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Multiphoton dissociation of thiophene with 532 and 355 nm
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The fragmentation of thiophene was investigated using incident laser radiation with two wavelengths, 532 and 355 nm. The results indicate
that the intense fragmentation of thiophene molecules decreases at high radiation intensities as was evidenced by the ion C+. Additionally,
the effect of wavelength on the formation of the parent ion, as well as the production of lighter fragments, such as C2H+

2 , is examined. Finally,
the dissociation between thiophene and furan to assess the influence of heteroatoms on the fragmentation of these heterocyclic molecules is
compared. Our observations reveal the role of hydrogen migration on these heteroatoms.
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1. Introduction

The study of heterocyclic molecules is important because
these compounds play crucial roles in various scientific fields
from biology to astrochemistry [1,2]. For instance, the Cu-
riosity Rover found thiophene and some of its derivatives on
the surface of Mars [3]. For this reason, is important to under-
stand the role of these compounds when interact with lumi-
nous radiation to provide insights into the underlying mecha-
nisms occurring on other planets [4]. In this sense, thiophene
(Fig. 1) whose molecular formula is C4H4S (m = 84 amu)
serves as a representative example of heterocyclic molecules
[5,6], characterized by an aromatic ring that imparts high sta-
bility [7] and symmetry C2ν [8]. Exploring the fragmentation
patterns of thiophene can serve as a valuable starting point for
comprehending the behavior of more complex molecules un-
der luminous radiation exposure.

To investigate the dissociation dynamics of thiophene,
various fragmentation methods have been employed, includ-
ing synchrotron radiation [9,10], pyrolysis [11], infrared laser
[12], double ionization [13], and theoretical studies too [14].
These diverse approaches highlight the importance of study-
ing small aromatic heterocyclic compounds and are comple-
mented by the mass spectroscopy technique One way to in-

FIGURE 1. Thiophene molecule.

investigate the radiation-matter interaction is to use low en-
ergy photons under the multiphoton absorption scheme. In
this scenario, molecules require the absorption of more than
one photon to reach the ionization energy. For this reason,
the intensity and the wavelength of the incident radiation be-
comes a crucial factor. This method enables the indirect ob-
servation of the excited state transitions [15] and can be un-
derstood through two mechanisms: ionization-dissociation
and dissociation-ionization [16]. This work can shed addi-
tional information on the processes involved in the interac-
tion between light radiation and molecules through a multi-
photon absorption mechanism. These processes are ubiqui-
tous and occur in diverse environments, from living tissues
to interstellar matter [17]. Thiophene can be considered as
the analogue molecule of furan, where the oxygen atom is re-
placed by a sulfur atom. This substitution makes furan less
aromatic compared to thiophene because sulfur is less elec-
tronegative than oxygen [12]. Consequently, thiophene has
greater stability than furan. Based on this fact, the parent ion
of furan is expected to undergo more fragmentation than that
of thiophene [18]. In a previous article [19] we reported the
results obtained for furan. Therefore, in this study we aim
to analyze the interaction of thiophene under the same ex-
perimental conditions as furan, allowing a direct comparison
between these two molecules.

2. Methodology

The experimental setup used in this study was described in
a previous work [19]. However, the diagram and the crucial
information for this work is presented below (Fig. 2). The
sample was obtained from Sigma Aldrich (> 99% purity)
and was directly introduced without undergoing any further
purification, into a mass spectrometer via a pulsed valve. The
pressure before the sample introduction was approximately
10−8 mmHg, while the pressure after introduction the sam-
ple was around 10−6 mmHg. The molecular beam passed
through a skimmer before reaching the interaction region,
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FIGURE 2. Experimental scheme, 1. Pulsed valve, 2. Skimmer, 3.
Throttle plates, 4. Focusing lens, 5. Detector, 6. Preamplifier, 7.
Multichannel system, 8, Retarder, 9. Valve opening controller, 10
Nd-YAG laser, 11. Molecular turbo pumps, 12. Computer equip-
ment.

where the adiabatic expansion of the sample takes place, sig-
nificantly reducing the degrees of freedom of the molecules.
This step ensures that dissociation or ionization of the thio-
phene is solely induced by the laser rather than other factors.

The dissociation of thiophene was investigated using a
Nd-YAG pulsed laser employment the second (532 nm) and
third (355 nm) harmonic, which correspond to the UV-visible
range. To examine the effect of radiation intensity on the
molecular fragmentation dynamics, a scan of radiation inten-
sities ranging from2.13× 109 W/cm2 to 8.51× 109 W/cm2.
Positive ions generated during the fragmentation process
were accelerated using a potential difference of 1000 V and
analyzed using a time-of-flight mass spectrometer coupled
with a reflectron. The produced cations were separated based
on their mass-to-charge ratio and detected using a multi-
channel plate detector. The commercial software Origin 9
[20] and Excel were used to analyze the mass spectra ob-
tained. More details on the experimental setup can be found
in Ref. [19].

