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We investigate the solvent effects on photodissociation dynamics of S–H bond in ethanethiol CH3CH2SH (EtSH). The H frag-
ment images are recorded by velocity map imaging (VMI) at 243 nm in various expansion regimes from isolated molecules to
clusters of different size and composition. The VMI experiment is accompanied by electron ionization mass spectrometry using
a reflectron time-of-flight mass spectrometer (RTOFMS). The experimental data are interpreted with ab initio calculations. The
direct S–H bond fission results in a peak of fast fragments at Ekin(H)≈ 1.25 eV with a partly resolved structure corresponding to
vibrational levels of the CH3CH2S cofragment. Clusters of different nature from dimers to large (EtSH)N , N ≥ 10 clusters and
to ethanethiol clusters embedded in larger argon “snowballs” are investigated. In the clusters a sharp peak of near-zero kinetic
energy fragments occurs due to the caging. The dynamics of the fragment caging is pictured theoretically, using multi-reference
ab initio theory for ethanethiol dimer. The larger cluster character is revealed by the simultaneous analysis of the VMI and
RTOFMS experiments; none of these tools alone can provide the complete picture.

1 Introduction

The sulphur compounds are important players in aerosol gen-
eration and in atmospheric chemistry in general.1 The ultravi-
olet (UV) photolysis of various sulphur containing molecules
is a key part of the sulphur cycle in the atmosphere. The de-
tailed investigations of the S–H bond photodissociation dy-
namics in molecules and clusters thus contributes to the un-
derstanding of atmospheric sulphur (photo)chemistry.

In our work, we focus on the photodissociation of
ethanethiol CH3CH2SH (EtSH). Based on the analogy with
methanethiol, two reaction channels are expected in the spec-
tral region above 200 nm, the S–H and S–C bond breaking:

CH3CH2SH+hν → CH3CH2S+H, (1)

CH3CH2SH+hν → CH3CH2 +SH. (2)

The present experiment focuses on the S–H bond fission, and

† Electronic Supplementary Information (ESI) available: H-fragment velocity
map images, mass spectra from different ethanthiol clusters, and calculated
cluster structures. See DOI: 10.1039/b000000x/
a J. Heyrovský Institute of Physical Chemistry v.v.i., Academy of Sciences
of the Czech Republic, Dolejškova 3, 18223 Prague, Czech Republic. Fax:
+4202 8658 2307; Tel: +4202 6605 3206; E-mail: michal.farnik@jh-
inst.cas.cz
b Department of Physical Chemistry, University of Chemistry and Technology
Prague, Technická 5, Prague 6, Czech Republic.

we primarily investigate the solvent effects on photodynamics
in different types of clusters.

So far, the EtSH molecule photochemistry was character-
ized rather incompletely from an experimental point of view.
Even the full UV absorption spectrum was not recorded and
the UV absorption cross sections were published only for
several wavelengths.2,3 The velocity map imaging4 (VMI),
which is the up-to-date method to investigate the photodis-
sociation dynamics,5 was used only once to study the S–
H photodissociation of EtSH at 243 nm previously.6 This
rather limited information contrasts with the number of studies
of the analogical methanethiol molecule which was the sub-
ject of numerous experimental7–15 and theoretical investiga-
tions.14–21 From these studies, the folowing picture emerged
for methanethiol photochemistry. The absorption around
240 nm (corresponding to the population of the 1A′′ electronic
state) leads almost exlusively to the S–H bond rupture. This
channel remained dominant even upon the excitation into the
2A′′ below 220 nm, yet the C–S dissociation channel was ob-
served too. The dissociation was very fast, leading to the high
anisotropy of the photofragments.

In relevance to the present mass spectrometry of EtSH clus-
ters, a mass spectrometric study of the molecule should be
mentioned.22 More recently the ionization energy and con-
formational isomers were revealed using nonresonant two-
photon pulsed field ionization photoelectron spectroscopy,23
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and vacuum ultraviolet mass-analyzed threshold ionization
spectroscopy.24

Here, we investigate the photochemistry of EtSH by VMI,
and cluster structure and composition by electron ionization
RTOFMS. We provide new data for the S–H photodissociation
in the isolated EtSH molecule at 243 nm with partly resolved
vibrational structure. Our experiment also reveals the origin of
the previously observed slow H-fragments6 as a consequence
of multiphoton processes. Then we focus on the photodissoci-
ation of ethanethiol in different clusters, ranging from dimers
to large (EtSH)N clusters, and to ethanethiol clusters embed-
ded in larger argon clusters. The detailed photodissociation
dynamics is rationalized by ab initio calculations for the iso-
lated molecule as well as for clusters.

