
LA-UR-18-20800 (Accepted Manuscript)

Furan Fragmentation in the Gas Phase: New Insights from Statistical
and Molecular Dynamics Calculations

Erdmann, Ewa
Labuda, Marta
Aguirre Castiblanco, Nestor Fabian
Diaz-Tendero, Sergio
Alcami, Manuel

Provided by the author(s) and the Los Alamos National Laboratory (2018-07-05).

To be published in: The Journal of Physical Chemistry A

DOI to publisher's version: 10.1021/acs.jpca.8b00881

Permalink to record: http://permalink.lanl.gov/object/view?what=info:lanl-repo/lareport/LA-UR-18-20800

Disclaimer:
Approved for public release. Los Alamos National Laboratory, an affirmative action/equal opportunity employer, is operated by the Los Alamos
National Security, LLC for the National Nuclear Security Administration of the U.S. Department of Energy under contract DE-AC52-06NA25396.
Los Alamos National Laboratory strongly supports academic freedom and a researcher's right to publish; as an institution, however, the
Laboratory does not endorse the viewpoint of a publication or guarantee its technical correctness.



Furan Fragmentation in the Gas Phase: New Insights from Statistical
and Molecular Dynamics Calculations
Published as part of The Journal of Physical Chemistry virtual special issue “Manuel Yañ́ez and Otilia Mo ́
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Ewa Erdmann,† Marta Łabuda,*,† Neśtor F. Aguirre,‡,§ Sergio Díaz-Tendero,§,∥,⊥

and Manuel Alcamí*,§,∥,#

†Faculty of Applied Physics and Mathematics, Gdan ́sk University of Technology, Narutowicza 11/12, 80-233 Gdańsk, Poland
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ABSTRACT: We present a complete exploration of the different
fragmentation mechanisms of furan (C4H4O) operating at low and
high energies. Three different theoretical approaches are combined
to determine the structure of all possible reaction intermediates,
many of them not described in previous studies, and a large number
of pathways involving three types of fundamental elementary
mechanisms: isomerization, fragmentation, and H/H2 loss processes
(this last one was not yet explored). Our results are compared with
the existing experimental and theoretical investigations for furan
fragmentation. At low energies the first processes to appear are
isomerization, which always implies the breaking of one C−O bond
and one or several hydrogen transfers; at intermediate energies the
fragmentation of the molecular skeleton becomes the most relevant mechanism; and H/H2 loss is the dominant processes at high
energy. However, the three mechanisms are active in very wide energy ranges and, therefore, at most energies there is a
competition among them.

1. INTRODUCTION

Furan (C4H4O, Scheme 1), is a five-membered heterocyclic
ring molecule, which is one of the simplest constituents of
several important biologically active macromolecules (biotin,
vitamin B12).

1 It can be regarded as an analogue of the carbon
ring (tetrahydrofuran molecule) of deoxyribose (dR) sugar,
which is the backbone molecule in nucleic DNA acid. This simple
aromatic compound and its derivatives are also components of

conducting polymers2 and play an important role in combustion
chemistry, such as in the production of more ecological types of
biofuels converted from solid biomass.3−5 Also interestingly, furan
is present in the commercial food industry, particularly in the
nourishments that undergo heating processes.6 In this respect,
furan’s toxicity and aspects of risk assessment of potential carcin-
ogenic effects have been widely analyzed. For instances several
studies have been performed to determine furan toxicity in
coffee products.7−9 However, in the current state of knowledge,
the mechanisms of the carcinogenesis induced by human expo-
sure to furan are not yet well established and, therefore, there is
still an interest in new studies to fully understand the decom-
position of this heterocyclic compound under different conditions.
More recently, the interest in furan has been renewed due to

the wide range of investigations of the radiation damage effects
in biological systems. Since almost 30 years, significant effort is
made to understand the mechanisms of genotoxic effects induced
by the radiation in biological tissue. It has been shown that different
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Scheme 1. Furan with the Notation Used for the
Identification of the Different Atoms
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types of irreversible damage are induced by crossing of the radi-
ation tracks with DNA (see refs 10−13 and references therein).
Molecular damage is the result of physical events: the depo-
sition of energy and production of ionized and excited states of
the molecules, or chemical events: production of radicals and
other molecular products.14,15 From the chemical point of view,
the most significant biological consequences are due to single-
and double-strand breaks of DNA helix. The majority of these
events are generated by secondary particles such as low-energy
electrons,16−18 radicals,13 and singly or multiply charged ions14,15,19

which play a crucial role in structural and chemical modifi-
cations in DNA constituents. For this reason, theoretical and
experimental investigations of the action of multiply charged
ions on the building blocks of nucleic acids have raised great
interest.14,15,19−28 From the theoretical point of view, the work
of O. Mo ́ and M. Yañ́ez has been pioneering in the application
of computational chemistry tools to study fragmentation of bio-
molecules,29,30 as for instance the study of the unimolecular
reactivity of the complexes of nucleobases (thymine or uracil),
with metal ions (Co, Ca, Ni, Zn, or Cu).31−33 Taking into account
the importance of a furan molecule from the biological point of
view, it seems that this simple molecule is very attractive to
study, in collision with electrons,34,35 ions,36 or synchrotron
radiation.37−43 Additionally, because our motivation to inves-
tigate this molecule is driven by its simplicity, it is also an ideal
choice for the verification of the theoretical approaches used in
our work.
The fragmentation of furan has been investigated extensively

from both experimental41,43−46 and theoretical47−49 points of
view. A first scheme for the thermal decomposition of furan
molecule has been proposed by Lifshitz and co-workers,44 in
the shock tube experiment, and more recently, by Fulle et al.45

