
HAL Id: hal-03483576
https://hal.science/hal-03483576

Submitted on 16 Dec 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Collision-induced dissociation of protonated uracil water
clusters probed by molecular dynamics simulations

Sébastien Zamith, Linjie Zheng, Jérôme Cuny, Jean-Marc L’Hermite, Mathias
Rapacioli

To cite this version:
Sébastien Zamith, Linjie Zheng, Jérôme Cuny, Jean-Marc L’Hermite, Mathias Rapacioli. Collision-
induced dissociation of protonated uracil water clusters probed by molecular dynamics simulations.
Physical Chemistry Chemical Physics, 2021, 23 (48), pp.27404-27416. �10.1039/D1CP03228C�. �hal-
03483576�

https://hal.science/hal-03483576
https://hal.archives-ouvertes.fr


Collision-induced dissociation of protonated uracil water clusters
probed by molecular dynamics simulations†

Linjie Zheng,a Jérôme Cuny,∗a Sébastien Zamith,b Jean-Marc L’Hermite,b and Mathias
Rapacioli∗a

Collision-induced dissociation experiments of hydrated molecular species can provide a wealth of
important information. However, they often need a theoretical support to extract chemical infor-
mation. In the present article, in order to provide a detailed description of recent experimental
measurements [Braud et al., J. Chem. Phys. 2019, 150, 014303], collision simulations between low-
energy protonated uracil water clusters (H2O)1−7,11,12UH+ and an Ar atom were performed using
a quantum mechanics / molecular mechanics formalism based on the self-consistent-charge density-
functional based tight-binding method. The theoretical proportion of formed neutral vs. protonated
uracil containing clusters, total fragmentation cross sections as well as the mass spectra of charged
fragments are consistent with the experimental data which highlights the accuracy of the present
simulations. They allow to probe which fragments are formed on the short time scale and rationalize
the location of the excess proton on these fragments. We demonstrate that this latter property
is highly influenced by the nature of the aggregate undergoing the collision. Analyses of the time
evolution of the fragments populations and of their relative abundances demonstrate that, up to 7
water molecules, a direct dissociation mechanism occurs after collision whereas for 11 and 12 water
molecules a statistical mechanism is more likely to participate. Although scarce in the literature, the
present simulations appear as a useful tool to complement collision-induced dissociation experiments
of hydrated molecular species.

1 Introduction

Collision-induced dissociation (CID) is a key tool to probe the
structure, energetics and reactivity of a variety of molecular sys-
tems.1,2 By colliding a molecule, or a molecular aggregate, with
a non-reactive rare gas atom (Ne, Ar) or a small molecule such
as H2O or N2, it is possible to monitor the parent ions and colli-
sion products by use, for instance, of tandem mass spectrometry
(MS/MS).3,4 The resulting mass spectra provide a wealth of in-
formation about the structure of the parent and product ions from
which one can infer, for instance, dissociation mechanisms,5,6 or
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bond and hydration enthalpies.7 Similar information can also be
obtained through other experiments such as threshold collision-
induced dissociation,8–10 black-body infrared radiative dissocia-
tion,11–13 laser light dissociation,14 or electron capture dissoci-
ation.15,16 CID has been applied to a variety of systems, in par-
ticular hydrated atomic ions,2,8,9,17,18 and molecular ions.19–22

In the second case, it has been used to understand the impact
of high-energy radiations on living cells and DNA or RNA,23–25

as well as low-energy collisions on molecules of biological inter-
est.26,27

Extracting energetics or dissociation mechanisms from CID is
not an easy task and it often requires the use of complementary
theoretical calculations. Two main methodologies can be con-
ducted. The first one necessitates an exhaustive description of
the potential energy surface (PES) connecting both parent ions
and products. Energetic information on both minima and tran-
sition states can then be introduced in Rice-Ramsperger-Kassel-
Marcus (RRKM)28,29 and/or Kinetic Monte Carlo (KMC) simula-
tions.30,31 This first method is relevant for very late dissociations,
occurring at times much larger than typical molecular vibrational
periods. The second approach consists in performing molecular
dynamics (MD) simulations to explicitly model the collision be-

Journal Name, [year], [vol.], 1–14 | 1



tween the parent ion and the colliding species, the energy re-
distribution between the vibrational and rotational modes of the
parent ion and the subsequent reorganizations and fragmenta-
tions. This approach can hardly describe statistical processes as it
would require extremely long simulations. In contrast, it is partic-
ularly suitable to describe direct, i.e. non-statistical, dissociation
mechanisms and often observed in CID studies.32–35 This latter
case requires the propagation of a large amount of independent
trajectories to statistically converge the collision process. This ne-
cessitates a correct description of the PES of the system and its re-
activity while maintaining a limited computational cost. Despite
these difficulties, this approach has been widely used, in particu-
lar to study unimolecular reactivity on a short time scale.36–47

In contrast, theoretical and experimental studies devoted
to dissociation of microhydrated molecular aggregates are
scarce,23,26,48–51 although CID has been applied to water clus-
ters containing an atomic ion,2,8,18 and on charged water clus-
ters.17,50,52,53 This is a real lack as microhydrated molecules
and biomolecules represent valuable model systems that allow
to understand the influence of hydration degree or protonation
states by direct comparison between experiment and theory in a
tractable way without having to consider complex long-range sol-
vent effects. In that respect, CID investigations could play an im-
portant role in understanding structure, stability, dynamics and
reactivity of species in an aqueous medium for different hydra-
tion degrees or protonation states. This can be evidenced by the
experimental study of Liu et al. on the dissociation of the singly-
charged adenosine 5’-monophosphate (AMP−) which shows two
different dissociation channel depending on the solvation state
of AMP−.23 However, to the best of our knowledge, no modelling
was performed to complement these experiments except for a few
static calculations.2,8,18

