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Theoretical study of the dynamics of superfluid helium nanodroplets
doped with alkali atoms
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Helium nanodroplets are large helium clusters (typically thousand to several hundered
thousand atoms) exhibiting remarkable properties : very low temperature (0.4 K), superfluidity,
weak interaction with the dopant, very high thermal conductivity and very fast relaxation dynamics.
This makes them an exceptional environment for dynamics studies [1].
During the past few years, several real time dynamics experiments have been conducted on
these systems thanks to femtosecond pump-probe laser techniques [2]. Alkali atoms are particularly
interesting as dopants because of their very weakly attractive interaction with helium, which makes
them reside in a dimple at the droplet surface [3,4]. Upon photoexcitation they usually desorb [3],
except the heavy alkalis Rb and Cs excited close to the gas phase D1 transition [5, 6]. This is due to
the strong repulsion between the electronic orbital (much more diffuse in the excited state) and the
surrounding helium. The process can be rather complex, since the nanodroplet can absorb and
dissipate part of the recoil energy as density waves, atom fast dissociation or evaporation, or even
vortex ring nucleation. In addition, the alkali atom can bring along one or a few helium atoms and
desorb as an exciplex [2,7].
From a theoretical point of view, the light mass of helium makes it a challenge to study the real
time dynamics of this process because of quantum effects. The Helium density functional theory
(He-DFT) approach and its time-dependent version (He-TDDFT) are very efficient semi-empirical
methods which work with the helium density rather than the N-helium wave function, like quantum
chemistry DFT does with electron density. They have proven to be the only way to date to simulate
both the stability and the dynamics of a droplet with a size comparable to experiment [8, 9].
We present a theoretical study of alkali excitation : K to (4p) and (5s), Rb (5p) and (6p), on
helium droplets. Calculations are based on the combination of classical dynamics for the dopant and
quantum time-dependent density functional theory (TDDFT) for helium. In the case of Rb [10], the
simulations are confronted with femtosecond imaging spectroscopy experiments. We disentangle
the competing dynamics of excited Rb desorption and solvation inside the droplet as it gets ionized.
In the case of K (5s) excitation, the effect of treating the potassium atom quantum mechanically is
explored [11].
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Structure and dynamics of ions in gas phase: interplay between experiments and
theory in IRMPD spectroscopy
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IR vibrational spectroscopy is a widespread technique for the characterization of molecules in
gas phase, highly sensitive to small structural changes, like hydrogen bonding patterns, thus
allowing the detection of motifs and signatures occurring in relevant processes. In the case of
gaseous ions, the low density of the sampled species requires the use of a sensitive 'action'
spectroscopy approach such as IRMPD (IR Multiple Photon Dissociation) spectroscopy. By this
technique the fragmentation due to absorption of multiple IR photons in resonance with active
vibrational modes of the molecular ion is probed by mass spectrometry. The IRMPD spectrum is
then obtained by reporting photo-fragmentation yield as a function of the IR photon energy.
The interpretation of the experimental spectra needs in any case a strong computational support
to correctly assign the main features to the corresponding vibrational modes and to identify the
populated isomers and/or conformers, particularly when flexible molecule are investigated [1,2].
This combined approach has recently allowed a comprehensive description at the molecular level
for the reactive events responsible for cisplatin activity [3,4], including the first direct evidence of a
prototypical Eigen-Wilkins encounter complex in solution [5].

The last years have also witnessed increasing applications of IRMPD kinetics experiments,
where the use of selected active IR photons can produce selective photo-fragmentation of different
isomers or even different conformers [6], thus enabling the qualitative and quantitative
characterization of their population in the experimental mixture.
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The quest towards supramolecular networks from first principles
B. Martínez-Haya*, Juan R. Avilés-Moreno
Department of Physical, Chemical and Natural Systems, Universidad Pablo de Olavide, E41013 Seville, Spain
* corresponding autor: bmarhay@upo.es

How far into molecular complexity can we get from first principles? Can we predict specific
recognitions between molecules from the computation of the relevant conformations and
interactions? Is it then possible to forsee how assemblies of molecules spontaneously conform
functional nanostructures and materials? Will we ever understand the behaviour of living organisms
from the investigation of their molecular building blocks? Should we even dare? These are
challenging but central questions in the scientific activity of chemical physicist. [1,2]

Figure 1: The path towards chemical complexity through the investigation of isolated supramolecular systems.

A modest illustration of this topic can be obtained from an overview of the incursions of our
group into molecular recognition and supramolecular aggregation over the last decade. Our
approach has been invariably based on the characterization of isolated supramolecular complexes
with laser action vibrational spectroscopy and mass spectrometry experimental techniques, in
combination with quantum chemical computations based on density functional theory and on ab
initio perturbative MP2 methods. The spectroscopy experiments are performed on cationic or
anionic complexes that are typically mass-selected and stored in an ion trap under well defined
environmental conditions. A main advantage of this approach is that the chemical system under
study is well defined and can be incorporated without ambiguity into the quantum chemical models.
In this way, insights into the intrinsic interactions and conformational constraints that sustain the
formation of the complexes can be obtained, and the accuracy of the computational methods can be
evaluated, leading to preliminary assessments about their potential performance in solution and
further condensed phases.
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Our research has primarily focused on inclusion complexes, in which a charged guest species
inserts into a molecular cavity. We have investigated an ample ensemble of host macrocycle
cavities, such as crown ethers, nactins, cyclodextrins, valynomicin or calixarenes. Moreover, guest
species of varying complexity have been considered, namely alkali, alkaline-earth and transition
metal cations, halide and phosphate anions, and protonated amines and aminoacids. A schematic
representation of the variety of complexes investigated is depicted in Fig.1. Apart from their interest
in the chemical and pharmaceutical industries, these supramolecular systems constitute excellent
benchmarks for experimentation and quantum chemical modelling.
In order to illustrate the potential of this type of investigations with isolated complexes, a brief
reference is made below to a number of fundamental (bio)chemical issues for which the
combination of spectroscopy and computations in our group has provided (we hope) relevant
microscopic information:
• Microsolvation [3,4]: What are the preferential hydration domains of a complex molecule?
How many water molecules make a solution? How does the binding selectivity and molecular
conformations change from gas-phase to solution? What behavior can be expected in intermediate
cases, e.g. for semi-solvated complexes at the solution-air interface?
• Cation/anion ditopic binding [5]: What are the optimum structural features of a molecular
cavity for the simultaneous binding of ion pairs? What correlation is required beween the
conformations adopted by the host macrocycle in the individual cationic and anionic complexes?
• Localization of charge, proton bridges and proton transfer [6]: What are the structural and
spectral features of proton sharing in non-covalent complexes? How does host-guest proton transfer
affect supramolecular recognition?
• Molecular tweezers [7]: What can be learned from isolated complexes about the taylored
design of molecular tools, such as tweezers to “grab” specific chemical species from a solution?
• Chirality [8,9]: What are the conformational constraints that drive enantiomeric recognition?
How can chirality emerge in the complexation of non-chiral host and guest species?
A number of brilliant team members and external collaborators have contributed to this
research over the last decade. We are particularly thankful to Ana R. Hortal, P. Hurtado and F.
Gámez at Universidad Pablo de Olavide, as well as to J. Oomens (Univ. Nijmegen), K. Dreisewerd
(Univ. Munster), S. Schlemmer (Univ. Cologne), J.J. López-González (Univ. Jaén), L. Bañares and
F.J. Aoiz (Univ. Complutense). Funding has been provided over the years by different research
programmes of the Government of Spain, Junta de Andalucía and FEDER.
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Energy transfer in gaseous mixtures for atmospheric and astrochemical
modelling
A. Lombardi1,*, M. Bartolomei2, F. Pirani1
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The development of realistic kinetic models of gaseous systems is a fundamental issue in the study
of Earth and planetary atmospheres, plasma chemistry, gas flows and astrochemistry. Particularly,
the adoption of a state-to-state level of detail in the description of the molecular energy transfer
[1,2], a desirable and necessary improvement, requires much insight into the dynamics of the
inelastic collisions and the prompt availability of state-specific energy transfer probabilities and rate
coefficients. Existing venerable approximated theories of the energy transfer, such as the SchwartzSlawsky-Herzfeld one, are not really state-specific and have limited validity. Therefore probabilities
and cross sections have to be calculated directly by simulation of the dynamics of the molecular
collisions. The reliability of the simulations is conditional to the availability of accurate descriptions
of the intermolecular interactions occurring between pairs of the molecular species present in the
gas mixture. Here, we present examples of calculation of rate coefficients of energy transfer in
mixtures containing CO2 and N2 [3-6] obtained applying a semiempirical approach to the interaction
modelling, based on (i) a physically meaningful partition of the contribution to the interaction, (ii)
the use of data from molecular beam experiments and (iii) ab initio calculations. An extension of
such an approach can be also applied to the modelling dynamics and kinetics of gas-surface
systems.
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Automated Discovery of Reaction Mechanisms and Kinetics Using Dynamics
Simulations
E. Martínez-Núñez
Departmento de Química Física, Facultade de Química, Universidade de Santiago de Compostela, 15782, Santiago de Compostela
*emilio.nunez@usc.es

