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ABSTRACT: Thionated nucleobases have drawn considerable
attention due to their role in medical treatment and biology, which
triggered studies of their photophysics and photochemistry using
various experimental and theoretical techniques. In particular,
vacuum ultraviolet (VUV)-induced dissociative photoionization of =~ : -+ s
2-thiouracil (2-TU) has been recently studied using synchrotron ) N -
radiation [Robinson et al.,, Molecules 2023, 28, 2354%. Here, using ¥ o {7
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molecular dynamics simulations at the semiempirical OM2 level, i
we study the fragmentation dynamics of the cations of 2-TU and its SRR S
isomer, 4-thiouracil (4-TU). Considering various VUV photon o “ & Z::Z 7 ?
energies, we calculate energy-resolved mass spectra and breakdown z::‘j . % 11 ] I . : 1. . . I
diagrams for 2-TU and 4-TU. Remarkably, we find that the major 5 % 7 T s w5 w
fragments are different between the two compounds: 69 amu

(C;NH;0") for 2-TU and 85 amu (C;NH;S*) for 4-TU. Our simulations provide direct mechanistic insight into this observation
and the fragmentation processes of thionated uracils in general.
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1. INTRODUCTION reactions with nucleic acids makes it particularly valuable as a
site-specific optical probe in cross-linking studies, thanks to its

Thiouracil and its derivatives have attracted considerable S
strong absorption of UVA light around 330 nm.”” Also,

attention due to their significant biological and chemical roles.

As sulfur-containing compounds, classified as thionucleobases, theoretical simulations of its nonadiig)ggic dynamics and X-ray
thiouracils are essential in the synthesis of various pharma- signals have been recently reported.”™
ceutical agents' ~ and have been extensively studied for their In this work, we study the dynamics of 2-TU and 4-TU after
distinctive photochemical properties.*”” Thionated nucleo- single-photon VUV-induced photoionization. Our emphasis is
bases (natural or synthetic) are candidates for radiation and on a comparative study of the two isomers and on bond-
photodynamic therapies.®” " breaking processes in general, also related to mass spectrom-
This practical relevance has driven extensive experimental etry. Our molecular dynamics investigation focuses on
and theoretical research aimed at understanding their fragmentation patterns and mechanisms and how different
fundamental photochemical and photophysical characteristics. vacuum ultraviolet (VUV) photon energies affect the under-
Among these, 2-thiouracil has been a focal point for numerous lying processes and channels. For 2-TU, we also compare our
studies due to its intriguing properties and potential computational results with the recently reported experiments
applications.”' "' The unique photophysical behavior of by Robinson et al.**
thionucleobases, including a redshift in UVA absorption, is Our paper is organized as follows. In the next section,

. : > 4,10,13,14 , .
associated with the substitution of oxygen by sulfur. Section 2, computational methods to study the photo-

Sulfur is also the cause of a fast relaxation decay to the trilpslfg fragmentation of the mentioned cations are described, based
state via intersystem crossing in photoexcited 2-thiouracil. ™ on (adiabatic or nonadiabatic) molecular dynamics in
Research has focused on elucidating their photodynamics by conjunction with semiempirical electronic structure theory.

comparing the excited-state potential energy surfaces and In Section 3, we present results from adiabatic molecular
relaxation pathways of thionated nucleobases with those of

native nucleobases.'’ >

Another structurally similar thionucleobase to 2-thiouracil is
4-thiouracil, which has received relatively less attention in the
scientific community. 4-Thiouracil stands out among thio-
nucleobases for its cytostatic properties and versatile
applications as a biological photoprobe and regulator of
transcription.”* ** Its ability to undergo photo cross-linking
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dynamics calculations, for 2-TU (Section 3.1) and 4-TU
cation’s photofragmentation (Section 3.2), including fragmen-
tation patterns, breakdown diagrams, and reaction mecha-
nisms. Further discussion is provided in Section 3.3. A
comparison to the experiment is made in Section 3.4. Possible
nonadiabatic effects are discussed in Section 3.5. Finally,
Section 4 concludes this work.

2. COMPUTATIONAL DETAILS

Computationally, we start from the geometries of 2-TU and 4-
TU in their neutral ground states (S;), which have been
optimized with the B3LYP hybrid functional’** of density
functional theory (DFT), using a 6-31G**>™>° basis set, as
shown in Figure 1. The Gaussian 16 program’® was used for
these calculations.

)

J
e J
@) (b)

Figure 1. Optimized geometries of neutral (a) 2-thiouracil and (b) 4-
thiouracil at the B3LYP/6-31G* level of theory.

The molecular dynamics (MD) before and after photo-
ionization were modeled using the semiempirical OM2’
method implemented in the MNDO program,”® which was
combined with our in-house code for trajectory propagation.’”
A semiempirical quantum chemical method was used in view
of the large number of trajectories needed to be calculated and
time scales to be explored (see below). The OM2 method was
selected because of its good performance for ionization
potentials (IP) when compared to the experimental results,
e.g., 8.73 eV for 2-TU.** (We note, though, that, in principle,
the agreement with a reference result may be achieved by
reparameterization of a semiempirical method, which we did
not perform in this work.)

