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Phase changes of the water hexamer and octamer in the
gas phase and adsorbed on polycyclic aromatic hydrocar-
bons †

Luiz Fernando L. Oliveira,a Jérôme Cuny,⇤a Maxime Morinière,b Léo Dontot,a Aude
Simon,a Fernand Spiegelmana and Mathias Rapacioli⇤a

We investigate thermodynamic properties of small water clusters adsorbed on polycyclic aromatic
hydrocarbons (PAHs), which are relevant systems in the context of astrophysical and atmospheric
chemistry. We present heat capacity curves computed from parallel-tempering molecular dynam-
ics and Monte Carlo simulations that were performed using the self-consistent-charge density-
functional based tight-binding method. These curves are characteristic of the phase changes
occurring in the aggregates and provide useful information on the evolution of the interaction be-
tween the water molecules and the PAHs as a function of temperature. After benchmarking our
approach on the water hexamer and octamer in the gas phase, we present some results for these
same clusters adsorbed on coronene and circumcoronene. When compared to the curves ob-
tained for the isolated water clusters, the phase change temperature significantly decreases for
the (H2O)8-PAH clusters whereas it depends on the nature of the PAH in the case of the hexamer.
We analyse these differences as connected to the relative energies of the optimized characteristic
isomers and to their dynamical behavior. We also evidence the population changes of the various
cluster isomers as a function of the temperature.

1 Introduction

Polycyclic aromatic hydrocarbons (PAHs) have been proposed as
the carriers of the so-called interstellar aromatic infrared bands
(AIBs)1,2 and it has also been suggested that the PAH popula-
tion would contain ⇠20% of the interstellar carbon.3,4 Many ex-
perimental and theoretical studies have been performed to prove
these assumptions. In particular, it was shown that the interac-
tion of PAHs with atoms of astrophysical relevance such as iron
and silicon had an influence on the positions and intensities of the
AIBs.5–10 A second example illustrating the importance of PAHs
in the field of astrochemistry is their potential catalytic role in the
formation of H2.11,12 Indeed, the formation of molecular hydro-

† Electronic Supplementary Information (ESI) contain additional pictures to illus-
trate the convergence of the heat capacity curves with the lenght of the simulation,
the effect of the choice of the DFTB Mulliken or CM3 charges, as well as the effect
of freezing the PAH intramolecular degrees of freedom. Molecular representation of
the caracteristic cluster structures discussed in the article are also provided.
a Laboratoire de Chimie et Physique Quantiques LCPQ/IRSAMC, Université de Toulouse
(UPS) and CNRS, 118 Route de Narbonne, F-31062 Toulouse, France. Fax:+33 (0)5
61 55 60 65 ; Tel: +33 (0)5 61 55 68 34
b Laboratoire de simulation atomistique (LSim), Univ. Grenoble Alpes, INAC-SP2M,
F-38000 Grenoble, France and CEA, INAC-SP2M, F-38000 Grenoble, France.

gen may occur in regions of the interstellar medium where the
UV flux is low and the concentration of H is high. Under such
conditions, the presence of PAHs has been shown to energetically
favour the formation of H2.12–14

PAHs are also formed by the human use of fossil fuels,15,16 as
well as by natural processes which make them atmospherically
abundant molecules. As the atmosphere contains a high con-
centration of water molecules, their interaction with PAHs is of
primary interest since PAHs maybe responsible for various health
problems, as for instance several types of cancer.17–19 This has
thus motivated growing investigations of their properties in both
environmental and atmospheric science.15,20–24 Lastly, although
presenting finite size effects, water-PAH clusters can be viewed as
model systems in the studies of the interaction of water molecules
with carbonaceous surfaces that are relevant systems for sev-
eral applications, such as sensors,25 electrochemical devices,26

nanofluidics,27 electrochemistry28 and water desalination.29

Water clusters in the gas phase have received a considerable
attention as they represent prototype systems to further untan-
gle the complex structural and dynamical properties of liquid wa-
ter.30,31 Thus, water clusters have been the focus of numerous
experimental and theoretical studies. In particular, a significant
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contributions may be attributed to the global optimization com-
munity as highlighted by the vast literature on the subject.32–37

Among all these studies, the water hexamer has deserved a partic-
ular attention as it represents the transition between planar and
three-dimensional structures38–51 This cluster has been a subject
of a long term debate as two structures; namely the cage and
the prism, were proposed to compete for being the lowest energy
isomer. On the one hand, theoretical studies performed using
methods of various levels of accuracy have led to opposite conclu-
sions.41,42,44–47,51 On the other hand, experimental studies have
recently concluded that the cage structure is the lowest energy
isomer although it seems to coexist with other structures even
at very low temperatures.38–40,48,50 Another intensively studied
water cluster is the water octamer for which the lowest energy
structure is a cube as reported by both theoretical52–58 and ex-
perimental59,60 studies.