A novel computational method is proposed in this talk for use in discovering reaction
mechanisms and solving the kinetics in reactive systems [1,2]. The method does not rely on either
chemical intuition or assumed a priori mechanisms, and it works in a fully automated fashion. It has
two components: accelerated chemical dynamics simulations and a post-processing geometry-based
algorithm that selects suitable transition state (TS) guess structures.
Two levels of electronic structure calculations are involved in the procedure: a low level (LL)
is used to integrate the trajectories and to optimize the TSs, and a higher level (HL) is used to refine
the structures.
Our method has been successfully employed in the study the dissociation channels of
formaldehyde, formic acid (FA), vinyl cyanide (VC), propenal, acryloyl chloride (AC), and
protonated uracil (uracil-H+), and also in the study the cobalt-catalyzed hydroformylation and
hydrogenation of ethylene [3].
Figure 1 shows a flow-chart outlining the different steps of the automated method needed to
study organometallic catalysis.

Figure 1: Flow-chart outlining the different steps of the automated method presented in this talk to
study organometallic catalysis.
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Exploring molecular interactions in the condensed phase with full rotational
resolution
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Ellis4, Mirjana Mladenović5, Marius Lewerenz5, Nelly Bonifaci6 , Frédéric Aitken7, Mark Watkins2, Emma Springate8,
Cephise Cacho8, Richard T. Chapman8, I. C. Edmond Turcu8, Arnaud Rouzée9, Jonathan G. Underwood10
1

Knano, Leicester, LE2 1YA, United Kingdom

2

University of Leicester, Department of Physics & Astronomy, Leicester, LE1 7RH, United Kingdom

3

University of Southampton, Chemistry, Southampton, SO17 1BJ, United Kingdom

4

University of Leicester, Department of Chemistry, Leicester, LE1 7RH, United Kingdom

5

Université ParisEst, Laboratoire Modélisation et Simulation Multi Echelle, MSME UMR8208 CNRS, 5 bd Descartes, 77454 Marnela
Vallée, France
6

G2ELabGreEnER, Equipe MDE, 21 avenue des Martyrs, CS 90624, 38031 Grenoble Cedex 1, France

7

Central Laser Facility, STFC Rutherford Appleton Laboratory, United Kingdom

8

Max Born Institute, Max Born Strasse 2A, 12489 Berlin, Germany

9

Department of Physics & Astronomy, University College London, London WC1E 6BT, United Kingdom