2 Experiment

The experiments were carried out on the CLUster Beam
(CLUB) apparatus which is a very versatile molecular beam
setup.25–29 In the present study we exploited two of the pos-
sible different experiments: the VMI and electron ionization
RTOFMS.

To generate the beam of the molecules or clusters the carrier
gas (He or Ar) was passed through a reservoir filled with liq-
uid EtSH. The reservoir was placed outside the vacuum, and
kept at a constant temperature TR by heating it resistively in
the mixture of CO2 ice and ethylene glycol. The EtSH vapour
was transported by the carrier gas at a stagnation pressure P0
towards a nozzle kept at the temperature T0 ≈ 313 K, and ex-
panded into vacuum. Helium was used as the buffer gas for
generating isolated molecules and small clusters up to trimers,
while the larger (EtSH)N , N ≥ 10, clusters and Ar-covered
species were generated in coexpansions with argon. Table 1
summarizes the expansion conditions.

Table 1 Expansion conditions. “Cluster size n” denotes the largest
(EtSH)+n fragment discernible in the mass spectra; “mix”
corresponds to the appearance of Arm·(EtSH)+n fragments in the
mass spectra; the arrows indicate a gradual change in the parameter.
The nozzle parametters: diameter d = 50 µm, opening angle
α = 30◦, length l = 2 mm.

Buffer Stagnation Reservoir Concentration Cluster
gas pressure temperature size

P0 (bar) TR (K) C (%) n
He 1 222 1.2 1

2,3 263 7.5,5 3
Ar 2 263 7.5 15

2→5 276 14→6 13-15
5 263→220 3→0.2 17→mix

2.1 Velocity map imaging

The cluster beam was skimmed and passed through two differ-
entially pumped chambers before entering the chamber host-
ing the VMI assembly mounted perpendicularly to the beam
axis. The molecules and clusters interact with the laser in the
center of an electrostatic lens system which extracts the ion-
ized photoproducts towards a position sensitive detector 50 cm
upwards from the interaction point. The imaging system de-
sign follows approximately the original VMI of Eppink and
Parker.4 The detector (two multichannel plates with 56 mm
diameter in Chevron configuration and the phosphor screen)
was operated in gated mode which enabled imaging of a sin-
gle ion mass. The gating was triggered by a laser light pulse
delayed using a delay generator (BNC 575).

Laser radiation at 243.1 nm was used to dissociate the EtSH
molecules and REMPI ionize the H-atoms. The tunable UV
radiation was generated by doubling the 630 nm output of the
dye laser (Pulsare-S, Fine Adjustment) pumped by the sec-
ond harmonics (532 nm) of the Nd:YAG laser (Spitlight 1500,
Innolas). The 315 nm was frequency summed with the fun-
damental 1064 nm of the Nd:YAG laser. The lasers were op-
erated at a 10 Hz frequency in nanosecond regime. The laser
beam was focussed with a 700 mm lens onto a spot of a radius
≈24 µm in the interaction region. The laser radiation was po-
larized so that the electric field vector of the radiation was par-
allel to the molecular beam, i.e. perpendicular to the imaging
TOF axis. To investigate multiphoton processes the energy at
the laser output was varied between 1.2 and 4.4 mJ/pulse cor-
responding to the photon fluxes at the interaction region be-
tween 1027 and 1028 photons·cm−2s−1 (using different output
power and neutral density filters).