Among the theoretical works dealing with water clusters in
the gas phase and adsorbed on carbonaceous surfaces, thermo-
dynamical properties have often been studied through the com-
putation of heat capacity curves.61–67 Indeed, it is a convenient
quantity that allows for an easy identification of the temperature
at which a phase change occurs. The determination of that tem-
perature is of paramount importance as it is characteristic of both
the strength of the intermolecular interactions in the aggregate
and its thermal stability.

Computation of finite temperature properties usually requires
long simulation times to reach thermal equilibrium and to achieve
statistical convergence. Typically, millions of single-point energy
calculations are required, which is a bottleneck for ab initio po-
tentials. For this reason, most of the aforementioned studies have
been performed using force field (FF) potentials.61–63,66,67 In par-
ticular, Pedulla and Jordan rationalized the influence of the choice
of the FF on the simulated heat capacity curves of the water hex-
amer and octamer.61 They tested a number of FF among which
polarizable and rigid body ones: TIP3P,68 TIP4P,69 SPC/E,70

MCY,71 CKL,72 NCC,73 RPOL74, DC75 and BDKL.76 They ob-
served a variation of ⇠100 K and ⇠200 K in the phase change
temperature of (H2O)6 and (H2O)8, respectively, with respect to
the nature of the FFs. Douady et al. further performed a similar
study on the (H2O)20 cluster and found a variation of ⇠20 K of
the phase change temperature for the different tested FF.63 Ther-
modynamic properties of water clusters interacting with carbon-
based materials have also been addressed.66,67 As for water clus-
ters, FF potentials were also used in those investigations. Among
other results, they showed that the interaction with various car-
bonaceous cations results in a significant decrease of the melting
temperature of the water octamer.

Even though the aforementioned studies present considerable
achievements in the description of phase changes in water clus-
ters, both isolated and adsorbed on carbonaceous species, the
spread of the results obtained using different FF is disappointing.
There is thus a need to go beyond FF schemes while maintaining
a reasonable computational cost. A possible solution is to use a
parametrised method that provides an explicit quantum descrip-
tion of the electronic structure. One example of such a method is
the self-consistent-charge density-functional based tight-binding

(SCC-DFTB) method.77–80 This approach has already been shown
to provide a good description of the intermolecular interactions
governing the physics of molecular clusters, in particular PAH
clusters,81–84 water clusters,64,85–88 and water clusters adsorbed
on a PAH.85–87 However, to the best of our knowledge, the SCC-
DFTB method has only been used once to study the heat capac-
ity of water clusters.64 This study focused on the water octamer
and showed that the SCC-DFTB approach leads to results simi-
lar to those obtained with the DC potential. However, no further
work using the SCC-DFTB approach has been performed on water
clusters adsorbed on surfaces. Thus, to fill this gap, we present
heat capacity curves calculated for the (H2O)6 and (H2O)8 clus-
ters, both isolated and adsorbed on two PAH molecules, namely
coronene (C24H12) and circumcoronene (C54H18). These systems
were chosen as they can be regarded as prototype examples of a
water-carbonaceous system.

This paper is structured as follows: the next section describes
the strategy followed to simulate heat capacity curves, the SCC-
DFTB method used, the parallel-tempering molecular dynamics
(MDPT) and Monte-Carlo (MCPT) techniques employed to ex-
plore the PESs. Section 3 provides the main results of our inves-
tigations. We discuss the differences in the heat capacity curves
for the water clusters isolated and adsorbed on the PAHs. These
differences are also discussed in terms of the temperature depen-
dence of the isomer populations. Finally, conclusions and possible
developments are presented in the last section.

2 Methodology

Computation of the Heat Capacity Curves. The simulation of
a heat capacity curve as a function of the temperature can be
achieved in different ways. The simplest one consists in per-
forming MC or MD simulations at different temperatures and ex-
tracting for each one the heat capacity from a direct calculation
of the variance of the potential energy. This approach is some-
what statistically inefficient and thus alternative approaches have
been proposed. Indeed, to reduce the statistical noise and to
extrapolate heat capacities at temperatures not explicitly simu-
lated, one can benefit from the fact that in MD or MC simulations
a given configuration may be visited at different temperatures.
Labastie and Whetten,89 as well as Ferrenberg and Swendsen,90

and Bichara et al.91 have independently proposed similar meth-
ods taking advantage of these overlaps to calculate heat capacity
curves. In the present work, we have used the former one which
we will refer to as the multiple histogram method. It uses proba-
bility densities of finding an energy at a given temperature lead-
ing to a set of histograms for each simulated temperature. Ther-
modynamical quantities, such as entropy or normalized density
of states are further obtained from a least square minimization
process. The heat capacity is then determined from the following
formula:

C(T ) =
3NkB

2
+

hV 2i�hV i2

kBT 2 , (1)

where T is the temperature and V the potential energy. This
latter is computed from the density of states, the entropy and the
partition function obtained from the multiple histogram scheme
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that is described in details in Supplementary Information. The
first term of equation 1 is the classical limit of the heat capacity
at T = 0 K. We decided not to include this term as it simply cor-
responds to a global shift of the curves, making less convenient
the direct comparison between rigid and non-rigid body calcula-
tions. It is also worth pointing out that nuclear quantum effects
are expected to have a significant impact on this quantity at low
temperature making its classical evaluation not relevant.

Populations of Isomers. In order to draw a link between a
heat capacity curve and the structural modifications occurring in
the aggregate, we have evaluated the relative populations of the
cluster isomers as functions of temperature. The identification of
various isomers inevitably contains a degree of arbitrariness. In
the present work, we choose to discriminate them counting the
number of oxygen-oxygen rings that exist in a given configura-
tion and to relate this number to previously identified character-
istic structures. To do so, we chose a O-O distance cutoff of 3.25 Å
to define bounded water molecules and we applied the algorithm
proposed by Yuan and Cormack.92 Thus, in the text, each water
cluster is identified by a series of integers in brackets correspond-
ing to the number of cycles it contains, ranging from 3 to 6 for
the water hexamer and from 3 to 8 for the water octamer. For
instance, [2100] corresponds to a water hexamer containing two
three-membered rings and one four-membered ring.

Computation of the PES. We used the SCC-DFTB method,
an approximated density functional theory (DFT) scheme whose
computational efficiency relies on the use of a minimal valence
basis-set and parametrised integrals. In the present work, we
used the mio-set for Slater-Koster tables.80 The SCC-DFTB ap-
proach requires additional corrections to properly deal with weak
intermolecular interactions.83 To do so, we used an empirical dis-
persion term93 and a correction for the Coulomb interaction in
which the Mulliken charges are replaced by the Class IV - Charge
Model 3 developed in the context of DFT94,95 and later intro-
duced in the SCC-DFTB potential.96 In previous studies, we have
already demonstrated the importance of including such terms to
accurately describe water and water-PAH aggregates.85–87 In all
our calculations, the self-consistent process is stopped when the
largest atomic charge fluctuation is smaller than 10�8 a.u.

Exploration of the PES. In order to extract structural and ther-
modynamical properties, an extensive exploration of the PES is
required. In this work, this has mainly been achieved using MDPT
simulations.97,98 For the water-PAH clusters, it appears that a
proper convergence of the heat capacity curves is much more eas-
ily achieved when freezing the intramolecular modes of the PAH.
Thus, all the results presented and discussed in this article have
been performed doing so. Some results obtained without freezing
the intramolecular modes of the PAH are presented and discussed
in section 3 of the Supp. Info. To prove that our results do not
suffer from any convergence insufficiency and are reproducible
irrespective to the approach used to explore the PES, we addi-
tionally performed simulations based on the MCPT technique on
the two bare water clusters.99,100

In the parallel-tempering algorithm, we used 32, 40 and 60
temperatures for the bare water clusters, the (H2O)6-PAH and
the (H2O)8-PAH aggregates, respectively. We used a linear dis-

tribution of the temperatures ranging from 10 K to 240 K for the
hexamer-containing aggregates and from 10 K to 400 K for the
octamer-containing aggregates. We used a timestep of 0.1 fs to in-
tegrate the equations of motion in the MDPT simulations. The test
to perform the PT exchanges was done each 1000 MD steps. For
the simulation of the heat capacity curves, we removed from our
analysis the 25 MD steps following the PT exchange to account
for the thermalisation of the system. As the MDPT simulations are
performed in the canonical ensemble, the choice of the thermo-
stat is a crucial point. Gamboa et al.101 have shown that for the
calculation of heat capacity curves, the Nosé-Hoover chain ther-
mostat,102–104 is over-performing other thermostating schemes
such as the velocity re-scaling, the Berendsen and the isokinetic
thermostats. Therefore, we used the Nosé-Hoover chain thermo-
stat for all the simulations performed in this study. The thermo-
stat frequency and the number of thermostats in the chain were
fixed at 800 cm�1 and 7, respectively. These choices were further
validated by the good agreement obtained between the MCPT
and MDPT simulations on the two bare water clusters (see sec-
tion 3.2). A technical problem that may arise when simulating
an aggregate at a rather high temperature is evaporation. Al-
though real, this process is not desirable as it may create spurious
behaviour in the solid-liquid region of the heat capacity curves
inverstigated here. To avoid it, we applied a rigid spherical po-
tential centered on the cluster center of mass that we defined by
V (r) = 0.008 ⇤ (r� r0)

4 (in a.u.). r0 is 5 Å for (H2O)6, 5.5 Å for
(H2O)8, 10 Å for clusters with coronene and 15 Å for clusters
with circumcoronene.

