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Diversity of protonated mixed pyrene-water clusters in-
vestigated by collision induced dissociation†

Arya M Nair,∗a,c Héloïse Leboucher,b Lorris Toucouere,b Sébastien Zamith,a Christine Joblin,c

Jean-Marc L’Hermite,a Alexandre Marciniak,a and Aude Simonb

Protonated mixed pyrene-water clusters, (Py)m(H2O)nH
+, where m=[1-3] and n=[1-10], are gen-

erated using a cryogenic molecular cluster source. Subsequently, the mass-selected mixed clus-
ters undergo controlled collisions with rare gases, and the resulting fragmentation mass spectra are
meticulously analyzed to discern distinct fragmentation channels. Notably, protonated water cluster
fragments emerge for n≥3, whereas they are absent for n=1 and 2. The experimental results are
complemented by theoretical calculations of structures and energetics for (Py)(H2O)nH

+ with n=[1-
4]. These calculations reveal a shift in proton localization, transitioning from the pyrene molecule
for n=1 and 2 to water molecules for n≥3. The results support a formation scenario wherein water
molecules attach to protonated pyrene PyH+ seeds, and, by extension, to (Py)2H

+ and (Py)3H
+

seeds. Various isomers are identified, corresponding to potential protonation sites on the pyrene
molecule. Protonated polycyclic aromatic hydrocarbons are likely to be formed in cold, dense inter-
stellar clouds and protoplanetary disks due to the high proton affinity of these species. Our findings
show that the presence of protonated PAHs in these environments could lead to the formation of
water clusters and mixed carbon-water nanograins, having a potential impact on the water cycle in
regions of planet formation.

1 Introduction

One recent discovery in astrochemistry is the identification of
abundant small aromatic molecules in gas-phase in cold interstel-
lar molecular clouds.1–5 This raises the question on how these
species can form in low-density environments and at cold tem-
peratures (10-30 K). Kaiser & Hansen6 have discussed possible
mechanisms for the growth of polycyclic aromatic hydrocarbons
(PAHs) in the gas-phase, highlighting those that may be effective
in low-temperature environments. Molecular clouds are the sites
where stars and planets are formed, so we expect these species
to be part of the original matter of our solar system, and some
of them to have been preserved in primitive solar system bod-
ies such as comets and asteroids. In particular, small PAHs such
as C16H10, fluoranthene and pyrene, together with phenanthrene
(C14H10) are found to be the most abundant compounds in such

a Laboratoire Collisions Agrégats Réactivité (LCAR/FERMI), UMR5589, Université
Toulouse III - Paul Sabatier and CNRS, 118 Route de Narbonne, F-31062 Toulouse,
France.
b Laboratoire de Chimie et Physique Quantiques LCPQ/FERMI, Université Toulouse III -
Paul Sabatier and CNRS, 118 Route de Narbonne, F-31062 Toulouse, France.
c Institut de Recherche en Astrophysique et Planétologie (IRAP), Université Toulouse III
- Paul Sabatier, CNRS, CNES, 9 Avenue du Colonel Roche, F-31028 Toulouse, France
† Electronic Supplementary Information (ESI) available. See DOI:
10.1039/cXCP00000x/

primitive bodies.7–9

Water is a crucial molecule in the physics and chemistry of star
and planet formation, observed in both solid10 and gas11 phases.
Recent observations of the HDO:H2O ratio suggest that water
molecules in our Solar System were inherited from cold chem-
istry in the presolar nebula.12 There are various pathways lead-
ing to H2O formation, both in the gas phase and solid phase.13 In
dense, cold regions, H2O formation predominantly occurs on the
surface of cold grains, evident through a strong H2O ice absorp-
tion band. In more diffuse regions, ion-neutral chemistry is the
dominant route. In this network, a pivotal product is the hydro-
nium ion, H3O+, formed either through a series of ion-molecule
reactions or by protonation of H2O using abundant proton donors
like H +

3 and HCO+. The gas-phase formation of H2O is expected
to result from recombination with electrons, a slow process in
cold clouds, leading to H2O formation in a limited number of
cases (≈ 15%).13

In recent years, a large number of protonated molecules have
been identified in dense clouds, revealing a pattern where the
MH+/M ratio rises with increasing Proton Affinity (PA).14 A high
PA increases the number of possible proton donors, particularly
the abundant HCO+ and H3O+ species. This protonation chem-
istry results from the ion chemistry generated by the interaction
of cosmic rays with molecules, resulting in the generation of UV
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photons and secondary electrons. Protonated PAHs have been
the subject of several spectroscopic studies demonstrating the as-
trochemical significance of these compounds as carriers of both
aromatic infrared bands and diffuse interstellar bands.15–19

Even though PAHs and H2O are both key species in cold, dense
molecular clouds and regions of star- and planet-formation, their
interaction in the gas phase has not been the subject of detailed
studies. PAHs have high PAs,20 and they could be involved in
proton transfer reactions. O. Dopfer and collaborators conducted
the first experiments on protonated mixed PAH-water clusters.21

The authors demonstrated that in the case of naphthalene (Naph,
C10H8), the proton is attached to Naph when one water molecule
is present, but the proton is located on the water moiety for two
water molecules.21 The study was extended to a larger number of
H2O molecules, and the proton location was found to be related
to PAs and solvation energies.22 In this experiment, infrared pho-
todissociation spectroscopy served as a diagnostic to probe pro-
ton localization. Rotational and far-infrared spectroscopy were
employed in a number of studies on neutral PAH-water clusters
to characterize noncovalent intermolecular interactions involv-
ing aromatic rings and water. The investigation of mixed clus-
ters of neutral acenaphthene (up to 3 units) and water (up to
3 units) revealed distinct features from pure acenaphthene clus-
ters or pure water clusters, but no signs of PAH-water interactions
were observed.23 In the case of phenanthrene–water and phenan-
thridine–water clusters, the presence of a nitrogen heteroatom
was found to lock the water molecule to the nitrogen atom and
preserve the overall quasi-planar geometry of the cluster with an
increasing number of water molecules.24

We study here the structure of protonated mixed pyrene-water
clusters produced using a cryogenic molecular cluster source.25

Building on prior research on protonated naphthalene-water clus-
ters, we anticipate observing various scenarios of proton local-
ization on either the aromatic or water cluster components.22,26

Isolating systems with one to three pyrene molecules and one to
ten water molecules, we analyze their structure through Colli-
sion Induced Dissociation (CID) with rare gas atoms. In a pre-
vious examination of protonated hydrated uracil clusters, we de-
termined that the observed experimental fragmentation channels
were indicative of the low-energy isomers’ structure, emphasizing
the CID method’s utility in probing source-formed isomer struc-
tures.27,28. In this study, we identify different isomers of proto-
nated pyrene-water complexes and discuss their structures using
results from density functional theory. We also pinpoint preferred
formation conditions triggered by ionized seeds, including proto-
nated pyrene, and discuss potential astrophysical implications.

2 Methods

2.1 Experimental

2.1.1 Experimental set-up

In this section, we briefly describe the main parts of the exper-
imental setup, which are labeled on the scheme given in Fig-
ure 1. A more detailed description of the setup can be found
elsewhere25,29.

