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Reaction Dynamics within a Cluster Environment

Marc Briant,* Jean-Michel Mestdagh,* Marc-André Gaveau,” and Lionel Poisson*

b

This perspective article reviews experimental and theoretical works where rare gas clusters and helium

nanodroplet are used as nanoreactor to investigate chemical dynamics in a solvent environment. A

historical perspective is presented first, then specific considerations on the mobility of reactants within

these reaction media. The dynamical response of pure clusters and nanodroplets to photoexcitation

is shortly reviewed before examining the role of the cluster (or nanodroplet) degrees of freedom on

the photodynamics of the guest atoms and molecules.

1 Introduction

Reaction dynamics is a branch of physical chemistry which inter-
rogates conceptually, theoretically, computationally and experi-
mentally the force field that drives elementary processes as elec-
tron transfer, structural deformation, bond rearrangement and so
on. A common feature in these processes is that structure, dynam-
ics and chemical function are interrelated. They are at play in a
variety of environments, ranging from isolated molecules to clus-
ters, nanoscale objects, macroscopic condensed phases and bio-
logical environments. A short, nevertheless comprehensive his-
tory of the field was drawn fifteen years ago by lJortner| together
with considerations on the laser control of chemical reactions.t
The history dates back to almost 100 years, when Bonhoeffer and
Farkas| used the uncertainty principle by Heisenberg to relate the
diffuse character of molecular spectra to the lifetime of the states
that are excited, hence establishing that spectroscopic observa-
tions can bring dynamical informations on the photodissociation
processes that control the lifetime of these states.2 This paved
the way for developing concepts that help modeling intramolecu-
lar and intermolecular processes within isolated species, clusters
and condensed phases, within biophysical/biochemical environ-
ments and most recently to treat of electron dynamics. The book
”Molecular Reaction Dynamics” authored by |Levine| is an exten-
sive overview of these research fields, about 15 years ago®.

Beyond their intrinsic significance in physical chemistry, atomic
and molecular clusters play an important role in many scientific
areas. Referring to atmospheric sciences, [Elm et al.| pointed out
in 2020 that ”[...] the scientific interest in atmospheric molecular
clusters has steadily increased and [...] presents a relatively new
and rapidly expanding field of research”.# More recently [Smith
et al.| illustrated the central role of these clusters in the growth
of atmospheric aerosols and consequently as link between at-
mospheric chemistry and climate.” Experiments where molecules
are deposited on large clusters are extensively reviewed by|Farnik
et al.| from a physical chemist point of view, with special focus on
processes that are relevant to atmospheric and interstellar chem-
istry.® Many more examples of this type could be given outside
the context of earth sciences.

Because of their double nature (tools to develop fundamen-
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tal concepts in physical chemistry and objects with applications
in many research areas) atomic and molecular clusters received
a continuous attention since the early 1980’s from those peo-
ple involved in reaction dynamics. Works prior to approximately
2000 are overviewed in the two volume book ”Clusters of Atoms
and Molecules I and II” edited by Haberland,”?® and in a book
by Johnstonl? A series of review papers highlight the subject
also. 19114 Finally, the experimental techniques used to generate
clusters and properties of van der Waals clusters are extensively
reviewed by Bostedt et al.|in Ref. [15L

Basic concepts behind this activity are extensively developed in
the proceedings of the 1988 “Enrico Fermi” International School
of Physics, 18,  Often, clusters are considered as providing a
link between the macroscopic and the microscopic approaches of
physical sciences, which are otherwise unconnected. This appears
strikingly in a series of review papers by Jortner, 1218, Bartell, 1%
Hartke,'? and Berry and Smirnov.”? The connection between
cluster physical chemistry and the exploding field of nanosciences
is emphasized in a review paper by Baletto and Ferrando|. 21

When focusing specifically on reaction dynamics, clusters have
attracted attention very early as tools for unraveling solvation ef-
fects. Microsolvation which focuses attention on solute/solvent
intermolecular interactions must be distinguished from macrosol-
vation where global properties of the solvent are considered.22
Cluster models where solvation shells are constructed gradually
around solute molecules are relevant of microsolvation. Works
by [Leutwyler and Bosiger2324 and by M. Mons and coworkers2>
furnish early examples in this direction. However, Truhlar and
coworkers suggested that the microsolvation cluster model might
not be fully adequate to mimic solvation in a bulk liquid. A test
example was the activation free energy for decarboxylation of 4-
pyridylacetic acid zwitterion in water. A discrete cluster model
with two water molecules, a continuum description of water, and
a mixed discrete-continuum model furnished significantly differ-
ent values of the activation energy. It is not clear however which
one is most realistic.2® The microsolvation/macrosolvation issue
has been re-examined very recently by considering UV-visible and
IR spectra of a solvatochromic pyridinium-N-phenolate dye in var-
ious solvation environments (rare gas matrices; mixtures of argon
and water; water ice).2” The present perspective includes consid-
erations on microsolvation but the central point of view is differ-
ent, large clusters being considered as reaction media rather than
as building blocks.

Limiting our attention to reaction dynamics within rare gas
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clusters, a distinction must be drawn between helium nan-
odroplets which are quantum in nature and clusters of heavier
rare gases, which do not have this character. Our research group
performed reaction dynamics studies in both environments. Yet
unpublished experimental and theoretical works of our labora-
tory are presented here and are put in perspective with works
of the literature. This focus meets that of recent perspective ar-
ticles in PCCP (Refs. [6J28430) and a review communication by
Mudrich et al..2! The perspective article by Féarnik et al.|® deals
with species embedded in heavy rare gases, chosen for their rele-
vance in environmental and astrophysical physical chemistry, that
of |[Hochlaf?®! primarily focuses on theoretical approaches, that
of Ahmed and Kostko?? on systems that can be studied by syn-
chrotron radiation, that of [Ernst and Hauser/2?
embedded in helium nanodroplets and the review by |[Mudrich
et al.*Y deals with the response of helium nanodroplets to elec-
tronic excitation.

on metal clusters

The present perspective article starts with a brief history of us-
ing clusters as nanoreactor to investigate chemical dynamics in a
solvent environment (Sec. . A few words are added to present
the pick-up technique, which is at the centre of these studies
(Sec.[3). The mobility of reactants at the surface of heavy rare gas
clusters and within helium nanodroplet is evoked in Sec. |4} Then,
reaction dynamics studies within clusters are reviewed. Photoex-
citation is often present in the reported works and we may won-
der about its effect on the cluster (or nanodroplet) itself . We thus
start presenting the dynamical response of pure clusters and nan-
odroplets to photoexcitation (Sec. [5) before examining to which
extent and by which mechanisms, cluster (or nanodroplet) de-
grees of freedom affect the photodynamics of a single guest atom
(Sec. [6) as the unimolecular (Sec. [7), bimolecular (Sec. [8) and
multimolecular (Sec. [9) photodynamics of guest molecules. Per-
spectives are drawn in Sec. which complement those already
present in the previous sections.