Similarly to the MDPT simulations, the MCPT simulations were
performed testing the PT exchanges each 1000 MC steps. The
displacement amplitudes were adapted every 50 steps to reach
an average 50% acceptance. Finally, as for the MD simula-
tions, a rigid spherical wall centered on the cluster center of
mass was applied. Its radius was fixed at 5.0 and 5.5 Å for
(H2O)6 and (H2O)8, respectively. As a number of previous stud-
ies were achieved using a rigid water molecule model,61–63 we
also wanted to address the role of the intramolecular modes in
the heat capacity curves. Thus, in the framework of the MC sim-
ulations, the heat capacity curves of the bare water clusters have
been computed with and without freezing the intramolecular de-
grees of freedom of the water molecules.

Achieving a proper convergence of the heat capacity curves is
never a straightforward task. Thus, to evaluate the convergence
of our results we applied the following procedure: after removing
the 10% first points of the simulation, we independently evalu-
ated the heat capacity curve of the four quarters of the remain-
ing data. When the four corresponding curves were found to be
similar we considered the simulation as converged and we fur-
ther performed a final calculation including the whole set of data
but the 10% first points. In the section 1 of the Supp. Info., all
these data are presented for the bare water hexamer. Over all our
systems, we found that ⇠106 single points are necessary for the
equilibration of the system followed by about ⇠107 single points
to compute the heat capacity curves. As highlighted in other stud-
ies,105,106 we have observed that the heat capacity curves display
a far quicker convergence when the simulations start from the
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lowest-energy isomer of the considered aggregate and tempera-
tures are changed upwards from the lowest one.

All the SCC-DFTB calculations presented in this paper were
performed with the deMonNano code. Furthermore, the parallel-
tempering algorithm we used for both MDPT and MCPT simula-
tions is also implemented in a development version of the deMon-
Nano code hosted in Toulouse.107

3 Results and discussion

3.1 Low-Energy Structures

In order to be able to discuss heat capacity curves in terms of
energy level diagrams, we first looked for the most relevant
low-energy isomers of all the studied systems. For (H2O)6 and
(H2O)8 in gas phase and adsorbed on the coronene, these rele-
vant structures were already identified and discussed by Simon
and co-workers.86,87 For the water clusters adsorbed on the cir-
cumcoronene, we performed MDPT simulations that started from
configurations designed to be similar to the global minimum of
the coronene system. From these simulations, we selected a tenth
of structures from which we performed local geometry optimiza-
tions to obtain the lowest energy structures. Fig. 1 displays the
lowest energy structures obtained for each aggregate.

We can see on Fig. 1 that, in the global minimum of each ag-
gregate, the water cluster is located at the edge of the PAH, with
the exception of the C24H12(H2O)8 structure. This can be re-
lated to the fact that the largest absolute atomic charges of the
PAH atoms are assigned to the hydrogen atoms and edge carbon
atoms. Thus, the configurations with the water cluster on the
PAH edge are stabilized as they maximise the Coulomb interac-
tion between the water slightly negative oxygen atoms pointing
toward the PAH slightly positive hydrogen atoms. Table 1 reports
energy differences of a selected number of low-energy structures
relative to the global minimum of each aggregate. Surprisingly,
we see that the adsorption on the PAHs has different effects for
the water hexamer and octamer. For the octamer, the relative en-
ergies of the first isomers with respect to the cube are all strongly
decreased. For instance, the [240000] isomer has a relative en-
ergy of 26.7 kJ.mol�1 in the bare water octamer which falls to
9.1 and 4.3 kJ.mol�1 when adsorbed on the coronene and cir-
cumcoronene, respectively. The opposite trend is observed for the
water hexamer adsorbed on the coronene. Finally, we notice that
in the case of the water hexamer adsorbed on circumcoronene,
the relative energy of the cage structure with respect to the prism
strongly increases whereas the opposite is observed for the cage,
book and bag structures.