* Klaus.von.haeften@rub.de

Introduction
The interaction of molecules determines chemical reactions and biological processes. Very fine
details of such interactions can be unravelled using rotational spectroscopy thanks to its great
resolving power. However, rotational spectroscopy is usually restricted to the gas phase. In the
condensed phases, interactions are usually so strong that rotational features are overshadowed. An
exception is liquid helium where interactions are exceptionally weak. Furthermore, its properties are
strongly affected by quantum effects. Also, it is an attractive model substance for theory and for
experiment: (i) helium atoms, having only two electrons, greatly facilitate high level ab initio
calculations of clusters. (ii) At the temperatures where helium becomes liquid all other substances
freeze. Liquid helium is therefore one of the purest, if not the purest of all condensed substances.
This exceptional purity has recently been exploited for the investigation of nucleation, growth and
solidification of nanoparticles [1].
This presentation will highlight two recent experiments where rotational spectroscopy has been
pushed to new limits. The full rotational spectrum of a molecular complex was derived using
femtosecond wave packet spectroscopy. In another experiment in liquid helium, molecules were
identified in their lowest rotational quantum state in thermal equilibrium.
Impulsive alignment of clusters in a beam and fluorescence spectroscopy in bulk helium
We have excited a supersonic beam of small C 2H2-Hen clusters non-resonantly with intense
femtosecond laser pulses - a technique called impulsive alignment - thereby creating wave packets
composed of rotational eigenstates. The clusters were then probed with a second laser pulse after a
set time delay which led to Coulomb explosion. Using the fragment velocity distribution of the
C2H2 molecules the state of alignment was determined and the propagation of rotational wave
packets was measured in the time domain. A Fourier-transform of the time-spectrum yielded the
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pure complete rotational spectrum of C2H2-He in excellent agreement with theory [2]. The spectrum
showed strong delocalisation of the complex indicating liquid-like character. The excited complex
nevertheless rotated coherently over the entire duration of the experiment of 600 ps and showed no
signs of dephasing [3].
These results demonstrate that impulsive alignment is well suited to derive structural and
dynamical information from clusters, including weakly bound complexes. Production of these
complexes requires strong cooling with the consequence that normally only the lowest rotational
quantum states are populated. Unlike traditional frequency domain spectroscopy, where selection
rules limit the quantum number of states to ΔJ=1, impulsive alignment provides the control that is
necessary to excite and probe all J levels, up to the dissociation threshold.
In another experiment bulk helium was electronically excited using a corona discharge,
creating a rich fluorescence spectrum which was measured as a function of temperature and
pressure. Intense fluorescence in the visible region showed the rotationally resolved d u+ b3g
transition of He2*. With increasing pressure, the rotational lines merged into single features. The
observed pressure dependence of line width, shapes and line shifts established that within liquid
helium excimers are either solvated, and cold, or ‘boiling’ within rotationally hot gas pockets.
Increase of hydrostatic pressure was found to rotationally cool the excimers at a rate of at least 10 10
to 1011 K/s in collisions with the liquids until they occupied the lowest available quantum state [4].
These findings are important with regard to the quest of achieving greatest possible control
over molecules, including cooling their degrees of freedom. Also, they suggest that it should be
possible to investigate liquid and superfluid helium at the nanoscale over a large pressure and
temperature range using molecules as rotational probes. Previous experiments used helium droplets
and were therefore restricted to fixed pressures and temperatures. They suggest that by additional
control of pressure, temperature and thermodynamic phase unprecedented insight into the structure
of solvation layers and interfaces can be achieved.
Funding is acknowledged from the Royal Society, The Leverhulme Trust, Erasmus, COST
action MOLIM, CONACYT, the Iraq government and the University Joseph Fourier for a visiting
professorship for KvH.
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A not completely extinguished fire on the nature of the chemical bond in the C 2 molecule [1]
has re-openened several dormant fronts on the interpretation of bond energies. One of these regards
whether we should measure bond strengths with respect to the ground states of the isolated
fragments that become bonded, leading to standard bond dissociation energies (BDE), or if
appropriately "prepared for bonding", i.e. excited, states should be used instead. The latter view
provides larger bond energies, which are usually called intrinsic bond energies (IBE) [2]. Here we
examine this problem from a real space partitioning point of view, using the Interacting Quantum
Atoms (IQA) approach [3] and electron number distribution functions (EDF) [4]. In IQA, the
molecular energy is exactly written as a sum of atomic or fragment self-energies and interatomic (or
inter-fragment) interaction energies. The evolution of self-energies along bonding coordinates
allows for the identification of the proper atomic/fragment state that reflects the actual electronic
state of each fragment in-the-molecule, which can then be used to properly define IBEs. Some
results on methane, ethene, ethyne, dinitrogen, and dicarbon will be shown.
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Introduction
The study of confinement effects on atomic and molecular systems has been a topic of recent
interest [1]. Experimentally it has been possible to insert atoms and molecules within molecular
nanocavities. This brings the possibility of employing such as novel structures for different
applications, ranging from energy storage and transport to medical use. In addition, depending on
the relative sizes, confinement may exert a strong influence on the electronic structure of the guest
atom or molecule. This opens up the field for manipulating the spectroscopic properties of the
confined atom, which is of great interest in optics and electronics.
Method
In this work we focus in the stability of the atom after it is released from the cavity. If the
confined atom or molecule is stored in order to be used to produce energy or to be transported, it is
important to analyze if the atom is stable when the confining environment is removed.
Here we consider the H atom within an impenetrable spherical wall. This simple model
reproduces the most important physical features of confinement and the study of the H atom
simplifies the computational problem and the possible excitation mechanisms after the system is
released. The excited states of the H atom, both in the discrete and the continuous spectra can be
obtained very accurately.
We assume that the atom is liberated in a period of time that can be considered small as
compared with the dynamics of the atom. Then the sudden approximation can be employed to study
the state of the atom after confinement is removed. Within this approach, the time dependent state
of the released atom after is expanded in terms of the stationary states of the free Hamiltonian. In
this expansion both, the bound states and the Coulomb wave functions need to be included. The
linear coefficients provide the amplitude probability of the released atom to reach the corresponding
stationary state of the unconfined atom. The values of these coefficients are calculated as the
overlap of the confined wave function with the wave function of the unconfined atom.
Results and discussion
In Table 1 we show the energy of the three stationary states of the H atom here studied. We
consider hard wall spherical confinement of radius 2 au with the nucleus of the atom fixed at the
center of the wall.
Table 1: Energy and ionization probability of the atom when confinement is removed for the three confined states of the H atom here studied.
The confinement radius is 2 au (2.117 A)

Atomic state
3s
3p
3d

Energy (eV)
50.958812
34.327738
16.907951

Ionization probability
0.9644
0.9488
0.9727
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In Figure 1 we plot the ionization probability energy distribution of the atom when
confinement is released.

Figure 1: Probability distribution function for the energy of the ionized electron when confinement is removed for the three different states
studied. The confinement radius is 2 au and the energy of the confined states and the total ionization probability is given in Table 1.

In all of the cases shown, a spread distribution around a principal maximum is obtained. The
value of the energy at the maximum is close and smaller thant the energy of the confined state. The
other secondary maxima, obtained at higher energies, are less important. The probability
distribution presents several nodes, showing that no electrons with that value of the energy can be
emitted.
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Introduction
The role of nanostructured materials in both fundamental and applied research is ever
increasing due to their interesting and unique properties, from catalysis to electronics [1,2]. A
specific field of interest is the understanding and development of storage devices for light gases,
specially for energy applications (hydrogen) or environmental reasons (CO 2, H2S). Carbon
nanotubes have been largely studied with the idea of designing possible storage devices for H 2 since
the late 1990s [3]. However, a complete quantum dynamics description of the diffusion mechanism
inside these structures is still lacking.

Figure 1 Illustration: H2 entering the nanotube and diffusion rates calculated in the present work