2 Rare gas clusters as chemical nanoreactor,
a historical perspective

The use of clusters to study chemical reactions in a solvated en-
vironment has been introduced by E.R. Bernstein and cowork-
ers more than thirty years ago.2? The idea was to carry re-
actant and solvent molecules in a supersonic beam of helium
to generate clusters where a single reactant molecule is associ-
ated with a few solvent molecules. The reaction was interro-
gated through laser induced fluorescence, dispersed emission, or
through the coupling between time-of-flight mass spectroscopy
and resonance enhanced two photon ionization.23 Many reac-
tions were explored, including solvent-induced electron-transfer
reactions, excited-state proton transfer in neutral clusters (ex-
plored by time resolve pump-probe experiments in the picosecond
regime), cluster ion and radical chemistry. 52

That clusters could act as a reaction medium of finite size has
been proposed theoretically at about the same time by Kaukonen
et al.. who performed molecular dynamics calculations to model
collisions between reactants embedded in rare gas clusters.% The
concept was demonstrated for the Na,Cl3* (Ar), 5, + Cl~ and
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Na,; 4C1122Jr (Ar)5, 4 Cl™ reactions. The calculations showed that
clusters was acting as a heat reservoirs to promote reactions.

The pick-up technique developed by Scoles and coworkers,3>
i.e. the collisional deposition of reactants on clusters in a cluster
beam, allowed |Lallement et al.| using large argon clusters as nano-
reactors.=® Argon clusters carrying 200 to 1000 atoms were gen-
erated in a supersonic expansion of pure argon; a N, O molecule
was deposited at their surface and the resulting beam carrying
N,O(Ar),, clusters was crossed with a barium beam. The chemi-
luminescent Ba+ N, O forming electronically excited BaO was ob-
served. Although this was not understood immediately, this ex-
periment translated the prediction of Kaukonen et al.| into what
will be called later the Cluster Isolated Chemical Reaction (CICR)
technique:®7 Two reactants, Ba and N,O deposited on the same
argon cluster have enough mobility within the cluster to collide
each other and react.

The CICR technique deals with clusters of heavy rare gases
(neon, argon, etc.). Independently, Scoles and coworkers de-
veloped the HElium NanoDroplet Isolation (HENDI) technique
where the reactants are deposited on helium nanodroplets.38:32
The latter are extremely cold (0.38K)42 and superfluid.4!' An
early history of the field reviewed by|Toennies and Vilesov| where
isolation in helium droplet was compared to isolation in bulk
liquid helium.#2 The initial idea of HENDI experiments was to
perform infrared absorption spectroscopy measurements of a sin-
gle reactant molecule, taking advantage of the extreme fragility
of the helium nanodroplets. The latter evaporate indeed when
an infrared laser is tuned to a vibrational transition of the guest
molecule. Recording the depletion of helium nanodroplets in the
beam while scanning the infrared laser, directly documents the
absorption spectrum of the guest molecule. Then, the technique
evolved toward picking-up several reactants and, using the laser
induced fluorescence detection technique, spectroscopic informa-
tion could be obtained on the excited state spectroscopy of alkali
dimers with ro-vibrational resolution.#3"4l With these studies, he-
lium nanodroplets could be considered as ultracold nanomatrices
where molecular complexes are formed and reacted.4”

A parallelism can be drawn between CICR and HENDI reac-
tion dynamics studies. For example, the Ba+ N,O reaction which
is mentioned above to illustrate the power of CICR experiments
has also been studied in a HENDI experiment.4® In both experi-
ments, the reaction proceed at the cluster/droplet surface and the
same two reaction channels are observed, whether the electroni-
cally excited BaO product is vibrationally hot or cold. The HENDI
experiment offers the additional possibility, when adding several
xenon atom to the helium nanodroplet, to move the Ba+N,O re-
action inside the nanodroplet. The channel forming cold BaO* is
then almost exclusive.48

For closing this historical section, we recall a proposition for-
mulated in the group of R.D. Levine on the ground of molecular
dynamics calculations. It takes advantage that a cluster carrying
molecular oxygen and nitrogen molecules is enough over-heated
by supersonic impact on a surface that the “air burning” reaction
N, + 0, — 2NO is turned on.#?. This very original use of a
cluster as “hot reaction cell” received no direct experimental evi-
dence yet. Ceyer and coworkers introduced the related concept of



“Chemistry with a hammer” under which, dissociative chemisorp-
tion of CH, molecules adsorbed by Ni(111) surfaces was stimu-
lated by impact of Ar atoms on the Nickel surface.?% This concept
still retains computational attention.>!

3 The pick-up, a dedicated technique to add
reactants to clusters and nanodroplets

Most of the experiments reported in this perspective use the pick-
up technique for adding reactants (atoms or molecules) to free
clusters or nanodroplets. This elegant and versatile method has
been introduced by Scoles and coworkers in the 1980’s.2>/ The key
idea is to pass a beam carrying clusters (or nanodroplets) through
a cell (the pick-up cell) filled with a vapor of the reactant(s) to be
deposited. Along their path through the cell, the clusters make
sticky collisions with reactant particles. This forms a new species
where one or several reactant particles are attached to the cluster,
a way to isolate these particles within a controlled environment of
finite size. In a sense, this mirrors within a reaction medium, the
technique introduced by Jouvet and Soep| where two reactants,
which are bound to each other in a 1:1 van der Waals complex,
are isolated in a supersonic beam.>2

The sticky character of the collision between clusters of heavy
rare gases (neon, argon, etc) and a buffer gas has been modeled
a long time ago in molecular dynamics calculations.3"22/ A mo-
tivation was to establish numerically under which circumstances
such a cluster acts as a sufficiently good heat sink to absorb the
collision energy and capture the reactants. An alternative moti-
vation was to decide whether the reactants that are picked-up are
located at the surface or in the volume of the cluster.

This issue has been examined experimentally a few years ago
when depositing metal atoms (K and Ba) on argon clusters. 2057
Very efficient pick-up was found with barium whereas the con-
trary was observed with potassium. This difference reflects the
deeper Ba-Ar interaction energy (95cm~! for Ba-Ar™® versus
59 ecm~! for K-Ar2?) associated with an extremely favourable
Ba/Ar mass ratio which drives barium into the cluster and relaxes
efficiently the excess pick-up energy.