3. Results and discussion

Considering furan as the heteroatom of thiophene, the com-
parison of its dissociation mechanisms under the same pho-

tonic excitation conditions is interesting. Figures 3a) and 3b)
show the mass spectra obtained by irradiating furan and thio-
phene respectively, with wavelengths of 532 nm and 355 nm
and at different laser energies. The experiments were car-
ried out within the multiple absorption regime, so the spectra
originated from electronic transitions. Even though the ion-
ization energies of furan and thiophene are close (8.88 eV and
8.86 eV respectively) [21], the presence of the heteroatom
directly influences the absorption and ionization dynamics at
the wavelengths used. So, even though they require the same
number of photons to open the dissociative channels, the ac-
tivation of some of them is different. A very useful element
to suggest the ionization channel leading to the observed ion
is to know the number of photons involved in the absorption.
The slope of the linear part of the relationship between the
logarithms of the ionic current and laser intensity is propor-
tional to the number of photons needed to achieve the ioniza-
tion state [22]. This is calculated according to the Eq. (1)

Y = σnIn, (1)

whereY is the ionic current,n the process order andσn the
nth order cross section [22]. Although n is generally not an
integer since its value also depends on other internal pro-
cesses, the order is considered as the minimum number of
photons necessary to reach the state of ionization or dissocia-
tion [22,23]. The next Table I shows the photons calculated at
wavelength of 355 nm according to Eq. (1) for the formation
of some of the observed fragments.

TABLE I.

Mass (uma) Fragment Absorbed photons

1 H+ 3.8

12 C+ 1.8

13 CH+ 3.8

24 C+
2 2.9

32 S+
2 3.1

39 C3H+
3 2.3

44 CS+ 2.6

45 CSH+ 2.1

FIGURE 3. a) Mass spectra of Furane obtained by multiphoton ionization withλ = 355 nm andλ = 532 nm. Radiation intensity is
7.66 × 10−9 W/cm2 [19]. b) Mass spectra of thiophene obtained by multiphoton ionization withλ = 355 nm andλ = 532 nm. Radiation
intensity in the range of2.13× 109 W/cm2 to 8.51× 109 W/cm2.
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VUV photoabsorption studies [6,24] indicate a strong
absorption band for thiophene in the range of 6.55 eV to
7.70 eV, with the highest absorption intensity corresponding
to theπ → π∗ transitions [25]. This transition is achieved by
absorbing two 355 nm and three 532 nm photons. With any
of the wavelengths and once the molecule is excited, in prin-
ciple the absorption of an additional photon would be enough
to achieve ionization of the parent ion.However, it is observed
in the spectra that this C4H4S+ ion only appears with 532
nm radiation. The response to this behavior is found in the
different excited states that are reached with the absorption
of one or another of the incident photons. The observation
of the parent molecular ion in furan at 355 nm and in thio-
phene at 532 nm, even though they have close ionization en-
ergies, is attributed to resonance effects in which the absorp-
tion of the photons coincides with an excited eigenstate facil-
itating direct ionization and the consequent presence of the
parent molecular ion. The similarity in the fragmentation pat-
terns indicates that the dissociation-ionization and ionization-
dissociation processes lead to comparable fragmentation re-
sults regardless of which process occurs first.

According to Fig. 3b), the H+ ion presents an almost
constant behavior at 355 nm, but at 532 nm, the intensity in-
creases as the incident radiation energy increases. The origin
of the H+ can be considered as result of the deprotonation of
thiophene, mainly of those H in the alpha position. This pref-
erence lies in the greater stability of the C4H3S alpha isomer
compared to the position of the corresponding beta isomer
[26]. The energy required to eliminate alpha H is approx-
imately 4.99 eV [26], therefore the absorption of two pho-
tons of any wavelength is required. Rennieet al. [18] us-
ing radiation synchrotron propose as the main fragmentation
mechanisms of thiophene those summarized in the following
Table II

It is observed in Fig. 3b) that the signal corresponding
to mass 39 (C3H+

3 ) in Table II is small at 355 nm and a lit-
tle larger at 532 nm, growing as the radiation intensity in-
creases. More notable is mass 45 (CHS+) that appears with
both incident wavelengths. The signal associated with mass
58 C2H2S+) is barely outlined as the intensity of the inci-
dent radiation of both wavelengths increases, and those pro-
posed in Table II with masses 69 and 83 are not recorded in
Fig. 3b). The absence of signals from some of the fragments
is explained by the differences in the energy of the incident
photons in each of the experiments. Between 2-4 eV in the
present case, and between 12-28 eV of synchrotron radiation
in the other case.