The molecular clusters (here mixed pyrene-water clusters) are

produced in the gas aggregation source (Figure 1(a) and Fig 2).
The source works on the principle of evaporation of molecules in
an oven that are carried out by a Helium flux mixed with water
molecules in a cold environment where they clusterize. In the fol-
lowing we detail the technical elements of this source. The source
consists of a double-walled chamber through which liquid nitro-
gen circulates. An oven filled with Py powder (Sigma Aldrich
96% purity) is located at the entrance of the source. The con-
trolled temperature of the oven is varied between 298 to 338 K
depending on the type of species of interest. A controlled flow of
helium gas is introduced to the source which results in a pressure
of about 1 mbar. Water vapor from a reservoir is introduced into
the helium flux via a needle valve. The water molecules are car-
ried by the helium flux into the source. Alternatively, water can
also be introduced at the source exit, in the junction between the
source and the thermalizer.

An electron gun is located at the exit of the oven, consisting
of a tungsten filament heated by a current of 2.4 A and biased at
-150 eV. The electrons produced can ionize and potentially dis-
sociate the molecular species that exit the oven. Although both
Py vapor and water vapor are present in the oven, the forma-
tion of water-Py clusters at this stage is very unlikely due to the
relatively high temperature in the oven. Even if some clustering
occurs, they would most probably get dissociated upon ionization
by electron impact at the exit of the oven. Therefore the clustering
and the growth process of the species happen after the ionization,
in the coldest part of the source, the seeds for the cluster forma-
tion being ionic molecular species. The formation mechanisms of
the produced species will be discussed in the next section 2.1.2.

The charged clusters produced in the source are then brought
to the thermalization stage by the helium carrier gas. The ther-
malization chamber (Figure 1(b)) is cooled down to 25 K by a
closed helium cryostat. At this stage the clusters are thermalized
to 25 K by thousands of collisions with the helium carrier gas.
After the thermalization, the ionized clusters are focused by an
electrostatic lens to pass through a 1 mm skimmer and they are
then transmitted to the first Wiley-McLaren acceleration region
(WML 1, Figure 1(c)).

The instrument can be operated in two modes. In the first
mode, a regular Time-of-Flight Mass Spectrometry (TOF-MS) is
performed to detect all the produced cationic clusters. In this
mode, the mass filter, energy focusing, deceleration electrodes
and the second Wiley-McLaren acceleration stage (WML 2) are
grounded. The clusters are therefore accelerated using the Wiley-
McLaren acceleration stage WML 1 and are directed towards the
reflectron (Figure 1(i)). Finally they are detected using a dual
Micro Channel Plate (MCP) detector which is biased at -10 kV.
An example of such mass spectrum obtained in this mode can be
found in the following section (Figure 3). This mode helps to op-
timize the conditions favourable for the production of the clusters
of interest.

In the second mode, the species of interest are mass selected,
energy focused and are decelerated. They then undergo Colli-
sion Induced Dissociation (CID) with inert gases. In this mode,
the species which are accelerated by the WML 1 enter the mass
filter (Figure 1(d)). A high voltage pulse is applied to the mass
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Fig. 1 Schematics of the experimental setup : (a) Cluster gas aggregation source (b) Thermalization chamber (c) First Wiley-McLaren acceleration
stage (d) Mass filter (e) Energy focusing (f) Deceleration region (g) Collision cell (h) Second Wiley-McLaren acceleration stage (i) Reflectron (j)
Microchannel plate detector.

Fig. 2 Schematics of the gas aggregation source. Water can be intro-
duced either with the helium flux at the source entrance or at the source
exit, just before the thermalization stage.

filter when the species of interest enter it and is shut down before
they leave the filter. This helps in the elimination of the neigh-
bouring masses. The mass selected clusters then enter the energy
focusing region (Figure 1(e)). In this region, faster clusters are
ahead, and there is a linear relation (to first order) between their
kinetic energy and their position. By applying a pulsed high volt-
age, the kinetic energy dispersion is then almost compensated.
The timing of the application of the pulsed voltages ensures that
only species of interest are properly energy focused. The energy
focused clusters are then decelerated by an electrostatic potential
barrier (Figure 1(f)). The potential is shut down at the end of
the barrier, in the zero field region. The clusters then fly freely
through the collision cell where they can undergo collision with
the inert gas.

The mass selected clusters enter the collision cell through a
5 mm diameter hole. The collision cell is 5 cm long with an inner
diameter of 2.5 cm and an exit hole of 6 mm diameter. Two 1 cm-
diameter tubes are attached to the sides of this collision cell. One
tube is used to introduce the collision gas into the cell, while the
other is connected to two pressure gauges, an ionization gauge
and a capacitive gauge, which simultaneously measure the pres-
sure in the collision cell. The capacitive gauge is used to obtain
absolute pressure values and to calibrate the ionization gauge.
The latter is used to routinely record pressure, as it is less noisy
than the capacitive gauge. The pressure given by the ionization
gauge must be multiplied by a factor of 0.25, 1.2, 1.55 and 2.35

for neon, argon, krypton and xenon respectively, to obtain abso-
lute values.

After passing through the collision cell, when the clusters reach
WML 2 (Figure 1(h)), pulsed high voltages are applied to di-
rect them towards the reflectron. The ions are then detected by
the MCPs (Figure 1(j)), enabling TOF-MS analysis of the collision
products.

2.1.2 Production of mixed pyrene-water clusters

The mixed pyrene-water cluster cations that are produced in the
gas aggregation source are analysed by TOF-MS using the first
mode of the instrument explained in the above section. Sev-
eral source parameters can influence the cluster size distribu-
tion.25 For instance, increasing the oven temperature increases
the amount of Py vapor and thus favors the production of larger
Py clusters. The amount of water can be directly controlled by
the valve opening above the water reservoirs. Finally, the over-
all size distribution is also influenced by the helium flux or the
exit diameters of the source and of the thermalization chamber.
The optimisation of the source parameters is quite delicate as the
parameters are interdependent.

We show in Figure 3 several TOF-MS obtained under different
conditions. Figure 3(a) displays a typical TOF-MS obtained in the
absence of water. The inset in Figure 3(a) shows that several sub-
peaks are present, with the main contribution coming from the
cationic pyrene , i.e. (C16H10)+ or (Py)+. This peak is accom-
panied on its right by the isotopologue (13CC15H10)+ due to the
relatively high abundance of the 13C isotope. We note the pres-
ence of dehydrogenated (-1H and -2H) species probably produced
by dissociative ionization in the source. A similar distribution of
sub-peaks is observed for each complexes with a number m of Py
molecules. Such distribution of peaks is typical of our gas aggre-
gation source.30–32

In Figure 3(b) we present a TOF-MS obtained by introducing
a very small amount of water in the helium flux. The inset in
Figure 3(b) displays the distribution of peaks around the pyrene
cation. Again dehydrogenated species are present, but the most
notable effect is the appearance of (Py)H+. Protonation occurs
due to the injection of water in the gas aggregation source. In
fact, when producing pure water clusters with the same source,
only protonated water clusters are produced.25 We also observe
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Fig. 3 Mass Spectrum of the species produced in the gas aggregation
source under different conditions. (a) Without water. (b) Small amount
of water introduced upstream in the source. (c) Increased amount of
water introduced upstream in the source. (d) Water introduced at the
source exit.

the presence of mixed pyrene-water clusters, (Py)m(H2O)nH+,
with species up to n=5 for m=1. Under these conditions, the
amount of protonated pyrene is similar to the one of cationic
pyrene.