Three aspects of the pick-up technique are interesting to con-
sider quantitatively: (i) the energy deposited by the sticky col-
lisions; (ii) the pick-up cross-section and (iii) the number of re-
actant carried by the clusters. Apparently, no much ambiguity
exists with these issues. First, the relative collision energy be-
tween the cluster and the guest summed with the cluster/guest
binding energy is absorbed by the cluster/droplet as internal
heat upon a sticky collision. Second, the pick-up probability
is controlled by the geometrical cross-section of the cluster and
third, it is a stochastic process with no memory between suc-
cessive events. Hence, the number k of reactant picked up by
the same cluster/droplet follows a Poisson statistics of order k:
P(<n>)= <Z!>k exp(— < n >) where < n >, the single parameter
of Poisson distributions, is the average number of reactant parti-
cles deposited per cluster/droplet. This characteristics has been
used to determine the stoichiometry of bimolecular reactions in
CICR experiments.3Z Ideally, the reaction signal is monitored as
a function of <n> for each reactant. The Poisson distribution or

the linear combination of Poisson distributions which best fit the
<n> dependence of the reactive signal for each reactant indicates
the exact stoichiometry of the reaction.

Unfortunately, this apparent simplicity bypaths important
points:

 The velocity of both the clusters and the reactants may have
broad distributions that affect their relative collision energy
and therefore the amount of energy that is deposited by
the pick-up process. |Liang and Kresin| derived an exact ex-
pression of the energy deposition when the reactant has a
Maxwell-Boltzmann velocity distribution. 2

* Energy is not the only conservation law in sticky collisions.
Momentum and angular momentum conservation must be
considered. Depending on the impact parameter, the colli-
sion energy is shared between internal energy (momentum
conservation) and the rotational energy (angular momen-
tum conservation). As a consequence, the amount of de-
posited energy can be broadly distributed. This aspect was
investigated by |Awali et al.| for estimation of the rotational
temperature of large argon clusters after sticky collisions
with DABCO molecules (see Sec[7.2)) 61

* At slow relative velocities between the reactant and the clus-
ter, attractive long-range forces affect the cross-section of
sticky collisions and therefore affects the uptake of reactants
on clusters. This effect is extensively reviewed in the per-
spective article by|[Farnik et al..© A theoretical work by [Vigué
et al.| emphasizes the role of long range forces.2 Analytic
potentials©304 and a Langevin capture model were used to
calculate the cross section of sticky collisions between an ar-
gon atom and an argon cluster of size n. The cross section
was found to scale as n<3 when n is smaller than ~1000.
For larger values of n, the centrifugal barrier, which acts
as capture radius in the Langevin model, moves closer to
the cluster radius and the scaling law switches to geometric

().

* When several reactants are present on the same clus-
ter/nanodroplet, they likely associate together. The addi-
tional energy term due to their binding energy has to be con-
sidered in the energy balance of the cluster/droplet. Note
that incomplete association between reactants may be con-
sidered also.

* Internal energy is lost by the clusters (or droplets) when they
evaporate partly after the pick-up. This also affects the sub-
sequent pickup processes and the no memory assumption on
which Poisson’s law is based may not be valid.

In relation with the last point, cross-section of sticky collisions,
energy deposition and departure from the Poisson statistics are
connected issues, especially when extremely fragile helium nan-
odroplets are considered. Stienkemeier and coworkers have ex-
amined this point very carefully with a special focus on the for-
mation of alkali clusters within helium droplets.©2/¢ Both nu-
merical simulations and experimental observations in the latter
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works reveal significant deviations from Poissonian distributions
in droplets formed with several thousands of helium atoms, espe-
cially when 3 or more alkali atoms are picked-up.

Still considering the pick-up by helium nanodroplets, that of a
rare gas atom has been modeled theoretically in a quantum de-
scription of the nanodroplet.©7762 Subsequent formation of a rare
gas dimer within the nanodroplet has been modelled also, both
in full quantum and a hybrid quantum (helium)/classical (rare
gas) approaches.”%7l Helium density waves (possibly carrying
vortices), which are produced by the pick-up of the Ne atoms,
were shown to drive the Ne movements within the droplet and
control their association as dimer. Similar calculations are also
available for the pick-up of a Cs atom.Z2 Again, a rich variety of
dynamical phenomena were observed within the droplet, depend-
ing on the energy and angular momentum (i.e. impact parame-
ter) of the impinging Cs atom.

Turning to the pick-up by heavy rare gases, [Fedor et al.| exam-
ined the cross-section of sticky collisions and the pick-up statis-
tics in experiments where H,O, HBr, and CH;OH molecules
are picked-up by free Ar, clusters.”3l The cluster slowdown due
to the momentum transfer is used to monitor the pick-up effi-
ciency. These experiments were complemented by Monte-Carlo
and molecular dynamics simulations, assuming that the Ar-Ar and
Ar-molecule interactions are described by a simple Lennard-Jones
potential. As mentioned in several studies reported above, the
cross-sections of sticky collisions can be larger than geometrical
cross sections and the Poisson distribution method must be exam-
ined carefully when the number of picked up molecules is to be
determined.

4 Reactant mobility within clus-

ters/nanodroplets

It is almost tautological to say that observing bimolecular or mul-
timolecular reactions in CICR or HENDI experiments implies that
the reactants do not stay solvated independently within the clus-
ter/droplet but move relative to one another, collide and even-
tually react when the transition state of the reaction has been
crossed. In this context, mobility of the reactants in the clus-
ter/droplet environment is a central concept. Of course, it ap-
pears differently in quantum helium nanodroplets (HENDI exper-
iments) and in clusters of heavier rare gases (CICR experiments)
which are not superfluid.