These studies of furan pyrolysis showed two possible unimo-
lecular reaction channels occur directly from furan, namely,
(1) CH3CCH + CO and (2) HCCH + H2CCO, and
major decomposition products as methylacetylene (propyne)
(C3H4), carbon monoxide (CO), and acetylene (HCCH) were
identified. However, this study did not analyze the details of the
decomposition processes and, therefore, the mechanism of the
formation of the various products was still unclear. Previous
theoretical studies have proposed up to four different pathways
for furan fragmentation in the ground state. The earliest theo-
retical investigation of unimolecular decomposition of furan by
quantum chemistry methods was performed by Liu et al.47 The
unimolecular decomposition channels of furan were determined
by density functional theory and high-level ab initio calculations.
The results obtained confirmed the two reaction pathways pro-
posed by Lifshitz et al.44 The mechanisms proposed rely on the
shift of hydrogen atoms (H7 and H8 position) followed by the
opening of the ring by breaking Cα(1)O bond and then
subsequent dissociation to give CH3CCH + CO fragments
or followed by a concerted Cβ(2)Cβ(3) and OCα(4) bond
cleavage to form HCCH + H2CCO. They also con-
clude that the formation of CH3CCH + CO is more likely to
occur in the unimolecular dissociation of furan on the ground
state potential energy surface (PES). Sorkhabi et al.41 studied
the dissociation dynamics of furan at 193 nm using photofrag-
ment translation spectroscopy technique with a tunable vacuum
ultraviolet (VUV) probe provided by intense synchrotron radi-
ation. Three channels were observed, two in the agreement
with the previous pyrolytic44,45 results and a third channel, namely,
(3) HCO + C3H3 not observed before. It was proposed that the
possible mechanism for this channel may occur by the opening of

the ring via Cα(1)O bond cleavage on the electronically
excited state, followed by a 2,3 hydrogen shift and finally Cβ(3)
Cα(4) bond breaking to obtain HCO + propargyl radical (C3H3).
Up to now, the most complete work on theoretical inves-

tigation of furan decomposition was presented by Sendt et al.49

These studies are based on an exploration of the PES by high-
level ab initio methods, at CASPT2, CASSCF, and G2-MP2
levels of theory. They confirmed that the most favored unimo-
lecular initiation of decomposition mechanisms occurs through
the formation of α-carbene or β-carbene intermediates rather
than biradical ring opening. The α-carbene fragments to CH2
CO + HCCH whereas the β-carbene isomerizes to formyl
allene, CH2CCHCHO, that can further evolve and frag-
ment to CO + CH3CCH via a concerted mechanism involving
a 1,4 hydrogen transfer and a Cα(1)Cβ(2) bond fission or it can,
with low probability, directly decompose to HCO + HCCCH2.
These results were also confirmed by Tian et al.50 in their study
of furan/oxygen/argon flames using tunable synchrotron VUV
photoionization and molecular-beam mass spectrometry and
where they proposed a kinetic combustion model for furan,
based on experiment as well as calculations using the CBS-QB3
method.51

The nonadiabatic photoinduced ring opening occurring in
the lowest excited singlet states of furan was investigated theo-
retically by Gromov et al.52 by ab initio equation of motion
coupled cluster singles and doubles method (EOM-CCSD),53

and recently by using multiconfigurational time-dependent
Hartree (MCTDH) wave packet propagation techniques and
an exploration of the PES.54,55 Also ab initio nonadiabatic
dynamics have been used to reveal ultrafast deactivation from
the second excited state to the ground state in furan.56

Despite all these efforts to understand the mechanisms of
furan fragmentation, further studies still remain necessary, espe-
cially regarding mechanisms different from direct unimolecular
fragmentation of the furan C−C and C−O bonds, such as the
loss of H or H2, isomerizations linked to these H loss, or
multifragmentation channels in which more than two bonds are
broken. Our main aim in this work is not only to study these
mechanisms but also to establish a methodological protocol,
based on different theoretical approaches, to provide comple-
mentary information on the decomposition processes of mole-
cules under high energetic conditions. In this respect, by the
detailed investigations of the processes in the furan decom-
position, we are able to determine new structures and pathways
that were not yet explored. Statistical methods applied here to
explore further fragmentation steps allow us to identify the most
stable products particularly when more than two fragments are
produced. Three methodologies are used with the objective to
determine the most abundant fragmentation channels as well as
nature of the mechanisms and structures of the different fragments.
In the first step, our approach makes use of molecular

dynamics (MD) simulations at different excitation energies of
the system, which allows us to obtain more reaction pathways
by purely statistical investigations. As an outcome of the simu-
lation, we can obtain a fragmentation “movie” showing how the
products of the decomposition reaction are formed and scattered
into space. This will yield the observation of the direct (opening
of the ring, bond breaking, migration of hydrogen atoms,
isomerization) and time-delayed mechanisms (further decom-
position of the products). A systematic analysis of molecular
dynamics results, in the second step, will help to identify critical
points such as minima and transition states on the PES schemes
that cannot be easily obtained by using chemical intuition.
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By performing first MD simulations for different values of the
excitation energy, we obtain the probability of evolving through
the different channels; in addition, from the products obtained
in these dynamics, we can identify structures that can be
considered as a starting point in the further exploration of the
PES. At the third step, a newly developed statistical Micro-
canonical Metropolis Monte Carlo (M3C) method is applied. It is
worth to mention that this method has been recently57

implemented for few exemplary applications and has never
been applied to study complex molecules with several type of
atoms and with a large number of possible isomers. From M3C
calculations we obtain the statistical distribution of all possible
fragmentation channels as a function of the internal energy of
the molecule in the limit where the system has infinite time to
evolve. A great advantage of this method is the low cost of
calculations in comparison to MD or exploration of the PES.
As we will show, combining two different techniques as MD

and purely statistical method with PES exploration has the
advantage of creating a general picture of the mechanism of
decomposition of furan covering low and high excitation energies.
To the best of our knowledge, our present investigation is the
first theoretical work in which decomposition of the furan
molecule obtained by the different methodological scenarios is
considered in such a complete way.
This article is organized as follows. In section 2, we present

the theoretical methods and give technical details of the compu-
tational procedures used in our calculations. In section 3, we
present, analyze, and discuss our results with respect to the
current state of knowledge, and finally, we provide conclusions
and remarks.