We follow two approaches for the post-ionization dynamics:
In the first, we solve the classical equations of motion for all
atoms in the (suddenly created) cationic ground state, Dy, with
excess energy provided by the (hypothetical) exciting VUV
photon being converted to nuclear kinetic energy. This first
approach is similar in spirit to Grimme’s Quantum Chemistry
Electron Ionization Mass Spectra (QCEIMS) method for
computing electron ionization mass spectra.’ The second
approach goes beyond the first one and also allows for the
excitation of higher-energy cationic states D; (i > 0) and
subsequent nonadiabatic coupling to other cationic states
including Dy,. This will be taken into account by a nonadiabatic
surface hopping (NASH) approach. If the internal conversion
from higher doublet states to the doublet ground state of the
cation is fast, then fragmentation processes will take place in
D, mostly, making the first approach, which is computationally
much less demanding, sufficient. This assumption is often
invoked when studing dissociative photoionization.*!
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Specifically, the workflow for the first adiabatic approach is
as follows:

(1) Run ground-state (S,) Born—Oppenheimer MD
(BOMD) at constant temperature of 450 K (the
temperature used in the experiment’*) for the neutral
molecule for 100 ps and sample geometries for
subsequent photofragmentation dynamics. The S,
dynamics were evolved on the OM2 §; potential energy
surface (PES), starting from the B3LYP/6-31G*
optimized geometries. (We note that the choice between
B3LYP or OM2 optimized geometries has negligible
impact on the BOMD outcomes, as the system
thermalizes rapidly during the simulation.) The S,
energies were calculated using spin-restricted OM2
(ROM2). The temperature was controlled by a simple
velocity-rescaling algorithm.*

(2) Set the photon energy, E;,. VUV energies in the range

12—16 eV have been considered based on the

experimental study by Robinson et al.”*

(3) Calculate the vertical ionization potential, IP, as the
energy difference between the ground state of the cation,
Dy, and the neutral ground state, Sy, for each of the
initial geometries. The D, energy was calculated using

spin-unrestricted OM2 (UOM2).

Calculate the difference E,, — IP for each of the initial
geometries. This difference is then assumed to go
completely into nuclear kinetic energy E,;, assuming
that nonadiabatic effects can be neglected and/or fast
internal conversion to D, already took place.

(4)

(5) Sample random velocities corresponding to the nuclear
kinetic energy Ey, calculated in (4) for each initial
geometry. We note that by doing so, we do not account
for the initial nuclear kinetic energy of the neutral EDM.

At T = 450 K, this energy is ~0.58 eV (calculated as
ER = %kT, where N is the number of atoms, N =
12 in our case). Therefore, the photon energies in (2)
should be shifted down by 0.58 eV when comparing with
the experiment, i.e, 11.42—15.42 €V instead of 12—16
eV. In what follows, we use the latter (12—16 eV) for
simplicity.
(6) Propagate many trajectories (1000 for a given E,,) for
the cation (in the Dy state) at constant energy for 10 ps
[(much) longer time scales are computationally
prohibitive]. The velocity Verlet algorithm was used to
integrate trajectories with a time step of 0.5 fs. The D,
BOMD were propagated at the UOM2+Fermi smearing
level, since Fermi smearing"* was found to significantly
remedy energy conservation problems observed for pure
uom2.* Despite this improvement, some deviations in
energy (violation of energy conservation) may still
occur. Therefore, we further used an additional criterion
for total energy deviation to select “good” trajectories for
subsequent analysis: max,[E(t) — E(0)] < 0.1eV,
where t is time and E is the total energy.
(7) Analyze the trajectories: count all fragments (ions and
neutrals) and calculate the relative abundance; inspect
fragments and reaction mechanisms. The distance
between atoms used to judge on fragmentation was set
to 4 A. The relative abundance of fragment i is calculated
as

https://doi.org/10.1021/acs.jpca.5c03342
J. Phys. Chem. A 2025, 129, 7352—-7364
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Figure 2. Different possibilities of fragments originating at energies from 12 to 16 eV for 2-thiouracil. The tree diagram illustrates the first
occurrence of fragments (cationic and neutral) at various energy levels, highlighting the different possible fragmentations. The numbers in the
circles indicate the cationic fragment masses. The dotted circle denotes transient cationic fragments that did not survive the entire simulation. The
shown geometries correspond to t = 10 ps. White = H, gray = C, blue = N, red = O, yellow = S. Arrow color encodes the energy at which the

fragments appear.

N,

E:
Y

(1)

where N; is the number of times fragment i was detected

in all trajectories, and the sum in the denominator goes
over all observed fragments.

(8) To compute mass spectra, identify cationic fragments
using Stevenson’s rule. 43,44 Accordingly, a positive
charge +1e is assigned to the fragment with the smallest
IP. Calculate energy-resolved mass spectra, and con-
struct breakdown diagrams. A signal at particular m/z in
the mass spectrum is calculated using eq 1 but with i
labeling cationic fragments only (z = 1 is always assumed
and the sum in the denominator goes over the cations

only and thus equals the total number of trajectories).
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To obtain preliminary insight into nonadiabatic effects and
relaxation, we performed as a second approach surface
hopping ™
open-shell OM2 configuration interaction singles and doubles
level of theory, denoted as ROOM2/CISD(S X §), where 5 X
S represents the active space considered, having 5 highest

simulations for several trajectories at the restricted

occupied and S lowest unoccupied orbitals (the orbitals are
shown in Figure S9). The surface hopping simulations were
done with the MNDO program® where 11 electronic states
Dy,—D,, were included in the simulations. Several different
excited cationic states were considered as the initial states, as
detailed in Section 3.5. The energy-based decoherence
correction” was used. The trajectories were propagated for 1
ps with a nuclear time step of 0.1 fs and an electronic time step
of 1 as.

https://doi.org/10.1021/acs.jpca.5c03342
J. Phys. Chem. A 2025, 129, 7352—-7364
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Figure 3. Relative abundance of fragments for various photon energies for 2-thiouracil is depicted as follows: (a) all produced fragments including
both the neutral and cationic species and (b) solely cationic fragments post-dissociation.