3.2 Heat Capacity Curves and Phase Changes Analysis

Water Hexamer in the Gas Phase. In Fig. 2, we compare the heat
capacity curves of (H2O)6 obtained from MDPT and MCPT sim-
ulations and, in the latter case, considering both rigid and non-
rigid molecules. The two most important features of the curves
discussed in the present study are the temperature of the curve’s
peak and the temperature of the transition’s start, as obtained
from a tangent crossing procedure.108 The curves obtained with
MDPT and non-rigid MCPT simulations are very similar with peak

Name
⇥
cycle code

⇤
(H2O)6 C24H12(H2O)6 C54H18(H2O)6

prism
⇥
2300

⇤
0.0 0.0 0.0

cage
⇥
0500

⇤
+3.4 +13.5 +17.7

book
⇥
0200

⇤
+5.8 +7.0 +4.3

bag
⇥
0120

⇤
+7.5 +8.3 +5.5

cycle
⇥
0001

⇤
+8.9 +13.7 +7.8

Name
⇥
cycle code

⇤
(H2O)8 C24H12(H2O)8 C54H18(H2O)8

cube
⇥
060400

⇤
0.0 0.0 0.0⇥

030000
⇤

+25.3 +11.5 +11.6⇥
240000

⇤
+26.7 +9.1 +4.3⇥

111000
⇤

+37.0 +15.6 +20.7

Table 1 Relative SCC-DFTB energies (kJ.mol�1) of selected (H2O)6 and
(H2O)8 water clusters isomers in the gas phase, and adsorbed on
coronene and on circumcoronene. Corresponding structures are
provided in Supp. Info. (section 4).

temperatures of 88 K and 90 K, respectively, and transition start-
ing temperatures of 57 K in both cases. The similarity of theses
curves suggests that we can be confident in the convergence of
the simulations. It also validates the choice of the thermostat pa-
rameters used in the MDPT approach.

Performing rigid-body MCPT simulations leads to very similar
results for the heat capacity curve with temperatures of 86 K for
the peak maximum and 58 K for the transition beginning. This
demonstrates that considering or not the intramolecular modes,
at least in a classical picture, has only minor influence on the
melting temperature of these aggregates, which validates the
rigid-body approximation used in a number of works reported
in the literature.61–64,66,67

Fig. 2 Heat capacity curves of (H2O)6 in the gas phase from MDPT and
MCPT simulations with non-rigid and rigid body approximation.

As early claimed by Tharrington and Jordan,62 the reported
phase change for the water hexamer often starts by isomerisation
processes. This can be seen for the water hexamer by studying
the evolution of the populations of various isomers with the tem-
perature, as presented on Fig. 3. Isomers not specifically repre-
sented on this picture are gathered in the curve named "others”.
Below ⇠45 K only the prism is present. At higher temperatures,
other isomers appear, successively the inter, book and bag. The
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Fig. 1 Global minima for the studied aggregates: a) Water hexamer and b) water octamer. Top and lateral views of the PAH-water cluster aggregates:
c) C24H12(H2O)6, d) C24H12(H2O)8, e) C54H18(H2O)6 and f) C54H18(H2O)8.

presence of these various isomers agree with the experimental
evidence that even at very low temperature several isomers can
be detected.50 However, in contrast to these measurements, the
cage, which is the experimental minimum energy structure, only
appears at ⇠80 K in our simulation. The presence of these iso-
mers demonstrates that at temperatures higher than 45 K the ag-
gregate has enough internal energy to visit other local minima
of the PES which is the sign that a phase change is occurring.
The temperature at which a significant number of isomers coex-
ist, i.e. ⇠90 K, agrees with the temperature of the maximum of
the heat capacity curve. Fig. 3 is similar to the picture presented
by Wang et al.51 in their study of the water hexamer with the
WHBB potential.109 The authors also performed simulations with
the path-integral molecular dynamics (PIMD) approach to take
into account nuclear quantum effects (NQE) on the isomer popu-
lations. They observed a net influence of the NQE in between 30
and 90 K which supposes that their inclusion in the present sim-
ulation would lead to a shift of the heat capacity curve towards
lower temperatures. This behaviour has already been observed by
Asare and coworkers in their path-integral MC study of the water
octamer performed using the TIP4P potential.65,110 Although be-
ing a non-flexible potential, the strong shift of the heat capacity
curve towards lower temperatures is expected to be transferable
to other more elaborated potentials such as our SCC-DFTB one.