2. COMPUTATIONAL DETAILS
In a first step, MD simulations were done to identify the most
probable mechanisms and the structure of the potential final
products. The ab initio atom-centered density matrix propa-
gation (ADMP) method58−60 with the B3LYP functional and
the 6-31G(d,p) basis set has been employed to study the
dynamics of neutral furan molecule. Propagation time of the
simulations has been limited to tmax = 500 fs, which proved to
be feasible for process under consideration. A time step of 0.1 fs
and fictitious electron mass of 0.1 amu were chosen to ensure
conservation of the total energy and good separation between
electronic and nuclear degrees of freedom. Although the lifetime
for reaction is expected to be much longer than 500 fs, our choice
is proved to be sufficient to identify the most probable products
of the decomposition of furan molecule and gives insight into
the mechanism of fragmentation. That is also why the MD
simulations are the initial steps in our approach and they have
to be completed by the further exploration of the energy pro-
files of the PES for the observed processes. The excitation energy,
varying from 5 to 30 eV in steps of 1 eV, was randomly dis-
tributed over all degrees of freedom of the molecule. Various
initial velocities allow for conducting different simulations from
the same starting structure, and thus performing statistical anal-
ysis over calculated 150 trajectories for each energy. A total of
3900 trajectories were run.
To gain complementary energetic and structural information

on the fragmentation mechanism, we performed calculations of
reactants, intermediates, transition states, and products on the
PES of neutral furan. Geometry optimizations and evaluations
of the harmonic vibrational frequencies and zero-point energy
(ZPE) corrections were carried out with the density functional
theory using B3LYP functional and initially a 6-311++G(d,p)

basis set. Finally, at the same level of theory we performed
intrinsic reaction coordinate (IRC) calculations to confirm whether
obtained transition states indeed connect the right minima.
To obtain more reliable results, all structures were reoptimized
with a larger, 6-311++G(3df,2p) basis set and frequencies and
ZPE corrections were re-evaluated at this level.
All quantum chemistry calculations were carried out using

Gaussian09 software.61

Lastly, our final approach employed extended Microcanon-
ical Metropolis Monte Carlo method as recently implemented
in the M3C code.57 This statistical technique allowed us to
study the fragmentation process of various systems by random
sampling of accessible phase space until the maximum entropy
region is reached. To perform the M3C simulation, one needs
to create a database of all possible fragments corresponding to
different chemical formula, and for each of them different
isomers can exist. The M3C interface with the GAUSSIAN
package allows performing a stochastic isomer search for each
fragment, by creating a user-fixed number of trial geometries
and subsequently optimizing them at a lower level of theory
(B3LYP/6-311G). This approach allowed us to identify 44
possible fragments of furan (i.e., corresponding to 44 molecules
of different chemical formulas). The automatic search of
isomers led in total, to 226 different isomers for these
fragments. To improve the obtained geometries, we performed
subsequent optimizations and vibrational frequencies calcu-
lations at higher level of theory (B3LYP/6-311++G(d,p)).
After establishing the database with all possible fragments, it is
possible to perform the M3C calculation. The reference mole-
cule selected as the initial structure was the cyclic geometry of
C4H4O (C4H4O.q0.m1-4, see the supplemental data). Simu-
lation parameters were first tested until reaching the convergence.
The final set of parameters used were system radius of 13 Å,
Markov Chain sequence V, T, R, 5S:0, V, T, R, 5S:1:-1,
(see ref 57 for explanation of the possible sequences and nota-
tion used for the Markov Chain), and 800 000 events for each
one of the 50 numerical experiments performed. The excitation
energy was scanned up to 20 eV with a step of 0.5 eV.
All structures presented in this work have been uploaded to

the IoChem-BD database.62

3. RESULTS AND DISCUSSION
3.1. Molecular Dynamics Simulations. Extensive stat-

istical analysis of the trajectories obtained allows identifying the
most abundant processes as a function of the excitation energy
of the system. In Figure 1 we present the statistical analysis of
the 3900 trajectories obtained in the MD simulations. We have
characterized the different trajectories by the final structure
obtained at the end of each simulation (500 fs) and assumed
bonds to be broken when the distance between atoms exceeded
R = 2.5 Å. The observed mechanisms can be divided into four
groups: (1) isomerization, (2) isomerization + fragmentation of
the carbon structure, a process that will be referred hereafter as
skeleton fragmentation, (3) H/H2 loss + isomerization, and
(4) H/H2 loss + fragmentation.
Isomerization of the neutral furan molecule starts when exci-

tation energy is above 9 eV and is the dominant process between
9 and 16 eV. As shown in Figure 2, where snapshots of the
most significant trajectories are given, isomerization always
implies the breaking of one C−O bond and the intramolecular
transfer of one or several hydrogens. In none of the trajectories
was the breaking of the C−C bond to form isomers with an
ether group observed, in agreement with previous calculations.47−49
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A deeper analysis of the MD trajectories is given in Figure 3 and
allows having a more detailed view of the products obtained and
their relative importance in the fragmentation of furan. Figure 3a
shows that mainly five isomeric forms, corresponding to the five
snapshots for isomerization given in Figure 2, are obtained at
the final step of the trajectories. The optimized structures and
relative energy of these isomers are shown in Figure 4. The
most probable one corresponds to a formyl−allene structure
(H2CCCHCHO, 3 and 4 in Figure 4 and snapshots a
in Figure 2), followed by an isomer with an alkyne−alcohol
structure, not considered in previous theoretical studies47−49