The images were recorded with an 16-bit greyscale CCD
camera (unibrain Fire-i 780b) with the imaging lens (25 mm,
f /1.6), connected to an acquisition computer via a FireWire
interface and controlled by a custom made program. To pro-
cess the images several reconstruction methods were used to
check the consistency of our results: the inverse Abel trans-
form and Hankel method,30 Iterative Inversion method,30 and
the BASEX.31 Comparing different evaluation methods was
important especially for the search for a narrow zero-kinetic-
energy (zero-KE) peak due to the fragment caging in the clus-
ters, and for distinguishing zero-KE peak from low energy
fragments originating from the multiphoton processes. The H-
fragment kinetic energy distributions (KEDs) were obtained
from the images, and also the anisotropy parameters β were
evaluated. The kinetic energy scale was calibrated with H-
fragments from HBr photodissociation.32 More details about
our VMI and the measurement procedures can be found in our
recent publications.25,26
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2.2 Reflectron time-of-flight mass spectrometer

After leaving the VMI chamber the molecular beam entered
a mass spectrometer chamber with RTOFMS mounted per-
pendicularly to the beam. This mass spectrometer offers sev-
eral ionization options: electron ionization (EI) using an elec-
tron gun with 10 kHz repetition frequency and tuneable elec-
tron energy 5-90 eV with 0.7 eV resolution,33–35 photoion-
ization exploiting multiphoton ionization with our tuneable
UV lasers, and a special method of Na-doping and subse-
quent photoionization.27 In the present study we used EI with
70 eV electrons. The ions were extracted perpendicularly to
the beam by a 10 kV pulse and accelerated to the final kinetic
energy of 8 kV. After passing the effective flight path of 0.95 m
length, the ions were detected on the Photonics MCP detector
in the Chevron configuration, 40 mm in diameter. The mass
spectra were recorded with a resolution of M/∆M ≈ 5×103.

3 Theoretical methods

The experiments were complemented by ab initio calcula-
tions. The theoretical calculations were used (i) to reveal
the nature of the bonding in the ethanethiol clusters, (ii)
to investigate the nature of the dissociation process of the
ethanethiol molecule in an excited state, considering both iso-
lated molecules and ethanethiol clusters, (iii) to interpret the
vibrational resolution of the KED spectra.

The (EtSH)N (N = 1−4) clusters were optimized using the
density functional approach with the B97D3 functional36 and
aug-cc-pVDZ basis set. The B97D3 functional includes em-
pirical dispersion correction which is important for the present
complexes. The excited states of the isolated EtSH molecule
were calculated at the CASPT2/aug-cc-pVDZ level, consider-
ing the active space of 6 electrons in 7 orbitals. Two states of
the A′ and two states of the A′′ symmetry were averaged. For
the (EtSH)2 complex, we have used the active space of 12 elec-
trons in 10 orbitals, using averaging over two states. Vibra-
tional frequencies were calculated at the MP2/aug-cc-pVDZ
level and scaled with a recommended factor of 0.959.37

The ground state calculations (including the frequency cal-
culations) were performed in the Gaussian09 programme,38

the CASPT2 calculations were executed in the MOLPRO2012
suite of codes.39

4 Results and discussion

4.1 Molecule

First, we investigated the photodissociation of isolated EtSH
molecules in He-expansions. The molecular conditions were
obtained at the expansion of ≈1% EtSH (reservoir tempera-
ture TR = 222 K) in P0 = 1 bar of He. The example image

and corresponding KED are shown in Fig. 1 (a). A number of
very similar images and mass spectra were recorded for dif-
ferent conditions around the above values; in particular, the
reservoir temperature was increased to TR = 263 K without
any significant change in the results.
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Fig. 1 (a) The H-fragment KED from EtSH molecule
photodissociation at 243 nm: P0 = 1 bar He, EtSH reservoir
temperature TR = 222 K corresponding to the concentration
C = 1.2%. The inset shows the raw image with the directions of the
molecular (M) and laser (L) beams and the laser polarization (EL)
indicated. (b) The KED and image at an increased photon flux
8×1027 photons·cm−2s−1 illustrating the multiphoton processes.

