. Fig. 3 shows the KED (assymetric part) of the H-fragments after the photolysis

of this molecule. The spectrum exhibits a broad maximum at around 1.2 eV and extends

to about 2.3 eV. We have explored the photochemistry of the HXeCCH molecule by means

of ab initio calculations. The ground state, first two excited states of 1Π symmetry (in C∞v

notation) and two excited states of 1Σ+ symmetry have been considered. The excitation

energies and oscillatory strengths of the HXeCCH molecule and the HCCH· · ·Xe complex

are presented in Table IV. The further discussion will be based on the MRCI values since

the HXeCCH has partially multi-referential character even in the ground state and we also

investigate dissociation processes.
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The excitation energies for transitions to the 11Π and 21Π states of 5.21 and 6.53 eV

are close to the 243 nm (5.10 eV) and 193 nm (6.42 eV) laser, respectively. However, the

optical strength for these transitions is rather small. On the other hand, the transition

dipole moment to the 21Σ+ state at 6.37 eV is significantly higher. This transition could

be reached by the 193 nm laser pulse. Fig. 5 shows calculated absorption spectrum for the

HXeCCH molecule excitation to 11Π, 21Σ+ and 21Π electronic states. The spectrum of the

11Π state is very broad and has a low intensity. The broad character of the spectrum reflects

the dissociative nature of the corresponding PES with respect to both the Xe-H and the

Xe-C coordinates (vide infra). The photon density at both experimental wavelengths are

quite comparable (3-4×1028s−1cm−2) and we can thus conclude that the excitation to the

21Σ+ is the major channel for the photoabsorption.

Furthermore, the 21Σ+ state is reached via a parallel transition which is favored for

molecules aligned in the direction of the laser polarization compared to the perpendicular

transitions to the 11Π and 21Π states. Note, however, that the molecules are trapped in

the pendular states and thus not completely oriented all the time. We also cannot entirely

rule out the occurrence of HXeCCH· · ·Xe complexes in the system, which could be oriented

with the Xe-H bond pointing in other directions, and thus other than parallel transitions

could possibly occur for these species. On the other hand, the transition to the 21Σ+ state

is parallel, and therefore allowed (and also the absolute value of transition probability is

highest). This again suggests that this is the major photoexcitation channel.

The dynamics following the excitation can be visualized with the potential energy curves

presented in Fig. 6, where the changes of energy with Xe-H and Xe-C bond distances are

plotted. At the 11Π state, the system is dissociative with respect to both the Xe-H and

Xe-C bond. However, since the acetylene moiety is much heavier than the hydrogen atom,

most of the released kinetic energy will be deposited in the kinetic energy of the hydrogen

atom. The excess energy in this case is 1.23 eV for the excitation with 243 nm laser and

2.55 eV for the excitation with the 193 nm laser. The 21Π state can be reached by 193 nm

laser and would transfer readily to the 21Σ+ state through an intersection along the Xe-C

coordinate, as can be seen in Fig. 6. None of the two 1Π states can be, however, excited by

a laser field polarized parallel to the molecule, as mentioned above. Furthermore, from the

inspection of the absorption spectrum it is clear that the dominant photochemical pathway

will start by an absorption to the 21Σ+ state.
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After the photoexcitation with the 193 nm, a small fraction of the wavepacket can be

immediately transferred to the 11Π state by an internal conversion process. Since the 21Σ+

state is only available by the 193 nm laser (6.42 eV), the energy released in this process will

be again 2.55 eV. This value is only slightly higher than the 2.3 eV at which the KED in

Fig. 3 terminates. However, most of the initial wavepacket will for certain time evolve on the

21Σ+ state. This state does not allow for the direct H-Xe dissociation at the given photon

energies. Instead, the Xe-C bond starts to prolong to about 4.0 Å. During this process,

the energy will be deposited mostly to the kinetic energy of the acetylene fragment. At the

prolonged Xe-C distance there is available a low lying crossing seam connecting the 11Π

and 21Σ+ states (corresponding geometries are not linear; the states have at this point no

more the Π and Σ+ symmetry but they correlate to these states at linear geometries). The

wavepacket then transfers to the 11Π state, which is dissociative with respect to the Xe-H

bond. The minimum energy conical intersection (which is also a minimum on the upper

PES) is lying 1.32 eV above the Xe-H dissociation limit at this geometry of HXeCCH. This

predicted excess energy (1.32 eV) corresponds well to the maximum of the kinetic energy

distribution in Fig. 3. All the processes described above are very likely ultrafast, occurring

on the femtosecond timescale. We therefore do not expect intersystem crossing to play

an important role. However, this can be quite different for the process of the HXeCCH

formation, since the dissociation of acetylene is not a direct process and triplet states are

suspected to be involved.49,50 The above scenario explains the observed KED of H-fragments

from the HXeCCH molecule.