Here we present a quantum mechanical study of the diffusion of the H 2 molecule along a narrow
(8,0) Single-walled Carbon Nanotube (SWCNT). Following previous works by our group [4] we
have modelled the system considering all the degrees of freedom (DOFs, internal and translational)
of the hydrogen molecule and a rigid nanostructure. The cylindrical shape of the potential energy
surface, showing five bound DOFs and one unbound DOF, has prompted us to develop an exact
diabatization formalism separating two sets of weakly coupled degrees of freedom: on one hand, the
unbound coordinate corresponding to the motion of the center of mass of H2 along the nanotube’s
axis, and in the other the remaining 5 DOFs, which are effectively confined by the nanostructure.
By applying a complete separability assumption to the confined and unbound DOFs we have also
developed an adiabatic approximation to the Hamiltonian, which increases the algorithm efficiency
while maintaining the accuracy of the results. Both approaches have been employed to simulate
Hydrogen diffusion along the SWCNT at temperatures in the 45-135 K range. The computational
advantages provided by both method have enabled us to propagate the wave function beyond 15
picoseconds using the State Averaged - MCTDH [5] code, revealing a remarkable resonant structure
as well as a noticeable tunnelling effect.
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Figure 2 Calculated diffusion rates for H2 along an (8,0) carbon nanotube using the diabatic (solid line) and adiabatic
(dashed) approaches. Gray markers correspond to the experimental H2 diffusion data in a Carbon Molecular Sieve
obtained from Ref. [6].
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Introduction
High-surface areas and precisely tuned pores of carbon nanotubes make them relevant
materials for applications such as in gas adsorption, selective separation of light isotopes, and
nanoreactors for quasi one-dimensional confinement of metal nanoparticles. Understanding the role
of quantum nuclear effects and intramolecular interactions in the motion of molecules in carbon
nanotubes is deeply fundamental. Very recent experimental measurements at low temperatures (2-5
K) of Ohba [1] revealed that much more molecules of nitrogen than helium atoms absorb in small
diameter (below 0.7 nm) carbon nanopores, despite of the larger kinetic diameter of the former.
Using the helium density-functional formulation for a large 4He droplet containing a carbon
nanotubes inside, we first show that the experiment can be understood by considering very large
zero-point effects in the helium motion, which includes the formation of cavities with zero helium
densities [2]. Second, we present an ad-hoc developed nuclear wave-function treatment to provide a
detailed insight into the effects of quantum confinement for both N 2 and 4He clusters in carbon
nanotubes as a function of the tube diameter [3]. Third, we describe our novel pairwise potential
model [3] describing the gas adsorption to carbon materials which relies on DFT-based symmetryadapted perturbation theory. Finally, we propose an embedding approach combining nuclear density
functional and wave-function treatments [3].
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The target of the present work is the detailed characterization of the most relevant components
of the intermolecular interaction, which control the molecular dynamics under a variety of
conditions. To this purpose, molecular beam experiments have been performed under conditions
proper to isolate quantum effects in the single collision events, which probe in detail the projectiletarget interaction. Particular attention is addressed to range, strength and anisotropy of non-covalent
interaction components, due to the balance of size (or Pauli) repulsion with dispersion and induction
attraction, to which must be added electrostatic contributions, and of other components of covalent
(chemical) nature, mostly affected by charge (electron) transfer effects. The analysis of several
experimental findings has been important to develop suitable analytical representations of the
potential energy surfaces (PESs), tested and improved by exploiting also the comparison with
results of ab initio calculations, useful to provide an internally consistent description of the
intermolecular interaction both in the most and less stable configurations of the interacting system.
The proper formulation of the PESs is crucial not only to describe the dynamics of elementary
processes occurring in interstellar medium and in planetary atmospheres, but also to control
equilibrium a non-equilibrium phenomena of applied interest, as those occurring in combustion,
flames and plasmas.
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Introduction
We present the first ultrafast transient absorption of a single molecule. Specifically, we trace the
femtosecond evolution of excited electronic state spectra of single molecules over hundreds of
nanometers of bandwidth at room temperature. The non-linear ultrafast response of the single
molecule is probed using a broadband laser in an effective 3-pulse scheme with fluorescence
detection. A first excitation pulse is followed by a phase-locked de-excitation pulse-pair, providing
spectral encoding while preserving 25 fs temporal resolution. This experimental realization of true
single molecule transient absorption spectroscopy demonstrates that two-dimensional electronic
spectroscopy of single molecules is experimentally in reach [1].
Figure 1. (a) Experimental implementation of a
single molecule transient absorption experiment
and representative images of a single DBT
molecule and its single-step bleaching event. (b)
Concept of spectral measurements by spectral
amplitude modulation, mimicking the spectral
control obtained from a phase-locked pulse-pair.
(c) Fluorescence traces recorded by pure
spectral modulation of the excitation pulse for
individual single DBT molecules (orange) as well
as the averaged signal (blue). (d) Fluorescence
excitation spectra obtained from (c) as the real
part of the fast Fourier transformation of the
respective fluorescence traces for the individual
molecules (orange) and the average of all traces
(blue). An ensemble absorption spectrum of DBT
dissolved in Toluene (dashed line) is shown for
comparison. The white area indicates the
spectral window of the excitation pulse [1].

Discussion
In this presentation we will show the first transient stimulated emission spectrum of a single
molecule as well as the first direct observation of the dynamical evolution of such a spectrum on an
ultrafast (<30 fs) timescale in condensed phase at room temperature [1]. We attribute the resolved
spectro-temporal dynamics to a combination of Stokes shift as well as vibrational relaxation. The new
methodology relies on precise encoding of spectral information at a well-defined pump-probe timedelay and next retrieval of this information by means of fluorescence at a much later point in time. A
combination of amplitude only pulse shaping with concepts borrowed from NMR spectroscopy
allows to convert the encoded information into an excited state emission spectrum at the respective
time-delay while, simultaneously, keeping the temporal resolution of the experiment close to the
transform limit. The spectral encoding approach allows to access molecular dynamics of single
molecules within the first few tens of femtoseconds after photoexcitation. Even conventional transient
absorption experiments, performed at the ensemble level, struggle to access the 10s of femtoseconds
time scale due to nonlinear signals being generated by the temporally overlapping pump and probe
pulses. At the single molecule level, advantageously, it is possible to circumvent this limitation. The
signal arising from the single molecule itself shows a distinctly different spatial emission pattern as
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compared to all nonlinear signals generated in the sample matrix (or support) and a simple dark-field
mask in the back-focal-plane of the collection objective efficiently eliminates their contributions. This
notion is further supported by the complete absence of spectral amplitude for the experiment
performed after photobleaching. The transient ultrafast encoded single molecule spectroscopy
(trueSMS) presented here is conceptually almost identical to fluorescence detected 2D electronic
spectroscopy albeit the latter two field contributions not being physically separated. Both ground and
excited electronic states can be addressed by the spectral shaping, and 2D information retrieved when
combined with advanced signal acquisition as for example the concept of compressed sensing. We
therefore believe that the initial steps presented here will ultimately enable 2D trueSMS spectroscopy
for single emitters such as quantum dots, plasmonic structures and ultimately single molecules.
Figure 2. Schematic of a typical time resolved
pump-probe
experiment
and
signal
considerations due to the diffraction limit for a
possible single molecule implementation (left).
Experimental
implementation
of
the
broadband
single
molecule
transient
absorption experiment relying on fluorescence
detection (right).
The spectro-temporal dynamics of the excited
electronic state are obtained by spectrally
modulating (encoding) the probe pulse in
order to modify the resulting fluorescence
signal [1].
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Abstract
State-to-state rate coefficients for the inelastic collisions of O2 with He at low temperature are
investigated by means of an experimental procedure based on supersonic gas jets probed by Raman
spectroscopy. The procedure employs a kinetic master equation (MEQ) which describes the time
evolution of the rotational populations of O2 along three supersonic jets of O2 + He mixtures. The
MEQ is expressed in terms of experimental quantities (number density and rotational populations),
and calculated rate coefficients for the O2:He and O2:O2 inelastic collisions from the literature. By
scaling these rate coefficients, a satisfactory agreement with the experiments is accomplished for
temperatures between 10 and 34 K.
Communication
Inelastic nonreactive collisions between molecules are responsible for many phenomena in
gases, like the transport properties [1], the broadening of spectral lines [2], and rotational and
vibrational excite-relaxation [3], and play an important role in the out-of-equilibrium environment
of supersonic gas jets [4,5]. As such, they are of fundamental interest in molecular quantum
dynamics, and of practical interest in aeronautics, atmospheric physics, and astrophysics [6].
Molecular oxygen O2 is an important component of Earth's atmosphere, and it has been
detected also in the interstellar medium [7]. There is much interest in Astrophysics on inelastic
collisions of small molecules with He and H2, the predominant collision partners in molecular
clouds [6], because much information about such regions comes from emission lines due to
rotationally excited molecules. On the other hand, O2:He collisions are also crucial to produce cold
and ultracold O2 molecules [8].
State-to-state cross sections and rate coefficients for scattering of He by O2 molecules have
been calculated by Lique [9]. From the experimental point of view, inelastic collisions of O2 with
He atoms have been studied previously [10-12] in molecular beam experiments, and qualitatively
compared with the calculations. However, for practical modelling of interstellar gas regions under
non local equilibrium conditions, a set of absolute state-to-state rate coefficients (sts-rates in short),
validated by quantitative experiment, is needed.
In the last years, we have developed [13] an original experimental methodology to study
rotationally inelastic collisions of small molecules in their vibrational ground state, at very low
temperature (<50 K). The method can provide quantitative assessment of sts-rates calculated from
first principles. So far, it has been applied to para- and ortho-H2 [14,15], N2 [16,17], and their
collisions with He [18,19], as well as O2:O2 [20] and H2O:He [21] collisions.
The experimental setup and methodology developed in our laboratory will be described first.
The procedure is based on tracking the time evolution of the rotational population along supersonic
gas jets by Raman spectroscopy. Then, experimental results for three supersonic jets of O2 + He
mixtures, with O2 mole fractions 0.025, 0.11 and 0.47, will be shown. Rotational populations, PN
(where N is the rotational quantum number), and number densities, n, can be measured along the jet
axis z with time resolution of nanoseconds. The number densities n(z) were measured from the
integrated Raman intensity of the Q-branch of the O2 vibrational band at 1555 cm−1. The rotational
populations PN(z) were determined from the summed Raman intensities over the triplets associated
with the N→N+2 rotational transitions. To a good approximation, the measured rotational
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populations PN obey (up to N=9) a Boltzmann distribution at a rotational temperature TR. In turn,
the translational temperature TT has been determined from the isentropic condition along the jet.
As a result of the inelastic collisions within a bath of He atoms at a translational temperature
TT, the time evolution of the population PN of a rotational state N of an O2 molecule in the
supersonic jet obeys the Master Equation (MEQ)
→ℓ