The KED exhibits a relatively narrow peak around 1.25 eV
corresponding to the fast H-fragments from the direct S–H
bond fission; this is supported also by the anisotropy param-
eter β = -1.0±0.2 obtained by fitting the angular distribution
corresponding to the fast process, which suggests an immedi-
ate dissociation after the perpendicular electronic excitation.
The present image and corresponding KED in Fig. 1 (a) agree
with the previous results of Zhang et al.6 The major difference
with respect to the previous results is the resolved structure in
the present KED. It ought to be mentioned, that our experi-
ment is dedicated to cluster studies where any fine structure in
the images is usually blurred by cluster effects, and therefore
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the VMI setup has not been optimized for high resolution (the
perpendicular arrangement is not optimal for the high resolu-
tion VMI). More than 10 images similar to the one shown in
the inset in Fig. 1 (a) were recorded under comparable con-
ditions corresponding to the isolated molecules. They were
carefully analyzed, and the present KED represents the av-
erage of many spectra exhibiting the same features between
∼0.9 eV and 1.5 eV.

The maxima at approximately 1.27 eV and 1.21 eV and the
shoulder at 1.15 eV were reproduced in almost all spectra. In
many spectra an additional unresolved structure with the same
spacing of 0.06 eV was also observed. Therefore we tenta-
tively indicate a series of positions within the fast fragment
peak in Fig. 1 (a) with the spacing of 60 meV (484 cm−1). This
spacing should correspond to some vibrational levels in the
EtS fragment. The observed frequency could correspond to
the CH2 wagging mode: the calculated frequency is 473 cm−1

or 453 cm−1 upon the scaling. This mode changes its fre-
quency during the S–H dissociation (for EtSH, the frequency
amounts to 782 cm−1), i.e. large Franck-Condon factor is ex-
pected. Alternatively, the spacing could be attributed to the
C-S stretching (681 cm−1) which is, however, less probable
due to the dynamical reasons.

The mass spectrum recorded under the molecular condi-
tions is shown in ESI† - it corresponds to the well known mass
spectra of EtSH molecule.40 The major mass peak is the par-
ent ion CH3CH2SH+ at m/z 62 (M) followed by the fragments
(in the order from the most to the less intense): CH3CH+

2
at m/z 29 (M-SH) resulting from splitting-off the SH group;
CH2SH+ at m/z 47 (M-CH3) resulting from splitting-off the
CH3 group; and H2S+ fragment at m/z 34 accompanied by
fragments with ±H.

4.1.1 Multiphoton processes. In the previous photodis-
sociation study of EtSH some small fraction of slow hydro-
gen fragments was observed and tentatively assigned to “a dif-
ferent dynamical channel”.6 Although this slow contribution
was rather negligible for C2H5SH it was more pronounced for
C3H7SH. It was argued that the corresponding process “likely
occurred on the ground electronic state via internal conver-
sion from the excited electronic state”. A small contribution
due to the slow fragments similar to the previous spectra6 is
also discernible in Fig. 1 (a). However, it was possible to ob-
tain the KED without this contribution at low photon fluxes
≈1×1027 photons·cm−2s−1. Some of the KEDs averaged in
Fig. 1 (a) were recorded at somewhat higher photon fluxes for
intensity reasons, therefore the slow fragment contribution ap-
pears there. Figure 1 (b) shows the KED with a pronounced
contribution of the slow fragments recorded at a higher pho-
ton flux 8×1027 photons·cm−2s−1. The structure of the fast
peak was smeared out, yet an unresolved shoulder structure
corresponding to Fig. 1 (a) is still discernible in the KED.

The analysis of the multiphoton processes is also important
since they often result in slow hydrogens near the image cen-
ter: the “central blob”. However, in clusters the important in-
formation about the dissociation dynamics often appears near
the center as well, e.g., the fragment caging yields a central
peak. Just recently we have demonstrated that the central peak
can also reveal information about interesting photochemistry:
namely the H3O radical generation in hydrogen halide pho-
todissociation on ice nanoparticles.25,41,42 The present pho-
todissociation of EtSH molecules and clusters provides an ex-
ample where the different effects reflected in the image center
can be disentangled, namely the multiphoton processes and
the fragment caging. This will be demonstrated further below
in the cluster analysis.