(HCCCHCHOH, 5 and 6 in Figure 4 and snapshots b
in Figure 2). The other isomeric structures correspond to the
formation of a nonstable terminal carbene (:CHCHCH
CHO) that evolves to a cyclopropane substituted by a CHO
group (see 13 and 14 in Figure 4 and snapshots c in Figure 2),
a mechanism not considered before, a formyl−alkyne structure
(HCCCH2CHO, 7 and 8 in Figure 4 and snapshots d
in Figure 2), and a terminal −HCCO group (H2C
CHCHCO, 9 and 10 in Figure 4 and snapshots e in
Figure 2). As shown in Figure 4, all these isomers are among
the most stable ones and their relative energies with respect to
furan are less than 2 eV and play a significant role in the decom-
position of this molecule. Nevertheless, there is not a direct
connection between their relative stability and their production
yield shown in Figure 3. For instance, 9 and 10 are the second
most stable structures after furan but, according to Figure 3,
present the lowest yield of the five channels described. This is
due to the presence of energy barriers in their mechanisms that
will be discussed in detail in the next subsection.
Figures 1 and 3 also show that as the excitation energy

increases above 16 eV the percentage of trajectories ending in
one of these isomers decreases. This fact does not mean that
the isomerization becomes less important, it just reflects that at
higher energies isomers appear earlier in the MD trajectories
and at 500 fs they have already evolved toward fragmentation.
Indeed, as we will discuss later, two other relevant isomers

(1 and 2 in Figure 4) corresponding to carbene cyclic structures
appear in the simulations, but they are very unstable and, in all
trajectories obtained, they have evolved at 500 fs either toward
fragmentation or toward one of the isomers described before.
The processes denoted as skeleton fragmentation involve the

breaking of a C−C, after C−O breaking/isomerization, and
lead to the formation of two fragments (typically, CO + C3H4
or HCCH + H2CCO), but without further losing H or H2.
As we can see in Figure 1a, isomerization and fragmentation
start at similar energies around 10−11 eV, and between 17 and
23 eV skeleton fragmentation dominates. Snapshots of typical
trajectories are shown in Figure 2. More quantitative results are
given in Figure 3b, which shows the channels leading to two
fragments as a function of the excitation energy. The channel that
appeared first in the dynamical simulations, and is also the most

Figure 1. Results of ADMP simulations of neutral furan. Total
occurrence of (a) the observed processes and (b) the number of
fragments as a function of the deposited energy.

Figure 2. Snapshots of the most significant trajectories obtained in the
ADMP simulations.
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abundant at nearly all energies, is the fragmentation into acetylene
(HCCH) and ethenone (H2CCO). The highest probability of
obtaining these fragments occurs for the energy of 18 eV. The
second most populated channel for two-fragment dissociation is
production of CO and C3H4 with highest probability of occur-
rence for an excitation energy of 17 eV. The fragment C3H4 was
observed in three different structural forms: H2CCCH2
(allene), H3CCCH (propyne), or H2CCHCH (cyclopropene).
The total numbers of trajectories in which these isomers appear
are 96, 44, and 35, respectively. As we will show later, the order
of appearance agrees with their relative stability.
The loss of atomic and molecular hydrogen followed by isomer-

ization starts at an energy of 13 eV and reaches maximum proba-
bility at 24 and 21 eV, respectively (Figure 3b), this is in agre-
ement with previous studies that pointed out that C−H bond
dissociation energy in furan is exceptionally high because of the
thermodynamic instability of the produced radical.63,64

Sendt et al.49 reported unusually high C−H bond enthalpies
of 506.3 and 513.6 kJ mol−1 (calculated from the isodesmic
reaction: C4H4O + CH3 → C4H3O + CH4 for Hα and Hβ,
respectively) and dismissed unimolecular C−H bond fission in
the temperature range 1100−1700 K. Our dynamical
simulations show a competition between Hα and Hβ loss, the
former being slightly more frequent: 91 vs 73 trajectories. This
family of trajectories starts with the loss of H or H2 followed by
an isomerization of the remaining H3C4O or H2C4O fragment.
The structure of the different isomers produced in these pro-
cesses will be discussed in the next section.
Finally, the loss of H or H2 can be followed by a further

fragmentation of the C−O and C−C bonds. These processes
require more excitation energy in the molecule; they start at 14 eV,
and with increasing energy, i.e., energies larger than 22 eV,
multifragmentation (production of more than two fragments)
becomes the dominant process (Figures 1b and 3c). Figure 2
shows snapshots of the most relevant trajectories for these
processes, consisting of initial H or H2 loss and subsequent
fragmentation. The channel producing H2C3, CO, and H2 is
dominant and is one of the most relevant channels when all
energies and processes are considered. This channel appears
first at the internal energy of 14 eV and its occurrence reaches
the highest value at 28 eV. The most important channels of H
loss occur after the channel of H2 loss, at 15 eV (CO/H3C3/H)
and later at 20 eV (HC2O/H2C2/H). As in the case of H loss +
isomerization channels, the majority of single hydrogen elimi-
nation occurs from α position.
Looking at the global picture obtained from the MD simu-

lations, several, nontrivial results can be stressed: although, as
expected, multifragmentation channels dominate at high energies,
it is relevant to note that dissociation in two fragments, either
skeleton fragmentations or H/H2 loss, is still the key process at
high energy and even isomerization without fragmentation is
observed up to energies close to 25 eV. Previous theoretical
studies47−49 have focused on the mechanisms of isomerization
ending in the fragmentation into two large fragments, but H/H2
loss and multifragmentation have not been previously studied
and they represent important channels under high energetic
conditions but also at intermediate energies. Regarding mecha-
nisms starting with H/H2 loss, subsequent fragmentation of the
remaining fragment dominates over isomerization for most of
the energy ranges in which these processes appear (Figure 1a).