ℓ

ℓ→

ℓ

where →ℓ are the state-to-state rate coefficients, which are a function of the translational
temperature TT . The left-hand-side (LHS) of the MEQ is an experimental quantity, while the righthand-side (RHS) is a linear combination of the sts-rates, with coefficients determined by the
experiment (n and PN). The sum of squared residual difference (LHS-RHS)2 has been minimized by
scaling the sts-rates from theoretical calculations [9]. This way, a set of sts-rates scaled to the
experiment have been obtained, which reproduce the experiments within 20% on average.
This work has been supported by the Spanish Ministerio de Economía y Competitividad
(MINECO), grants FIS2013-48275-C2 and CONSOLIDER-ASTROMOL CSD2009-0038. F.G.
thanks the Spanish Regional Government of Andalucía for a postdoctoral grant (project P07-FQM2600).
References
[1] C. S. Wang-Chang, G. E. Uhlenbeck, and J. deBoer, in Studies in Statistical Mechanics, vol. 2, North-Holland,
Amsterdam, 1964.
[2] J. M. Hartmann, C. Boulet, and D. Robert, Collisional Effects on Molecular Spectra, Elsevier, Amsterdam, 2008.
[3] J. D. Lambert, Vibrational and Rotational Relaxation in Gases, Clarendon Press, Oxford, 1977.
[4] D. R. Miller, “Free Jet Sources”, in G. Scoles (Ed.), Atomic and Molecular Beam Methods, Oxford University Press,
1988, Volume 1.
[5] S. Montero, B. Maté, G. Tejeda, J. M. Fernández and A. Ramos, “Raman Studies of Free Jet Expansion”, in R.
Campargue (Ed.), Atomic and Molecular Beams. The State of the Art 2000, Springer Verlag, Berlin, 2001, pp 295–306.
[6] D. Flower, Molecular Collisions in the Interstellar Medium, Cambridge U. Press, 2003.
[7] B. Larsson et al. Astron. Astrophys., 466 (2007) 999.
[8] N. Balakrishnan and A. Dalgarno, J. Phys. Chem. A 105 (2001) 2348.
[9] F. Lique, J. Chem. Phys. 132 (2010) 044311.
[10] V. Aquilanti, D. Ascenzi, D. Cappelletti, and F. Pirani, Nature, 371 (1994) 399.
[11] D. Patterson and J. M. Doyle, J. Chem. Phys. 126 (2007) 154307.
[12] C. K. Bishwakarma, G. van Oevelen, R. Scheidsbach, D. H Parker, Y. Kalugina, and F. Lique, J. Phys. Chem. A
120 (2016) 868.
[13] J. M. Fernández, J. P. Fonfría, A. Ramos, G. Tejeda, S. Montero, and F. Thibault, “Inelastic collisions of N2, H2,
and H2+He mixtures in supersonic jets by Raman spectroscopy”, in T. Abe (Ed.) RAREFIED GAS DYNAMICS, AIP
Conference Proceedings #1084 (2009), pp 571--576.
[14] B. Maté, F. Thibault, G. Tejeda, J. M. Fernández, and S. Montero, J. Chem. Phys. 122 (2005) 064313.
[15] S. Montero, F. Thibault, G. Tejeda, and J. M. Fernández, J. Chem. Phys., 125 (2006) 124301.
[16] A. Ramos, G. Tejeda, J. M. Fernández, and S. Montero, Phys. Rev. A., 66 (2002) 022702.
[17] J. P. Fonfría, A. Ramos, F. Thibault, G. Tejeda, J. M. Fernández, and S. Montero, J. Chem. Phys. 127 (2007)
134305.
[18] B. Maté, F. Thibault, A. Ramos, G. Tejeda, J. M. Fernández, and S. Montero, J. Chem. Phys. 118 (2003) 4477.
[19] G. Tejeda, F. Thibault, J. M. Fernández, and S. Montero, J. Chem. Phys. 128 (2008) 224308.
[20] J. Pérez-Ríos, G. Tejeda, J. M. Fernández, M. I. Hernández, and S. Montero, J. Chem. Phys. 134 (2011) 174307.
[21] G. Tejeda, E. Carmona-Novillo, E. Moreno, J. M. Fernández, M. I. Hernández, and S. Montero, Astrophys. J.
Suppl. Ser. 216 (2015) 3.

XXXVI Biennial Meeting of the Real Sociedad Española de Física
Simposium Title

pag nº

Acid dissociation in microsolvated environments
R. Pérez de Tudela1,*, D. Marx1
1

Lehrstuhl für Theoretische Chemie, NC 03/52, Ruhr-Universität Bochum, 44780 Bochum, Germany

* ricardo.perez@theochem.rub.de

The long-standing and fundamental question regarding the minimum
number of water molecules required to dissociate an acid molecule in an
aqueous microsolvation environment still remains open. For HCl
interacting with water molecules - one added after the other - there is
convincing evidence that an ion pair, and thus the dissociated acid
molecule, can be stabilized using a minimum number of only four water
molecules (see Fig. 1) [1,2]. However, this number has been questioned
both on the experimental [3–6] and the theoretical sides [7]. In this
respect, an experiment appeared recently in the literature [8] which
suggested a new approach. In this experiment the dipole moment of
HCl•(H2O)n clusters was measured as a function of the number of water
molecules (see Fig. 2). The key result of those measurements was a
noticeable rise of the total dipole moment of these clusters when n=6. A
tempting explanation was to assign this sudden rise in the dipole moment
to the dissociation of the HCl molecule.
In this work, ab initio path
integral
calculations
were
Figure 1: IR depletion spectra of
the symmetric hydronium stretch
performed in order to try to
of H O (H O) Cl in helium
disentangle the controversy of
nanodroplets.
whether it is 4 or 6 water
molecules the minimum required to dissociate the chloridric
acid. Our results show that measuring the dipole moment of
HCl•(H2O)n clusters does not give any information about the
dissociative state of the HCl molecule. In addition, a detailed
analysis of thermal and quantum effects provides a much
clearer picture of the acid dissociation process in
microsolvated environments.
3