4.1.2 Dynamics of EtSH dissociation. The VMI experi-
ments (KEDs and image anisotropy) suggest that the hydro-
gen dissociation is a direct process. The ab initio calcula-
tions indeed confirm this assumption: the excited state po-
tential is purely repulsive along the S–H coordinate (see be-
low). We further address the question whether the S–H disso-
ciation is the only possible reaction channel. Similarly as for
the methanethiol case,12 a rupture of both the S–H and C–S
bonds can in principle take place. The Potential Energy Sur-
face (PES) is analogical to that of methanethiol, with some im-
portant quantitative differences. The two lowest excited states
in the Franck-Condon region are of the A′′ symmetry laying
closer together than in the methanethiol case. While the C–S
dissociation is accompanied with a small energy barrier on the
1A′′ state in the methanethiol,12 both the C–S and C–H disso-
ciation channels are open for the EtSH. This is demonstrated
by Fig. 2 displaying a two-dimensional cut through the PES
calculated at the CASPT2 level along the two coordinates. The
PES seems rather symmetric with respect to these two coordi-
nates. A wavepacket promoted from the ground state (1A′)
onto the 1A′′ excited state can thus in principle split into the
two possible channels, forming either the SH or H fragments.
However, we need to consider the masses connected with the
two coordinates, since the true dynamics is reflected rather by
the PES in mass weighted coordinates. There the slope to-
wards the C–S dissociation will diminish compared to S–H
slope due to the much heavier S-atom mass compared to the
mass of H. Due to these dynamical reasons, the system will
follow the H-dissociation pathway which is very fast, while
the SH dissociation is much slower.

4.2 Clusters

4.2.1 He-expansions. Some small clusters were gener-
ated already in He-expansions at elevated pressures P0 = 2
and 3 bar and the EtSH reservoir temperature TR = 263 K cor-
responding to the concentrations C ≈ 7.5% and 5.0%, respec-
tively. The mass spectrum shown in Fig. 3 (a) exhibits a rel-
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Fig. 2 The calculated PES for EtSH molecule dissociation along the
S–H and C–S coordinates (see text for details).

atively strong dimer ion peak (EtSH)+2 at m/z 124 (M2) with
satellites shifted by ±1 and 2 H-atoms, EtSH·SH+ at m/z 95
(M+SH) with satellites, and even a small trimer ion (EtSH)+3
at m/z 186 (M3). It is also interesting to note that the proto-
nated monomer EtSH·H+ at m/z 63 (MH) becomes larger than
the EtSH+ peak and dominates the spectrum. Also protonated
hydrogen sulfide H3S+ at m/z 35 increases with respect to the
spectrum of isolated molecules, i.e., this fragment is generated
by intracluster reactions after the EI (compare to the monomer
mass spectrum, Fig. S1 in ESI†).

This spectrum suggests that a significant amount of dimers
and at least some trimers are present in the neutral beam.
However, the hydrogen bonded clusters can fragment substan-
tially upon the electron ionization,27 and thus even larger clus-
ters could be present. On the other hand, the corresponding
photodissociation image shown in the inset in Fig. 3 (a) is very
similar to the monomer images above. Only a very faint “cen-
tral spot” can be distinguished upon a closer inspection of the
image. This central spot is below recognized as the fingerprint
of fragment caging in the clusters. Thus the image is domi-
nated by the photodissociation of the monomers and free S–H
bonds in the dimers and very little contribution comes from the
larger clusters where the fragment caging is more probable as
discussed below. The combined evidence from the mass spec-
tra and images leads to the conclusion that the neutral beam
is dominated by isolated molecules and dimers where the free
S–H bonds can dissociate.

4.2.2 Ar-expansions. To generate the larger clusters, ex-
pansions in argon were exploited. The mass spectra recorded
in Ar under the same conditions as He spectra above are shown
in Fig. 3 (b). The series of mass peaks corresponding to the
(EtSH)+n clusters up to n = 8 with a maximum at n = 2 is
shown and even further peaks up to n = 15 are unambigu-
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Fig. 3 The RTOFMS mass spectrum recorded in expansion of (a)
P0= 2 bar He, and (b) P0= 2 bar Ar, through the EtSH reservoir at
TR= 263 K corresponding to the concentration C ≈ 7.5%. The mass
peaks corresponding to the (EtSH)+n clusters are labeled. The insets
show the corresponding velocity map images.