3.2. Exploration of the Potential Energy Surface.
To provide complementary information on the isomerization/
fragmentation mechanisms and extend the possible outcomes
of the dynamical simulations, we have performed exploration of
the PES of neutral furan. Following a similar scheme as for the
MD simulations, we will discuss first the process just leading to
isomerization of the system prior to fragmentation and in the
following subsections we will analyze the skeleton fragmenta-
tion and H or H2 loss. Several authors have explored the PES
for isomerization/fragmentation of furan, the two most system-
atic ones have been performed by Liu et al.47,48 and by Sendt
et al.,49 but they have restricted their exploration of the PES to
isomerization and fragmentation of the molecular skeleton in
two large fragments.

Isomerization Processes. Figure 4 gives the structures of all
isomers obtained as minima in our exploration of the PES.
We have based this exploration mainly on the analysis of the
trajectories of the MD simulations. As it can be seen in Figure 4,
this strategy allowed us to locate more minima than previously
studied; indeed, 9 out of the 18 structures depicted in Figure 4

Figure 3. Results of ADMP simulations of neutral furan: (a) isomer-
ization and (b) two- and (c) three-body fragmentation channel prob-
abilities together with parent molecule as a function of the deposited
energy.
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were not studied before including some of the most stable ones,
as 9, 10 or 18.
In the analysis of the isomerization processes, we have also

located all the transition states connecting the minima in Figure 4.

Their structures are given in Figure 5 ,and a schematic repre-
sentation of the reactions paths connecting all isomers included
in Figure 4 is given in Figure 6. In Figures 4 and 5, relative
energies using the 6-311+G(d,p) and 6-311++G(3df,2p) basis

Figure 4. Structures obtained as minima of the PES for the isomerization of furan. Values of relative energies (eV) with respect furan are given. The
first number corresponds to the one evaluated at B3LYP/6-311++G(3df,2p), and the second value, to the one evaluated at B3LYP/6-311++G(d,p)
level. Comparison with previous calculations is given in parentheses. The first values are those reported by Liu et al.,47,48 and second ones, those
obtained by Sendt et al.49

Figure 5. Structures obtained as transition states of the PES for the isomerization of furan. Values of relative energies (eV) with respect furan are
given. The first number corresponds to the one evaluated at B3LYP/6-311++G(3df,2p), and the second value, to the one evaluated at B3LYP/
6-311++G(d,p) level. Comparison with previous calculations is given in parentheses. The first values are those reported by Liu et al.,47,48 and second
ones, those obtained by Sendt et al.49
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sets are compared. As can be seen, differences in relative energies
are always lower than 0.5 eV, all the structures obtained at both
levels of theory are given in the supplemental data. In the rest
of the section, all the discussion will refer to the B3LYP/6-311+
+G(3df,2p) results. In agreement with previous work, from
furan the two reaction paths showing the lowest energy barriers
(indicated as p1 and p2 in Figure 6) imply 1,2 or 2,1 hydrogen
transfers to form cyclic carbenes, in which the carbene atom
can be in Cα or Cβ positions, structures 1 and 2, respectively.
Structure 1 can only evolve toward fragmentation (see next
subsection) whereas structure 2 can further evolve to formyl−
allene (3 and 4). The low-energy barrier associated with this
path is consistent with the fact that isomers 3 and 4 are
obtained in a larger number of trajectories. Nevertheless, it has
to be kept in mind that the number of trajectories in the MD
simulations for a particular channel do not necessarily correlate
with the barrier heights of the corresponding TS, due to the
possibility of nonstatistical dynamics, especially at high
excitations energies. From these structures an H transfer from
Cα(4) to O is done through TS3−5 that is located just 2.66 eV
above furan and leads to alkyne−alcohol structures 5 and 6,
which represents the second most probable channel according
to the MD simulations. Alternatively, a 1,3 H transfer also involves
a low-energy barrier (TS4−9) and leads to the formation of the
very stable isomers 9 and 10. Two other possible isomerization
processes (p3 and p4 in Figure 6) lead to higher energy barrier
around 3.5 eV and consistently a lower number of trajectories
are obtained for these channels, 36 and 67, respectively. It has
to be mentioned that, as discussed by Sendt et al.,49 some furan

isomers may present a biradical character. Our calculations of
the corresponding triplet states of 13 and 14 isomers using an
unrestricted DFT formalism reveal that their relative energy
with respect to furan are 2.98 and 2.93 eV, respectively, and the
interconversion barrier TS13−14 located at 3.38 eV.
Fragmentation into CO + CHCHCH2 implies a barrier located
at 3.23 eV with respect to neutral furan. All these results show
that the biradical mechanism for ring opening is less favorable,
in agreement with the conclusions of Sendt et al.49 The last
possible isomerization processes p5 lead to very unstable 15
and 16 structures, and no trajectories in the MD simulations
were predicted to follow this reaction path.