3. RESULTS AND DISCUSSION

3.1. 2-Thiouracil. Using the adiabatic approach, we
simulated trajectories in the D, cationic ground state using
initial excitation (photon) energies E;, of 12—16 eV, in steps of
0.5 eV. With OM2, the 2-TU ionization potential is ~8.73 eV,
in good agreement with experiment.”*** This corresponds to
kinetic excess energies in the order of 3.3—7.3 eV. (Note that
the IP changes also slightly with sampled initial geometry, with
the standard deviation being ~0.1 eV.) In 2-TU, the sulfur
atom is attached to the carbon atom present between two
nitrogens, at position 2 (see Figure la). We observed
fragmentation patterns and abundances produced by the
molecular ion during the simulations.

3.1.1. Abundance and Mass Spectra as a Function of
Photon Energy; Breakdown Diagram. In this subsection, we
first report all fragments observed independent of their status
of their neutral or cationic nature. After that, we will detail
explicitly which fragments we consider to be cationic in nature.

A tree diagram for 2-TU showing the different fragment
possibilities and how different fragments appear at different
energies is shown in Figure 2. In addition, images of all
fragments for various photon energies are provided in Figure
SI.

Using 12 eV as the lowest energy for photodissociation, we
observed two fragments with masses of $9 amu (SCNH) and
69 amu (C;NH;0), in addition to the parent ion at 128 amu.
Relative abundances corresponding to fragment masses are
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displayed in Figure 3a, which includes both neutral and
cationic fragments.

Increasing the excitation energy by 0.5 eV led to an
additional dissociation channel producing fragments with
masses of 58 amu (SCN) and 70 amu (C5;NH,0). At 13 eV,
the relative abundances of previously identified fragments
increased, and two additional fragments with masses of 28 amu
(CO) and 100 amu (C;N,H,S) were observed. This trend
continued at 13.5 eV, where we identified two more fragments
with masses of 27 amu (NCH) and 73 amu (C,NH,S), where
these fragments are produced from the further dissociation of
100 amu (C3N,H,S) fragment. It is evident that as excitation
energy increases, both the relative abundances and the
diversity of the observed fragments also increase.

At 14 eV of energy, the number and variety of fragments
have drastically increased compared to 13.5 eV. Here, we
found a new fragment species arose from a different
dissociation channel. The 100 amu fragment was dissociated
into smaller fragments as 41 amu (C,NH;) and S9 amu
(SCNH). And two new fragments from another new
dissociation channel were 43 amu (OCNH) and 85 amu
(C;NHS;S). We also observed a fragmentation of the parent ion
to 60 amu (SCNH,) and 68 amu (C,NH,0).

In the case of 14.5 eV, some additional fragments arose,
where the largest contribution comes from the dissociation of
69 amu fragment. This leads to the formation of new neutral
and/or cationic fragments. Here, two distinct types of 41 amu
fragments were generated, specifically 41.03 amu (C,OH) and

https://doi.org/10.1021/acs.jpca.5c03342
J. Phys. Chem. A 2025, 129, 7352—-7364
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Figure 4. Breakdown of cations under different excitation energies for 2-thiouracil (a) and 4-thiouracil (b). Insets zoom in on the less abundant

masses.

41.05 amu (C,NH;). Two more new fragments were also
found, 28 amu (exactly 28.03 amu (HCNH), different from
the previously observed 28.01 amu (CO)) and 45 amu (CSH).
Moreover, we found 69 amu (C;NH;0) — 27 amu (NCH) +
42 amu (C,H,0) fragmentation and 128 amu (parent) — 60
amu (SCO) + 68 amu (C;H,N,) fragmentation at 14.5 eV.
For 15 and 16 eV energies, additional fragmentations were
found as detailed in Figure 2.

Considering cationic fragments only (determined based on
Stevenson’s rule), for the 12 eV energy, during a simulation
period of 10 ps, the only cationic fragment observed apart from
the parent ion was 69 amu. The overall cationic fragment plot
is given in Figure 3b and can be interpreted as a mass spectrum
(in which only charged species are detectable). In addition, the
identified cations and their relative abundances are collected
and provided in Table SI.

As we increased the energy by 0.5 eV, we observed one more
cationic fragment of 70 amu. For 12 and 12.5 eV, the 69 amu
cationic fragment was not very abundant, but as we increase
the photodissociation energy, the trend of decrease in parent
fragment can be seen as soon as we hit the molecule with 13
eV photons. In the case of 13 eV, 69 amu abundance is ~10%.
In the case of 13.5 eV, the number has increased 3-fold. Apart
from 69 and 70 amu fragments, one more fragment of 73 amu
(C,NHS,S) was observed at 13.5 eV of energy, although with a
very low abundance of around 0.2%. In the simulation of lesser
energy packets (<13.5 eV), the most abundant cation was the
parent one (128 amu).

As the energy is further increased, the number of observed
fragments also increased. At 14 eV, besides the 69 amu
fragment, we detected the 70 amu fragment (C;NH,O) with a
relative abundance of ~3% and the 100 amu fragment
(C3N,H,S) with ~2% abundance. The 69 amu fragment
accounted for ~60% of the fragments. Additionally, several
other cationic fragments were observed with lower abundances
(see Table S1). The parent cation was the second most
abundant, contributing approximately ~36% of the fragments.

The mentioned higher-energy trends continue. Notably,
during the 14.5 eV simulation, we observed for the first time
that a 28 amu fragment (HCNH) was acting as a cation,
although with a very low abundance (0.2%). The most
abundant cation was 69 amu with ~83% abundance. Several
new cations were also observed, as detailed in Table SI.

7356

At 15 eV, the most abundant cation was again 69 amu with
an abundance of ~89%. The other most contributing
fragments were 100 amu with 3.1% of fragments and 128
amu (parent cation) with 3.0% of fragments. At an energy of
15 eV, we observed that the 59 amu fragment also appears as a
cation. In the previous simulations with smaller excitation
energies, this fragment was a major neutral dissociation
product of the parent cation, formed in conjunction with 69
amu cationic fragment. The 59 amu cation observed at high
photon energies emerged through a distinct fragmentation
channel 59 amu forms from cationic 85 amu (relative
abundance of 0.1%).