In the present article, we aim at demonstrating that MD sim-
ulations based on a quantum chemical treatment of the PES are
able to model such complex dissociation mechanism to provide
an atomic-scale description that can not be obtained experimen-
tally. To do so, we focus here on one particular system: proto-
nated uracil (U) water clusters (H2O)1−7,11,12UH+ colliding with
an argon atom. This choice is motivated by the recent CID ex-
periments performed by Braud et al. consisting in (H2O)1−15UH+

clusters colliding with an impacting atom or molecule M (M =
H2O, D2O, Ne, and Ar) at a constant center of mass collision
energy of 7.2 eV.54 This low value leads only to intermolecular
bond breaking, without any electronic excitation, rather than in-
tramolecular bond breaking. The authors determined the branch-
ing ratios for different charged fragments which allow them to
deduce the fragmentation cross section for all (H2O)1−15UH+

species and the location of the excess proton after collision: on
a uracil containing cluster or on a pure water cluster. This leads
to the proportion of neutral uracil loss (corresponding to cases
where the excess proton is located on pure water clusters) as a
function of the number n of water molecules. A sharp increase of
neutral uracil loss was observed for n = 5-6 (2.8 and 25.0% for n
= 4 and 7, respectively). Those experiment were complemented
by theoretical calculations that aim at characterizing the lowest-
energy isomers of (H2O)1−7UH+ clusters. They show that (i) For

n = 1-2, the uracil is protonated; (ii) For n = 3-4, the excess pro-
ton is still on the uracil but is closer to an adjacent water molecule
than in case (i); (iii) When n is larger than 4, the excess proton is
located on a water molecule. These results suggest that the loca-
tion of the proton after collision recorded in the CID experiment
is determined by its position in the lowest-energy parent isomer
suggesting that a direct dissociation mechanism occurs. Despite
these findings, static calculations can not provide a full picture
for the dissociation process and some issues are still not properly
understood: (i) What is the main path of the dissociation mech-
anisms ? (ii) What are the fragments after collision ? (iii) How
does the proportion of fragments change according to time ? (iv)
Is the proportion of neutral uracil loss only determined by the
nature of the lowest-energy isomers ?

To answer these questions, the present article presents a com-
plete MD study of the dissociation process for (H2O)1−7,11,12UH+

aggregates colliding with an argon atom. The PES was de-
scribed using a quantum mechanics / molecular mechanics for-
malism based on the self-consistent-charge density-functional
based tight-binding (SCC-DFTB) method that allows for a quan-
tum mechanical description of the systems while displaying a
limited computational cost. The outline of the article is as fol-
lows: details on the SCC-DFTB and SCC-DFTB/MM approaches,
exploration of potential energy surfaces, collisional trajectories
and analysis is provided in the section 2. Section 3 discusses the
theoretical time-dependent proportion of fragments, proportion
of neutral uracil loss, total fragmentation cross sections and mass
spectra of fragments bearing the excess proton. These data are
compared to available experimental results in order to discuss in
details dissociation mechanism as a function of n. The main out-
comes and perspectives are summarized in section 4.

2 Computational Methods
SCC-DFTB potential. DFTB is an approximated DFT scheme
whose computational efficiency relies on the use of parameter-
ized integrals.55–58 In this study, we used the second-order for-
mulation of DFTB, the self-consistent-charge DFTB, in combina-
tion with the mio-set for the Slater-Koster tables of integrals.56

To improve description of intermolecular interactions, the class
IV/charge model 3 (CM3) charges were used instead of the orig-
inal Mulliken charges as well as empirical terms to describe dis-
persion interactions.59 For the parameterization of CM3 charges,
the bond parameter DOH = 0.129 proposed by Simon and co-
workers was applied,60,61 and a DNH value of 0.120 was used
(see Table S1 and Figure S1 in Electronic Supplementary Mate-
rial (ESI)),62 while all other bond parameters were set to 0.000,
which corresponds to Mulliken evaluation of the charges. Over
the last years, the accuracy of this model to describe water clus-
ters has been demonstrated,60–65 in particular, it has been applied
to simulate collisions in various chemical systems.64,66,67 Intro-
duction of the CM3 charges also greatly improves the energetics
of proton transfer events.68 Interaction between argon and pro-
tonated uracil water cluster was treated with a SCC-DFTB/MM
model,69 which details can be found in the original paper.70 This
potential consists in a modification of the SCC-DFTB Hamiltonian
matrix based on first order degenerate perturbation theory com-
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bined with a polarization contribution. In practice, two scalar
terms describe the interaction of Ar with the core electrons of the
uracil water cluster and the dispersion potential between these
two subsystems. A third non-scalar term describes the interac-
tion between Ar and the valence electrons of the uracil water
cluster. Finally, a polarisation term is added to account for the
polarisation of the Ar atom by the uracil water cluster in a self
consistent scheme. For the collision trajectories described below,
a Fermi distribution (Fermi temperature 2000 K) was applied to
avoid oscillation issues during the self-consistent procedure.71 All
the SCC-DFTB and SCC-DFTB/MM calculations were carried out
with the deMonNano code.72