Figure 2: Electric dipole moment of pure (bottom)
and HCl-doped (top) water clusters

+

2
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Bulk organic-inorganic halide perovskites (OIHPs) are compounds characterized by the chemical
formula AMX3 (A=organic cation; M=Ge, Sn, Pb; X=halide) whose hybrid nature is conferred by the
presence of an organic cation (the barrier [1]) that fits the inorganic semiconductor network cavities
according to well established tolerance size parameters [2].
The scientific community has recently renewed its interest towards 3D OIHPs (2D OIHP class was
initially investigated two decades ago for optoelectronics applications [3]) because of the superior
features as light harvesters in photovoltaic (PV) devices due to their manifold unique properties [4].
Researchers in Miyasaka’s Lab have at first assembled OIHP based solar cells [5] with
photoconversion efficiencies (PCEs) of ~3.5%. Thereafter, impressive improvements have been
achieved with the current best devices characterized by certified PCE > 22% [6]. Methylammonium
lead iodide (MAPbI3, MA=+CH3NH3) is the most widely employed OIHP due to its high
compatibility with solution-based processing, the high absorption coefficient, and its bandgap close
to the optimal one for single junction solar cells. There is anyway scientific evidence of excellent
solar cells also based on OIHPs with different cations, both in the A- and in the B- site [7] (see Fig.
1).
It is interesting to stress that while 3D bulk OIHP bulk properties are receiving deep attention, there
is total lack of knowledge of the chemico-physical properties of OIHP clusters (0D, see Fig. 2) and
quantum dots. This is surprising in view of their possible application not only in PV but also in lasing
and as quantum emitters [8].

Figure 1. Top view of the 3D guanidinium lead iodide (GAPbI3, GA=+C(NH2)3).(Reprinted from Ref [7(b)], ACS Editors' Choice]

In the first part of the contribution I will provide an overview of the structural, electronic, and optical
properties of bulk OIHPs; the second part will, at variance, mainly focus on results concerning 0D
OIHP with particular attention to the possible analogies and differences with the 3D counterpart.
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Figure 2. MAPbI3 clusters of increasing size. (Reprinted with permission from Ref. [8(c)].Copyright 2016. American Chemical Society.)
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Introduction
Knowledge about the structure that different types of matter may acquire is fundamental to
understand several properties emerging around in Nature and to build up new materials. Such
structural organization can be observed at different scales, ranging from aggregates of atoms in the
gas-phase to colloids in condensed-matter physics. From the theoretical view point, one has to
model the interactions among the particles of the system (e.g., atoms or molecules) and, then, apply
optimization techniques. In general, this is a very difficult task that requires the application of stateof-the-art optimization methods. Over the past decade or so, we have developed evolutionary
algorithms (EAs) that has been able to discover putative global minima for various cluster systems,
including atomic [1-3], molecular [4] and colloidal [5,6] clusters.
In this talk, we will present the main ingredients of our EA and its application to the solvation
of ions [7,8] as well as to the study of self-assembling phenomena in colloidal systems [6,9,10]. In
particular, we will focus on the study of alkali-ions solvation (Figure 1) and the formation of
aggregates of charged colloidal particles (Figure 2). The analysis of the energetics and structure of
the clusters relies on the features of the potential functions employed for modeling the interactions
among the particles.
Figures

Figure 1: Li+Arn clusters modelled with model

Figure 2: Low-energy structures of

potentials that include only 2-body (right), and

charged colloidal clusters modelled with

both 2- and 3-body interactions (left).

an attractive short-range Morse potential
and a repulsive Yukawa function.
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In this talk we present a coarse-grained model based on the Paramonov-Yaliraki (PY) potential
[1] for modeling interacting polycyclic aromatic hydrocarbon (PAH) molecules [2]. This model is
parameterized using all-atom reference data to study coronene (C 24H12), circumcoronene (C54H18)
and their aggregates. We show the ability of the coarse-grained approach to reproduce the global
minima predicted by the all-atom potential for clusters containing up to 20 molecules. Onedimensional columnar motifs are found to be most favourable in small clusters with mixed stacks in
larger clusters. Dynamical and thermodynamical properties of the coronene octamer are discussed
in the energy landscapes framework [3]. From a connected database of stationary points of the
potential energy surface and using the harmonic normal mode approximation, we show the potential
and free energy landscapes and relevant rearrangement pathways between competing motifs, as
determined using discrete path sampling [4], which exhibit highly cooperative motion [5].
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Introduction
Zeolites are materials with a well-defined microporous geometry which make them attractive for
many industrial applications, for example, in catalysis or in the separation of mixtures.
Understanding their adsorption behaviour is therefore an issue of major relevance from a practical
point of view, but also from a fundamental one, as it is common that the properties of the adsorbed
fluid are different from those in the bulk. One intriguing finding in this context is the observation
that the adsorption isotherm of some simple gases (such as argon) on silicalite-1 exhibits a sub-step
at intermediate loadings whereas others (such as methane) do not. Even though considerable
experimental and theoretical efforts have been made, the origin of this sub-step is not clear. Some
authors claim that this behaviour is a result of a fluid-like to solid-like transition of the adsorbed
fluid, whereas others attribute it to a zeolite structural change.
Communication Main Body
With the aim of providing more information that may aid to understand the appearance of sub-steps
in the adsorption of some gases in silicalite-1, we have carried out a comprehensive experimental
and simulation study of the adsorption of argon and toluene on the structurally similar zeolite
silicalite-2. Both zeolites exhibit a similar structure consisting on a three-dimensional network of
fairly narrow cylindrical channels with diameters in the range of 5.0 to 5.6 Å. The essential
difference lies in the fact that silicalite-1 consists of an array of parallel cylindrical pores intersected
by sinusoidal channels, whereas in silicalite-2 all the pores are linear (see Figure 1).
a)

b)

Figure 1. Structure of a) silicalite-2 and b) silicalite-1. Two different views are shown for silicalite-1.

First we performed volumetric experiments that confirm that the adsorption of argon and toluene on
silicalite-2 also exhibits a sub-step at half loading (see Figure 2), suggesting that this behaviour
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does not depend on the specific structural details of the pores. Subsequently, the microscopic origin
of this sub-step was investigated by means of molecular simulations. However, the agreement
between the experimental and simulated adsorption isotherm was only qualitative, evidencing
deficiencies of the models used to describe the interactions between the different components in the
system.

Figure 2. Experimental adsorption isotherms of argon and toluene on silicalite-2.