At 16 eV, for the first time we saw a decrease in relative
abundance of 69 amu, although the most abundant cation
remained the 69 amu fragment, but the relative abundance was
lower compared to 15 eV. At this energy, the 69 amu fragment
exhibited an abundance of 80.7%. The drop in the abundance
of the 69 amu fragment comes with an increase in abundances
of 42 amu (C,H,0) to 4.8% and 28 amu (HCNH) to 3.6% as
well as appearance of 68 amu (C;NH,O, H loss from 69 amu)
with 0.9%.

Finally, we converted the energy-resolved mass spectra of 2-
TU into the breakdown diagram, including the major cations
(Figure 4a). The plot shows the correlated rise of 69 amu
fragment and decay of the parent cation. The other fragments
also show an increase in abundance with an increase in energy,
and the bigger fragments are fragmented into smaller
fragments with higher photon energy. Overall, the fragments
other than 69 amu have a low contribution to the calculated
breakdown diagram.

3.1.2. Tautomers and First Comparison to Experiment. In
our MD simulations for 2-TU, we have not observed the 95
amu fragment which was detected experimentally following
VUV and UV multiphoton ionization in ref. 24. This fragment
is expected to correspond to the loss of SH (33 amu), and thus
should have the formula C,H;N,O. It is known that tautomers
of 2-TU containing thiol (SH) may be formed by UV light
excitation.””*" Assuming that tautomer formation may be
induced by VUV photoionization as well (see the sketch in
Figure S2), one could anticipate that the formation of the 95
fragment results from the fragmentation of a tautomeric form.
We note that such a tautomerization pathway was observed in
glycine.”’ Therefore, we studied three tautomeric forms of 2-

https://doi.org/10.1021/acs.jpca.5c03342
J. Phys. Chem. A 2025, 129, 7352—-7364
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TU, shown in Figure S, first having the hydrogen transfer from
N(1) to sulfur (Figure S II). The second tautomeric form has

o 2 b ) >
(Vg y 9 3 9 5]
< \ 1 ;
[ \%

Figure 5. Tautomers of 2-thiouracil.

the hydrogen transfer from N(3) to sulfur (Figure S IIT). The
third tautomer involves the transfer of hydrogen atoms from
both nitrogen atoms, with one transferring to sulfur and the
other to oxygen (Figure 5 1V).

We now performed BOMD simulations for tautomeric
forms of 2-TU (ionizing a tautomer) to see if the 95 amu
fragments are formed in MD simulations. 100 trajectories were
simulated for each tautomer. Indeed, we observed the SH loss
(corresponding to a signal at 95 amu in Figure 6, shown in red
sticks). Figure 6 presents the data corresponding to the first
two tautomeric forms analyzed (tautomers II and III; neutral
and cationic fragments are both shown in Figure 6). The MD
simulations for tautomer IV reveal a lower relative abundance
of the 95 amu fragment (see Section S2 and Figure S4).

We also investigated the energetics of the various tautomers
to determine which tautomer is more likely to be

thermodynamically stable. The calculated energetics of the
tautomers are provided in Section S2, with detailed energetics
of the tautomers illustrated in Figure S6. Additionally, the
transition state associated with tautomer II formation is
depicted in Figure S7 . In the Supporting Information, it is
found that in the neutral ground state, the most stable form is
tautomer I, followed by tautomer II (the most stable
conformer ~0.55 eV higher in energy), tautomer IV (~0.58
eV higher), and tautomer III being the least stable one (the
most stable conformer being ~0.98 eV above tautomer I). This
is in agreement with an earlier report.”> We also note that the
same trend in energetics is observed for the cationic ground
state (Figure S6).

In Figure 6, the first red stick corresponds to the neutral
fragment of 33 amu (SH), and the second red stick
corresponds to the cationic fragment with 95 amu
(C,H3;N,0%). The tautomer II (left) generates a greater
number of 95 amu fragments compared to the tautomer III
(right), at least at higher photon energies. An alternative
explanation for the 95 amu fragment would be a separate loss
of the sulfur atom and one hydrogen atom. However, this
pathway was not observed in our simulations. We finally
mention that in the EI-MS spectrum of 2-TU, a signal at 95
amu appears, however, with a relatively low intensity.>*

3.1.3. Reaction Mechanisms. From the analysis of the
trajectories, the following main reaction mechanisms for the
formation of major fragments in the case of 2-TU can be
extracted:

Epy =13 eV

0.51

0.01
1.0

Epy =14 eV [ ]

0.51

0.0 ?e L) o?
1.0

Eppy=15eV

0.51

Relative abundance

e J°7 Te !

0.0+
1.0

Epy =16 eV

0.5

\Ts J"...L .

T T T T

0 20 40 60 80 100 120 140
Mass (a.m.u.)

(@)

1.0 1
Ep =13 eV

0.51

0.0 Tt

1.0

Epy =14 eV

o
]

I

Relative abundance
= o
o o

Eny =15 eV
0.51
0.0 1 'T ® T T T, L]
1.0
Epo =16 eV
0.5
0.01 2% o I T. T
0 20 40 60 80 100 120 140

Mass (a.m.u.)

(b)

Figure 6. Relative abundance of fragments of tautomers II (a) and III (b) of 2-thiouracil for various photon energies is shown, with red sticks

indicating fragments 33 and 95 amu.
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Figure 7. Different possibilities of fragments originating at energies from 12 to 16 eV for 4-thiouracil. The tree diagram illustrates the first
occurrence of fragments (cationic and neutral) at various energy levels, highlighting the different possible fragmentations. The numbers in the
circles indicate the cationic fragment masses. The shown geometries correspond to ¢ = 10 ps. White = H, gray = C, blue = N, red = O, yellow = S.