Determination of low-energy minima. All energy minima for
(H2O)1−7UH+ aggregates were obtained in a previous study fol-
lowing a two-step procedure.54 The same procedure was con-
ducted to obtain the low-energy isomers of (H2O)11UH+ and
(H2O)12UH+. First, the PES of these two species was roughly ex-
plored using the parallel-tempering molecular dynamics (PTMD)
algorithm in combination with SCC-DFTB.73,74 40 replicas with
temperatures ranging linearly from 50 to 350 K were used. All
trajectories were 4 ns long and the integration time step was
0.5 fs. A Nosé-Hoover chain of five thermostats with frequencies
of 800 cm−1 was used to obtain an exploration in the canonical
ensemble.75,76 To avoid any spurious influence of the initial ge-
ometry on the PES exploration, three distinct PTMD simulations
were carried out with distinct initial proton location: on the uracil
in two cases and on a water molecule in the other one. In the for-
mer cases, we used two isomers reported as u178 and u138 UH+

by Pedersen et al..77 600 geometries per temperature were lin-
early selected along each PTMD simulation for subsequent geom-
etry optimization leading to 72000 structures optimized at SCC-
DFTB level. These structures were sorted in ascending energy
order and checked for redundancy. 20 and 29 isomers were se-
lected from these 72000 optimized structures and were subse-
quently optimized at the MP2/Def2TZVP level,78,79 which leads
to the low-energy isomers of (H2O)11UH+ and (H2O)12UH+, re-
spectively. All MP2 calculations were carried out with the Gaus-
sian 09 package.80

Collision trajectories. The aforementioned SCC-DFTB/MM
approach was used to describe the collision process of protonated
uracil water clusters (SCC-DFTB) and an argon atom (MM). Ini-
tial configurations for the collisional trajectories were set using
the following procedure. The target cluster was first randomly ro-
tated around its center of mass to allow collision with all possible
impacting points on the cluster. 600 structures were generated
per isomer in which the center of mass of the aggregate was kept
at position (0, 0, 0). Convergence of the results with respect to
the number of impacting orientation was tested and is discussed
in the ESI (see Tables S2 and S3 as well as Figures S2 to S7).
The colliding argon initial position was set at position (10, b, 0)
where b is defined as the impact parameter. b was varied by step
of 0.5 Å from 0 to Rmax. Definition of Rmax, number of considered
b values for each isomer as well as convergence of the present
results with respect to this number is presented in Table S4 in the
ESI. This leads to 600×(2Rmax+1) initial configurations per iso-
mer. For each one of them, initial velocities were defined such as

the instantaneous temperature of the system was 25 K and its to-
tal momentum and total angular momentum were zero. 200 fs of
simulation were subsequently performed in the canonical ensem-
ble at 25 K using a stochastic velocity rescaling thermostat with a
coupling parameter of 0.1 ps.81 The influence of the duration of
the equilibration process was tested and is presented in Table S5
of the ESI. These tests demonstrate that 200 fs of equilibration
time is enough to capture the main properties of the dissociation
mechanism. Then, the thermostat was turned-off and the impact-
ing argon atom was given a velocity along the x axis correspond-
ing to a center of mass collision energy Ecol of 7.2 eV as used in
the experiment.54 15 ps of simulation in the micro-canonical en-
semble were accumulated. A time step of 0.5 fs was used for all
collision trajectories which properly ensures energy conservation
as demonstrated in the ESI.

Trajectory analysis. For data analysis, a fragment is defined
as a group of atoms in which the distance of any pair of adja-
cent atoms is less than 5.0 Å. The number of hydrogen, nitro-
gen and oxygen atoms in one fragment is denoted by k, l and m,
respectively. For instance, a fragment characterised by l=0 and
k=2m+1 is a pure water cluster containing the excess proton.
Identifying such a fragment at the end of the trajectory means
that a neutral uracil fragment exists, otherwise the excess proton
is located on a uracil containing fragment. In practice, at each
time step, the fragments are identified on the basis of their k, l,
m values, allowing to record their time-dependent evolution. The
final mass spectrum is built by retaining only the fragments con-
taining the excess proton, as only charged fragments are detected
in the experiment. The proportion of neutral uracil loss (PNUL)
for simulations where dissociation occurred and the total frag-
mentation cross section (σ f rag) at a given center of mass collision
energy Ecol is derived from the following formula:

PNUL(Ecol) =
∫ bmax

0
NNUL(b,Ecol)2πbdb/

∫ bmax

0
N f rag(b,Ecol)2πbdb

'

bmax

∑
i=0

1
2 (NNUL(bi,Ecol)+NNUL(bi+1,Ecol))π(b2

i+1−b2
i )

bmax

∑
i=0

1
2 (N f rag(bi,Ecol)+N f rag(bi+1,Ecol))π(b2

i+1−b2
i )

(1)

σ f rag(Ecol) =
∫ bmax

0
P(b,Ecol)2πbdb (2)

'
bmax

∑
i=0

1
2
(P(bi,Ecol)+P(bi+1,Ecol))π(b

2
i+1−b2

i )

where NNUL(b,Ecol) and N f rag(b,Ecol) are the total number of tra-
jectories with a neutral uracil fragment at the end and the to-
tal number of trajectories leading to fragmentation as a function
of the impact parameter b at Ecol , respectively. P(b,Ecol) is the
opacity, i.e. the dissociation probability as a function of b at
Ecol . PNUL and σ f rag are computed by averaging results over the
600×(2Rmax+1) simulations performed for each aggregate.
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3 Results and Discussion