As the amount of water introduced in the source is increased,
the protonated pyrene peak gets more dominant and larger
pyrene-water complexes are formed. Figure 3(c) depicts an ex-
ample of TOF-MS analysis of the species produced in the gas ag-
gregation source when the amount of water introduced in the
helium flow is increased. The dominating species in the mass
spectrum are pure protonated Py clusters. Mixed clusters, in the
form (Py)m(H2O)nH+ [m=1-4 and n=1-10], can be clearly seen
in the mass spectrum.

At this stage, we can only speculate about the formation mech-
anism of the different species. Due to the larger interaction be-
tween ion-neutral over neutral-neutral species, we assume that
the growth of clusters starts from ionic seeds. Upon electron
impact ionization of water the main channels are the produc-
tion of H2O•+, OH+ and H+.33,34 The radical cation H2O•+ is

( P y ) 1 ( H 2 O ) 1 H +

( P y ) 1 ( H 2 O ) +1

- 1 H- 2 H
( H 2 O ) 1 2 H +

i s o t o p e s
( 1 3 C )

( a )

2 1 3 2 1 4 2 1 5 2 1 6 2 1 7 2 1 8 2 1 9 2 2 0 2 2 1 2 2 2 2 2 3 2 2 4 2 2 5

Int
en

sity
 (a

rb.
 un

its)

( b )

Fig. 4 Zoomed view around the (Py)1(H2O)1H
+ species. (a) corresponds

to Figure3(c) and (b) to Figure3(d)

expected to efficiently give rise to proton transfer and produce
(H3O)+ 35. The production of protonated pyrene (PyH+), which
becomes the dominant species in presence of water, then most
likely results from proton transfer from H3O+ to Py, Py + H3O+

→ PyH+ + H2O, which is expected to be promoted by the high
PA of Py.

Protonated mixed pyrene-water clusters can then be formed
following two possible pathways, either from the (Py)H+

molecule or from protonated water clusters:

(PyH)+ + H2O → (PyH+)(H2O) + H2O → . . .→ (PyH+)(H2O)n
(1)

(H2O)nH+ + Py → (Py)1(H2O)nH+

(2)

Evidently, the elemental steps given above could be repeated in
any order giving potentially rise to a rich variety of isomers.

A number of non-protonated mixed pyrene-water clusters were
also observed suggesting that the Py cation (and its dehydro-
genated counter parts) serves as well as seeds and attach both
neutral pyrene and neutral water molecules.

In order to get insight into the formation mechanisms, another
way of producing the mixed pyrene-water clusters by adding wa-
ter at the source exit is used. In this case, we start with conditions
such as the ones of Figure 3(b) in order to produce some (Py)mH+

seeds. These ion seeds propagate to the end of the source where
interaction with neutral water molecules occurs, leading to wa-
ter molecules attachment. We present in Figure 3(d) an exam-
ple of TOF-MS obtained under these conditions. One can see
that the parent ions (protonated and cationic) are almost com-
pletely depleted whereas mixed pyrene-water clusters dominate
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the TOF-MS. Producing the clusters this way insures that only
the path given by 1 is in principle involved For the formation of
(Py)m(H2O)nH+.

To get more details on the peaks, we show in Figure 4 a
zoom around the (Py)1(H2O)1H+ complex obtained under the
two cluster production methods. In Figure 4(a), corresponding
to the conditions of Figure 3(c) of introducing water upstream,
the main contribution arises from the protonated mixed species,
(Py)1(H2O)1H+, accompanied on the right by its isotope peaks.
We also note the presence of the (Py)1(H2O) +

1 peak and the de-
hydrogenated (-1H and -2H) species that have attached a water
molecule.

In Figure 4(b) we present a zoom around the (Py)1(H2O)1H+

complex obtained by introducing water downstream (Fig-
ure 3(d)). The peak distribution is relatively similar to the one
obtained by introducing water in the helium flow with the no-
table difference that the (Py)1(H2O) +

1 peak is the dominant one
now. This is of concern since this will lead to a non negligi-
ble amount of isotopic contribution from (Py)1(H2O) +

n into the
(Py)1(H2O)nH+ peaks. For instance, we estimate the amount of
(13CC15H10)1(H2O) +

n to be about 20% of the peaks at the masses
of (Py)1(H2O)nH+. For the TOF-MS of Figure 4(a), that is when
water is introduced upstream in the source, this abundance goes
down to 8%. For the (Py)2(H2O)nH+, the isotope contamination
to peaks of interest goes up to 44% when water is introduced
downstream whereas it is only 18% when it is introduced up-
stream.

Therefore, one advantage of introducing water upstream in the
source is that protonated species are more dominant leading to
less contamination due to 13C isotope.

However, as will be shown later, the CID of species produced
with both methods give similar results, pointing towards a growth
mechanism dominated by the attachment of water molecules onto
ionized pyrene seeds such as (Py)mH+.

In the present study we will only study mixed pyrene-water
clusters in their protonated form.

2.1.3 CID Experiment

CID experiments are performed as per the second mode of the
instrument mentioned in Section 2.1.1.

In this experiment, the mass selected clusters (Py)m(H2O)nH+

[m=1-3, n=1-10] undergo collisions with inert gases at a con-
stant center of mass (COM) collision energy of 7.5 eV. The COM
collision energy (ECOM) is calculated as:

ECOM =
mg

M+mg
Ek +

3
2

M
M+mg

kBTcel (3)

where mg and M are the masses of the collision gas and the
cluster respectively, Ek is the kinetic energy in the lab frame, kB is
the Boltzmann constant and Tcel is the temperature of the collision
cell which is 293 K.

Several experiments have been performed with different colli-
sion gases. Depending on the collision gas and the clusters size,
the laboratory frame kinetic energy is adjusted so that the center
of mass collision energy remains the same.

The experiments were performed at relatively low pressures in

order to maintain single collision conditions. For (Py)1(H2O)nH+

with argon, the working pressure is 8×10−5 mbar and the maxi-
mum cross section obtained corresponds to 90 Å2. This results in
an average collision count of 0.09, with 96% of the total collisions
being single collisions.

The data consist in TOF-MS acquired with (Signal, Sk) and
without (Background, Bk) pressure in the collision cell. The ac-
quisition is stopped when the parent ion reaches a given level.
This sequence is repeated Nd=11 times for each studied species.
The quantities of interest, namely branching ratios (BRs) and
fragmentation cross-sections σ f rag (see next section), can be ex-
tracted in two ways. Either by first summing all Nd backgrounds
B=∑Bk and signals S =∑Sk and then doing the subtraction S−B.
The value of the BRs and σ f rag are then obtained from the re-
sulting summed mass spectrum. This gives the best signal to
noise ratio but is sensitive if some drift occurs during the acquisi-
tion. For instance, the cluster size distribution may evolve slowly
with time, leading to background peaks after mass selection that
evolve from one acquisition to the other. To circumvent this, the
backgrounds can also be subtracted individually, Si −Bi. In this
case for each Nd , BRs and σ f rag are obtained that are then aver-
aged. Here, the signal to noise ratio is possibly degraded but the
deduced quantities are less sensitive to possible long-term drifts
during the acquisitions.