Arrow color encodes the energy at which the fragments appear.

69 amu (C;NH;0") corresponds to SC(2)N(3)H loss. The
mechanism is (i) C(2)—N(1) bond-breaking and (ii) C(4)—
N(3) bond-breaking.

70 amu (C3;NH,O") corresponds to SCN loss. The
mechanism is (i) C(2)—N(1) bond-breaking, (ii) C(4)—
N(3) bond-breaking, and (iii) H-transfer from N(3) to N(1)
or, alternatively, first (iii), then (ii).

100 amu (C;N,H,S*) corresponds to CO loss. The
mechanism is (i) C(4)—N(3) bond-breaking, (ii) formation
of five-membered ring (either making C(5)—S or C(5)—
N(3)), and (iii) C(5)—C(4) bond-breaking.

28 amu (HCNH') forms from 69 by breaking the C(S5)—
C(6) bond.

42 amu (C,H,0") forms from 69 by the C(5)—C(6) bond-
breaking with H-transfer from C(6) to C(S) (CNH neutral),
or from N(1) to C(5) (NCH neutral). Few trajectories show
the formation of C,NH," (42 amu). It begins with breaking
C(5)—C(4) bond, then H-transfer from N(3) to C(5), then
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N(1)—C(2) bond-breaking, then H-transfer from C(6) to
C(5).

41 amu (C,NH;") forms either from 69 (at 16 eV) or from
100 (at 14 and 14.5 eV). When from 69 this may involve
hydrogen transfer from C(6) to C(S), then C(4)O loss. When
from 100 it shows first C(4)—N(3) bond-breaking, then H-
transfer from C(S) to N(3), then N(3)H, transfer to C(5),
then C(4)O loss, then C(6)—N(1) bond-breaking,

3.2. 4-Thiouracil. Similar investigations were done for 4-
thiouracil (4-TU), cf. Figure 1b. Again, photon energies
between 12 and 16 eV were considered. On the OM2 level at
OM2 geometry, the ionization potential of 4-TU is 8.54 eV
and slightly lower than for 2-TU, so the kinetic excess energy
after photoionization is about 3.5—7.5 eV in this case.

3.2.1. Abundance and Mass Spectra as a Function of
Photon Energy; Breakdown Diagram. In this subsection
(similarly to 3.1.1), we first report all fragments observed
independent of their status of their neutral or cationic nature.

https://doi.org/10.1021/acs.jpca.5c03342
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Figure 8. Relative abundance of fragments for various photon energies for 4-thiouracil is depicted as follows: (a) all produced fragments including
both the neutral and cationic species and (b) solely cationic fragments after dissociation.

After that, we will detail explicitly which fragments we consider (CS0O), 68 amu (C;H,N,), 86 amu (C,;H,NS), 100 amu

to be cationic in nature. (C3H,N,S), and 101 amu (C;H;NSO).

A tree diagram for 4-TU showing the different fragment At 14 eV, several different fragments were observed
possibilities and how different fragments appear at different compared to 2-TU. Notably, a fragment with 16 amu (NH,)
energies is shown in Figure 7. In addition, images of all was detected for the first time, albeit with a very low relative
fragments for various photon energies are provided in Figure abundance. The major fragments here were again 43 and 85
S8. amu. Increasing the energy to 14.5 eV produces similar types

For 4-TU, unlike 2-TU, despite the higher initial kinetic of fragments with relatively higher individual abundance and
energy, at 12 and 12.5 eV photon energies, no fragmentations decreasing abundance of parent ion. At 15 eV, the abundance
were observed, meaning that for the whole simulation period of the parent ion is no longer the largest one. The parent
of 10 ps, the parent molecular ion remained intact as seen in cation has been fragmented into many smaller neutral and
Figure 8a. cationic fragments. The major contributors to relative

Fragmentations occur at 13 eV and above. At 13 eV, we see abundances here are fragments 43 and 85 amu. At 16 eV, we
two fragments resulting from one type of fragmentation, at see that the contribution from the molecular ion (128 amu) in
mass 43 amu (OCNH) and 85 amu (C;NHS,S). Interestingly, the relative abundance plot has completely been diminished
as we increase the energy by just 0.5 eV to 13.5 eV, we observe and, moreover, the major contributing bigger fragment 85 amu
many more fragments compared to 13 eV, unlike in the case of has also been fragmented into more smaller fragments which
2-TU where to observe many different fragmentations, one leads to the lesser contribution from 85 amu to the relative
needs to provide higher energy to the molecule. However, the abundance plot.
total amount of 4-TU fragmentation taking place is less The photon-energy dependent mass spectra are shown in
compared to 2-TU (cf. Figures 3a and 8a for E,, = 13.5 eV). Figure 8b, and all identified cations and their relative
The fragments contributing highest to the relative abundance abundances are collected in Table S1. For 12 and 12.5 eV,
are still 43 and 85 amu fragments (apart from the parent ion), we see only the parent cation. At 13 eV, the only cation that we
and the percentages of finding these fragments are also slightly observe (apart from the parent ion) was fragment 85 amu with
larger than those for 13 eV photon energy. Some smaller a relative abundance of 0.9%. At 13.5 eV, even more cationic
fragments were also found, such as 27 amu (NCH) and two fragments were observed with the largest signals corresponding
types of 28 amu (HCNH and CO). Other detected fragments to the parent ion with 94.4% and fragment 85 amu with a
with relatively high abundance are 42 amu (CNO), 60 amu relative abundance of 4.3%. Less abundant cations range from

7359 https://doi.org/10.1021/acs.jpca.5c03342

J. Phys. Chem. A 2025, 129, 7352-7364


https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5c03342/suppl_file/jp5c03342_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5c03342/suppl_file/jp5c03342_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5c03342/suppl_file/jp5c03342_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.5c03342?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.5c03342?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.5c03342?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.5c03342?fig=fig8&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.5c03342?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

28 amu (HCNH) to 101 amu (C;H;NSO) as detailed in
Table S1. Although the number of cationic fragments found
was higher (10 fragments), the individual abundances of most
fragments were small in the case of 13.5 eV.