TABLE II.

C4H4S+• →C3H+
3 (m/q = 39) + CHS•

C4H4S+• →CHS+ (m/q = 45) + C3H•3
C4H4S+• →C2H2S+•(m/q = 58) + C2H2

C4H4S+• →C3HS+ (m/q = 69) + CH•3
C4H4S+• →C4H3S+ (m/q = 83) + H•

FIGURE 4. Comparison of the ionic current of the ions CH+, C+
2 ,

C2H+
2 obtained withλ = 355 nm (•) andλ = 532 nm (¤) in the

range of2.13× 109 to 8.51× 109 W/cm2

The CH+ ion could be considered the main precursor of
the C+ ion, however, according to what was observed in the
ionic currents (Fig. 4), the behavior of these ions is contrary
to those expectations. One possible channel is the one that
considers the breaking of the C-C bond of acetylene. It is ex-
pected that by increasing the photon density, larger fragmen-
tation channels will be activated, leading to the production of
ions of lower mass, such as C+.

The weak CH+2 signal, at both wavelengths, indicates the
migration of Hα during the fragmentation process. This re-
quires less energy compared to Hβ atoms [27].

The absence of the parent ion at 355 nm and the ap-
pearance of the CnH+

n and SHn fragments suggest strong
fragmentation of the parent ion at this wavelength. It could
be considered that this fragmentation originates from the
Coulomb explosion, however this mechanism would lead to
the generation of fragments with multiple charges [28], a situ-
ation that is not observed in the spectra. Being in the multiple
absorption regime, four photons of 532 nm (9.28 eV) or three
of 355 nm (10.47 eV) are required to achieve a first ionization
of the original fragment. This is 0.43 eV and 1.6 eV respec-
tively higher than the energy needed to extract the first elec-
tron from thiophene (8.86 eV) [21]. As the density of photons
increases, its probability of absorbing more of them increases
and the opening of more dissociation channels is achieved,
undergoing complete fragmentation [29] and reaching lower
mass fragments such as C+ and H+.

The C2H+
2 ion is important since it has been reported

as a neutral fragment in the production of C2H2+CH2CS•+
[18]. Theoretical studies [25] suggest that the formation of
this fragment comes from the breaking of the double bonds
between the C-S and the C-C. Furthermore, its presence is
favored forλ = 532 nm, which shows the strong dependence
of its production on the wavelength. As can be seen in the
spectra [Fig. 3b)], most of the ions generated are the same at
both wavelengths, although at different intensities.
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FIGURE 5. Proposed fragmentation mechanism to produce HCS+ and C3H+
3 ions from C4 H4S+.

FIGURE 6. Proposed fragmentation mechanism to produce SH+
2 and SH+ ions.

The C3H+
3 and HCS+ ions (similar equivalents to C3H+

3

and HCO+ in furan) were identified at both wavelengths.
The production of these ions is expected to come from simi-
lar fragmentation mechanisms. The signal intensity of these
ions was strongest at the wavelengthλ = 532 nm, where
the parent ion appears. The difference in peak heights be-
tween HCS+ and C3H+

3 could be attributed to the difference
in the activation energies required for their formation, which
are 6.9 eV and 6.5 eV respectively [30]. Although C3H+

3

requires less energy, three-photon absorption with a wave-
length ofλ = 532 nm (6.96 eV) is closer to the activation
energy of HCS+. Figure 5 shows the possible mechanisms
to produce these fragments from the parent ion and Table III
their activation energy [30,32].

In the case of C2H2S+, although it requires little energy
for its formation, it does not appear at 355 nm and a very
weak signal is barely perceived at 532 nm. This may be re-
lated to the presence of the C2H+

2 ion, suggesting that they
come from competitive mechanisms.

TABLE III.

Ion Activation

Energy (eV)

C2H2S+ 4.6± 0.7

CHS+ 6.9± 0.7

C3H+
3 6.5± 0.7

The production of the SH+ and SH+2 fragments involve
the migration of one and two hydrogens respectively. In the
first case, a migration of Hα to S takes place, subsequently
the first breakage of the ring takes place, creating the possi-
bility of a second breakage for the release of the SH+ ion.
For (SH2) after the migration of Hβ to S, a second migra-
tion of Hβ to Cα takes place accompanied by a C-S cleavage.
Subsequently, the second migration of Hα to S takes place
and finally the second C-S bond is broken where SH2 is pro-
duced [31] (Fig. 6).