A number of important points can be inferred from the heat ca-
pacity curves obtained from FF potentials previously reported in
the literature.61,62 First, the shape of the simulated curve strongly

Fig. 3 Temperature-evolution of the isomer populations of (H2O)6
obtained from MDPT simulations. In Supp. Info. are provided a
structural representation of each of these isomers (section 4.1).
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depends on the energy level diagram given by a particular po-
tential, i.e. potentials leading to different energy level diagrams
would lead to different heat capacity curves. Second, three-site
potentials such as TIP3P or SPC/E seem to perform less well than
four-site potentials such as DC, MCY or even TIP4P. For example,
TIP4P and TIP3P lead to maxima in the heat capacity curve of
(H2O)6 at 90 and 50 K, respectively. Pedulla and Jordan analysed
these discrepancies in terms of a different ordering of the lowest
energy minima predicted by the potentials.61 Thus, heat capacity
curves are strongly sensitive to the description of the intermolecu-
lar electrostatic interaction that controls the energy level diagram
of the aggregate. This sensitivity can also be highlighted in the
framework of the SCC-DFTB approach if we compare the results
obtained with the original Mulliken charges and the CM3 charges.
The corresponding curves are provided in Supp. Info. (section
2.1) and, as expected, display strong discrepancies for both water
hexamer and octamer. Simon et al. demonstrated that the SCC-
DFTB approach modified to incorporate CM3 charges reproduces
very well the energy level diagram of the water hexamer, as com-
pared to the MP2 or CCSD(T) approaches.85 Consequently, one
can be confident in the accuracy of the results with respect to the
present potential.

Water Octamer in the Gas Phase. The heat capacity curves for
(H2O)8 are reported on Fig. 4. As for the hexamer, the similarity
between the curves derived from MCPT and MDPT demonstrates
the reproducibility of the present results and validates the choice
of the MD thermostat parameters. For these curves, the beginning
of the phase change occurs at 141 K (143 K) and the maximum of
the curve is at 186 K (185 K) for the MDPT (MCPT) simulations.
When the MCPT technique with the rigid-body approximation is
used, the temperatures are only very slightly shifted toward lower
values with 140 K for the beginning of phase change and 182 K
for the peak maximum. This demonstrates that as well as in the
case of (H2O)6, the intramolecular modes do not play a signif-
icant role, at least in a classical picture, in tuning the melting
temperature of the bare water octamer.

The curves of Fig. 4 display a much sharper peak and a
higher transition temperature as compared with the hexamer
ones. This is in agreement with some previous studies on this
aggregate.61,62,65,110 The higher peak temperature is consistent
with the fact that the relative energies of typical isomers with
respect to the most stable one are significantly larger for the oc-
tamer than for the hexamer (see Table 1).

The analysis of the isomer populations of the octamer pre-
sented in Fig. 5 reveals strong differences with those of the hex-
amer. Indeed, while in the hexamer the phase change is char-
acterised by the gradual onset of a number of well defined iso-
mers, in the octamer, as soon as the phase change starts, a very
large number of isomers appear within a narrow range of temper-
atures. Thus, except for the cube isomer – which predominates up
to ⇠180 K – only one other isomer reaches 10% of presence what-
ever the temperature.

Choi rationalized the influence of various corrections to the
original SCC-DFTB on the octamer heat capacity curves derived
from MCPT simulation.64 Starting from the original SCC-DFTB
formulation including the dispersion correction proposed by Elst-

Fig. 4 Heat capacity curves of (H2O)8 in the gas phase from MDPT and
MCPT simulations with non-rigid and rigid body approximation.

Fig. 5 Temperature-evolution of the isomer populations of (H2O)8
obtained from MDPT simulations. In Supp. Info. (section 4.4) are
provided structural representations of all isomers.
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Fig. 6 Comparison of the heat capacity curves of (H2O)6 in the gas
phase and adsorbed on the coronene and on the circumcoronene
(obtained from MDPT simulations).

ner et al.111 (referred to as SCC-DFTB+D) the author included
two corrections to the charges: first by modifying the g func-
tion and referred to as SCC-DFTB+D[HB], second by includ-
ing a third order term (DFTB3)112 and referred to as SCC-
DFTB+D[HB+third]. The SCC-DFTB+D method leads to a melt-
ing transition of ⇠134 K whereas SCC-DFTB+D[HB] and SCC-
DFTB+D[HB+third] lead to a melting temperature of ⇠208 and
⇠212 K, respectively. As for the water hexamer, we see that
the level of treatment of the electrostatic interaction strongly
influences the features of the heat capacity curve. Interest-
ingly, the values obtained with the SCC-DFTB+D[HB] and SCC-
DFTB+D[HB+third] methods are consistent with the results ob-
tained with the CM3 charges scheme and a different dispersion
correction.93–95 As the energy level diagrams obtained with these
three approaches are all similar to the MP2 one, the similarity of
the corresponding heat capacity curves was expected. The effect
of the atomic charges choice on the heat capacity curve is illus-
trated in Supp. Info. (section 2.2).