4.1 Association between reactants in helium droplets

The capture of several atomic or molecular species in helium nan-
odroplets is commonly admitted to form a complex with a similar
structure as that observed in the gas phase. The large mobility
within the superfluid nanodroplet, combined with the low nan-
odroplet temperature and finite size is believe to favor collisions,
coalescence and eventually stabilization of complexes under their
energetically most stable structure. Nevertheless, notable excep-
tions exist where dynamical effects prevent the most stable com-
plexes to be formed. The group of Miller has been very active
in this field. For example, long molecular chains are formed
in helium nanodroplets by molecules which, as HCN, carry a
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large electric dipole.”# This was interpreted in a purely dynami-
cal way, assuming that the cooling by the helium environment is
so rapid that the condensing molecules stay trapped with the ori-
entation geometry they have adopted immediately after the pick-
up. Accordingly, each newly trapped HCN molecule is driven and
trapped in a head-to-tail orientation with respect to the dipole
created by the molecules that are already trapped. This favors
the formation of linear chains. Similarly, a cyclic water hexamer
is also observed although its energy is higher than that of the cage
structure reported in the gas phase.Z2 Another example is pro-
vided when aggregation between metal atoms and/or metal clus-
ters is driven by quantum vortices within the thermodynamically
stable state of a large superfluid helium nanodroplet. Such a situ-
ation is reported by the group of Vilesov who observed elongated
Ag aggregates, which are believed to track internal movements
of vortices.”® This observation is currently turned into an ele-
gant and versatile technique for producing a variety of wire-like
metallic and possibly bimetallic aggregates.2? The physics which
controls quantum vortices, the emergence of vortices in rotating
helium nanodroplets and the imaging of vortex structures are ex-
tensively reviewed by |Gessner and Vilesov.ZZ

4.2 Diffusion within clusters of heavy rare gases

The question of mobility appears differently in heavy rare gas
clusters because of the non-quantum character of these clusters.
It is an important issue since it fully controls reactions rates within
clusters. We consider that it has not received enough attention in
the literature, especially in the recent literature where this sub-
ject is almost absent. We hope to stimulate activity in this field
with the review below. [Farnik et al.|in his 2021 perspective arti-
cle make a similar observation. These authors consider molecular
deposition on water clusters and write: "Theoretical investiga-
tions could elucidate the interplay of forces acting between the
molecules on nanoparticles, which lead to their mobility and co-
agulation.”®

Here we concentrate on clusters of heavy rare gases. Two
points must be discussed first: the phase of the clusters (liquid
or solid) and the location of the guest particles (interior versus
surface of the cluster).

The coexistence between liquid and solid phases and between
several solid phases in clusters of heavy rare gases is a very dif-
ficult and highly debated issue.2%7879 It relies a lot on which
criterium is chosen to decide that a liquid phase is present in a
medium of finite size. Such criteria may indeed be ill-defined in
very small media (e.g. a few tens of atoms). Without entering the
debate, let us note that in clusters carrying more than 50 atoms,
the solid phase is stable enough and has a sufficiently large ex-
tension within the clusters to allow for electron diffraction stud-
jes BOHB2

An immediate issue when adding reactants to clusters with a
solid core is whether guest particles solvate in the interior of the
solid phase or stay more or less embedded in the cluster surface.
This was first answered theoretically by [Perera and Amar] who
performed molecular dynamics calculations and showed that an-
swer to this question is essentially provided by the binding energy



and the equilibrium distance between the reactant and a single
constituent of the cluster®, With a long distance shallow well
between these species, the reactant stays at the surface of the clus-
ter. On the contrary, a deep well at short distance stimulate the
formation of a solvation shell about the reactant, which therefore
looks as migrating in the interior of the cluster. This was check
spectroscopically also and further documented theoretically by a
pseudo-diatomic picture of the guest-cluster interaction when a
single barium atom or a single calcium atom is added to a cluster
of several hundreds of argon atoms.®48>, The Ba-Ar>® and Ca-
Ar8® interaction potentials have a shallow well at long distance
and as expected, surface solvation was observed in both cases.

Beyond these studies, the migration and mobility of reac-
tants within large clusters of heavy rare gases has attracted only
few and very old studies either experimentally,87%2 or theoreti-
cally.2? Experimentally, a barium atom was added to a large argon
cluster, it was laser excited to the 6s6p!P level and the fluores-
cence emission 6s6p'P — 6s>'S was recorded. Then, [Lallement
et al.| added methane molecules to the cluster and observed that
the fluorescence signal is quenched, indicating that when a Ba
atom and one or several CH, are present on the same cluster they
move relative to each other and make a quenching collision. If
the timescale of such movement is much larger than the lifetime
of the 6s6p'P level, no quenching would be observed. If it is
much smaller, the fluorescence signal should follow a Poisson dis-
tribution of zero order, Py(< n >) = exp(— < n >), when varying
the average number < n > of methane molecules per cluster. The
situation met by |Lallement et al.| fall between these extremes, in-
dicating that quenching and radiative decay are in competition.
Hence, the lifetime of the 6s6p'P level can be used as a clock
to estimate the collision time between Ba and CH, in the cluster
environment. Actually, the kinetic model developed by Lallement
et al.|is grounded on the sole competition between quenching
and radiative lifetime. It ignores that in a finite medium, Ba and
CH,, even if not associated permanently, may be close enough to
shift the Ba(6s6p'P « 6515) absorption out of resonance with
the laser. A more refined model was proposed by [Briant et al.
and applied to situation where Ba and CH, are deposited on Ar
and Ne clusters.82 The model was thought as a transposition of
chemical thermodynamics to finite size media. It had two param-
eters, which were determined by fitting the experimental data:
the percentage of association between Ba and CH, and the colli-
sion time 7 between non-associated Ba and CH, partners, respec-
tively found to be 0.05 and 17+2ns in Aryjgpp clusters. When
varying the size of the cluster, T was found to scale as the clus-
ter surface and was related in Ref. [89|to a diffusion coefficient, a
cluster-size independent quantity. This was achieved by applying
the very general theory developed by Tachiya and coworker for
diffusion controlled reactions on spherical surfaces.?% The value
of the relative diffusion coefficient between Ba and CH, found in
Ref. [89 was 2.8x10~%cm?s~!. It corresponds to the diffusion of
CH,, essentially. As a comparison, the self-diffusion coefficient in-
side solid argon is orders of magnitude smaller (=5 10~26cm?s~!
when extrapolating the data of Ref. [91] at 35 K, the cluster tem-
perature).