It can be seen in the mass [Figs. 3a), 3b)] and current
(Fig.4) spectra that the intensity of some ions at low powers
of incident radiation is greater withλ = 355 nm. This is
not surprising since the higher photon energy at this wave-
length activates the ionization and dissociation channels with
a lower number of absorbed photons. For higher energy den-
sities, the multiple absorption atλ = 532 nm also activates
these dissociative channels, reversing the trend and obtaining
higher intensities of the fragments.

In particular, the HCS+ and C3H+
3 fragments are more

abundant forλ = 532 nm, which suggests a possible asso-
ciation with the parent ion in a direct dissociation process
C4H4S+ to C3H+

3 + HCS or C3H+
3 HCS+. The CS+ ion is

recorded together with the HCS+ so it can be interpreted that
its formation is derived from the latter through the loss of a
hydrogen. The ionic fragments S+ and HCS+ appear with
great intensity for both wavelengths [see Fig. 7a), b)]. The
large sulfur signal is very important since thiophene is one of
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FIGURE 7. SH+
n and Hn CS+ fragments atlambda = 532 nm andlambda nm. Power density at2− 8× 109 W/cm2.

FIGURE 8. Ionic Current behavior of CH+2 in furan and thiophene withlambda = 532 nm.

the most complicated compounds to desulfurize [33,35], con-
suming a large amount of hydrogen during the industrial hy-
drodesulfurization process [33,34,35]. S+ is formed from the
migration of the hydrogen atom predominantly from the al-
pha positions [33] followed by the cleavage of the C-S bond.
Within this process, the cleavage of the C-S bond is crucial
since it initiates the fragmentation of thiophene and is the
factor that improves desulfurization [35,36]. According to
Fig. 7, the desulfurization of thiophene is higher with 355
nm in almost the entire range of incident radiation used. In
contrast, the migration of a hydrogen towards sulfur increases
with λ = 532 nm.

The above agrees with the fact that photons withλ = 355
nm are more energetic and therefore the energy necessary to
start this process is achieved with lower radiation intensity.
On the other hand, it is observed that the HCS+ and CS+

ions as well as the parent ion are produced in greater quan-
tities for λ = 532 nm. Likewise, the trend of the CS+ ion
is like that shown by the H+ fragment during almost the en-
tire radiation interval. Consequently, it is possible that the
CS+ ion originates from the deprotonation of the HCS+ ion
as shown in the following reactions (2) and (3).

HCS+ → CS+ + H, (2)

HCS+ → CS+ H+. (3)

One explanation for the similarity of the ionic current
(IC) of the CS+ and H+ ions is that they come from a com-
petitive dissociation mechanism between reactions Eqs. (2)
and (3). Consequently, it is expected that the sum of IC of
these ions should exceed that of the HCS+ ion, which can
be verified in Fig. 7. In support of the above, Fig. 7 shows
how IC of HCS+ decreases while that corresponding to CS+

increases.
On the other hand, another significant effect associated

with the heteroatom is the migration of hydrogen that gives
rise to the CH+2 ion. Effect that appears in both furan and
thiophene (Fig. 8). In the case of furan, it presents an accel-
erated growth of intensity withλ = 532 nm at low powers
of incident radiation, but the same does not occur with thio-
phene, where it is barely perceptible at these powers (Fig. 8).
This difference in CH+2 formation between furan and thio-
phene highlights the importance of considering heteroatoms
in the activation of ionization and dissociation mechanisms.
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4. Conclusions

- The presence of low molecular weight S+, C+ and H+

fragments atλ = 355 nm can be considered to come
from the complete fragmentation of thiophene.

- In the case of S+ it indicates that the heteroatom tends
to retain the charge during dissociation.

- The relationship in the growth of H+, C+ and HC+

ions with the photon density atλ = 532 nm, points to
CH+ as the precursor of these ions.

- The differences in the production of the fragments ob-
tained from the dissociation of furan and thiophene
highlight the effect of the heteroatom.

- The excited state of the molecule that is reached when
irradiating with λ = 355 nm or with λ = 532 nm
determines the absence or appearance, respectively, of

the original C4H4S+ ion. Different ionization meth-
ods lead to the products C3H+

3 and HCX+ (with X=
oxygen or sulfur).

- Coulomb explosion is ruled out for complete fragmen-
tation of the parent ion due to the absence of multiply
charged ions.
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