3.1 Time-dependent proportion of fragments
The time-dependent proportion of each fragment was extracted
from collision trajectories. To illustrate the change in behavior
resulting from the difference in cluster size, Figure 1 displays the
time-dependent proportion of fragments obtained from the dis-
sociation of the lowest-energy isomer of (H2O)7UH+ (7a) and
(H2O)12UH+ (12a). For the sake of clarity, only the fragments
displaying significant proportion, higher than 0.035 and 0.015
for 7a and 12a, respectively) are considered in these figures. This
corresponds to the eight and ten most prominent fragments for 7a
and 12a, respectively. Proportions of the main fragments of clus-
ters 7d and 12c are displayed in Figure S8 in the ESI and display
similar behavior as for 7a and 12a. From Figure 1, it is clear that
for both aggregates, the proportion of H2O has the sharpest in-
crease after collision and then stay almost constant as a function
of time. For 7a, ∼3 ps after collision, the proportion of almost all
fragments does not change any more. Before that, the proportion
of the (H2O)6UH+ fragment increases first and then decreases,
which indicates a sequential dissociation of water molecules. For
12a, proportion of (H2O)11UH+ and (H2O)10UH+ fragments dis-
plays a sharp increase quickly after collision which is then fol-
lowed by a fast decrease, and finally it keeps a minute decrease
up to the end of the simulations. The decrease of proportion of
(H2O)10UH+ and (H2O)11UH+, and the increase of proportion of
(H2O)6UH+, (H2O)7UH+ and (H2O)8UH+ indicate that sequen-
tial dissociation after collision is occurring. It is worth noting that,
in contrast to 7a, the proportions of the main fragments of 12a do
not tend to be a constant at the end of the simulations. This im-
plies that, for this large aggregate, structural rearrangements are
more likely to occur prior to complete dissociation. As a first con-
clusion, Figure 1 suggests that clusters with 7 water molecules
experience a direct dissociation mechanism as was hypothesised
by Braud et al..54 A similar conclusion can be drawn for smaller
cluster sizes as supported by Figure S9-S11 in the ESI, although
a few exceptions can be observed, in particular a non negligible
time evolution of (H2O)2UH+ proportion above 10 ps of simula-
tion for the collision of isomer 4a. In contrast, cluster with 12
water molecules shows a behaviour compatible with a certain
amount of statistical dissociation, namely a long-time evolution
that allows structural rearrangements. A similar conclusion can
be drawn for (H2O)11UH+ as supported by Figure S12 in the ESI.
These important observations can now be refined by looking at
more detailed properties.

3.2 Proportion of neutral uracil loss and total fragmentation
cross sections for small clusters

In order to get more insight in the fragmentation, molecular
dynamics trajectories were analysed in terms of proportion of
neutral uracil loss (PNUL) and total fragmentation cross sections
(σ f rag) as defined in section 2 in equations 1 and 2, respectively.
These two properties are also accessible from experiments. An-
other property extracted from the MD simulations, but not ac-
cessible from experiment, is the proportion of protonated uracil
(PPU ) which is equal to the ratio of the number of simulations

leading to an aggregate containing a protonated uracil molecule
over the number of simulations leading to a fragment containing
the uracil and the excess proton, not necessary bound together. In
order to correlate the outcome of the collision and the structure of
the aggregate undergoing the collision, all considered low-energy
isomers are characterized by there relative energies (Erel.) and the
location of the excess proton (LEP). For the latter, three distinct
configurations were considered: The excess proton is bounded to
the uracil molecule (noted U-H); The excess proton is bounded
to a water molecule that is adjacent to an oxygen atom of the
uracil molecule (noted W-H-U); The excess proton is bounded to
a water molecule that is separated by at least one other water
molecule from the uracil molecule (noted W-H). All these data
are gathered in Table 1 and we first discuss the behaviour of the
small species (H2O)1−7UH+.

Various information can be inferred from these properties.
Firstly, one observes a general increase of σ f rag as a function of
cluster size with values ranging from 25.9 Å2 for isomer 1b to
60.2 Å2 for isomer 12a. Interestingly, only slight variations of
σ f rag are observed for different isomers of the same aggregate. In
contrast, PNUL is much more sensitive to the nature of the consid-
ered isomers, in particular when these isomers display different
LEP values. For instance, PNUL is 46.6 % for 5a (W-H) while
it is only 0.1 % for 5d (U-H). More interestingly, there seems to
exist a strong correlation between PNUL and LEP. Indeed, PNUL

values below 1.0 % are characterized by an excess proton initially
bounded to uracil (U-H type). This suggests that when uracil is
protonated, probability for deprotonation after collision is very
low and thus PNUL is close to 0%. PNUL values between 9.7 and
29.4 % are obtained from W-H-U configurations while larger PNUL

values, above 31.1 %, arise from W-H configurations in clusters
(H2O)5−7UH+. This demonstrates that, from the excess proton
point of view, the outcome of the collision is highly sensitive to
the nature of the isomer undergoing the collision as hypothesised
by Braud et al.54 This important finding can be of help to deter-
mine which isomer, or set of isomers, is likely to undergo colli-
sion by comparing experimental and theoretical PNUL as this is
not necessarily the lowest-energy isomer as discussed below.

For (H2O)1−2UH+, the theoretical and experimental PNUL val-
ues, close to zero, are in good agreement regardless of the con-
sidered isomer. For (H2O)3UH+, the experimental PNUL is 1.7 %
which is well reproduced by both isomers 3a and 3b although 3b
is the one closer to the experimental value, 0.0 % against 5.7 %
for 3a. This was expected as they are very close in energy, only
0.3 kcal.mol−1 difference, and in structure, as displayed in Fig-
ure 2, both being of U-H type structure. Consequently, in the
experiment, each one of them could be at the origin of the ex-
perimental signal. (H2O)4UH+ behaves differently. The two low-
energy isomers, 4a and 4b, display very different PNUL values,
29.4 and 2.6 %, respectively. The experimental value is 2.8 %
which suggests that 4b, although slightly higher in energy by 0.9
kcal.mol−1, is the isomer prevailing during the collision process.
The difference in behaviour can be explained by the U-H con-
figuration of 4b, in which the excess proton is bounded to the
uracil, whereas in 4a, it is bounded to a water molecule adjacent
to uracil (see Figure 3). The case of (H2O)5UH+ is more complex
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Fig. 1 Theoretical time-dependent proportions of the main fragments obtained from the dissociation of the lowest-energy isomers of (H2O)7UH+