Water Hexamer Adsorbed on C24H12 and on C54H18. We
now discuss the case of the water hexamer adsorbed on top of
two different PAHs. As shown in Fig. 6, the peak temperature is
⇠109 K when (H2O)6 is adsorbed on the coronene and ⇠79 K
when adsorbed on the circumcoronene.

The increase of the melting temperature in the case of adsorp-
tion on coronene can be understood from the energy level di-
agram of the water cluster, isolated and adsorbed. As already
shown by Simon and Spiegelman,86 and reported in Table 1, the
prism isomer is more stabilized by the presence of the PAH than
the other low-energy isomers are. A higher temperature is then
necessary to visit the latter. The distributions of isomers, shown
in Fig. 7, present considerable differences with that of the corre-
sponding isolated water cluster (Fig. 3). In particular, the popu-
lations of the book and cycle isomers decrease to values close to
the ones of the inter isomer, that is, ⇠20%.

The prediction of the melting temperature from the evolution
of the energy of the typical isomers is much less straightforward
in the case of adsorption on circumcoronene. For the most impor-

Fig. 7 Temperature-evolution of the isomer populations of
(C24H12)(H2O)6 obtained from MDPT simulations. In Supp. Info.
(section 4.2) are provided structural representations of all isomers.

tant isomers involved in the phase change of the isolated water
hexamer (Fig. 3), the relative energy with respect to the prism
increases for the cage structure but decreases for the book and
cycle structures (see Table 1). This results in a slight decrease of
the hexamer melting temperature (Fig. 6) when adsorbed on the
circumcoronene, related to an abrupt appearance of the book and
cycle isomers (Fig. 8). In contrast, the inter structure contribution
declines to a value close to 6.5% whereas it reaches ⇠20% in the
isolated cluster.

In order to better understand the differences in the shifts of
the heat capacity curve’s peak for adsorption on coronene and
on circumcoronene, we have plotted the mean distance (here-
after referred to as < d >) between the center of mass of the PAH
and the center of mass of the water cluster projected onto the
PAH plane as a function of the temperature (see Fig. 9). In the
case of coronene, the water cluster at low temperatures remains
above an edge cycle and < d > decreases smoothly from ⇠3 to ⇠2
Å for higher temperatures. Even at temperatures between 100
and 180 K, < d > remains around 2 Å despite strong fluctuations
around this value. The situation is different for circumcoronene.
At low temperatures, the hexamer cluster is also located at the
edge, which is correlated with large values for < d > up to 70
K. Above this temperature, the cluster motion undergoes quite
rapid transition towards a diffusive regime. Then, the water clus-
ter essentially moves above the second cycle crown, recovering a
behavior of same mean amplitude as for coronene (< d >⇠ 2 Å).
This local-to-diffusive transition around 80 K is correlated with
the heat capacity curve’s peak (see Fig. 6). Thus, in addition
to the aforementioned energetic considerations, the differences
observed for the heat capacity curves for the water hexamer ad-
sorbed on circumcoronene vs coronene can also be related to the
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Fig. 8 Temperature-evolution of the isomer populations of
(C54H18)(H2O)6 obtained from MDPT simulations. In Supp. Info.
(section 4.3) are provided structural representations of all isomers.

Fig. 9 Temperature-evolution of the mean distance (< d >) between the
center of mass of the PAH and the center of mass of the water hexamer
projected on the PAH plane.

Fig. 10 Heat capacity curves of (H2O)8 in the gas phase, adsorbed on
the coronene and adsorbed on the circumcoronene (obtained from
MDPT simulations).

dynamical behavior bound to the different sizes of the PAH sub-
strate.

Water Octamer Adsorbed on C24H12 and on C54H18. Fig. 10
reports the heat capacity curves of the water octamer adsorbed
on top of the two different PAHs. In contrast with the hexamer
case, the temperature at which these curves reach their maxima
are similar and about 155 K, i.e. ⇠30 K below the position of the
maximum of the bare water octamer.