ously discernible in the spectrum. All the cluster ion peaks
are accompanied by smaller satellites shifted by ±k·H, k= 1-3.
The dominance of (EtSH)+n over the protonated (EtSH)n·H+

clusters suggests a relatively weak hydrogen bond in the
clusters (compared to analogue ethanol EtOH clusters where
the mass spectra are dominated by protonated (EtOH)n·H+

peaks43). Only for n=1 the protonated (EtSH)·H+ peak ex-
ceeds the monomer (EtSH)+ peak. There are also some mi-
nor fragments in between the major peaks corresponding to
(EtSH)n·SH+ (Mn+SH) at m/z Mn+33 and (EtSH)n·CH3CH+

2
(Mn+1-SH) at m/z Mn+29. These fragments mirror the most
abundant (M-SH) fragment of the monomer: the C–S bond
in EtSH molecule is dissociated by EI and either the SH or
CH3CH2 fragment remain attached to the charged cluster frag-
ment. Thus the EI points to the C–S bond breaking in the
EtSH molecule, while the UV photodissociation probes the
S–H bond.

The inset in Fig. 3 (b) shows the corresponding H-fragment
image which now exhibits the clear central spot corresponding
to zero-KE fragments. The (EtSH)N clusters generate cyclic
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hydrogen bonded structures for N ≥ 3 as shown by our calcu-
lations. In these cyclic structures the released hydrogen dis-
sociates against the neighboring heavy S-atom and can loose
part of its energy in the collision. Further inelastic collisions
within the cluster eventually slow down the fragment to zero-
KE. It will be shown that the KED of the caged fragments
peaks very sharply around zero. Yet, it should be noted that
the slow fragments still have to escape the cluster or the cluster
has to decay in this process in order for the zero-KE fragments
to be detected. Thus the caging for the observed fragments ac-
tually means that they are slowed down to Ekin ≈ 0 eV but still
released from the cluster. The calculated caging dynamics is
described in the next section.

4.2.3 Cluster structure and caging dynamics. Similarly
to hydrogen sulfide which possesses a weaker hydrogen bond
compared to water, EtSH is less cohesive than EtOH. The
enthalpy of vaporization is 27.2 kJ/mol for EtSH, which is
almost two times smaller than that of the EtOH molecule
(42.3 kJ/mol).44 The EtSH vaporization enthalpy is consis-
tent with the calculated binding energy of small EtSH clusters
found in the range of 0.1-0.3 eV. Calculated structures of the
complexes (EtSH)N are displayed in Fig. 4. The EtSH dimer
exhibits a distorted hydrogen bond arrangement which is far
from collinearity. In the larger (EtSH)N clusters the hydrogen
bond becomes almost collinear.

(b) Trimer

(c) Tetramer

(a) Dimer
EB = 0.123 eV

EB = 0.199 eV

EB = 0.241 eV

Fig. 4 The calculated structures and energetics of the small
(EtSH)N , N = 2-4, clusters. EB is the binding energy per single
molecular unit (the corresponding cartesian coordinates are given in
the ESI†).

Starting from N = 3, all the S–H bonds are involved in the
hydrogen bonding, serving both as the hydrogen bond donors
and acceptors. It is well known that the hydrogen bond in an
excited state has distinctly different properties compared to the
ground state.45,46 The effect of the neighboring molecules on
the EtSH dissociation is demonstrated below in Fig. 5 where

we compare potential energy curves for the ground and excited
states of the EtSH monomer and dimer. The special structure
of the dimer allows us to directly compare the dissociation of
the free and hydrogen bond donating S–H groups.

If we excite the EtSH unit with the free S–H bond, we ob-
serve a direct dissociation, very much like for the isolated
molecules (section 4.1.2). The excess energy available upon
the excitation with 5.1 eV photon estimated from this graph is
in a good agreement with the KED peak maximum at 1.25 eV.
On the other hand, if the hydrogen bond donating EtSH unit
is excited, free dissociation is no longer possible. While the
details of the potential curve depends on particular geometri-
cal arrangement (and on the basis set used), the general trends
are clear: the ground state potential energy curve is affected
only very little by the presence of the solvating molecule, the
excited state feels the presence of the neighboring molecule
almost immediately. The potential is not dissociative in this
configuration and there is much less excess energy available.
However, since the free zero-KE H-fragments are observed
experimentally from the clusters the dissociation of the bond-
ing hydrogen occurs. This can be facilitated by changing the
cluster geometry in the excited state, which can occur upon the
UV excitation due to vibrations in the ground state. Fig. S5 in
ESI† shows an example how the excited state PES depends on
the S–H· · ·S bond angle: a small change in the angle can yield
a dissociative pathway with very little excess energy.