It ought to be mentioned that the HXeCCH molecule may be also complexed with ad-

ditional Xe atoms. This can happen in the process of molecule generation and the cluster

evaporation. The geometries and energetics of the Xe· · ·HXeCCH complex has been de-

scribed previously.19 Such a complex would change the orientation for the pendular state.

In this case, even the 1Π state could be reached. However, considering the absorption

spectrum of HXeCCH, a contribution from the 11Π state would be of a minor importance.

As a final note, the KED in Fig. 3 extends to a somewhat higher energies than the

KED of H fragments from the C2H2 molecule dissociated directly on the Xen clusters. This

represents quite a different case with respect to the noble gas molecules HXeI and HXeCl

observed previously in the gas phase, where the fastest H-fragments from the Xe-containing

molecules were always slower than some of the fragments from the direct dissociation of
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the HI and HCl molecules on the Xen cluster. This is in full agreement with the different

energetics of the above systems. While the direct dissociation of the HI and HCl molecules

can produce fast H-fragments with about 2 eV energy, the dissociation of the corresponding

HXeI and HXeCl molecules resulted in a maximum kinetic energy release into the H-fragment

of 0.4 eV and 0.7 eV, respectively. In the present case, on the other hand, the dissociation

of the HXeCCH can lead to a release of up to 2.3 eV to the H-fragment kinetic energy, while

photodissociation of the bare C2H2 molecule leads to only slow fragments (< 0.7 eV). The

vibrational excitation of the C2H2 molecule by the cage effect in the cluster increases this

energy to approximately 1.8 eV, which is still below the 2.3 eV mentioned above.

VI. CONCLUSIONS

The photolysis of the C2H2 molecule on Xen (n̄ ≈ 390) and Arn (n̄ ≈ 280) clusters has

been studied. The photolysis on Xe-clusters resulted in an asymmetric TOF spectrum of the

H-fragments, which has been interpreted in terms of generation, orientation, and subsequent

photodissociation of a free HXeCCH molecule.

The orientation of the molecule via the pseudo-first-order Stark effect in a strong electric

field of the polarized laser light combined with the weak electrostatic field in the extraction

region of the time-of-flight spectrometer has been discussed. The molecular parameters,

which have been calculated by ab initio methods, together with the experimental conditions

result in the very high degree of orientation θ0
S ≈ 26.8 deg. Other possible species responsible

for the spectrum anisotropy, HXeCC, would also exhibit a similar high degree of orientation

θ0
S ≈ 27.0 deg. However, its generation would require breaking two or more bonds in the

C2H2 molecule with extra photons, which suggests that this species is not the major product

of the studied process. Our theoretical calculations suggest the HXeCCH molecule to be

quite stable, its dissociation precluded by a barrier of 1.95 eV. On the other hand the

analogous Ar-compound, HArCCH, is not stable, which is in agreement with the symmetric

shape of the spectra measured for the C2H2/Arn system.

Furthermore, the theoretical analysis of the H-fragment kinetic energy distribution after

the photolysis of the HXeCCH molecule reveals its dynamics. The molecule is excited by the

193 nm radiation predominantly into the 21Σ+ state. This state cannot dissociate the Xe-H

bond directly, but the system can evolve along the Xe-C coordinate to a conical intersection
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of slightly non-linear configuration with the dissociative 11Π state. This dissociation pathway

releases 1.32 eV into the H-fragment kinetic energy, which corresponds approximately to the

observed maximum of the measured KED. Part of the molecules can undergo an internal

conversion directly after the photoexcitation into the 11Π state. This process would result

in a release of 2.55 eV into the kinetic energy of the H-fragments, which is close to the end

of the observed KED spectrum at 2.3 eV.

The oriented HXeCCH molecule has been observed in the gas phase and its photoexci-

tation studied for the first time.
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TABLE I: Experimental conditions.