Skeleton Fragmentation. As shown in Figure 7a, direct frag-
mentation can be envisaged from structures 1, 3/4, 7/8, and 12.
These mechanisms have been already described in previous
studies.47−49 The most direct fragmentation mechanism from
furan is the 1,2 H transfer to give structure 1, and from there
two fragmentations are possible: HCCH + H2CCO, which is
the one that presents the lowest energy barrier (3.55 eV above
furan), and a TS leading to fragmentation into CH3CCH + CO
from 1, which is 0.85 eV higher in energy. An alternative
pathway to CH3CCH + CO with a slightly lower energy barrier
is through isomerization to structure 7 before fragmentation.
Two other mechanisms that can explain the loss of CO imply
several isomerization steps (2 ⇒ 3/4 ⇒ 9/10 ⇒ 12); the
energy barriers involved in these steps are 3.03, 3.14, and 3.21 eV,
respectively (Figures 6 and 7), which are below the barriers
required for fragmentation from 1 and 7. In this mechanism,
CO can be obtained directly from 4, but through an energy

Figure 6. Diagram of the PES corresponding to isomerization processes. The reaction paths connecting all minima obtained in this work are given.
The total number of trajectories, from all initial energies of the ADMP simulation, is indicated for each reaction pathway. Relative energies with
respect to furan (eV) obtained at the B3LYP/6-311++G(3df,2p) level of theory are indicated for each structure and TS.
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barrier located at 4.16 eV, or from 12, a process that presents
the lowest TS for dissociation (3.21 eV).
A different fragmentation mechanism not described before is

given in Figure 7b and proceeds first from isomerization to
structure 13, which already requires overcoming a barrier of
3.52 eV. From this structure two different mechanisms lead to
the fragmentation to CO and C3H4 in cyclic forms (cyclopro-
pene or cyclopropylidene). The former is more stable but needs to
overcome a larger energy barrier.
As discussed before, in the MD simulations the C3H4 frag-

ment was obtained in three isomeric forms. The PES obtained
is consistent with the MD results in the sense that these three
different isomers can be obtained in a few steps. The lowest
energy path would lead to the formation of the CH3CCH
isomer, which needs to overcome a barrier located at 3.21 eV.
To get H2CCCH2, the reaction path goes through a barrier
located at 4.16 eV, and cyclopropene is obtained after crossing
a barrier of 5.51 eV. An extra isomer, cyclopropylidene, can be
obtained after several steps, the highest one located at 4.52 eV.
Their stability follows a different order, H2CCCH2 being the
most stable one (0.95 eV), followed by CH3CCH (1.05 eV),
cyclopropene (2.09 eV), and cyclopropylidene (3.95 eV). The
MD simulation predicted that H2CCCH2 is the one obtained in
more trajectories (96) followed by H3CCCH (44) and cyclopro-
pene (35); cyclopropylidene was not obtained in any trajectory.

It has to be taken into account that in some of the MD simu-
lations the internal energy considered was high enough to over-
come these barriers and, in these cases, the statistical distri-
bution of final products should be the main effect that prevails
over the differences in energy barriers.

H and H2 Fragmentation. The first process that we can
observe is H loss and subsequent isomerization. As stated before,
our dynamical simulations of highly excited furan show a com-
petition between Hα and Hβ loss, with a small preference toward
the α position (52% and 48% of all trajectories including H loss,
respectively). The computed PES (Figure 8) shows that the
hydrogen elimination from both positions proceeds without
energy barrier and both positions are of equal height (5.07 eV).
Resulting Cα−furyl and Cβ−furyl structures (23 and 19)
present practically unchanged geometries compared to that of
furan. The maximum variation observed in geometrical param-
eters appeared after Hα loss and led to a decrease of the
Cα(4)−O bond length by 0.03 Å as well as a decrease in the
Cα−Cβ−Cβ angle and an increase in the O−Cα−Cβ angle by
approximately 3°. As already described in ref 49, the single
electron of these radicals occupies a π-type orbital and our
analysis of the spin densities shows that the unpaired electron is
located on the carbons that lost the hydrogen. As shown in
Figure 8, further isomerization after H loss goes through
cleavage of the Cα(4)−O bond of the Cα−furyl or Cα(1)−O of

Figure 7. Skeleton fragmentation from the different isomers obtained in the present study. (a) Fragmentation arising from isomerization pathways
p2 and p3 of Figure 6. (b) Fragmentation arising from isomerization pathways p4. For the sake of clarity some structures from Figure 4 have been
also included. Relative energies with respect to furan (eV) obtained at the B3LYP/6-311++G(3df,2p) level of theory are indicated for each structure
and TS.

The Journal of Physical Chemistry A Article

DOI: 10.1021/acs.jpca.8b00881
J. Phys. Chem. A XXXX, XXX, XXX−XXX

H

http://dx.doi.org/10.1021/acs.jpca.8b00881


the Cβ−furyl in concert with H transfer to the carbon from
which hydrogen was previously removed, leading to structures
24 and 20. Structure 24 is favored by both the final stability and
the energy barrier involved, but its fragmentation is through a
very large energy barrier of 8 eV. Alternatively, from 20 we can
observe direct fragmentation into HCCH + HCCO or subse-
quent isomerization from structure 20 by H transfer from
Cβ(2) to outer carbon Cα(1), giving structure 21, and rotation
of the dihedral angle O−Cα−Cβ−Cβ, leading to structure 22.
From this structure, fragmentation into CO + CH2CCH involves
a very low energy barrier of just 0.65 eV. As mentioned before,
from 24 a direct fragmentation would lead to the same products
but crossing a very high energy barrier.
In summary, loss of H would imply a first step of 5 eV from

which barriers located at around 7−8 eV can lead to further loss
of CO. These processes are located at energies higher than
those discussed above for isomerization or skeleton fragmenta-
tion, explaining why they only appear in the dynamics at high
energies.
Direct loss of H2 is also obtained in the MD simulations. The

corresponding PESs are shown in Figures 9 and 10. Different
reaction paths are observed depending on the origin of the two
emitted hydrogens. In our dynamical studies, we notice significant

prevalence of H2 loss from α and β positions of one side of the
furan ring. The frequency of H2 loss in a decreasing order is
adjacent Hα and Hβ (62%) > two Hα (16%) > opposite Hα and
Hβ (13%) > two Hβ (9%).
The PESs studied correspond to these possibilities of H2 loss.