All data have been analysed with both methods and both give
consistent results. From the second method, error bars represent-
ing one standard deviation can be deduced from the Nd repeated
acquisitions. Furthermore, for some sizes the measurements have
been repeated on different days under different source condi-
tions. For simplicity, the error bars that could arise from possible
drifts during the acquisition is called ∆1 and the one from acqui-
sitions on different days are called ∆2 hereafter.

2.1.4 Fragmentation mass spectra and branching ratios

As an example of a fragmentation mass spectrum we present in
Figure 5 the results of a CID experiment for (Py)1(H2O)5H+ in
collision with argon at 7.5 eV. The black curve corresponds to
the raw mass spectra and the red one corresponds to the spectra
after background subtraction as mentioned earlier. In this figure
one can see the intense intact parent cluster peak and several
smaller peaks corresponding to fragments. Fragmentation occurs
through the loss of water molecules or by loosing both Py and
water molecules.

From such fragmentation mass spectra, one can deduce abso-
lute fragmentation cross-sections and branching ratios. Absolute
fragmentation cross-sections are obtained as:

σ f rag =− ln(I/I0)

ρLcell
(4)

where I0 is the total intensity of all fragments plus the parent peak
and I is the intensity of the parent peak, ρ is the gas density in
the collision cell and Lcell the length of the collision cell.

Branching ratios are calculated as:

BRx, j =
Ix, j

∑x ∑ j Ix, j
(5)

Journal Name, [year], [vol.], 1–15 | 5
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where Ix, j is the intensity of the fragment peak with x water
molecules and j Py molecules.

Fig. 5 Fragmentation TOF-MS of (Py)1(H2O)5H
+ colliding with argon at

ECOM=7.5 eV. The black curve corresponds to the raw data whereas the
red curve is obtained after background subtraction. Peaks corresponding
to fragmentation are grouped into two channels. Note the break on the
vertical scale.

The parent cluster undergoes fragmentation by either losing
water molecules or by losing both Py and water molecules. Our
results will be mainly discussed in terms of these fragmentation
channels. For the mixed cluster with only one Py, the loss of water
molecules only ends up in the detection of (Py)1(H2O)xH

+ frag-
ments, with x=[0:n-1]. The loss of both Py and water molecules
ends up in the detection of protonated water clusters (H2O)xH

+,
with x=[2:n]. Here, we begin at x=2 as we are unable to detect
H3O+.

More generally, when starting with a parent cluster in the form
(Py)m(H2O)nH+, we identify m+1 fragmentation channels cor-
responding to fragments in the form (Py)k(H2O)x 0:n–1H+, with
k=[0:m]. The branching ratios for these fragmentation channels
are calculated as:

BRk =
∑x Ix,k

∑x ∑ j Ix, j
(6)

where x is again the number of water molecules in the fragments,
j the number of Py molecules and with k=[0:m].

As an example, the branching ratio BR0 corresponds to the loss
of all Py molecules and some of the water molecules. In other
words, it corresponds to the detection of protonated water clus-
ters. In the following sections we will refer to the fragmentation
channels using BRk, with k being the number of Py molecules in
the fragments.

An overview of the experiments performed is given in Table 1.
In the case of the Py monomer and dimer complexes, the ex-

periments were repeated with different collision gases. Hence the
mass ratios were varied which allowed us to check that deflection
events induced by collision did not play a major role in our re-
sults. For instance, for the CID of (Py)1(H2O)nH+ with neon,

Species Collision gas ECOM(eV ) Ek(eV )

(Py)1(H2O)nH+ Neon 7.5 90-151
n=[1-10]

Argon 7.5 49-79
(Py)1(H2O)nH+ Argon 15 98-158
n=[1-10]
(Py)2(H2O)nH+ Krypton 7.5 45-53
n=[1-6]

Argon 7.5 87-103

Xenon 7.5 32-37
(Py)3(H2O)nH+ Xenon 7.5 44-48
n=[2-5]

Table 1 Summary of the CID experimental conditions. ECOM is the COM
collision energy and Ek is the laboratory frame kinetic energy.

deflections are negligible whereas in the case of argon deflections
are expected to occur. However, both the cross-sections and the
branching ratios obtained with neon and argon are very similar
(see Figure S1, ESI†). This indicates that the global effect of ion
losses due to deflection is negligible here.

In the case of (Py)2(H2O)nH+, three collision gases—argon,
krypton, and xenon—were employed for the CID. Notably, the
obtained cross sections with these different gases exhibit varia-
tions. The cross section tends to decrease with the mass of the
collision gas. This phenomenon can be attributed to deflections
causing ion losses, thus reducing the apparent cross section. Fur-
thermore, the choice of collision gas impacts the fragmentation
patterns. For example, channels corresponding to the loss of all
water molecules (that is the detection of (Py)1H+ and (Py)2H+)
become relatively suppressed when heavier collision gases are
used (see Figure S2, ESI†). These channels likely represent the
outcomes of the most energetic collisions, where deflections are
more anticipated. Nevertheless, despite the presence of such ef-
fects, the branching ratios obtained with the three collision gases
remain relatively similar (see Figure S3, ESI†).

When going to light collision gases, the kinetic energy in the
laboratory frame has to be increased significantly (around 100 eV,
see Table 1). For such high kinetic energies the mass selection is
not as effective as for lower values. However, as can be seen
from Figure S3 ESI†, very similar results are obtained despite of
different collision gas employed.

Experiments were also performed on (Py)1(H2O)nH+ with ar-
gon at a higher COM collision energy, namely 15 eV. Similar re-
sults were obtained for ECOM = 7.5 and 15 eV (see Figure S4,
ESI†).

For the (Py)3(H2O)nH+, experiments were only performed with
xenon.

The experiments on (Py)1(H2O)nH+ and (Py)2(H2O)nH+ with
argon and (Py)3(H2O)nH+ with xenon at ECOM=7.5 eV are pre-
sented here. The comparison of the experiments with the other
collision gases and at different collision energies is provided in
the ESI†.

6 | 1–15Journal Name, [year], [vol.],

Page 6 of 15Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 1
/1

6/
20

24
 1

1:
03

:1
5 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D3CP05734H

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cp05734h


2.2 Theoretical

As an attempt to rationalize the experimental results, the
structures and energetics of the most stable isomers of
(Py)1(H2O)nH+, n=[1-4] were determined using a two-step
procedure as in the article by Leboucher et al. 36 . We considered
three initial protonation sites of [PyH]+ in order to determine
the lowest energy isomers with the extra H atom on either
the C1, C2 or C4 carbon (Figure S11, ESI†). Briefly, for each
stoichiometry, the exploration of the potential energy surface
(PES) was achieved using a Monte Carlo Parallel Tempering
(MCPT) algorithm as implemented in the deMonNano code37.
Several starting points were tried, differing by the relative
positions of the water molecules with respect to the [PyH]+

monomer. The geometries of the PyH+ monomers and of the
water molecules were kept frozen during the MCPT simula-
tions38. The parameters of the simulations were the same for
all systems, i.e. simulations of 100000 steps were run for a
geometrical sequence of 10 temperatures ranging from 40 K to
700 K. Only exchanges between sequential temperatures were
authorized and tried every 10 steps. The displacement of an
atom was accepted only if it was kept inside a sphere of 25
bohrs centered at the center of mass of the cluster. At each
step, the energy was computed at the self-consistent-charge
density functional based tight binding (SCC-DFTB)39 level of
theory using an adapted hamiltonian ensuring a good description
of intermolecular interactions, which is a challenge for such
systems36. The isomers were then sorted by increasing energy
order and the lowest energy one was locally optimized at the
DFT level using the B3LYP-GD3 functional in conjunction with
the d95V(d,p) basis set. For each cluster, full diagonalization
of the mass weighted hessian matrix was achieved in order
to check that they are minimum energy geometries and to
compute the Zero Point Energy (ZPE) corrections. The energetics
were improved by single-point calculations increasing the basis
set to aug-cc-pvtz. The final B3LYP-GD3/aug-cc-pvtz level of
theory was used as it was shown to provide a good description
of [(C10H8)H(H2O)1−2]+ clusters22. DFT calculations were
performed with the Gaussian16 suite of programs40.