(left) and (H2O)12UH+ (right). Bottom panels correspond to a zoom over the lower proportions.
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as this is the first species displaying the three types of LEP config-
uration among its four lowest-energy isomers as can be seen on
Figure 3. This implies very different PNUL values: 46.6 % for 5a,
28.5 and 27.1 % for 5b and 5c, respectively, while it is only 0.1 %
for 5d. The experimental PNUL value for (H2O)5UH+ is still rel-
atively low, 7.5 %, which suggests that a U-H type structure pre-
vails during the collision process. Although 5d is 2.4 kcal.mol−1

higher in energy than 5a, this isomer is thus expected to undergo
the collision.

Fig. 2 Selected low-energy configurations of (H2O)1−3UH+. Relative
energies at the MP2/Def2TZVP level are in kcal.mol−1.

(H2O)6UH+ and (H2O)7UH+ are the first two aggregates for
which no low-energy isomer belongs to the U-H type structure.
As a consequence, in contrast to smaller species, the theoretical
PNUL values are all higher than 15 %. This is in line with the ex-
perimental values which display a net increase at n = 6. Isomers
6a, 6b, 6c, 6d, and 6e (see Figure 4) are all W-H type structures
which leads to PNUL values almost twice higher than the exper-
imental one. Consequently, as for (H2O)5UH+, one can assume
that the isomer of (H2O)6UH+ undergoing the collision is more
likely to be a W-H-U type structure although it is higher in rel-
ative energy. Isomer 6f can be such a candidate as it displays of
PNUL value of 18.5% which is in agreement with the experimental
value, 18.0%. Due to its increasing size, (H2O)6UH+ displays W-
H configurations with the excess proton at various distances from

Fig. 3 Selected low-energy configurations of (H2O)4−5UH+. Relative
energies at the MP2/Def2TZVP level are in kcal.mol−1.

the recombining oxygen. Indeed, in 6a, 6c and 6d this distance
is 1.774, 1.745 and 1.804 Å, while in 6b, 6e and 6f, it is shorter:
1.660, 1.614, and 1.494 Å, respectively. However, no net corre-
lation is observed between this distance and the value of PNUL:
39.3, 33.8, 36.6, 34.7, 34.9 and 18.5% for 6a, 6b, 6c, 6d, 6e and
6f, respectively. In particular, the behaviour of 6e is striking. It
has almost the same relative energy as 6f and they are structurally
similar (see Figure 4) but display different PNUL values. This sug-
gests that, for n larger than 5, the ability of the water molecule
network to stabilise the excess proton, i.e to promote or prevent
its diffusion toward the uracil molecule, starts to be competitive
with the configuration type of the isomer. In 6e, the excess proton
is in a configuration close to the Zundel ion which may explain
its high PNUL value as compared to 6f. For (H2O)7UH+, a W-U-H
type configuration is also expected to fit best to the experimen-
tal result. And indeed 7d, a W-H-U type structure, which is only
0.8 kcal.mol−1 above the lowest-energy isomer (see Figure 5),
has a PNUL value of 22.9 % as compared to 25.0 % experimen-
tally. Isomers 7a and 7c have a W-H configuration and their PNUL

values (31.3 and 31.1 %, respectively) are higher than the ones
of 7b and 7d which have a W-H-U configuration.

Finally, it is worth noting that even when the excess proton is
initially bounded to a water molecule, i.e. when a W-H type struc-
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Table 1 Relative energy Erel. (in kcal.mol−1) at the MP2/Def2TZVP level, LEP, PPU (in %), PNUL (in %), σ f rag (in Å2) of the considered low-energy
isomers of (H2O)1−7,11,12UH+ clusters. Isomers which PNUL fit best to the experimental value are indicated in bold. PNULexp and σ f ragexp are the
experimental values for PNUL and σ f rag, respectively. The standard error calculated for PNULexp , evaluated over 5 independent measurements of each
experimental value, is provided in parenthesis for (H2O)1−7,11UH+. For (H2O)12UH+, only one measurement was performed, so no standard error can
be provided. For (H2O)12UH+, experimental values were obtained for collision with Ne, whereas all other theoretical and experimental data are for
collision with Ar.

Isomers Erel. LEP PPU PNUL PNULexp σ f rag σ f ragexp

1a 0.0 U-H 100 0.2 28.9
1b 0.7 U-H 100 0.1

0.9 (0.6)
25.9

12.3

2a 0.0 U-H 100 0.0 36.3
2b 0.2 U-H 100 0.1

0.4 (0.9)
34.9

22.8

3a 0.0 U-H 100 5.7 36.3
3b 0.3 U-H 100 0.0

1.7 (1.9)
41.9

31.2

4a 0.0 W-H-U 98.0 29.4 40.1
4b 0.9 U-H 99.7 2.6

2.8 (0.2)
45.2

43.4

5a 0.0 W-H 78.5 46.6 38.2
5b 0.3 W-H-U 89.0 28.5 38.7
5c 2.0 W-H-U 87.8 27.1 44.6
5d 2.4 U-H 100 0.1

7.5 (0.4)