Thus the structure of the adsorbate/adsorbent system was further investigated by performing powder
diffraction experiments at three different loads: empty, at half-load (before the sub-step) and at high
load (after the sub-step). These data were used as input of N-Reverse Monte Carlo simulations to
obtain atomic structural models compatible with the experimental diffractograms. In both
instances, namely adsorption of argon and toluene, a good fit of the experimental data was only
obtained when incorporating the zeolite flexibility, which shows that the structure of the zeolite can
change at high loads or when the size of the adsorbed molecules is comparable to that of the pores.
In the case of argon, after the sub-step, a considerable order of the fluid also builds up, suggesting
that the sub-step might be attributed to a fluid structural change facilitated by a slight deformation
of the zeolite.
Interestingly, the structural models obtained from Monte Carlo and N-Reverse Monte Carlo
simulations are significantly different, even at half loading. We ascribe these discrepancies to
deficiencies in the adsorbent-adsorbate interatomic potential.
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Abstract
Mixtures of 1-butyl-3-methylimidazolium tetrafluoroborate [BMIM][BF4] ionic liquid with
molecular amphiphilic solvents, methanol and ethanol under nanoconfinement between neutral and
charged graphene walls are studied in this work by means of molecular dynamics simulations. The
adsorption of alcohol molecules in the walls as well as their distribution in the directions normal
and parallel to the interface are studied. The results of these simulations are compared with results
of the pure IL and its mixtures with water, which were previously reported in ref. [1].
All the results suggest that alcohols distribute quite uniformly throughout the box, being almost
totally depleted from graphene walls. The distribution of ions of the first and second layers closest
to the electrodes in the direction parallel to these are also studied by means of bidimensional density
maps, showing a clear structural transition from a striped pattern to an hexagonal one with the
concentration of cosolvent and also when the size of the cosolvent molecules increases. These
transitions seem to be highly sensitive to the presence of cosolvent molecules in the ionic layers
closest to the electrodes. It was also corroborated that the bidimensional ionic structures persist in
the second ionic layer close to the graphene walls.
This persistence of the bidimensional ionic structure combined with the electric double layer
(see refs. [2-5]) strongly conditions the three dimensional ionic structure near charged interfaces in
these dense ionic systems. Moreover, recent studies have shown that this bidimensional structures
appear in ILs in other circumstances, like mixtures with salts, mixtures with other cosolvents
solvents like water or when the graphene walls have vacancy defects (see ref. [6]). In this work we
report the formation of these structures when the molecular size of the solvent changes.
Acknowledgments
We acknowledge the supercomputing support from the Galician Supercomputing Centre
(CESGA). The financial support of the Spanish Ministry of Economy and Competitiveness through
grants MAT2014-57943-C3-1-P, MAT2014-57943-C3-2-P and MAT2014- 57943-C3-3-P.
Moreover, this work was funded by the Xunta de Galicia (AGRUP2015/11 and GRC ED431C
2016/001). All these research projects were partially supported by FEDER. Funding from the
European Union (COST Action CM 1206) and by the Galician Network on Ionic Liquids,
REGALIs (CN 2014/015) is also acknowledged.
References
[1] B. Docampo-Álvarez, V. Gómez-González, H. Montes-Campos, J. M. Otero-Mato, T. Méndez-Morales, O. Cabeza,
& L. M. Varela (2016). J. Phys. Cond. Mat., 28(46), 464001.
[2] A. A. Kornyshev, (2007). J. Phys. Chem. B, 111(20), 5545-5557.
[3] M. V. Fedorov & A. A. Kornyshev, (2008). J. Phys. Chem. B, 112(38), 11868-11872.
[4] M. V. Fedorov, N. Georgi & A. A. Kornyshev, (2010). Electrochem. Commun., 12(2), 296-299.
[5] M. Z. Bazant, B. D. Storey & A. A. Kornyshev, (2011). Phys. Rev. Lett., 106(4), 046102(1)-046102(4).
[6] H. Montes-Campos, J. M. Otero-Mato, T. Méndez-Morales, O. Cabeza, L. J. Gallego, A. Ciach, R. M. Lynden-Bell
& L. M. Varela, (2017). Submitted for publication.

XXXVI Biennial Meeting of the Real Sociedad Española de Física
Simposium Title

pag nº

XXXVI Biennial Meeting of the Real Sociedad Española de Física
Molecular Physics at the Edge