At 14 eV, the major fragments in the mass spectrum were 85
amu with a relative abundance of 16.0% and molecular cation
with a relative abundance of 80.7% followed by fragment 100
amu (C;H,N,S) with a relative abundance of ~1%. All other
cationic fragments found here have very low abundances (see
Table S1). In the case of 14.5 eV, fragment 85 amu has more
relative abundance compared to lower energies, with 33.1%
contribution in the overall relative abundance. The parent
cation has a relative abundance of 56.7%. Additional relatively
big fragments with relatively large contribution are 100 amu
(C3H,N,S) and 68 amu (C;H,N,), each with 1.9% of
abundance. Now, as the energy has increased, the abundances
of smaller fragments have also increased. Specifically, the
cationic fragment of 28 amu (HCNH) has a relative
abundance of 3.2%. Other fragments have lesser abundances
(Table S1).

At 15 eV, the contribution from molecular cation decreased
to 32% and fragment 85 amu rose to a relative abundance of
43.4%, thus surpassing the parent. The smallest cationic
fragment 28 amu (HCNH) has been formed the most number
of times (compared to other smaller fragments) and has a
relative abundance of 12.6%. Some other fragments can also be
seen formed more frequently, e.g, 68 amu (C;H,N,) has a
relative abundance of 3.2%, see Table SI.

At 16 eV, the most abundant cation is fragment 28 amu with
a relative abundance of 46.1%, followed by the cation 85 amu
with 27.2%, and the molecular cation has been diminished to
2.5%. The types of smaller cationic fragments have increased,
meaning a bigger fragment has been dissociated into many
smaller fragments (see Figure 7 and Table S1). In total, we
identified 26 different cations at 16 eV for 4-TU, which is
much larger than for 2-TU (15 cationic species at 16 eV), see
Table S1.

Finally, the breakdown diagram for 4-TU is shown in Figure
4b. The major contributions for the cationic fragments come
from the fragments 85 and 28 amu. As the excitation energy
increases, the decrease in the parent cation is evident, and
there is an increase in the abundance of fragment 85 amu. But
beyond 15 eV, the cationic fragment 85 amu starts to
dissociate into smaller fragments, and the major contribution
goes to fragment 28 amu, which, in turn, increases the
abundance at higher energies. The parent ion (128 amu) and
the fragments 85 and 28 amu contribute the most to the
breakdown diagram. All other major cations shown in Figure
4b increase in abundance with the growing energy, but their
contribution is overall minor. Comparing 2-TU and 4-TU in
their breakdown diagrams, we see clear differences, which will
be discussed in more detail in Section 3.3.

3.2.2. Reaction Mechanisms. The reaction mechanisms of
formation of major fragments in the case of 4-TU are as
follows.

85 amu (C;NH,S*) corresponds to OC(2)N(3)H loss. The
mechanism is (i) C(2)—N(1) bond-breaking and (ii) C(4)—
N(3) bond-breaking.

86 amu (C;H,NS*) corresponds to OC(2)N(3) loss. The
mechanism is (i) C(2)—N(1) bond-breaking, then a hydrogen
transfer from the N(3) hydrogen to N(1), making the nitrogen
at position 1 having two hydrogens, and (ii) breaking of the
C(4)—N(3) bond.
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100 amu (C;H,N,S*) corresponds to a CO loss. The
mechanism is (i) C(2)—N(1) bond-breaking, (ii) sulfur
transfer to N(1), (iii) bond-breaking of C(2)—N(3) or,
alternatively, first (iii), then (ii). Other dissociative mecha-
nisms may involve the transfer of hydrogen to nitrogen N(1)
from either another nitrogen atom or one of the carbon atoms.
Following this H transfer, the formation of a five- or six-
membered ring could occur. However, the likelihood of these
alternative mechanisms is significantly lower compared to the
primary mechanism described above.

28 amu (HCNH") forms from either 85 or 100 amu by
breaking the C(5)—C(6) bond.

58 amu (C,H,S") forms from 85 by breaking the C(5)—
C(6) bond and then involves a hydrogen transfer from C(6) to
C(5).

68 amu (C;H,N;) corresponds to SCO loss. The
mechanism is (i) breaking of the C(2)—N(3) bond initiates
the process, (ii) subsequently, sulfur approaches the C(2)
carbon, which leads to the cleavage of the bond S—C(4),
resulting in the departure of the SCO.

3.3. Further Discussion. In the simulations for both
molecules, we observed that as the energy increases, the
number of fragments also increases. Although both molecules
appear quite similar, the most abundant fragments are very
different from each other. For 2-TU, as previously discussed,
the primary contributing fragments were 59 amu (SCNH) and
69 amu (C;NH;0). In contrast, for 4-TU, the most significant
fragments were 43 amu (OCNH) and 85 amu (C,;NH;S).
Remarkably, this corresponds to breaking the same bonds,
C(2)—N(1) and C(4)—N(3) in both isomers (cf. Figure 1). In
fact, the C—N single bond is the one with the lowest
dissociation energy of all bonds within both molecules (330
kJ/mol, compared to 368 kJ/mol for C—C, for example).”*

Another common observation in both simulations is that
with increasing energy, the relative abundance of a smaller
fragment, specifically 28 amu (HCNH), consistently increased.
We also observed that above a certain energy, larger fragments
dissociate into smaller fragments. In the case of 2-TU,
fragment 69 amu has always increased its relative abundance
until 15 eV of excitation, after which the fragment dissociates
into smaller fragments, mostly leading to the generation of
cationic fragments 28 amu (HCNH) and 42 amu (C,H,0). A
similar situation was observed for 4-TU as well where fragment
85 amu after an energy of 15 eV decreases substantially and
leads to more formation of cationic fragments 28 amu
(HCNH) and also 58 amu (C,H,S) (with a lower abundance).