Interestingly, |Gaigeot et al.| ran molecular dynamics calcula-

tions to simulated the movement and aggregation of one and
several N,O molecules at the surface of Arjp;5 and Ary4; clus-
ters.2? Diffusion coefficients in the range 4-100 10~ cm?s~! were
found. The order of magnitude is similar to that found above
for the relative diffusion coefficient between Ba and CH, on ar-
gon clusters. Here, the outer shell of Ary,s5 is not complete and
the N,O molecule makes a random walks, hopping from one ar-
gon lacuna to the other at the cluster surface. A similar compu-
tational approach to diffusion coefficients has been proposed by
Mukamel. 2293

Renewed interest to this field has
the spectroscopy work of [Dvorak et al| on 3,4,9,10-
Perylenetetracarboxylic ~ Dianhydride.2493  Apparently, no
mobility of this large molecule was observed at the surface
of an argon cluster and, when several such large molecules
were present on the same cluster, they stayed isolated from
each other. This contrasts dramatically with the behaviour of
atoms and small molecules recalled above. These two extreme
situations emphasize that mobility at the surface of heavy rare
gas clusters has no general answer yet and must be examined on
a case-by-case basis. Its full modeling is certainly an interesting
challenge, especially when considering molecular clusters where
many body effects play a role (e.g. waters clusters that can build
a network of hydrogen bond).

appeared with

5 Photoinduced dynamics of pure and doped
rare gas clusters

The present section and the following ones address a fundamen-
tal process: structural and energy relaxation within photoexcited
nano-systems, driven by couplings between numerous electronic
and geometrical degrees of freedom. Here, processes that follow
the absorption of a photon by the constituents of a rare gas clus-
ter (or helium nanodroplet) are considered. Four situations are
examined. In subsections and the electronic relaxation is
entirely driven by deformations of the cluster/droplet. In subsec-
tions and a guest molecule participates to the last steps
of the energy relaxation.

5.1 Exciton relaxation within pure heavy rare gas clusters

The response of pure clusters of heavy rare gases to photoexci-
tation has been investigated since the late 1980’s.26728! It was
immediately recognized that electronic excitation of the clus-
ter necessarily induces its structural reorganization.®Z The equi-
librium structure of rare gas clusters is indeed very different,
whether the cluster is in the ground-state or electronically ex-
cited. This difference is related to the equilibrium distance in
rare gas dimers, much larger in the ground state than in bound
electronically excited states, (e.g. 0.38 nm versus 0.25nm for the
argon dimer).221190 The former is dominated by weak van der
Waals forces whereas the latter, because the excited state has a
significant Rydberg character, is controlled by a much stronger
chemical bond.

In short, the excited states of clusters can be thought of as
bound electron-hole pairs,2? described by the Wannier or by
the Frenkel exciton model. 101192 Given the strong dynamical
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effect suggested above, the free excitons that are populated ini-
tially when the clusters still have the ground state structure likely
evolve toward self-trapped excitons when the cluster atoms rear-
range toward a relaxed structure.2Z Of course, such a dynam-
ics is expected in rare gas solids, also. It has been documented
in solid argon by |[Savchenko et al.| who demonstrated that self-
trapped excitons form molecular states within the solid and plays
a key role in the formation of permanent electronically induced
lattice defects (Frenkel pairs).1%3 Turning back to argon clus-
ters, localization of electronic excitation into molecular states has
been predicted by the diatomics-in-molecules (DIM) calculations
of Naumkin and Wales.194 The lowest energy structure of elec-
tronically excited Ar, clusters (3<n<25) was determined, show-
ing that the excitation is localized in a triatomic core, similarly to
the charge in Ar;| ions. However, only one end of the excited core
is solvated by the other atoms of cluster.1%4 This suggests that,
after a free exciton is formed somewhere in an argon cluster, it
migrates toward the cluster surface and relaxes as a molecular
self-trapped exciton.

A process of this type has been investigated in the real-time do-
main by |Lietard et al..19%' A pump-probe femtosecond experiment
was performed where argon clusters were excited to a Wannier
exciton at 14 eV by a three photon absorption of the pump laser
pulse at 265.5 nm. The probe laser pulse, operating at 796.5 nm,
ionized the electronically excited clusters in a single or two pho-
ton process, after an adjustable delay with the pump laser pulse.
The resulting photoelectrons were recorded using a Velocity Map
Imaging Spectrometer (VMI)] as a function of the pump-probe
time delay. This achieved a Femtosecond Time-Resolved Photo-
Electron Spectroscopy (TRPES) experiment.108 This provided |Li-
etard et al.| with a series of photoelectron spectra as a function of
the pump-probe time delay. They are shown in Fig[l} The impor-
tant observation is the two parallel bands, which are highlighted
by white dotted lines in the Figure. The intense band of lower
energy probes the excited clusters in a single-photon ionization
process whereas the other band probes the same state in a two-
photon process. This observation was interpreted in Ref. [105] as
the time dependent formation of a molecular self-trapped exciton
whose centre energy decreases linearly as a function of time with
a 0.59+0.06 eV-ps~! rate.

A crude model of the evolution was developed in Ref. [105}
also. It was broadly inspired by the network of curves calculated
by Duplaa and Spiegelmann| to describe the excited states of the
Ar, dimer.1% It is very close to that developed by |Verlet et al.
to treat of the time-resolved electron-nuclear relaxation dynam-
ics in intraband excited Hg clusters.19% Here, a cascade between
neighbouring states was assumed within a manifold of equally
spaced electronic states. The accessible density of states is actu-
ally very large, owing to the large number of atoms over which
the electronic energy can be delocalized. The model predicted
(see supplementary information in Ref. [105) a linear decay of the

« The Velocity Map Imaging imaging technique was first developed by [Eppink and
Parker|.109 Its principle is reviewed in Ref. [[07] where its newer developments, e.g.
Covariance-Map Imaging, are described
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Fig. 1 Bottom panel: photoelectron spectra (vertical axis) versus the
pump (265.5nm) - probe (796.5nm) time delay. The colors, from dark
to hell, indicate increasing signal intensities. The white dotted lines
guide the eyes along the two bands whose centre energy decreases at
increasing time delays. Top panel: cartoon showing three steps in the
exciton dynamics. Adapted from Ref. [105] with permission from the
PCCP Owner Societies.

electronic excitation in agreement with experiment, suggesting
that the decay lasts 5.1+0.7 ps (only the first 3 ps of this evolution
appears in the time window of the experiment, see Fig[I). This
value falls in the same range as that found by Peterson et al.|in a
picosecond transient absorption spectroscopy experiment where
the dynamics of exciton tunneling and trapping is studied in con-
densed xenon over the density range 0.1-1.8 g-ml~! 110

Interestingly also, relaxation time measurements were reported
by [Serdobintsev et al.| in small electronically excited xenon clus-
ters.11' Among other nonradiative relaxation processes, elec-
tronic relaxation towards a self trapped exciton was observed
in Xes o clusters following a two photon excitation at 263 nm
(9.4€eV). In similarity with the argon experiment reported in
Fig. [1} a linear decay of the electronic energy was observed as
a function of time. Its rate, 0.075eV-ps—!, is almost an order
of magnitude smaller than that reported above in the argon ex-
periment. This is expected actually. The decay model that has
just been reported shows indeed that this decay rate scales as %
where k is the decay rate between adjacent electronic states and
p the density of states. When switching from argon to xenon en-
vironments, the former scales as the mass ratio between argon
and xenon and the latter as its inverse. Hence, the decay rate

of the electronic energy measured in the argon (0.59eV-ps—!)