47.5

48.0

6a 0.0 W-H 44.1 39.3 45.8
6b 0.2 W-H 43.5 33.8 58.6
6c 0.3 W-H 46.4 36.6 46.1
6d 0.9 W-H 64.6 34.7 42.6
6e 2.5 W-H 45.9 34.9 50.5
6f 2.7 W-H-U 76.2 18.5

18.0 (0.7)

55.0

54.3

7a 0.0 W-H 28.2 31.3 53.4
7b 0.3 W-H-U 52.4 21.4 51.7
7c 0.3 W-H 41.3 31.1 49.5
7d 0.8 W-H-U 40.9 23.0

25.0 (0.8)

54.0

59.7

11a 0.0 W-H 4.6 28.3 52.9
11b 1.4 W-H 3.2 28.5 54.7
11c 1.5 W-H 4.2 22.8 55.2
11d 1.9 W-H 6.8 15.6 56.5
11e 1.9 W-H 5.4 22.7 52.6
11f 2.3 W-H 7.9 24.3

11.8 (2.1)

52.0

63.8

12a 0.0 W-H 6.7 7.6 60.2
12b 0.6 W-H 34.0 22.4 52.2
12c 0.7 W-H 48.7 10.8 55.4
12d 1.3 W-H-U 5.4 9.7 54.3
12e 1.8 W-H-U 67.5 6.0 54.2
12f 2.4 W-H-U 55.0 17.1

12.2

54.1

77.0
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ture is considered, the maximum PNUL that has been obtained is
only 46.6 %. This demonstrates that for small aggregates such as
(H2O)5−7UH+(smaller ones do not display low-energy W-H type
structures), dissociation mainly lead to protonated uracil contain-
ing fragments. This is in line with the experimental results. Anal-
ysis of PPU values also show that uracil is protonated in a sig-
nificant amount of these protonated uracil containing fragments.
PPU has a clear tendency to decrease with cluster size, but can
be quite high even for W-H type structures, see for instance 5a,
6d and 7c in Table 1. This demonstrates that upon collision, the
excess proton is likely to transfer to uracil on a rather short time
scale.

Fig. 4 Selected low-energy configurations of (H2O)6UH+. Relative en-
ergies at the MP2/Def2TZVP level are in kcal.mol−1.

The clusters discussed above exhibit a complex potential energy
surfaces characterized by several low-energy isomers, with rela-
tive energies that can be lower than 1 kcal.mol−1, and which get
more complex as the number of water molecules increases. Con-
sequently, the exact energetic ordering between the low-energy
isomers can not be precisely known as this is below chemical ac-
curacy and we thus can not claim to know for sure the lowest-
energy structure of each aggregate. Furthermore, experimental,
there is also no certainty that the isomer undergoing the collision
is the lowest-energy isomer. Nevertheless, what we show is that
PNUL is mainly determined by the initial position of the proton in

Fig. 5 Selected low-energy configurations of (H2O)7UH+. Relative en-
ergies at the MP2/Def2TZVP level are in kcal.mol−1.

the isomer undergoing the collision. Consequently, for the colli-
sion energy and the range of cluster size we have considered, the
structure of the aggregate undergoing the collision is key in de-
termining the dissociation process and collision outcomes much
more than energetics. This is consistent with the analysis of the
time-dependent proportion of fragments which suggests a direct
dissociation mechanism. This is further highlighted on Figure 6,
which presents the experimental PNUL as a function of n and the
corresponding theoretical values obtained from the lowest-energy
isomers as well as from a set of isomers for which PNUL matches
the experimental data. This second set of isomers demonstrates
that among the variety of low-energy isomers we were able to
locate, there is always one of them which collision properties
matches well the experimental data. This particular isomer can
thus be proposed as the one undergoing the collision although
it is not the lowest-energy one. Interestingly, if a similar plot is
drawn for σ f rag considering the same isomers (see Figure 7), a
good agreement with the experimental data is also obtained with
the two sets of isomers which confirms the weaker dependence
upon isomer of σ f rag. Comparison with the geometrical cross-
section σgeo also demonstrates that explicit molecular dynamics
simulations as performed in the present study have a much better
capability to capture the physics of the collision whereas a simple
geometrical model considering spherical aggregates is too crude.

3.3 Behaviour at larger sizes, the case of (H2O)11UH+ and
(H2O)12UH+

In the experiments conducted by Braud et al.,54 PNUL starts to
decrease at n=8. This decrease is not consistent with the above
argument of a direct dissociation mechanism and larger species
more likely characterized by W-H and W-H-U type structures. This
apparent discrepancy motivated us to extend the present study to
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larger clusters, namely (H2O)11UH+ and (H2O)12UH+. For the
latter, the only available experimental data is for collisions with
Ne instead of Ar, although for the same center of mass collision
energy. As shown in Figures S13 and S14 of ESI, experimental
PNUL and σ f rag values for Ne or Ar, although not equal, display
similar trend. In the following, we thus discuss the experimental
data of (H2O)12UH+ colliding with Ne.