This clear and similar influence of the PAHs is thus opposite to
the one observed for the water hexamer. Nevertheless, its expla-
nation can also be found in the energy level diagram of the water
clusters in the gas phase and adsorbed on the PAHs, as the gap be-
tween the most stable cubic structure and the energetically higher
isomers is strongly reduced when the cluster is adsorbed on the
PAH surface, as shown in ref87 and reported in Table 1. Interest-
ingly, a similar evolution of the relative energy of the isomer was
previously reported for the water octamer adsorbed on a cationic
fullerene, C+

60(H2O)8.66 This observation was also used to inter-
pret a phase change shift toward lower temperatures when the
water octamer is adsorbed on C+

60.
The analysis of the isomer populations for the water octamer-

PAH aggregates is shown in Fig. 11 and Fig. 12. One of the main
differences between Fig. 11, Fig. 12 and Fig. 5 is the temperature
at which the cube represents 50% of the population. It is ⇠174 K
for the bare octamer against 142 K and 123 K for the cluster on
coronene and circumcoronene, respectively. This shift is strongly
related to the decrease of the heat capacity curves maxima. In
addition, as for the hexamer, one also observes modifications of
the populations of various isomers. For instance, the [040300]
isomer reaches a maximum occurrence at ⇠13.6% for the bare
cluster while on both PAHs it is never higher than 7.5%. An-
other population that encounters significant changes is that of
the [240000] isomer, almost constant and low (< 6.5%) for the
octamer in the gas phase and adsorbed on the coronene whereas
it increases up to 18.5% on the circumcoronene.

Fig. 13 reports the temperature-evolution of < d > as previ-
ously defined. In the case of coronene, at low temperatures, the
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Fig. 11 Temperature-evolution of the isomer populations of
(C24H12)(H2O)8 obtained from MDPT simulations. In Supp. Info.
(section 4.5) are provided structural representations of all isomers.

Fig. 12 Temperature-evolution of the isomer populations of
(C54H18)(H2O)8 obtained from MDPT simulations. In Supplementary
Information (section 4.6) are provided structural representations of all
isomers.

Fig. 13 Temperature-evolution of the mean distance (< d >) between
the center of mass of the PAH and the center of mass of the water
octamer projected on the PAH plane.

cluster remains around its lowest equilibrium structure above the
central cycle (⇠1 Å) and undergoes a very smooth diffusive pro-
cess. Alternatively, in the case of circumcoronene, the water clus-
ter is located close to the edge at low temperature and under-
goes diffusion over the whole PAH above 100 K. In both cases,
the evolutions are much smoother than in the water hexamer-
circumcoronene case. Both transitions for the octamer take place
at significantly lower temperatures (T<150 K) than the isolated
water octamer phase change temperature (⇠185 K ). Thus, in the
present case, both energetic and dynamical behaviors lead to a
decrease of the characteristic phase change temperature.

We also performed simulation of the octamer adsorbed on ei-
ther coronene or circumcoronene without freezing the PAH in-
tramolecular modes. As shown in Supp. Info. (sections 3.1 and
3.2), this results in a small shift towards lower temperatures of
the heat capacity curve. Consequently, our conclusions are the
same whether the PAH is treated as a rigid body or not. This has
important implications as it somewhat validates the results of the
number of studies performed using rigid-body FFs.

4 Conclusions

We showed in this paper the applicability of the SCC-DFTB
method in the study of thermodynamic properties for small water
clusters isolated and adsorbed on PAHs. We devoted our efforts
to the investigation of phase changes through the simulation of
heat capacity curves. In order to explore the PES of the bare wa-
ter clusters, we used MCPT, both in its standard non-rigid body
formulation and using the rigid-body approximation, and MDPT
approaches. We found that the three approaches lead to similar
temperature of the phase changes. This endorses the majority of
the studies in the literature that usually make use of the MCPT
technique in the rigid-body approximation. In the case of water
clusters adsorbed on PAH, the present simulations show that the
temperature triggering phase changes are related to two factors.
One is the energy level diagram of the considered aggregate. The
second one is the dynamical behavior which depends obviously
on the size and geometry of the water cluster but also on the size
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of the PAH. In both water clusters, the changes are substantial
and demonstrate a strong influence of the PAH on the thermody-
namic properties of the water cluster. However, different trends
are observed. For the water octamer, the peak temperature de-
creases when adsorbed on the PAHs with respect to its value in
the isolated cluster, whereas for the water hexamer it depends on
the PAH.

In addition to the heat capacity curves, we studied the pop-
ulation of the water isomers for each of the studied aggregates.
This allowed us to investigate the relationship between these heat
capacity behaviors and the corresponding structural transforma-
tions in the water clusters. We observed a remarkable influence
of the PAH, mainly for the case of water hexamer-PAH aggregates.
The temperatures at which the population of the global minima
give place to a high number of other isomers systematically cor-
respond to the temperatures of the maximum of the heat capacity
curve.

This work paves the way towards phase change studies of
larger water clusters using the SCC-DFTB technique. This is of
major importance as a number of publications dealing with exper-
imental measurements of heat capacity curves of large water clus-
ters are available and no theoretical interpretation has yet been
proposed. Moreover, another perspective of the present work
would be to include nuclear quantum effects, for instance through
the use of the path-integral molecular dynamics approach.
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