For the emission from adjacent Hα and Hβ positions pathways
start from structures 1 and 2 where H presents a better spatial
distribution for emission of H2. Barriers for H2 loss from
β-carbene (2) or α-carbene (1) are very similar (6.17 and 6.30 eV,
respectively) and both lead to structure 25. From there, subse-
quent ring opening can give structure 26 that further fragments
in CO + cyclic C3H2.
A slightly lower H2 barrier is obtained when hydrogens are

emitted from two Hβ positions (Figure 10); in this case, the
first step is a 2,3 H transfer leading to structure 7, in which the
furan cycle is opened, and emission of H2 is obtained after
crossing a barrier of 5.86 eV (higher than the one reported
before of 4.30 eV for skeleton breaking from 7). Loss of H2
implies the formation again of a cyclic structure, 27, that can
further evolve through isomers 28, 29, and 30 and eventually
fragment in CO + cyclic C3H2 as in the previous channels.
Loss of H2 from two Hα or Hα and Hβ from opposite sides of

the furan ring follow a common mechanism also presented

Figure 8. Fragmentation pathways after H loss process. Relative energies with respect to furan (eV) obtained at the B3LYP/6-311++G(3df,2p) level
of theory are indicated for each structure and TS.

Figure 9. Fragmentation pathways after H2 loss process from adjacent α and β positions. Relative energies with respect to furan (eV) obtained at the
B3LYP/6-311++G(3df,2p) level of theory are indicated for each structure and TS.
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in Figure 10. The first step is the formation of structure 2, from
there H can be extracted from the two α positions. As the
hydrogens in position 1 were originally in furan in α or β posi-
tions, the mechanism can be interpreted as either two Hα or Hα

and Hβ loss from opposite sides. This mechanism presents the
highest energy barrier (7.23 eV). Further stabilization of the
system can additionally occur after ring opening to structure 32,
common to the previously described mechanism.
Globally, the H2 loss from two β positions should be the

most favorable channel for H2 emission. The low occurrence of
this channel in the dynamical simulations can be explained by
the properties of stable structure 7 before the transition state.

In this case, the ring opens in structure 7 and has to close again
to give structure 27, whereas in the other paths of H2 loss, the
ring structure is kept when going from 1 or 2 toward 25 or 31
and once these structures are formed they evolve through a
low-energy barrier to other stable isomers.
Compared with H loss, initial H2 emission presents higher

energy barriers (in the range 5.86−6.30 eV vs 5.07 eV) but
isomerization and further fragmentation imply similar energies
in both cases. Final fragments are more stable in the case of H2

loss (4.10 eV vs 4.76 or 6.31 eV). The relative energies of the
final products are coherent with the MD results of Figure 3b,
where the most abundant channel found was C3H2 + CO + H2

Table 1. Database of Structures Optimized at the B3LYP/6-311++G(d,p) Level of Theorya

atoms fragment isomer atoms fragment isomer

1 H 2S 5 H4C
1A1

C 1D, 3P H3C2
2A″, 2A′, 4A1,

4A″
O 1D, 3P H3CO

2A′, 2A
2 H2

1Σg
+ H2C3

1A1(2),
1Ag,

1A, 3Σg
+, 3A″(2), 3B2,

3A

HC 2Π, 4Σg H2C2O
1A′, 1A1,

1A(2), 3A″
HO 2Π HC4

2A′(2), 2A, 2B1,
4A, 4A″(4)

C2
1Σg

+, 3Πu HC3O
2A′, 4A

CO 1Σg,
3Π C4O

1A′(2), 1A1(2),
3Σg

3 H2C
1A1,

3B1,
3A2 6 H4C2

1A, 1Ag,
3A″, 3A1

H2O
1A1 H4CO

1A′
HC2

2Σg,
2A1,

4A″ H3C3
2B1,

2A′, 2A″, 4A″, 4A
HCO 2A′(2), 4A″ H3C2O

2A, 4A(2)

C3
1Σg

+, 3A1′, 3Πg H2C4
1Σg,

1A′, 1A1(3),
1Ag,

1A, 3A2(3), Au,
3A(4)

C2O
1Σg,

1A1,
3Σg H2C3O

1A′(2), 3A
4 H3C

2A2″ HC4O
2A″

H2C2
1Σg,

1A1,
3Au,

3B2(2) 7 H4C3
1A1(3),

1A(2), 3A(2), 3B1,
3A″(2)

H2CO
1A1(2),

1A′, 3A″ H4C2O
1A′(3), 1A

HC3
2A′, 2B2,

4Σg,
4A″ H3C4

2A″(2), 2A(5), 2A′(2), 2B2,
4A1,

4A(4), 4B2,
4A′, 4A″(6)

HC2O
2A″(2), 4A″(4), 4A H2C4O

1A(2)

C4
1Σg

+, 1Ag,
3Σg

+, 3B1,
3A1 8 H4C4

1A′(6), 1A(5), 1A1(2),
1Ag(2),

3A″(4), 3A(8), 3Bu,
3Ag,

3A1,
3A2,

3B2

C3O
1A′, 1Σg(2),

3A′ H4C3O
1A(3), 3A

H3C4O
2A″, 2A

9 H4C4O
1A′(16), 1A1(2),

1A(3)
aThe different electronic states are given and the number of isomers for each state is indicated in parentheses.