1.5 2.0 2.5
0

2

4

6

8
 Free S-H bond
 S-H...S bond

En
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 (e

V)

S-H Distance (Å)

Fig. 5 The calculated PES for (EtSH)2 dimer dissociation along the
S–H free and bound coordinates. Structure of the dimer was taken
from the larger tetrameric cluster.

4.2.4 Mixed clusters. Fig. 6 (a) shows the KED and im-
age (inset) obtained at P0= 2 bar Ar and TR= 276 K corre-
sponding to a higher EtSH concentration C ≈ 14%. The corre-
sponding mass spectrum exhibits (EtSH)+n clusters up to n= 13
(shown in the ESI†). The major difference with respect to
Fig. 3 (b) is that it is dominated by the monomer rather than the
dimer mass peak. The images look also essentially the same
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except for a higher intensity allowing for a better evaluation
of the KED. Although the central peak of caged fragments is
clear in the image, the zero-KE fragment contribution in the
KED is negligible and the spectrum is dominated by the fast
fragments similar to the fragments from isolated molecules.
The fast fragments can originate from the photodissociation
of the isolated unclustered molecules in the beam as well as
from the direct exit of the H-fragments after the EtSH dissoci-
ation in the clusters.47

0.0
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1.0 (a)

0.0 0.5 1.0 1.5
0.0

0.5

1.0

(b)

In
te

ns
ity

 (a
rb
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)

H fragment kinetic energy (eV)

Fig. 6 The H-fragment KED recorded in the expansion of P0= 2 bar
Ar through the EtSH reservoir at TR= 276 K corresponding to the
concentration C ≈ 14% (a), and TR= 233 K corresponding to
C ≈ 1% (b). The insets show the corresponding velocity map
images.

Subsequently we tried to increase the clustering efficiency
by increasing the buffer gas pressure to P0= 5 bar and then we
gradually cooled down the reservoir TR= 276→220 K, i.e. the
EtSH concentration dropped from C= 5.6% to 0.2%. The pho-
todissociation behavior and mass spectra gradually changed
and several examples are given in the ESI†. Fig. 6 (b) ex-
emplifies the change in the H-fragment image and KED at
TR= 233 K (C= 1.0%). The central peak increased in inten-
sity and strongly dominates the image. In the corresponding
KED the zero-KE maximum also exceeds the fast fragment

peak maximum by a factor of 1.4, although the the zero-KE
peak is very narrow (see ESI† for an extended part of KED
near 0 eV). With further decreasing the concentration the peak
of caged fragments increases with respect to the fast fragments
until the spectrum exhibits essentially only the zero-KE frag-
ments at C= 0.2%.

The mass spectra (see the ESI†) did not change dramati-
cally with the decreasing concentration. The essential pattern
of fragments discussed above remained. As the concentra-
tion decreased from C= 5.6% to 1.8% (TR= 276→243 K), the
observed maximum cluster fragment ion (EtSH)+n increased
slightly from n= 15 to 17, and then it decreased to n= 11 with
a further decrease of the concentration to 0.2% (TR= 220 K).
A small but noticeable change in the mass spectra occurred
around C= 0.4% (TR= 228 K) where the Ar+m cluster frag-
ments start to appear with m ≤ 5. Further below at C= 0.3%
(TR= 224 K) further argon clusters m ≥ 5 occur in the spec-
tra and additional new mixed peaks EtSHn·Ar+m , n,m= 1,2 ap-
pear. This points to the generation of the mixed EtSHN ·ArM
clusters.