However, there are also clear differences between 2-TU and
4-TU. Looking at Table S1, we see that 4-TU yields more
fragments than 2-TU for E;,, > 13.5 eV (albeit mostly with low
abundances). At the same time, the breakdown diagrams of
Figure 4 show that the falloff of the parent cation abundance is
shifted to higher energies for 4-TU. This is despite the fact that
more kinetic energy is being deposited into 4-TU compared to
2-TU following absorption of the same photon energy because
of a lower ionization potential of 4-TU (see above). Thus,
sulfur in position 4 makes 4-TU more resistive to
fragmentation than 2-TU.

The average time required to dissociate 2-TU* to form
fragments 59 and 69 amu is <5 ps across the smaller excitation
energies (12—13.5 eV), while for higher excitation energies
(14—16 eV), it is <3.5 ps. The subsequent formation of the 28
amu fragment occurs within the next 1—2 ps. A similar trend
can also be seen in 4-TU, where the average time required to
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dissociate into fragments 43 and 85 amu is <4 ps for low
excitation energies, while for higher excitation energies, it takes
<2.5 ps to dissociate the parent cation. This phenomenon can
be explained by considering that at higher excitation energies,
the molecule has enough energy to rapidly overcome the bond
dissociation energy. Additionally, a higher excitation energy
grants access to a larger number of dissociation channels.
Furthermore, methods like disruptive probing could be used to
experimentally quantify these lifetimes.>

3.4. Comparison to Experiment. In this subsection, we
compare our calculations for 2-TU with the (photon-energy
resolved) experimental mass spectra reported in ref. 24 in more
detail.

The simulations conducted in the present work produced
principal cationic fragments of 69 amu for 2-TU, findings that
are consistent with the experimental results reported by
Robinson et al.”* Another fragment that was predominantly
seen in the experiment was 28 amu. In our simulations, this
fragment was also generated; however, it was produced in
relatively lower abundances. Furthermore, the experiment™
reports fragments at 41, 42, 58, 60, 70, and 100 amu, although
in lower abundance; our simulations similarly indicated
reduced abundances for these fragments. For fragments 41
and 42 amu, consistent with the analysis of Robinson et al,**
our simulations confirmed that the most abundant species for
fragment 41 amu was C,NH}, while for fragment 42 amu, the
primary species was C,H,O".

Comparing the energetics of fragmentation, specifically our
calculated breakdown diagram for 2-TU (Figure 4a) with
Figure 2a of ref. 24, we observe that the calculated abundance
curves are shifted to higher energies. Figure 2a of the
experiment”* shows a photoionization spectrum and contains
the ionization matrix elements, in contrast to the theoretical
breakdown spectrum. However, one can discern that the first
breakdown from parent ion to fragment 69 happens at lower
energies in the experiment, showing a dominant 69 fragment
with no parent already around ~11.5—12 eV. In the calculated
diagram, the crossing point is at ~13.8 eV (see Figure 4a). The
energy disparity between experiment and theory is also
observed for other fragments, e.g.,, 70 and 100 amu.

There are (at least) two factors responsible for this
discrepancy. First, as already mentioned in Section 2, we
neglected the initial kinetic energy of the neutral (~0.58 V),
vide supra. Therefore, the “computational” photon energy of 12
eV will translate to 11.42 eV. Second, it might well be that 10
ps is not enough to capture all fragmentation events, especially
at lower photon energies. The nonsufficient theoretical time
window thus might increase the relative abundance of the
parent ion in the simulation with regard to the experiment. To
test this, we simulated 200 trajectories at E;, = 13 eV for 100
ps. We observed that the parent ion abundance decreased
further by a factor of ~1.7. However, such long time scales are
computationally demanding, and it is thus challenging to
perform proper statistics for long propagation times.

3.5. Nonadiabatic Surface Hopping (NASH) Calcu-
lations. Finally, we conducted test simulations of the
nonadiabatic dynamics for the example of 2-TU" to investigate
the involvement of excited cationic states in the post-ionization
dynamics of the parent molecule. In our test calculations, our
main objective was not so much the fragmentation itself but to
test the hypothesis/assumption of a rapid internal conversion
of higher doublet states of the cation, to the ground state, D,
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Exemplarily, we focused on 2-TU. We note that ultrafast
internal conversion has been observed/predicted in other
molecular cations.*”*%*’

We used Tully’s surface hopping approach”’ combined with
the ROOM2/CISD method, employing an active space of 5
highest occupied and S lowest virtual orbitals (denoted as S X
S). We performed surface hopping simulations over a 1 ps time
scale, initiating excitations to states D,, Dy, and Dy, selected
due to their relatively high oscillator strengths provided in
Table 1. We note that this choice corresponds to the

Table 1. Excitation Energies E (in eV) and Oscillator
Strengths f for the First Ten Transitions of the 2-TU Cation
Calculated at the ROOM2/CISD(5 X 5) Level at the
Optimized UB3LYP/6-31G* Geometry