Figure 10. Fragmentation pathways after H2 loss process from two beta positions, two α positions or opposite α and β positions. Relative energies
with respect to furan (eV) obtained at the B3LYP/6-311++G(3df,2p) level of theory are indicated for each structure and TS.
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and the most important channels of H loss occur after the
channel of H2 loss, at 15 eV (CO/H3C3/H) and later at 20 eV
(HC2O/H2C2/H).
3.3. Microcanonical Metropolis Monte Carlo (M3C)

Calculations. M3C calculations offer a complementary view-
point. In this methodology, a statistical distribution of all pos-
sible fragmentation channels is obtained. We consider the limit
where the energy of the system is enough to overcome all energy
barriers (i.e., only final minima in the potential energy surface
are taken) and the system has infinite time to evolve (within
the ergodic hypothesis). All possible species and fragments
are included, even though they are not easily accessible in the
PES (disregarding barriers), and their final distribution is obtained
by taking into account the relative energies of all fragmentation
channels and, most importantly, their density of states (rotational,
vibrational, etc.; see ref 57 for details). Notice that in the M3C
simulations, the excitation energy is not comparable with the
one in the molecular dynamics due to the different time scales:
although the MD simulations run up to 500 fs and only the
very first steps of the fragmentation are considered, in M3C
calculations, an infinite time limit is assumed as well as complete
redistribution of the excitation energy over all fragments.
In the M3C simulation, we have considered all possible relevant

fragments that are minima of the PES. Table 1 summarizes them:
in total, 226 isomers corresponding to 44 different chemical
formulas have been included in the data set for the M3C sim-
ulations. The geometries of all these species are given in the
supplemental data.
Figure 11 presents the results obtained with the M3C calcu-

lations. The final distribution of the fragmentation channels and
the molecular species in the excitation energy range considered
is shown. We observe that the first channel CO/H4C3 appears
at 1 eV. It can be noticed that with the increase of excitation
energy up to 4.5 eV, it is the only fragmentation channel with a
probability of 100%. The situation changes after reaching 5 eV,
when a second channel H2C2/H2C2O appears and gets a maxi-
mum probability of 30% at 6.5 eV. Both channels are also
dominant in the AIMD simulations at intermediate energies,
but the second one H2C2/H2C2O presents a higher probability
in all the energy range. This difference indicates that at longer
simulation times we would expect an enhanced probability of
the CO/H4C3 channel in the AIMD simulations. The high
stability of the CO fragment is responsible for the high prob-
ability of channels with this fragment in the M3C results. This is
consistent with the fact that the exit channels in the PES are
more stable when CO is produced (see in Figure 7 channels
H2CCCH2 + CO and CH3CCH + CO in comparison with
channels HCCH + H2CCO). All these results are in good
agreement with the experimental measurements of furan pyrol-
ysis (refs 44 and 45), where they show that these two channels
are the dominant ones.
The three-fragment channel observed at lower excitation

energy is CO/H2C3/H2, it dominates in the excitation energy
range from ∼6 to ∼11 eV with a maximum at 8.5 eV. At higher
energies we can also notice four- and five-fragment channels
involving either atomic or molecular hydrogen loss, the dominant
ones being CO/HC3/H2/H, CO/C3/H2/H2, and CO/C3/H2/
H/H. These channels, although highly stable and entropically
dominant, as reflected in the M3C results, do not appear in the
AIMD simulations because we do not allow the system to
evolve long enough to be observed. They were not considered
in our previous discussion of the PES because they present
high-energy barriers (at least of ∼10 eV).

A summary with the observed channels in the M3C simu-
lations is given in Scheme 2. The general trend shows that

channels with CO dominate at low energies; channels with loss
of atomic and/or molecular hydrogen follow decarboxylation.
In the molecular skeleton cleavage, the presence of species with
three carbon atoms, C3HX (X = 0−4), is also observed. On the
contrary, as we present above, in the dynamics the loss of H or
H2 also appears at intermediate excitation energy when part of
the internal energy is sufficient to break the C−H bond.

Figure 11. Fragmentation of the furan molecule from the M3C calcu-
lations: (a) channel probability and (b) molecular species probabilities
as a function of the internal energy of the system.

Scheme 2. Observed Channels in the M3C Simulationsa

aThe most probable ones are highlighted in bold.
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4. CONCLUSIONS
The theoretical investigation of the fragmentation processes of
the furan molecule by combining three different theoretical
methods allows us to have a complete overview of the different
fragmentation mechanisms operating at a wide range of energies.
Molecular dynamics simulations let us determine the range in
which different processes dominate and to identify several
important intermediates, difficult to envisage just using chemical
intuition, that were not considered in previous works. At low
energies the first processes to appear are isomerization, which
always implies the breaking of one C−O bond and one or
several hydrogen transfers. Even though isomerization has been
studied before using different theoretical methods, our compu-
tational strategy has enabled us to locate more minima than
previously studied; indeed, 9 out of the 18 structures found
were not studied before, including some of the most stable
ones. A large number of pathways were explored to have a com-
plete overview of the different fragmentation mechanisms of
the breaking of the carbon skeleton but also of the H/H2 loss
processes, which up to now were not yet explored despite the
fact that at large energies H/H2 loss is the dominant mech-
anism. Our obtained results were compared with the existing
experimental and theoretical investigations of furan pyrolysis.
Multifragmentation processes are difficult to study because they
only appear at very long simulation times in the MD calcu-
lations or because we need to explore many potential isomer
fragments. Statistical methods applied here allow us to identify,
at a small computational cost, all the possible isomers obtained
in the fragmentation, 226 in the case of furan, and the most
stable relevant multifragmentation channels.
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(62) Álvarez-Moreno, M.; De Graaf, C.; Loṕez, N.; Maseras, F.;
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