Gas Ar Xe

expansion pressure p0 (bar) 6.0 2.9

nozzle temperature T0 (K) 218 248

mean cluster size n̄ 280 390

Laser intensity Il (1010Wcm−2)

λ = 193 nm 3.3

λ = 243 nm 3.1

Extraction field εS (Vcm−1) 5.8

TABLE II: Parameters for the the orientation of molecules: ∆α polarizability anisotropy, B rota-

tional constant, µ dipole moment, ∆ω and ω are dimensionless parameters defined in Eq. 2 and

Eq. 4, 〈cosθs〉 is the directional cosine, and θ0
S is the orientation angle. The molecular parameters

∆α, B, and µ are calculated at MP2 level with aug-cc-pVTZ basis, the open shell molecule HXeCC

has been calculated at DFT/B3LYP level with the same basis.

Molecule ∆α/(Å3) B(cm−1) µ (D) ∆ω ω 〈cosθs〉 θ0
S

C2H2 1.74 1.17 0 0.46 0 0 90

HXeCCH 11.81 0.081 3.41 45.0 0.0041 0.89 26.8

HXeCC 12.13 0.089 5.24 42.5 0.0058 0.89 27.0

HArCCH 15.31 0.118 5.25 40.2 0.0043 0.84 32.7
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TABLE III: Energetics (in eV) of decomposition of the HXeCCH molecule at various levels of

theory. TS is the transition state.

Method HXeCCH TS HCCH· · ·Xe H + Xe + CCH

DFT/B3LYP 0.00 2.11 -4.72 1.30

MP2 0.00 2.06 -4.83 1.08

MS-CASPT2 (6/6) 0.00 2.34 -4.63 1.24

MS-CASPT2 (10/10) 0.00 2.30 -4.76 0.81

MRCI (6/6) 0.00 1.95 -4.84 0.92

TABLE IV: Electronic transitions of the HXeCCH and HCCH· · ·Xe systems at various levels of

theory in eV. Oscillatory strengths f at MRCI level are also shown. The ground state is 11Σ+ for

both species, FS denotes the final state.

Species FS EOM-CCSD MS-CASPT2 (6/6) MS-CASPT2 (10/10) MRCI (6/6) f (MRCI)

HXeCCH 11Π 5.67 5.80 5.41 5.21 0.0026

21Π 6.75 6.99 6.72 6.53 0.030

21Σ+ 6.30 6.34 6.15 6.37 0.23

31Σ+ 6.73 6.97 6.75 6.77 0.85

HCCH· · ·Xe 11Σ− 7.03 6.87 6.83 7.00 0.00

21Σ− 7.34 7.22 7.19 7.34 0.00

21Σ+ 7.34 7.26 7.24 7.31 0.00
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FIG. 1: TOF spectra of H-fragments from photolysis of acetylene on Arn n̄ = 280 (a), and Xen,

n̄ = 390, clusters (b). The bottom spectrum was simulated with a symmetric part (thin line) and

an asymmetric part (dashed line, shaded area), which indicates photolysis of an oriented HXeCCH

molecule.
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FIG. 2: KEDs of the H-fragments from the photolysis of acetylene on Arn, n̄ = 280, (circles) and

Xen, n̄ = 390, (triangles) clusters. The latter KED has been obtained by the fit of the symmetric

part of the TOF spectrum in Fig. 1 (b). Both spectra have been normalized to the same area and

the upper one has been arbitrarily shifted in the y-axis direction for a better clarity.
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FIG. 3: KED of the H-fragments from the photolysis of the HXeCCH molecule generated by the

photodissociation of acetylene on Xen, n̄ = 390. The KED corresponds to the fit of the asymmetric

part of the TOF in Fig. 1 (b).
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for the three excited states: 11Π (dashed line), 21Σ+ (full line) and 21Π (dashed-dotted line).
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FIG. 6: Potential energy scans along the H-Xe and Xe-C coordinates for the HXeCCH molecule.

After the photoexcitation with the 193 nm laser pulse, 21Σ+ state is dominantly populated. Part of

the wavepacket transfers directly into the dissociative 11Π state, most of the wavepacket deposits

the energy into the acetylene moiety before the hydrogen dissociates. All energies are calculated

at MRCI level with 6/6 active space in C2v symmetry with Davidson correction .
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