2
and xenon (0.075 eV-ps~!) environments must scales as (%—;‘() =
0.17, which is approximately the case.

Note that electronic excitation in heavy rare gas clusters that
was just reviewed does not lead to bubble formation, in contrast
with the situation that we shall see below in helium nanodroplets
(Sec. . However, bubbles formation has been reported in
solids of heavy rare gases when the electronic excitation is carried
by a guest molecule, for instance, upon excitation of the A(3sc)
Rydberg orbital of NO in solid neon. 1127114



5.2 Penning ionization within doped clusters of heavy rare
gases

The relaxation of free excitons changes very significantly when
a guest molecule is present in the cluster. The ionization energy
of the latter is likely smaller than the electronic energy, which is
carried by the exciton. An energy transfer is therefore possible,
where the guest molecule is ionized.

A process of this type has been explored experimentally and
documented theoretically by Musahid Ahmed and coworkers in
Arroo clusters hosting either (H,0);, complexes or a C,H,
molecule. 1131118 The experiments were performed on the Chem-
ical Dynamics beamline at the Berkeley Advance Light Source
(ALS).22 The clusters were generated by continuous supersonic
expansion of argon mixed with guest molecules. The beam source
was coupled to the three-metre VUV monochromator of the ALS.
The resulting ions were monitored as a function of the VUV wave-
length using a reflectron time-of-flight (TOF) mass spectrometer.
This provided Musahid Ahmed and coworkers with photoioniza-
tion efficiency (PEI) curves. Although the argon clusters were
fairly small, the resemblance between the appearances of the
PIE curves with the excitation spectra of Ar, clusters was strik-
ing, indicating that an exciton is formed prior ionization of the
guest molecules. A parallel was made by Musahid Ahmed and
coworkers with the Penning ionization process, which study dates
back to the early age of reaction dynamics: an excited atom A*
and a partner M form an electronically excited collision com-
plex (A.--M)*.117 Recent developments concerning the stereo-
dynamics of the Penning ionization process were reviewed by |Fal-
cinelli et al.. 118

Musahid Ahmed and coworkers noted a very interesting dy-
namical feature when the Penning ionization occurs within a clus-
ter: the evaporation of the surrounding argon atoms cools down
the newly formed ion, which can be stabilized under a metastable
structure (e.g. unprotonated water cluster ions). 115 From a the-
oretical point of view, this offers a splendid benchmark for those,
as |Calvo et al., are interested in modeling multiscale dynamical
behaviours with timescales ranging from atto or femtoseconds to
milliseconds and even much more. 112 From this point of view,
it is interesting to bring together the situation just recalled above
from the work of Musahid Ahmed and that reported in the previ-
ous section from the work of [Lietard et al. 1% on large argon clus-
ters. This rises the question of Penning ionization dynamics that,
to our knowledge, has not been investigated yet in time resolved
experiment. Since the initial exciton state is delocalized on the
cluster, the Penning ionization can be thought either as a direct
electronic coupling between the molecule and the delocalised free
exciton, or as a sequential process where a self-trapped exciton is
formed and migrates towards the molecule.

5.3 Photoinduced dynamics within pure helium nan-
odroplets

The studies reported in the present section belong to a general
concern where helium nanodroplets, which appear as nearly ideal
matrices for microwave and infrared spectroscopy, develop actu-
ally invasive dynamical effects when electronic excitation or ion-

ization is present. In this context, strong host-guest forces are at
play and guest-helium exciplexes, ionic complexes (snowballs) or
even nanoplasmas can be formed. 120

An excellent overview of the intrinsic behaviour of electroni-
cally excited helium nanodroplets, about 15 years ago, is given
in Ref. [121l Experimental works in both the energy and time do-
mains are reviewed, with special focus on the latter. Information
is provided on the surface and bulk dynamics of the nanodroplets
that follows electronic excitation. Broadly speaking, electronic
excitation in nanodroplets can by considered as fairly localized.
The associated dynamics includes interband relaxation, formation
of transient excited molecular complexes inside the nanodroplets
and ejection of Rydberg atoms (He*) and molecules (He}). The
work of [Mudrich et al.| reported below is a further step in this
direction.
bubbles around electronically excited helium atoms or molecules,
a phenomenon that was reported for first time by von Haeften
et al.| 122

It offers real-time information on the formation of

Mudrich et al.| have run experiments on helium nanodroplets
in the same spirit as those reported in Sec.[5.1|where the dynam-
ics of a Wannier exciton in an argon cluster was followed until
it becomes a self-trapped exciton.' The helium nanodroplet ex-
periments were performed on the low density matter end-station
of the FERMI free-electron laser at the Elettra facility in Trieste.
Helium nanodroplets (size ranging between 2x103 and 3x108
helium atoms) were excited between 21.0 and 22.2 eV within the
strong absorption band, which is associated with the state man-
ifold that correlates to He(1s2p !P). The resulting dynamics was
probed by ionization at 4.8 eV and the photoelectrons were moni-
tored with a VMI as in the argon experiment reported in Sec.
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Fig. 2 Left panel: photoelectron spectra (vertical axis) versus the
pump (21.0 eV) - probe (4.8 eV) time delay. The signal intensity is
shown by the color scale in the inset. Right panel: cut through the left
panel image at selected time delays given in the inset. The photoelectron
signal (horizontal axis) is shown as a function of the photoelectron energy
(vertical axis). Adapted from Ref. [31l|(Licence CC-BY 4.0)

Part of the results obtained by Mudrich et al.| are reproduced in
Fig. |2l The electron spectra are dominated at short time delays
(t<0.5ps) by the broad feature labeled ”D” in the right panel of
the figure. Its centre energy decreases as a function of time. At
longer time delays the sharp peak labeled ”A” appears, partly at
the expense of feature ”D”. Bringing together these observations
with He-TDDFT calculations performed in the same work, ab-
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initio molecular dynamics calculations reported in Ref. [123] and
earlier photoluminescence studies,12%, |Mudrich et al.| proposed
a three step scenario for whole process: (i) the initial electronic
excitation, likely delocalized over several He atoms, is relaxed to-
ward the lowest excited band of the droplet (that built from the
He(1s2s!S states) within less than 250 fs. (ii) Further relaxation
proceeds with formation of a bubble in ~ 0.5 ps about an excited
He* atom. The bubble formation is due to the Pauli repulsion be-
tween the excited electron and the electrons of the filled orbitals
of the surrounding ground state helium atoms. (iii) Then, the
bubble migrates to the nanodroplet surface and bursts to release
a free metastable He* atom. This step is fairly slow, 2.5ps. Its
completion strongly depends on the location of the initial elec-
tronic excitation, wether it is close to the surface or deeper inside
the droplet.21