Transition E (eV) f

D, - D, 0.143 0.000
D, — D, 1.862 0.025
Dy — Dy 2.579 0.000
D, — D, 3.768 0.000
D, — D; 3.822 0.002
D, — Ds 4368 0.030
D, — D, 4421 0.000
D, — Dg 4754 0.062
Dy — Dy 4.852 0.000
D, — Dyo 5.079 0.001

absorption of the cation (D, — D;) rather than photo-
ionization of the neutral (S, = D;). For the latter, one could
calculate Dyson orbitals to estimate photoionization cross
sections.”” In fact, we have recently employed this approach for
thiouracils at the EOM-IP-CCSD level, and the Dyson norms
were found to be approximately the same for the lowest 11
transitions (Sy — Dy ... Dyg).”” Thus, the present choice of D,,
D¢, and Dy can be viewed as merely a test for various initial
excitation energies. The initial conditions (i.e., initial geo-
metries and nuclear velocities) were sampled using the Wigner
distribution (for the Dj, state) at a temperature of 0 K.°” Again,
we note that sampling in the S, neutral state would be more
appropriate for modeling photoionization experiments. The
associated kinetic energy (arising from the initial velocities)
was approximately 1.07 eV, leading to total energies of 2.9 eV
for D,, 5.4 eV for Dy, and 5.8 €V for Dy, referenced from the
D, state. To relate these energies to the S state, an ionization
potential (IP) of ~8.7 eV (as discussed above) must be added.
This adjustment results in energies ranging from 11.6 to 14.5
eV. These values are consistent with the energy range used in
our BOMD calculations. For each initial state, 100
independent trajectories were simulated focusing on (poten-
tial) fragmentation pathways and excited-state lifetimes.

In all cases (D5, Dy, and Dy), no fragmentation was observed
when using the 4 A bond distance threshold, while relaxation
to the ground state occurred consistently on an ultrafast time
scale. The ground-state-recovery time constant 7 was
calculated using a single-exponential fit,
Pp =1 — exp(—t/7). Relaxation to the cationic ground

state when starting in state D, takes around ~500 fs. For D,
the relaxation time was around 800 fs, while for Dg, ~63% of
the population transitioned to the ground state (D,) in around
900 fs. The absence of fragmentation could be attributed to
insufficient time to induce dissociation. In fact, as argued in
Section 3.3, typical fragmentation times are several pico-
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seconds, i.e., significantly longer than the relaxation times to
D,. It is therefore plausible that for the investigated molecules,
dissociation takes place following internal conversion, mainly
in the cationic ground state, D,,.

We also applied a weaker bond-breaking criterion of 2 A to
further investigate the possible onset of fragmentation. We
found that in the case of Dy, 5 trajectories out of 100 showed
dissociation into the major fragments corresponding to the
59—69 fragment channel also observed in the case of the
BOMD simulations. In all these cases, too, the fragmentation
occurred after relaxation to the cationic ground state.

Finally, we note that no tautomerization was observed in our
NASH trajectories. Apparently, one would need to simulate
many more NASH trajectories and potentially test various
electronic structure methods to elucidate the hypothesized
photoinduced tautomerization in cationic states, which goes
beyond the scope of the present work and should be addressed
in a separate study.

4. SUMMARY AND CONCLUSIONS

In this work, we examined the VUV-induced fragmentation
patterns of thiouracil derivatives, specifically 2-thiouracil and 4-
thiouracil, and compared their fragmentation products
obtained from the simulations using a BOMD approach.
Additionally, we compared our simulated fragmentation
products of 2-thiouracil against experimental results previously
reported by Robinson et al** finding that the fragments
predicted in our simulations were consistent with experimental
observations, where the highest contributing cationic fragment
was 69 amu (C;NH,0%, SCNH loss).

We also noted the absence of certain fragments, particularly
the 95 amu fragment, in our simulations for the primary
tautomer (I) expected in the gas phase. We showed that by
starting with alternative tautomers in the gas phase, the 95 amu
fragment (C,H;N,0% SH loss) was observed with significant
abundance in our BOMD simulations. While we expect that
tautomerization may be initiated on the electronic excited state
of the cationic system, unfortunately, our test NASH
simulations did not provide any evidence of tautomerization
taking place, nor subsequent fragmentation to produce the 95
amu jon. This may be due to limitations of the simulation
performed here as part of this work, and further theoretical
work is needed to better understand the differences between
theory and experiment. However, observation of the 95 amu
fragment in our BOMD simulations for tautomers other than I
indicates that tautomers can play a significant role in shaping
the overall fragmentation profile.

We compared the highest fragmentation products of 2-TU
with 4-TU. The major contributing cationic fragments to the
mass spectrum in 4-TU were 85 amu (C;NH,S*, OCNH loss)
and 28 amu (HCNH"). The dissociation channel to produce
the most abundant fragment was the same in both the
derivatives of thiouracil, specifically the same bonds [C(2)—
N(1) and C(4)—N(3)] were broken in both molecules to form
the most abundant cations (69 amu in the case of 2-TU and 85
amu in 4-TU). The dominant fragmentations follow breaking
the weakest (C—N) bonds in the molecules. However, sulfur in
the 4 position seemingly protects the ring from fragmentation,
compared to when it is in the 2 position, as follows from the
blue-shifted falloff of the parent ion abundance despite the
lower ionization potential of 4-TU. The formation of 28 amu
was predominantly seen after 14.5 eV of energy, resulting from
the further fragmentation of 85 amu at elevated energies.
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To broaden our investigation of ultrafast fragmentation and
dynamics and account for nonadiabatic effects, we conducted
preliminary surface hopping calculations at the ROOM2/
CISD(S X §) level for 2-TU". Our simulations reveal that
internal conversion occurs within an ultrafast time scale for 2-
thiouracil, confirming the frequently used hypothesis that
fragmentation takes place in the cationic ground state.

In summary, the MD simulations presented herein provide
detailed mechanistic insights into VUV-induced dissociative
photoionization of thiouracils, providing a roadmap for
analogous simulations of similar molecules in the future.
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