We can combine the evidence from the mass spectra and
VMI experiment to reveal some information about the size and
composition of the neutral clusters:

1) as the EtSH concentration in argon decreases from about
1.8% (TR=253 K), the largest observed (EtSH)+n fragment
size n decreases, suggesting smaller (EtSH)N neutral pre-
cursors;

2) at the same time, with the decreasing concentration the
zero-KE peak in VMI increases in comparison to the fast
fragment peak, suggesting more fragment caging in the
clusters, i.e. larger neutral cluster precursors;

3) at low concentration below 0.3% (TR= 223 K) there are
some mixed (EtSH)N ·ArM clusters in the beam;

Aparently 1) and 2) contradict each other and the contradiction
can be resolved by assuming that large mixed (EtSH)N ·ArM
clusters are generated at low EtSH concentrations where
smaller (EtSH)N clusters are encaged in larger argon “snow-
balls” leading to H-fragment caging. On the other hand, the
weakly bound Ar atoms leave the cluster during the EI process
and therefore mostly bare (EtSH)+n fragment ions occur in the
mass spectra.

How large can the argon clusters be? The mean size M̄
of ArM clusters generated in nozzle expansions can be cal-
culated from the expansion conditions (stagnation pressure,
nozzle shape and temperature) using Hagena’s formula48,49

which has recently been outlined explicitly for our appara-
tus elsewhere.35 This formula yields M̄ ≈ 50 for the current
conditions assuming pure argon expansion. At low EtSH con-
centrations ≤1% the expansion is probably not perturbed sig-
nificantly by the EtSH molecules and the large ArM clusters
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can be generated. Yet, the condensation most likely starts
with EtSH dimers and thus the Ar clusters will grow around
the EtSH clusters. Therefore we tentatively propose that the
cluster species generated at low EtSH concentrations (≤1%)
have a structure of about 50 argon atoms creating a “snow-
ball” around about ≤10 EtSH molecules. It ought to be men-
tioned that this is in agreement with the previous experiments
with hydrogen halides where for concentrations ≤1% molecu-
lar species embedded in argon were generated, while at higher
concentrations bare (HX)N clusters were produced.47

5 Conclusions

We investigated the photodissociation dynamics of S–H bond
in EtSH at 243 nm. The VMI experiment was accompanied by
RTOFMS after EI. The experiments were performed in vari-
ous expansion regimes corresponding to species ranging from
isolated molecules to dimers and large clusters of more than
10 EtSH molecules, to EtSH clusters embedded in larger Ar
species. In addition, the cluster nature and photodissociation
dynamics were revealed by ab initio calculations. From the
combination of the experimental results and theory the fol-
lowing picture emerged for the EtSH molecule dissociation:

• The strong anisotropy of the H-fragment suggested a di-
rect dissociation of the S–H bond. While the calculations
showed purely repulsive nature of the potential energy
curves along both the S–H and S–C coordinates, the dis-
sociation channel associated with the S–C bond cleavage
should be dynamically suppressed.

• The slow H-fragments observed previously6 were due to
the multiphoton processes.

• The fast H-fragment KED reflected the vibrational exci-
tation of the co-fragment, most likely the wagging mode
of the EtS fragment.

And for the clusters the following conclusions could be
drawn:

• The H-fragments were caged in (EtSH)N clusters yield-
ing zero-KE fragments beginning from the smallest clus-
ters N ≥ 3.

• The caging increased with the cluster size and dominated
in the mixed Ar coated (EtSH)N ·ArM clusters, where es-
sentially no fast H-fragments were observed.

• The caging resulted in very sharp zero-KE H-fragments
clearly discernible from the slow fragments due to the
multiphoton processes.

• Our ab initio calculations demonstrated a very strong ef-
fect of the environment on the excited states, rationaliz-
ing the efficient caging.

The unique feature of the present experiment is the combi-
nation of the VMI in tandem with a high resolution RTOFMS.
It was demonstrated that the nature of the generated clusters
was reflected in the H-fragment KEDs from the VMI, as well
as in the mass spectra. The complete detailed information
about the clusters, their approximate size, composition and dy-
namics, was only revealed from the combination of the two
experiments performed simultaneously on the same cluster
beam, and none of these tools alone could provide the com-
plete picture. In addition, a high level theory was necessary
to fully reveal the cluster structure and photodissociation dy-
namics.
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