5.4 Penning ionization within helium nanodroplets

The Penning-like ionization process that has just been reviewed
in argon clusters has been observed in Helium nanodroplets
also.12H127 The guest species were heavy rare gases (Ref. [125)
and organic molecules (Refs. [126/127). For instance, Mandal
et al.| considered the ionization of acetylene oligomers following
photoexcitation of the n=2 and n=4 bands of He nanodroplets
in electron-ion coincidence experiments.22Z It appears from Ref.
127|that the n=2 band acts as the energy reservoir in helium nan-
odroplets, in the same way as the He(1s2s'1S) metastable states
in conventional Penning ionization.

6 Photoinduced dynamics of a single atom
hosted in clusters: benchmarks of coupled
electronic and structural dynamics

This and the following section focus on an opposite situation as
that encountered in Secs. and Here, the guest particle
(and not the host) carries the initial photoexcitation and relaxes
excess energy towards the host. Hence, no delocalization of the
electronic excitation over several sites need to be considered as
initial step of the dynamics. Guest atoms are considered in the
present section.

An alkali atom or an alkaline-earth atom interacting with a
rare gas cluster/droplet is among the simplest guest-host systems
where to investigate the energy relaxation processes that follow
electronic excitation of the guest. Obtaining detailed experimen-
tal information in this field, including information in the real-time
domain is not especially difficult given the nowadays develop-
ments in the beam and laser spectroscopy techniques. This will
be exemplified in the examples reported below. The challenge is
on the theoretical side. Because of its apparent simplicity, this is-
sue appears indeed as a benchmark where to develop theoretical
approaches that face the full complexity of coupled electronic and
structural relaxation.

6.1 Valence excitation of a hosted alkali atom

Alkali atoms hosted in quantum media (helium nanodroplets
and para-H, clusters - Laser induced fluorescence (LIF) and
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Laser induced beam depletion (LIBD) spectroscopy of alkali
atoms hosted in quantum media (helium nanodroplets and para-
H, clusters) has been investigated very early in the group of
G. Scoles. 128 The LIF and LIBD spectra are very different from
each other in the para-H, experiment, suggesting that non radia-
tive processes dominate the guest-host dynamics. This is not the
case in helium nanodroplets. Further studies of the same group
showed that the guest-host dynamics in helium nanodroplets re-
sults in the formation and ejection of Alkali-Helium exciplexes
(e.g. Na*-He and K*-He), the alkali atom being initially solvated
near the nanodroplet surface. 1221131 Some ambiguity exists re-
garding the time scale of the formation/ejection of the K*-He ex-
ciplex. 1301321133 Nevertheless, a theoretical description, consis-
tent with the observation of [Reho et al.| in Refs.122130 has been
developed by Martinez et al.| using the helium density functional
method (He-TDDFT) to describe the nano-droplet and either a
classical or quantum description of the K-atom dynamics within
the droplet.13%

States are labeled according to a pseudo-diatomic picture of
the K. - -droplet interaction where the nanodroplet is represented
as a pseudo-atom. This picture is justified by the shape of the LIF
and LIBD spectra reported by Scoles and coworkers in Ref. [128: a
clear ¥ — IT splitting corresponding to the alignment of the 4p or-
bital, either perpendicular or parallel to the droplet surface. The
calculation of Martinez et al.| shows that excitation to the 4p 2y,
pseudo-diatomic state leads impulsively to the ejection of K in the
4p ZP% atomic state. Excitation to 4p 211 3 leads to the formation

of the K(4p 2P)-He exciplex through a no-barrier pathway. 134 Ex-
citation to the 4p 2II | state induces a complicated dynamics be-

cause an energy barrier is present along the 4p2I1, curve. This
2

prevents direct formation of the K(4p 2P)-He excipléx and makes
the K atom bouncing within a shallow well of the potential curve.
With the two later excitations, the K(4p 2p) atom interacts with
helium for a long time. This stimulates spin-orbit (SO) relaxation
(as in collision induced fine-structure transitions)132 and enables
stabilization of ring exciplexes. The corresponding helium density
is shown in Fig. for the 4p 211 1 excitation.

7.5 ps
@

Fig. 3 Snapshots taken from the calculations in Ref. [I134l They show
the helium density in (He)joo0 nanodroplets carrying a single K atom
after excitation of the K atom to the 4p ZH% state. The left (resp. right)

picture is taken before (resp. after) the spin-orbit relaxation mentioned
in the text has proceeded. Adapted from Ref. [134] with permission from
the PCCP Owner Societies.

The ejection dynamics of a Rb atom out off the surface of he-
lium nanodroplets has been investigated also in a combined ex-
perimental and theoretical approach as above 13311361137 The va-
lence excitation of the Rb atom promotes an evaporation-like pro-
cess rather than an impulsive desorption. Again, spin relaxation
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Fig. 4 Correlation plot (bottom panel) between the photoelectron en-
ergy (vertical scale) and the pump-photon energy (horizontal scale). The
intensity of the photoelectron signal is given by the colour scale (in ar-
bitrary units). The black spectrum in the middle panel focuses on the
photoelectrons associated with free K atoms, ejected from the cluster.
The blue spectrum in the same panel focuses on K atoms that remain
bound to the cluster. The black curve in the top panel shows the simu-
lated total absorption spectrum and the red (resp. blue) curve absorption
towards the H% (resp. H% state). Adapted with permission from Ref.

56l Copyright (© 2015 American Chemical Society.

stimulates desorption of a long lived Rb-He exciplex.

Non-quantum hosts (argon clusters) - The latter remark inter-
rogates on the role played by the SO coupling in the dissociative
dynamics of excited alkali atoms from helium nanodroplets and
more generally from rare gas clusters. This question has been
examined theoretically by |Gervais et al.| for small M(Ar), clus-
ters (n=1-6, M=Li-Rb).138 Small SO coupling is associated with
an essentially diabatic dynamics, which becomes more and more
adiabatic as the SO coupling increases. The centre point of the
work was the theoretical method which allowed treating in one
shot, energy, forces and non-adiabatic couplings in systems that
carry a fairly large number of electronic and structural degrees of
freedom. An effective one-valence-electron model was used, all
other electrons being incorporated in pseudopotentials about the
polarizable MT and Ar cores.