pag nº

Rare gas adsorption on naphthalene: Ab initio intermolecular potentials and
cluster configurations
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Introduction
The purpose of this study is to develop potential models capable to accurately describe Ab Initio
data for the interaction between rare gases and Naphthalene (C10H₈), whose structure consists of a
fused pair of benzene rings. In this context two interaction models were used, the atom-atom and
atom-bond schemes based on the improved Lennard-Jones representation of the additive pair
potential [1], and three different rare gases (Ar, Ne and He) were considered.
Furthermore, the intermolecular rovibrational states for Naphthalene interacting with Ar, Ne, and
He were calculated employing the DVR (Discrete Variable Representation) [2] scheme, with the
particle-in-a-box wave functions as the basis functions of the system. The FBR (Finite Basis
Representation) approach with a basis of harmonic oscillator wave functions was used too. The
obtained results were compared with those available in the bibliography [3].
Finally, a global optimization technique, the Basin-Hopping algorithm [4] was employed to find the
minimum energy structure of Naphthalene--rare gas clusters of increasing size, and C 10H₈-Ar(N)
with N from 1 to 36; and C10H₈-Ne(N) with N from 1 to 46 and C10H₈-He(N) with N from 1 to 70. An
analysis of the stability of the clusters' structure was also performed, obtaining in this way the first
solvation layers for the different systems.
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Novel Nano-porous Graphites for Gas Storage and Release
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Pristine graphene is in principle an ideal adsorbing material due to its large specific area, stability,
mechanical properties and low weight. Nevertheless, the physisorption of light gas species on
graphene is in general not particularly favourable, being the adsorption energy, mainly determined
by van der Waals interactions, not large enough to guarantee significant storage capacities at
standard temperature and pressure. Intercalation between graphene layers could lead to more
encouraging adsorption energies but, unfortunately, in pure graphite there is no room for any atomic
or molecular species to be hosted. A possible solution to this problem is the use of porous derivative
of graphene as “building blocks” to construct a new class of porous graphites characterized by a
larger interlayer volume available for gas storage. To this regard graphynes, which are novel two
dimensional (2D) carbonbased materials, represent promising candidates since they naturally
exhibit a nanoweblike structure characterized by triangular and regularly distributed subnanometer
pores[1]. These intriguing features make them appealing for molecular filtering as shown by recent
theoretical predictions[2]. The possibility to exploit graphynes as ideal media for the reversible
storage of light gases is here theoretically investigated. The focus is first on molecular hydrogen
(H2) and it is found that graphynes are more suited than graphene for gas hosting since they provide
larger binding energies at equilibrium distances much closer to the 2D plane. A novel graphite
composed of graphtriyne stacked sheets is then proposed[3] and its 3D structure is theoretically
assessed[4] by means of electronic structure and molecular dynamics computations within the DFT
level of theory. It is found that the novel layered carbon allotrope is almost as compact as pristine
graphite but the inherent porosity of the 2D graphyne sheets and its relative stacking leads to
nanochannels that cross the material and whose subnanometer size could allow the diffusion and
storage of gas species. A molecular prototype of the nanochannel is used to accurately determine[4]
firstprinciples adsorption energies and enthalpies for CO 2, N2, H2O, and H2 within the pores. The
proposed porous graphite presents no relevant barrier for gas diffusion and shows a significant
preferential physisorption of CO2 with respect to the other relevant components in both pre and
postcombustion gas streams.
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Introduction
Two-dimensional (2D) membranes composed by (sub-)nanometer pores are allowing gas
separation applications at the molecular level[1]. Confinement provided by these pores can enhance
quantum effects in the dynamics of light atoms and molecules, such as zero point energy (ZPE) and
tunneling. As these effects are mass-dependent, they might be used for isotopic separation (quantum
sieving). There is a large literature where these processes are studied by means of classical
dynamics with quantum corrections or approximate quantum models. We believe that accurate
quantum-mechanical calculations are crucial to assess the reliability of the more approximate
methods. For instance, ZPE and tunneling work in opposite directions: while tunneling increases the
transmission rate of a given species, ZPE causes the opposite effect since it involves a higher
“effective” potential barrier. Thus, accurate calculations are needed to account for the delicate
balance between the above mentioned quantum features and to search for another quantum effects
that might play a role in the overall process.
In this contribution we present simulations for the transmission of an atom through a rigid
periodic 2D membrane using a recently reported three-dimensional wave packet (WP3D)
propagation treatment[2]. Transmission probabilities and rate coefficients are presented for the
transport of 3He and 4He through graphdiyne[3] as well as through a holey graphene model[4].
Results are compared with tunneling-corrected transition state theory (TST)[5] and the range of
validity of this and other (reduced dimensionality) theories is discussed. The appearance of clear
evidences of resonance features are also shown.
Calculations and Results
Within the WP3D approach, the time-dependent Schrödinger equation is solved by propagating
a wave packet representing the atom approaching the membrane and, from the calculation of the
flux through a surface separating the incident and transmitted wave packet, transmission
probabilities as functions of the translational energy and rate coefficients as functions of the
temperature are obtained. Details for the theory and calculations can be found in Ref. [2].
For He-graphdiyne, previously reported tunneling-corrected TST estimations are in fairly good
agreement with present calculations, including the behavior with temperature of the selectivity for
isotope separation, which is defined as the ratio between the 4He and 3He rate coefficients. These
results confirm the previous conclusion that both ZPE and tunneling features are paramount in this
system but and that neglect of one or another effect in a theoretical model can lead to qualitatively
erroneous results.
For the transport of He isotopes through a leaky graphene model we have found that TST is not
reliable as it considerably underestimates the transmission rates at low temperatures. In this system
we have found that the computed transmission probabilities are highly structured suggesting the
presence of selective adsorption resonances[6]. We will present preliminary results of simulations of
the decaying of initially prepared adsorbed states[6] in order to understand the role played by these
resonances in the process of transmission through the pores of these 2D materials.
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Conclusion
We report a three-dimensional wave packet approach to study the transport of atoms through
periodic one atom-thick membranes which demonstrates the importance of quantum phenomena
such as tunneling, zero point energy and resonances. This formulation serves to assess the range of
validity of more approximate theories. The method can be extended to the study of diatoms or bilayered membranes, among other more complex systems. Some work along these directions is in
progress.
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Cisplatin (CP) belongs to the most widely used anticancer drugs and it has been employed for
more than 30 years despite the related severe side effects due to its low bioavailability and poor
specificity. For this reason the study and design of novel nanomaterials capable to effectively deliver
the CP drug to the biological target is paramount and still represent a great challenge[1]. The CP planarsquare geometry, together with its low water solubility, suggests that it could have a propensity for the
physical adsorption on 2D graphene (G) nanostructures through the interaction with the related highly
conjuated -electron system. As a matter of fact, it has been recently shown that G is capable to
efficiently adsorb biological substances of different kinds such as anti-cancer drugs, antibodies,
peptides, DNA, RNA, genes[2-5], through noncovalent interactions.
In the present contribution pyrene (P) was selected as the minimum approximation to the G plane
which allow to properly study the noncovalent interactions determining the CP physical adsorption. In
particular, electronic structure calculations at the Coupled Second-order Moller-Plesset Perturbation
Theory (MP2C) [6] level, together with large basis set, allowed to obtain benchmark interaction energy
profiles for several limiting configurations of the CP-P complex. Moreover, in order to assess the role
of the different contributions to the total interaction energy, Density Functional Theory-Symmetry
Adapted (DFT-SAPT)[7] computations were performed for specific and particularly attractive
configurations of the CP-P complex: we found that the parallel configurations of the aggregate are
mainly stabilized around the minimum region by the dispersion energy contribution, in a similar way as
in complexes bonded through - interactions.
The reference MP2C interaction energies were also used to test the corresponding estimations
obtained with different functionals within the DFT level, which necessarily includes empirical
dispersion corrections[8], and which is more computationally affordable and practically unavoidable to
study the interaction of CP with G prototypes of size significantly larger than that of P. An optimal
density functional was validated and then safely applied to obtain the interaction energy of CP adsorbed
on different prototypes of increasing size, ranging from coronene (C 24H12) and ovalene (C32H14) to
C150H30.
DFT geometry optimizations and frequency calculations, together with an ad hoc extrapolation,
allowed a reliable estimation of the adsorption enthapy of CP on G at 298K and 1 bar: we obtained a
particularly favourable value (about -20 kcal-mol -1) being practically double that (about -10 kcalmol-1) estimated for the corresponding benzene adsorption, which is in good agreement with recent
experimental findings[9].
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Introduction
Ionic liquids (ILs) have been the focus of much research in recent times due to the large
number of possible applications these 'designer solvents' have. Mixing two or more ILs further
enhances their tunable nature; however, most of the research in the subject has focused on mixtures
of similar ILs from the same family (Ref. [1]). Here we report the results of our studies of proticaprotic IL mixtures of the protic ILs ethylammonium nitrate (EAN) and butylammonium nitrate
(BAN) with the aprotic ILs 1-ethyl-3-methylimidazolium tetrafluoroborate [EMIM][BF4] and 1buthyl-3-methylimidazolium tetrafluoroborate [BMIM][BF4], by means of Molecular Dynamics
(MD) simulations, as well as experimental density and conductivity measurements.
The marked differences between both ionic liquid families result in a rich behavior in the
electric conductivity curve of the mixtures, most markedly in the EAN-[EMIM][BF4] mixture (Ref.
[2]). This is shown to arise from the interplay of the different self-structuring forces of the liquid,
with the hydrogen bonding interactions of the protic component becoming dominant at very low
concentrations. At these concentrations, changes in both the conductivity curve (with a global
minimum and, in some cases, a local maximum), and in magnitudes such as radial and spatial
distribution functions and diffusion coefficients can be observed.
A study of the influence of the length of the alkyl chain present in cations further reveals their
importance in the nanostructure of the mixture. Longer chains, which are known to lead to the
formation of polar and apolar domains (ref. [3]), subtly alter the structure of the liquid, with shorter
chain cations showing a preference for positions near the longer alkyl chain. An attempt is made to
relate this to the subtle shifts in macroscopic properties observed between families.
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