The behaviour for (H2O)11UH+ and (H2O)12UH+ is rather
different when looking at detailed properties. Indeed, for
(H2O)11UH+, PNUL values for isomers 11a, 11b, 11c, 11e, and
11f are very similar as they range from 22.7 to 29.8 %. For 11d,
PNUL equal 15.6 % which fits best to the experiment. These PNUL

values are lower than those of (H2O)6UH+, as observed experi-
mentally, and in the same range as (H2O)7UH+. All isomers dis-
play a W-H type configuration as seen in Figure 8. PPU is very
small for all (H2O)11UH+ isomers which shows that on the time
scale of the simulations, protonation of uracil hardly occurs. For
(H2O)12UH+, 12c isomer, which has a W-H type configuration
(see Figure 9), has a PNUL value which fits best to the experiment,
10.8 % against 12.2 %, while isomer 12a, also a W-H type config-
uration (see Figure 9), has a PNUL value equal to 7.6 %. Overall,
PNUL values calculated for (H2O)12UH+ isomers are lower than
those of (H2O)6UH+ and (H2O)7UH+, which is in line with the
experiment. The main difference with the (H2O)1−7UH+ aggre-
gates is that no clear relation exist between the PNUL value and
the initial localisation of the excess proton. Indeed, 12a, 12b and
12c are all W-H type configurations but with PNUL values rang-
ing from 7.6 to 22.4 %. The same is observed for 12d, 12e and
12f although they are all W-H-U type configurations. Similarly,
no difference in behaviour is obtained between W-H and W-H-U
type configurations. This can be explained by assuming that the
dissociation mechanism in (H2O)12UH+ involves some amount of
structural rearrangement that softens the impact of the isomer un-
dergoing the collision. Indeed, as (H2O)12UH+ has more degrees
of freedom, it can more easily accommodate the kinetic energy
transferred by the colliding atom prior to dissociation which thus
takes place on a longer time scale. This excess of internal en-
ergy thus fosters structural rearrangements, in particular proton
transfers toward the uracil, explaining the smaller PNUL value for
(H2O)12UH+. This is in full agreement with the conclusions ob-
tained in section 3.1 from the data of Figure 1. To further support
this conclusion, we conducted 200 MD simulations in the micro-
canonical ensemble in which the whole kinetic energy of Ar was
randomly distributed in all the vibrational modes of isomer 12c
by drawing initial velocities in a 1185 K Boltzmann distribution.
Among them, 166 simulations display dissociation with one or
two water molecules dissociating from the main cluster. No neu-
tral uracil loss is observed. To conclude, although the present
simulations are too short to assert that (H2O)12UH+ undergoes a
statistical dissociation mechanism, they clearly show that a direct
mechanism is not sufficient to account for the theoretical and ex-
perimental results. Consequently, structural rearrangements are
very likely to occur prior to dissociation and the experimental
results for PNUL and σ f rag values can not result from the direct
dissociation of a single (H2O)12UH+ isomer. In contrast, similar-
ities in both PNUL and PPU values for all considered (H2O)11UH+
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Fig. 8 Selected low-energy configurations of (H2O)11UH+. Relative
energies at the MP2/Def2TZVP level are in kcal.mol−1.

isomers do not evidence structural rearrangements in this species
although this does not mean they can not occur.

3.4 Mass spectrum of fragments with excess proton
In this last section, in order to analyse in more details collision
products, the branching ratios of the different fragments contain-
ing the excess proton were extracted from the collision simula-
tions of clusters (H2O)1−7,11,12UH+ and compared with the ex-
perimental ones shaped as mass spectra.54 For each cluster size,
only simulations corresponding to the isomer which PNUL value
fits best to the experiment were considered (1a, 2b, 3b, 4b, 5d,
6f, 7d, 11d, 12c). The results are presented in Figure 10 and
S15. For (H2O)12UH+, there is no experimental data for collision
with argon we thus discuss the experimental results obtained for
collision with Ne. For comparison, all experimental data obtained
from collision with Ne are also presented in Figure S16 in the ESI.

Overall, the experimental and theoretical spectra present the
same general trends: (i) The mass spectra present a broad dis-
tribution of sizes, without prominence of a particular peak; (ii)
All the spectra are dominated by the heaviest protonated uracil
containing fragment (loss of a single water molecule) with the
exception of the simulated mass spectrum for (H2O)2UH+; (iii)
Fragments containing protonated uracil prevail over pure proto-
nated water fragments, as already observed from the PNUL values
provided in Table 1; (iv) Pure protonated water fragments only

Fig. 9 Selected low-energy configurations of (H2O)12UH+. Relative
energies at the MP2/Def2TZVP level are in kcal.mol−1.

appear for the largest cluster sizes. Indeed, although very mi-
nor contributions are observed in both the simulated and exper-
imental spectra for parent clusters with n=3-5, significant con-
tributions of these species only appear when the parent cluster
contains at least 6 water molecules.

We now turn to a more detailed discussion of the simulated
and experimental mass spectra. For (H2O)2UH+, fragments
(H2O)UH+ and UH+ are observed in both experiment and the-
ory although their relative ratio is different. For (H2O)3UH+,
the simulated and experimental spectra agree quite well with a
dominant peak for (H2O)2UH+. For (H2O)4UH+, in both exper-
imental and theoretical spectra, the peak intensity of the frag-
ments containing protonated uracil increases with the number of
water molecules. For (H2O)5UH+ and (H2O)6UH+, this is also
the case except for the UH+ fragment which is overestimated
when compared to the experimental result in Figure 10 (e). For
(H2O)7UH+, (H2O)11UH+ and (H2O)12UH+, the intensities for
the heaviest fragments are overestimated, whichever their nature.

From Figure 10, it is clear that the smaller the cluster (except
Figure 10 (b)) is, the better the agreement between the simulated
and experimental branching ratios is. This trend indicates that for
small clusters, i.e. for n = 1− 6, short simulation time is enough
to capture the full dissociation pattern, in other words, the dis-
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Table 2 Energies of five (H2O)6UH+ fragments selected from the disso-
ciation of 7d at SCC-DFTB level, and the energies of the lowest-energy
isomer of (H2O)5UH+ and (H2O) at SCC-DFTB level. The relative en-
ergy ∆E = E(H2O)6UH+ -(E(H2O)5UH+ + EH2O). All energies are given in
eV.