3 Experimental Results

3.1 CID of (Py)m(H2O)nH+, m=1

In Figure 6, the fragment distributions for the CID of
(Py)1(H2O)nH+ n=[1-10] with argon at 7.5 eV COM collision en-
ergy are displayed. The fragment intensities are obtained from
the integration of the fragment peaks in the TOF-MS. The groups
of red and black peaks correspond to the (Py)1(H2O)xH

+ and
(H2O)xH

+ fragments, respectively.

We observe that up to n=2, almost no protonated water clus-
ters fragments are detected. Indeed, for n=1, the only observed
fragment is (Py)1H+ and for n=2 the only observed fragments
are (Py)1H+ and (Py)1(H2O)1H+.

The significance of protonated water cluster peaks (depicted
by black peaks) becomes pronounced starting from n=3. As the
parent cluster size increases, the distribution of protonated wa-

ter fragments widens and shifts toward larger sizes. The evolu-
tion of the distribution progresses from a relatively smooth bell-
like shape for n=3 to 6, to a more structured distribution for the
largest parent cluster sizes (n ≥ 7). The observed structure might
be a signature of the statistical fragmentation occurring after col-
lisional energy transfer and reflects the relative stability of the
protonated water fragments.

For (Py)1(H2O)xH
+ peaks (red peaks), (Py)1H+ is the dom-

inant peak up to n=3. For n≥4, the PyH+ fragment is no
longer dominant. We observe also that (Py)1(H2O)1H+ and
(Py)1(H2O)2H+ are the least intense peaks in the fragment dis-
tribution. For sizes above n=5, a plateau is appearing starting
with the fragment (Py)1(H2O)3H+.

Fig. 6 Mass Distribution of the fragments obtained from CID experi-
ment with (Py)1(H2O)nH

+ n=[1-10] colliding with argon at 7.5 eV COM
collision energy.

The grouped fragments (black and red peaks) allow defining
the branching ratios BR1 and BR0 corresponding to the loss of
water molecules only and the loss of both Py and water molecules,
respectively.

Figure 7 shows these branching ratios plotted as a function of
the number of water molecules attached to the Py molecule. For
n≤2, almost no protonated water fragments are observed and
BR0 ≈ 0. A sudden change in the branching ratios arises at n=3.

Indeed, from n=3 up to n=10, both types of fragments
(black and red peaks) are detected, namely (H2O)xH

+ and
(Py)1(H2O)xH

+. The corresponding branching ratios BR0 and

Journal Name, [year], [vol.], 1–15 | 7
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BR1 are almost constant as a function of the number of water
molecules. The branching ratio BR0 slowly evolves from 0.4 to
0.45. Conversely, BR1 goes from 0.6 to 0.55.

0 1 2 3 4 5 6 7 8 9 1 0 1 1
0 . 0

0 . 2

0 . 4

0 . 6

0 . 8

1 . 0 B R 0
B R 1

BR

N u m b e r  o f  w a t e r  m o l e c u l e s
Fig. 7 Branching ratios of the fragmentation channels of (Py)1(H2O)nH

+

as a function of the number of attached water molecules. See text for
the definition of BR0 and BR1. Error bars correspond to one standard
deviation. Error bars in blue correspond to ∆2. The other error bars
correspond to ∆1 (see text for details).

The experiment has also been repeated with argon at higher
COM collision energy, namely 15 eV. It has also been performed
with neon as collision gas at 7.5 eV COM collision energy. Both
these experiments give very similar results as the one presented
here (see Figures S4 and S1 in ESI† for the comparison).

We also performed the CID at 7.5 eV COM collision energy with
argon for (Py)1(H2O)nH+ species produced by adding water at
the source exit. A comparison of the branching ratios is provided
in Figure S7 of ESI†. The branching ratios, once corrected for the
isotope contamination of the parent peak are remarkably similar
to the ones obtained for water added upstream.

3.2 CID of (Py)m(H2O)nH+, m=2
In this section, we present the results of the CID of
(Py)2(H2O)nH+ n=[1-6] with argon at 7.5 eV COM collision en-
ergy. Comparison of this experiment using krypton and xenon is
given in Figures S2 and S3 of ESI†.

Figure 8 shows the distribution resulting from CID of
(Py)2(H2O)nH+ n=[1-6] with argon at 7.5 eV COM collision
energy. The groups of black, red and blue peaks corresponds
to the detection of the different types of fragments (H2O)xH

+,
(Py)1(H2O)xH

+ and (Py)2(H2O)xH
+, respectively.

Protonated water clusters fragments (black peaks) are negligi-
ble for n=1 and n=2 water attached and starts to appear clearly
from n=3 onward. The distributions of (H2O)xH

+ peaks have a
similar pattern as in the case of (Py)1(H2O)nH+ (see black peaks
on fig 6).

The (Py)2(H2O)xH
+ fragment distribution (red peaks) is quite

Fig. 8 Normalized mass distributions of the fragments from the CID of
(Py)2(H2O)nH

+ n=[1-6] colliding with argon at 7.5 eV COM collision
energy.

structured, with low abundance fragments and plateaus. For in-
stance, the x=1 fragment has a low abundance, followed by a
plateau at x=2-3 (visible from n=3 to 6). As n increases, another
plateau develops at x=4-5.(Py)1H+ is clearly the dominant frag-
ment. Similar to what we observed for the CID of Py1(H2O)nH+,
the fragment (Py)1(H2O)3H+ shows up in the distribution and is
relatively more intense than the neighbouring species from n=4
onward.

For the water loss channels ((Py)2(H2O)xH
+ fragments; blue

peaks), (Py)2(H2O)1H+ appears to be the least intense in all
cases.

Figure 9 shows the branching ratios plotted as a function of the
number of water molecules attached on the Py. The fragments
are grouped into the three channels corresponding to the detec-
tion of pure protonated water fragments (BR0), (Py)1(H2O)xH

+

fragments (BR1) and (Py)2(H2O)xH
+ fragments (BR2). Contrary

to the m=1 case, no sudden change is observed in the branching
ratios. Instead we observe a slow rise of BR0 with n to a value of
0.1 at n=6. BR1 is the dominant channel which decreases from
0.63 to 0.46. The branching ratio BR2 is almost constant with the
number of water molecules attached.

These measurements have been repeated using krypton or
xenon at 7.5 eV COM energy, and similar results have been ob-
tained within the small differences due to deflections induced by
heavier gas colliders (see ESI† for details).

For some sizes we also performed the CID at 7.5 eV COM col-
lision energy with argon for (Py)2(H2O)nH+ species produced by
adding water at the source exit. A comparison of the branching
ratios is provided in the ESI† (Figure S8). The branching ratios,
once corrected for the isotope contamination of the parent peak
are in good agreement with the experiments done by adding wa-
ter in the upstream.

8 | 1–15Journal Name, [year], [vol.],
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Fig. 9 Branching ratios of the fragmentation channels of (Py)2(H2O)nH

+

as a function of the number of attached water molecules. See text for the
definition of BR0, BR1 and BR2. Error bars correspond to one standard
deviation, ∆1 (as described in text).

3.3 CID of (Py)m(H2O)nH+, m=3
The CID experiment on (Py)3(H2O)nH+ with xenon at 7.5 eV
COM collision energy was performed for n=[2-5]. We could not
start with n=1 as the number of ions produced was too small to
have enough signal after mass selection. This species was found
to be less stable even in the fragmentation mass spectrum. We
note that for (Py)3(H2O)nH+ the data quality is not as good as
for (Py)1(H2O)nH+ and (Py)2(H2O)nH+. This is due to the lower
number of parent ions produced and to the presence of a rela-
tively large background, especially for the (H2O)xH

+ fragments.
The mass distribution of the fragments resulting from the CID

of (Py)3(H2O)nH+ n=[2-5] upon collision with xenon at 7.5 eV
COM collision energy is given in Figure 10.

The (H2O)xH
+ fragments (black peaks) are present only for

n≥3 but with a smaller intensity and remain as a rather minor
channel as in the case of m=2.

Regarding the other fragmentation channels for m=3, namely
(Py)1(H2O)xH

+ (red peaks) and (Py)2(H2O)xH
+ (blue peaks) we

find similarities with the m=1 and m=2 cases. Namely, the
(Py)1(H2O)3H+ shows up with a relatively high intensity as n in-
creases. We also note that similar to m=2 case, the fragment
(Py)2(H2O)1H+ has a low intensity.

Concerning the last fragmentation channel, (Py)3(H2O)xH
+

(green peaks), we observe that the fragment (Py)3(H2O)1H+ is
the least intense species among the neighbouring fragments.

Figure 11 shows the branching ratios plotted as a function of
the number of water molecules in the complex, which correspond
to the fragments (Py)3(H2O)xH

+ (BR3), (Py)2(H2O)xH
+ (BR2),

(Py)1(H2O)xH
+ (BR1) and (H2O)xH

+ (BR0). We can observe that
BR0 for n=2-3 is almost negligible and is increasing slightly for
n=4-5 (note the large error bar for n=5). BR1 is decreasing from
0.33 to 0.24 as a function of number of water molecules attached.

Fig. 10 Mass Distribution of the fragments from CID of (Py)3(H2O)xH
+

n=[2-5] on collision with xenon at 7.5 eV COM collision energy. The
peaks in the graphs are normalized by the maximum value.

BR2 is nearly a constant up to n=4 and is slightly decreasing for
n=5. BR3 is slowly increasing from 0.31 to 0.37.

4 Theoretical results
In this section, we present the structures, energetic and adiabatic
dissociation energies of (Py)1(H2O)nH+, n=[1-4] for the three
lowest energy isomers of protonated pyrene determined using the
methodology described in section 2.2.

The lowest energy structures of (Py)1(H2O)nH+ are shown in
Figure 12.

Structures determination were performed by assuming three
different initial carbon sites (C1, C2 and C4, see Figure S11
in ESI† for the numbering convention) for the proton localiza-
tion on the Py molecule. The structures of all the computed
(Py)1(H2O)nH+ isomers (n=1-4) are reported in Figs. S12 to S23
in ESI†.

In the absence of water, the lowest isomer in energy is with the
proton on C1, followed by C4 (+0.45 eV) and C2 (+ 0.61 eV), in
extremely good agreement with the work of Chin and Lin 41 and
the DFT results by Bahou et al. 42 who reported values of +0.44
and +0.61 eV respectively.

By examination of the electron density, the obtained structures
are pointing towards a cationic hydrogenated Py rather than a
proper protonated Py. Indeed the charge appears to be delocal-
ized over the whole Py molecule. Nevertheless, the electron den-
sity remains lower on the external H atoms, and especially where
the extra H atom is present.

When a single water molecule is added, whatever the starting
isomer for the PyH+, the extra H atom remains located onto the
Py molecule. It can be understood due to the important PA dif-
ference between the two monomers. The water molecule has its
oxygen pointing towards the location of the extra H atom site, due
to the relatively lower electron density there. The lowest energy
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1 2 3 4 5 6 7
0 . 0 0

0 . 0 5

0 . 1 0

0 . 1 5

0 . 2 0

0 . 2 5

0 . 3 0

0 . 3 5

0 . 4 0

0 . 4 5

 B R 0
 B R 1
 B R 2
 B R 3

BR

N u m b e r  o f  w a t e r  m o l e c u l e s
Fig. 11 Branching ratios plotted as a function of number of water
molecules attached on (Py)3(H2O)nH

+. See text for the definition of
BR0, BR1, BR2 and BR3. Error bars correspond to one standard devia-
tion, ∆2 (as described in text).

n Isomer C1 Isomer C2 Isomer C4

0 0.0 0.61 0.45
1 0.0 0.57 0.42
2 0.01 0.0 0.42
3 0.62 0.0 0.71
4 0.78 0.0 0.72

Table 2 Relative energies in eV of the lowest energy isomers of
[(Py)1(H2O)nH]+. In bold character, isomers in which the proton is trans-
ferred from pyrene to the water cluster (Py)1[(H2O)nH

+].

n Isomer C1 Isomer C2 Isomer C4

1 0.26 0.31 0.29
2 0.30 0.88 0.31
3 0.22 0.83 0.54
4 0.34 0.50 0.49

Table 3 Dissociation energies in eV for the loss of a neutral water molecule
from (Py)1(H2O)nH

+.

structure is obtained with the C1 isomer (Figure 12(a)).
With two water molecules, two competing structures are

present, arising from the C1 and C2 isomers. For C1 it corre-
sponds to the PyH+ with two water molecules in the close vicinity
of the extra H site (Figure 12(b)). For C2, during the structure
optimization, there is a proton transfer to the water dimer. The
proton is shared by the two water molecules lying on top of the
Py plane. For isomer C4, the extra H atom remains on the Py
molecule. It can be interpreted because the PAs of (H2O)2 and
Isomer C2 have similar values.

With three water molecules, the lowest energy structure is
found when starting with the C2 isomer. The optimized struc-
ture has the proton onto the water trimer (Figure 12(c)). For

the C1 and C4 isomers, the extra H atom remains on the cationic
Py. Interestingly, in the case of the C4 isomer, the hydrogenated
cycle become distorted and the oxygen atom of the central wa-
ter monomer becomes close to the adjacent carbon atom of the
dihydrogenated carbon of the same cycle (1.53 Å, see ESI†).

Finally with four water molecules starting with the C2 iso-
mer leads to the lowest energy structure where the proton has
jumped to the water tetramer that lies on top of the Py plane
(Figure 12(d)). For the C1 isomer, the extra H atom remains on
the cationic Py. Regarding isomer C4, the trend observed for n=3
is strengthened as we observe the formation of a C-(OH) bond,
(C-O distance of 1.47 Å) while the proton is transferred onto a
kind of water trimer (see structure in Figure S23 of ESI†).