E(H2O)6UH+ E(H2O)5UH+ EH2O ∆E
-44.310 -40.312 -4.057 1.605
-44.322 -40.312 -4.057 1.279
-44.307 -40.312 -4.057 1.687
-44.344 -40.312 -4.057 0.680
-44.373 -40.312 -4.057 -0.109

sociation mechanism is direct with no noticeable contribution of
long term evolution. However, for larger clusters, starting at n=7,
owing to the larger number of degrees of freedom, short simula-
tion time does not capture the full dissociation pattern, i.e. long
term statistical dissociation is more likely to play a noticeable role.
This is fully in line with the conclusions obtained in section 3.3
for (H2O)12UH+ and refine the interpretation given in section 3.2
for (H2O)7UH+. This also shows that although the data presented
in section 3.3 for (H2O)11UH+ do no evidence the contribution of
structural re-arrangements on the short time scale, they are very
likely to occur as in (H2O)12UH+.

One has to keep in mind that modelling the complete duration
of the experiment (up to µs) is out of reach with MD/SCC-DFTB
simulations. In the present study the simulation time was 15 ps,
for all cluster sizes. Large fragments such as (H2O)6−12UH+ may
lose more water molecules if long enough simulation time were
available, as suggested from the time-dependent evolution of se-
lected trajectories in section 3.1. To certify this, we calculated
at the SCC-DFTB level the total energy of the (H2O)6UH+ frag-
ments originating from the dissociation of (H2O)7UH+ (7d). The
calculation was performed on the 1421 trajectories producing the
(H2O)6UH+ fragment among the 9000 trajectories conducted for
this particular isomer, i.e. 15.8 %. We then subtract the SCC-
DFTB energies of the 5a isomer and H2O. For visual illustration,
the deduced relative energies ∆E are reported in Table 2 for
five cases. When ∆E is greater than zero, it is possible for the
(H2O)6UH+ fragment to lose a water molecule. The percentage
of ∆E being positive in all the trajectories leading to (H2O)6UH+

fragment is 53.0 %, which indicates that many (H2O)6UH+ frag-
ments have still the potential to lose one more water molecule
after the end of the simulation.

4 Conclusions
Collision-induced dissociation of protonated uracil water clusters
(H2O)1−7,11,12UH+ at constant center of mass collision energy has
been investigated by molecular dynamics simulations using the
SCC-DFTB method. The very good agreement between the sim-
ulated and measured PNUL and σ f rag as well as branching ratios
indicate that the essence of the dissociation induced by collisions
is well captured by the simulations.

The PNUL values from the different isomers of the
(H2O)1−7UH+ cluster show that the localization of the excess pro-
ton after dissociation is strongly determined by the initial config-

uration of the isomer undergoing the collision. This suggests that
(H2O)1−7UH+ aggregates primarily engage a direct dissociation
path after collision that takes place on a very short time scale,
i.e. lower than 15 ps. More strikingly, in most cases, the pro-
posed lowest-energy isomer does not lead to the best fit to the
experiment. However, the relative energy between the lowest-
energy isomers and the isomers best fitting to the experiment is
less than 1.0 kcal.mol−1 for (H2O)1−4,7UH+ clusters and less than
2.7 kcal.mol−1 for (H2O)5,6UH+ clusters. This is in line with the
strong sensitivity of the collision outcome with the nature of the
isomer undergoing the collision. This even suggests that the LEP
can help in determining the main characteristic of the isomer in-
volved in the collision. For (H2O)12UH+, these conclusions do
not apply any more which shows that significant structural rear-
rangements occur after collision. This is confirmed by the time-
dependent proportion of fragments which continue to vary even
at 15 ps for (H2O)12UH+ whereas it is almost flat for (H2O)7UH+.
Analysis of the fragment branching ratios helps in clarifying these
points. Indeed, for the smallest clusters, (H2O)1−5UH+, the short
simulation time well reproduces the corresponding experimen-
tal results which is in line with a direct mechanism. In con-
trast, for (H2O)6−7UH+, although PNUL is well reproduced by
the simulations, the experimental and theoretical branching ra-
tios differ which shows that more time is needed to properly de-
scribe the dissociation. For (H2O)11−12UH+, theoretical and ex-
perimental branching ratios differ even more significantly which
is a strong indication that a significant contribution of structural
rearrangements occur. This suggests that a contribution of a sta-
tistical mechanism is more likely to occur for larger species such
as (H2O)11−12UH+.

The present study demonstrates that explicit molecular dynam-
ics simulations performed at a quantum chemical level can pro-
vide a wealth of information about collision-induced mechanism
in molecular clusters, in particular, hydrated molecular species.
Such simulations thus represent a key tool to complement CID
experiments and we hope the present study will motivate simi-
lar computational studies on future CID experiments of hydrated
molecular aggregates. In a near future, we think it would be of
great interest to pursue this study by looking at the influence of
collision energy, both lower or higher, on the dissociation mech-
anism as a function of the cluster size. Furthermore, inclusion
of nuclear quantum effects in the simulations could also help to
increase the accuracy of the model and improve the comparison
with the experiments.
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Fig. 10 Simulated mass spectra (positive area) of the charged fragments after 15 ps simulation time (fragments (H2O)nH+ in red and (H2O)nUH+ in
blue) from isomers (a) 1a, (b) 2b, (c) 3b, (d) 4b, (e) 5d, (f) 6f, (g) 7d, and (h) 12c. The counterparts in experiment are plotted (negative area). Data
for isomer 11d are presented in Figure S15 in the ESI. For (H2O)12UH+, experimental values were obtained from collision with Ne. For comparison,
all experimental data obtained from collision with Ne are presented in Figure S16 in the ESI.
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