In Table 4 are presented the PAs calculated at the DFT level for
the three lowest isomers of the protonated pyrene and of cluster
sizes for n=1 to 4. The obtained values compare well with previ-
ously reported values (see Figure S10 in ESI† for a comparison of
the PA from previous works).43–49 For isomer C1 the PA of pyrene
become comparable to the one of the water cluster for n=3. For
isomers C2 and C4, the value become comparable for n=2.

(a) (b) 

(c) (d) 

Fig. 12 Lowest energy isomers obtained for (Py)1(H2O)nH
+. (a) n=1

C1, (b) n=2 C1, (c) n=3 C2, (d) n=4 C2. C1 and C2 corresponds to
the initial protonation site on the Py molecule. See text for details.

Dissociation energies are calculated as the difference in energy
(including ZPEs) of adjacent sizes for the same isomer family. The
values are reported in Table 3.

For n=1, the dissociation energy for the loss of a neutral water
molecule is around 0.3 eV for the three isomers.

For n=2, isomers C1 and C4 have a similar dissociation ener-
gies around 0.3 eV. For C2, the binding energy is much higher
at 0.88 eV. However in this case, the difference in energy is cal-
culated between a structure with the proton on the water dimer
(n=2) and a one where the proton is on the Py molecule (n=1).

For n=3, when one considers the C2 isomer, the dissociation
energy for the loss of a water molecule from the Py-water complex
(0.83 eV) is similar to the one for the loss of a water molecule
from the protonated water trimer (∼0.9 eV).47,50,51 Furthermore
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Isomer C1 Isomer C2 Isomer C4 (H2O) (H2O)2 (H2O)3 (H2O)4

PA 9.19 8.57 8.74 7.06 8.44 9.07 9.38

Table 4 PAs computed at the DFT level (ZPE included) in eV.

the structure of the protonated water trimer is rather similar with
and without the interaction with the Py molecule. For the C1
isomer the binding energy is slightly smaller to the n=1 case. For
the isomer C4 the deduced binding energy is higher as it implies
the breaking of the C-OH bond.

For n=4, the presence of the Py molecule strongly disturbs the
native tetrahedral protonated water tetramer structure in both
isomers C2 and C4. Both isomers have a similar binding energy
of around 0.5 eV. For the C1 isomer this binding energy is again
around 0.3 eV as it corresponds to the break of a single hydrogen
bond in the neutral water network.

5 Discussion
The case of a cluster composed of a single pyrene unit with sev-
eral water molecules (Py)1(H2O)nH+ is the one that can be scru-
tinized in the context of theoretical calculations. In this instance,
the experimental results manifest a clear transition from n=2 to
n=3, characterized by the appearance of protonated water clus-
ter fragments at n=3. This abrupt shift at n=3 is ascribed to the
direct dissociation of the initial structures of the isomers within
the clusters.

The theoretical structure calculations indicate that for n=1, the
lowest energy structures correspond to PyH+ with a neutral water
molecule attached, regardless of the starting isomer (C1, C2, or
C4). For n=2, the C1 and C4 PyH+ isomers are predicted to form
species in the form (PyH+)(H2O)n, meaning the proton remains
located on the pyrene molecule. In the case of the C2 isomer for
n=2, a proton transfer towards the water molecules is observed
during local optimization. For the C4 isomer, the proton transfer
towards the water is predicted to occur for n=4. In the case of
the C1 isomer, the proton remains localized on pyrene at least up
to n=4. The observed behavior broadly aligns with the relative
PAs of Py compared to the water clusters (see Table 4). How-
ever, it does not strictly adhere to this alignment, underscoring
the importance of solvation processes.

We have shown that the mixed pyrene water-clusters are most
likely produced by attaching neutral water molecules onto proto-
nated pyrene seeds PyH+. If only the lowest energy C1 would
be produced in the source, then one would not expect to see
the jump in the branching ratio at n=3 since the C1 isomer
would only lead to the formation of (PyH+)(H2O)n which would
only produce (PyH+)(H2O)x fragments. This observation implies
that there is a contribution from other PyH+ isomers (C2 and/or
C4). Starting from n=2, the C2 isomer would lead to the forma-
tion of (Py)(H2O)nH+ which fragments into (Py)(H2O)xH

+ and
(H2O)xH

+. The same would happen with the C4 isomer but for
n≥4.

An argument in favor of an initial mixture of (Py)(H2O)nH+

and (PyH+)(H2O)n species is that for n≥3 the BRs are almost con-
stant. If the PyH+ C1, C2 and C4 isomers are present in a given

proportion, then the addition of water to these seeds would lead
to a constant proportion of (Py)(H2O)nH+ and (PyH+)(H2O)n
species, and therefore to almost constant branching ratios as a
function of the number of water molecules. We also note that
there are four equivalent protonation sites for the C1 and C4 iso-
mers and only 2 for the C2 one. Assuming that all protonation
sites are equally probable would then give a probability of 60%
of forming clusters with a proton transfer towards the water for
n>3. Given the fact that all isomers can contribute to the BR1
channel, independently of the fact that the proton is localized on
Py or water, this simple counting brings us close to the actual ex-
perimentally observed branching ratios. Since the three isomers
of PyH+ are located at different energies (C1 being the lowest in
energy), this also implies that their formation is not governed by
energetics but by kinetic parameters. This could also explain the
discrepancy observed for isomer C2 at n=2 between theory and
experiment.

Upon collisional excitation, the energized mixed pyrene-water
cluster experiences fragmentation. This fragmentation can take
place through either a statistical dissociation cascade, where neu-
tral monomers dissociate one by one, allowing the system to re-
arrange before dissociation. The fragmentation pattern in this
case is expected to reflect the relative stability of the fragments.
Alternatively, fragmentation can occur in a direct manner, charac-
terized by sudden dissociation with no significant time for system
rearrangement. In the current experiment, both types of frag-
mentation are likely. Collisions occur with a distribution of im-
pact parameters, where large impact parameters may result in
statistically occurring fragmentation, while small impact param-
eters, such as head-on collisions, may lead to more direct frag-
mentation. The collision site on the mixed pyrene-water cluster
could also play a significant role. Given the large size difference
between the constituents, hitting the Py molecule is more likely,
acting as an energy reservoir for later statistical dissociation. Con-
versely, if the water molecules are directly hit, a more direct dis-
sociation of these units may be expected.

Looking at the fragment distributions for (Py)1(H2O)xH
+

(Figure 6), we note that the (Py)1(H2O)3H+ species appears to
have higher abundances than the x=1 and x=2 fragments. This
indicates that this cluster has a remarkable stability. For n=3,
the highest dissociation energy for the loss of a water molecule
is obtained for isomer C2. We therefore assign the particular
stability of the x=3 cluster to the formation of a protonated
water trimer on top of the pyrene molecule.

The production of protonated water cluster fragments
(H2O)xH

+ results from the loss of the neutral Py molecule. In
the distribution, the fragment with x=n, corresponding to the
sole loss of the neutral Py molecule, remains relatively intense for
all sizes. This suggests that upon collision, the protonated wa-
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ter cluster remains relatively unperturbed, allowing it to survive
the collision. We hypothesize that if the collision occurs onto the
Py molecule, it absorbs most of the energy, becomes vibrationally
excited, and detaches from the protonated water cluster.

The relative intensities of the (H2Ox)H
+ fragments can be un-

derstood in terms of their dissociation energies. The dissociation
energy of the protonated water clusters is 1.56 eV for x=2, 0.92
for x=3, and 0.78 for x=4. It has a minimum around 0.37 eV for
x=5 and 6, stabilizing around 0.45 eV for larger sizes.47,50–53 The
x=4 fragment appears relatively intense for sizes n=4-8. For the
largest sizes n=8,9, the most intense protonated water fragment
is the one with x=n, while the distribution of other fragments
is centered around 5-6. Therefore, the fragment distribution in
this case results from a sudden collision with the loss of pyrene,
followed by sequential statistical losses of water monomers.

In conclusion, while the observed fragmentation pattern is an
outcome of an average of various potential events, a meticulous
analysis of the branching ratios and fragmentation patterns, in
conjunction with theoretical predictions and possible formation
mechanisms, allows us to identify potential structures for the
protonated mixed pyrene-water clusters under investigation.

For a mixed cluster containing two pyrene units (m=2), we
observe a slow rise of the BR0 channel, accompanied by a slow
decrease of BR1 whereas BR2 remains almost constant. This dif-
fers from the m=1 case, where the branching ratios are almost
constant for n≥3.

The gradual change in BR0 may indicate a more gradual evo-
lution in the prevalence of isomers where the proton becomes
localized onto the water. For m=2, there could still be a mixture
of the C1, C2, and C4 PyH+ acting as a seed in the formation of
(Py)2H+. Depending on the specific isomer involved in the re-
sulting (Py)2H+ complex, we might anticipate varying degrees of
charge delocalization across the pyrene units, leading to different
scenarios for proton localization compared to the m=1 case in
the presence of water. These distinct charge configurations, com-
bined with the larger spatial extension of (Py)2H+ compared to
(Py)H+, are expected to reduce the likelihood of water clusters
forming.

In the (Py)2(H2O)xH
+ fragment channel (BR2), the fragmenta-

tion pattern appears to be sensitive to the relative stability of the
fragments, suggesting a dissociation cascade in a statistical fash-
ion ending up with the (Py)(PyH+) fragment. However, it can be
seen that the (PyH+) fragment has the greatest abundance. This
implies a complete dissociation of the (Py)2(H2O)nH+ species,
namely the loss of all water molecules plus one neutral Py unit.

Assuming that the clusters originate from a (Py)(PyH+)
stacked seed with neutral water molecules attached, collisions
with small impact parameters are highly likely to occur on the
plane of one of the stacked Py molecules. In such cases, colli-
sional energy would efficiently transfer to the dissociative mode
of the (Py)(PyH+), leading to the formation of (Py)1(H2O)xH

+

fragments. Notably, the distribution of (Py)1(H2O)xH
+ frag-

ments reveals a higher abundance for x=3, emphasizing the
remarkable stability of this species. The fragmentation pattern
for (Py)1(H2O)xH

+ fragments mirrors the one observed for m=1

(except for the elevated abundance of (PyH+)). Consequently,
after the initial loss of one Py molecule, a similar fragmentation
mechanism may occur as encountered for m=1. This hypothesis
aligns with the protonated water cluster fragments’ distribution,
as the distributions for m=1 and m=2 appear quite similar
(illustrated for n=6 in Figure S6 of ESI†).

The largest studied mixed cluster contains three pyrene units
(m=3). Similarly to m=2, BR0 slowly increases from n=3-4 to-
gether with BR3 (BR2 for m=2), whereas the other channels BR1

and BR2 decrease. This trend is consistent with a population of
isomers on which the proton is localised on water. It is remark-
able that in the three systems under investigation, for n=1 and
2, we do not observe any protonated water fragments. This may
point towards a general behaviour of these systems, where the
PA of the pyrene clusters stays larger than the water monomer
and dimer. This is probably dictated by the PA of the individual
pyrene, which remains despite the clustering.

By comparing the fragment distributions for m=1, 2 and 3
(see Figures 6, 8 and 10), similarities can be observed. For
instance, for (Py)1(H2O)xH

+ fragments, the (Py)1(H2O)3H+

peak is relatively intense for n>3 in all three cases. Regarding the
(Py)2(H2O)xH

+ fragments, (Py)2(H2O)1H+ species is less abun-
dant than the neighbouring ones for both m=2 and m=3. We
note that the (Py)yH

+ fragments have a relatively high intensity
compared to the (Py)y(H2O)xH

+ fragments: the binding energies
between the pyrene molecules is higher than the water-pyrene
cluster one38. The (Py)3(H2O)1H+ species has a low intensity,
which is a confirmation of its poor stability (its production was
already quite inefficient in the source).

As m goes from 1 to 3, we probably have an evolution from
direct dissociation dominated fragmentation pattern to more sta-
tistical like fragmentation. For m=1, the number of degrees of
freedom goes from 84 to 129 when n goes from 1 to 6. For m=2
(3), it evolves from 162 (246) to 207 (291) for the same n range.
Therefore one expects statistical dissociation to play a bigger role
here as more degrees of freedom are available for collision energy
redistribution. A detailed molecular dynamics study of the CID of
these systems would help to disentangle such an evolution and
shed light on the fragmentation mechanisms.

6 Conclusions
In this study, we conducted collision-induced dissociation of
(Py)m(H2O)nH+ for [m=1-3, n=1-10] at various collision ener-
gies (7.5 eV, 15 eV) using different collision gases. The use of a
versatile gas aggregation source combined with CID enables the
investigation of proton localization in mixed pyrene-water clus-
ters.

The growth of mixed pyrene-water clusters is found to occur on
protonated pyrene molecules. The various potential protonation
sites on pyrene result in different isomers.

For m=1, we interpret the branching ratio and fragment distri-
butions as reflecting the initial population of isomers due to direct
dissociation. We observe that for n=1 and 2, the proton is always
localized onto the pyrene molecule. For n≥3, there are cases in
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which the proton is transferred to the water network, leading to
the observation of protonated water fragments. For m=2 and 3,
we also observe the appearance of protonated water cluster frag-
ments for n≥3 but for a more limited number of occurrences. In
all cases, (Py)(H2O)3H+ appears as being remarkably stable.

This study presents opportunities for advancing astrochemical
models, especially in situations where protonation reactions play
a crucial role in ion-neutral chemistry, such as in cold molecu-
lar clouds and the inner regions of protoplanetary disks.54 PAHs,
with their high proton affinities, may play a critical role in main-
taining charge balance in these environments. Due to their
charged nature, protonated PAHs could also act as nucleation
seeds for water ice and mixed carbon-water nanograins. These
systems could potentially contribute to the chemical evolution
of PAHs in protoplanetary disks and play a role in planet for-
mation. Several models aim to investigate the relationship be-
tween the spatial distribution of PAHs and the snowline, taking
into account processes like PAH clustering and the condensation
of PAHs onto ice mantles.55,56 Significant progress in this field is
expected in the near future driven by the enhanced capabilities
of advanced infrared observatories like the James Webb Space
Telescope, as well as ground-based very large telescopes and in-
terferometers.12,57,58
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