To step further into the photoinduced dynamics of alkali atoms
hosted in non-quantum clusters, Douady et al.| performed a com-
bined experimental and simulation study where a single K atom
bound to the surface of an Ar, cluster was electronically ex-
cited to states correlating with the first doublet state (4p2P) of
free potassium.2® Resonance Enhanced MultiPhoton Ionization-
PhotoElectron Spectroscopy (REMPI-PES) experiment was per-
formed as described in Ref. 139l The photoelectron spectra pro-
vided by the REMPI detection were monitored as a function of the
energy of the pump-photons that excite the K atoms. The experi-
mental results are summarized in the two bottom panels of Fig.
As above in the helium droplet experiments, the pseudo-diatomic
picture is used to label the energy states.

The experimental spectra, which appear in the middle panel
of Fig. [4] exhibit two broad bands. The black band labeled X, in
the blue side of the spectrum, is associated with perpendicular

alignment of the 4p orbital with respect to the cluster surface,
whereas the partly structured IT band corresponds to the parallel
alignment of the same orbital. The X —IT splitting is significantly
larger than observed in Ref. [128 when K is attached to a helium
nanodroplet. Surprisingly, a large amount of the K atoms that
are picked-up by the cluster are subsequently lost and reach the
interaction zone with the pump laser as free K atoms. The corre-
sponding signal is the saturated white area broadly centred at the
(13,023cm™1, 0.77 €V) coordinates in the bottom panel of the
figure. The other clear message from the experiment is that the
excitation within the broad X band leads to the formation of free
K atoms (revealed by the intense narrow feature at 0.77 €V in the
photoelectron spectra that extends over the whole ¥ band when
scanning the pump-photon energy). In contrast, excitation in the
I1 band leads to the formation of a bound state.°

These observations and the experimental photoelectron spec-
tra were quantitatively reproduced in Ref. 56/ by a nonadiabatic
molecular dynamics simulation of a K(Ar)73; cluster (compare the
top and middle panels of Fig. ). Among other information, the
calculation showed that relaxation of the IT excitation drives the
system toward a basin where the coordination of the K atom is
2.2 Ar atoms on the average, in a poorly structured surface.2®

6.2 Valence state excited alkaline-earth atoms

With two valence electrons, alkaline earth atoms offer a more
complex electronic landscape and therefore a richer photoin-
duced dynamics than alkali atom, even for excitation within the
state manifold correlating to the first resonance state of the free
atom. For example, singlet-to-triplet energy transfers can be at

play.

14 ps

Photoelectron energy /eV

0 2 4 6 8 10 12 14
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Fig. 5 Photoelectron spectra of electronically excited Ba(Ar)~spo clus-
ters as a function of the pump-probe delay in the TRPES experiment. A
-like excitation toward the ' P-manifold was performed by the pump-laser
at time t=0. The signal intensity is given in false colors (zero intensity in
dark blue and increasing intensities in light blue, green, yellow, red and
brown, respectively). Same color map as in Fig. Adapted from Ref.
57| with permission from the PCCP Owner Societies.
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Awali et al.| investigated the dynamics of an electronically ex-
cited barium atom deposited at the surface of an Ar.sgo cluster.
Information was collected from frequency-resolved nanosecond
experiments (REMPI-PES experiments as recalled above when
reviewing Ref. [56) and from femtosecond time-resolved experi-
ments (TRPES experiments as seen above when reviewing Ref.
105).27 Barium was electronically excited within the !P-manifold
which correlates to the resonance state 6s6p !P; of free barium.
The resulting dynamics either left the excitation within the ini-
tial 'P-manifold (main channel) or brought it to the 3p-manifold
correlating to Ba(6s6p>P). In both cases, there was a competition
between ejection and solvation of the barium atoms. Fig. [5]re-
ports a striking time-resolved information from Ref.2Z. It follows
a X-like excitation toward the !P-manifold in a situation where
barium stays solvated within the cluster and does not switch to
the 3P-manifold. The cartoon shows the interpretation, where the
initial X-like alignment of the Ba(6p) orbital is relaxing to the IT-
like alignment while barium makes a large amplitude oscillation
with respect to the cluster surface, the oscillation being damped
very rapidly. The oscillation period is ca 4 ps. The bouncing move-
ment of barium is associated with a variation of the photoelectron
energy because the electronically excited surface that is probed is
not parallel to the ionic surface onto which it is projected. This in-
terpretation stems from the molecular dynamics simulation with
electronic mode hopping developed by [Heitz et al.| in a similar
system where the barium atom is replaced by calcium and the
icosahedral-like cluster Arsy is considered.14Y The results byHeitz
et al] are recalled in Fig.[6] The bottom panel of this figure strik-
ingly similar to that of Fig.

T T T T

Fig. 6 Numerical
simulation by |[Heitz et al.
showing the dynamics of
a CaArsy cluster follow-
ing a X-like excitation of
the Ca atom. Distance
from Ca to the centre
of mass of the argon
cluster (Upper panel)
and photoelectron spec-
trum (Lower panel)
as a function of the
pump (2.96eV) - probe
(3.50eV) time delay
(in ps). Adapted with
permission from  Ref.
1401 Copyright ©
2010 American Chemical
Society.
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6.3 Rydberg excitation of the guest atom

Single Ba atom bound to the surface of an argon cluster -
A complex situation where many electronic and structural relax-
ation pathways are coupled was addressed experimentally in Ref.
58 and theoretically in Refs. [58]141l Experimentally, BaAr.;so
clusters were excited in the vicinity of the 6s9p 'P state of free
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barium and probed by ionization in a femtosecond pump/probe
scheme. The velocity imaging (VMI) technique was used to mon-
itor the energy distribution of photoelectrons and photoions as a
function of the time delay between the pump and probe pulses.
On the theoretical side, mixed quantum-classical dynamics was
used to account for the nonadiabatic transitions among more than
160 electronic states. A diatomics-in-molecules (DIM) approach
allowed for an efficient calculation of the Hamiltonian matrix and
its gradients, whereas an Ehrenfest-based method enabled prop-
agation in a diabatic basis. To bypass troubles with an inappro-
priate mean-field potential when the forces on several electronic
states are very different, the electronic wave packet was collapsed
onto a single adiabatic surface at regular time intervals, hence ap-
plying the "mean field with quenching” (MFQ) method described
by Janecek et al.| 142
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Fig. 7 Comparison between simulated (red curve; data taken from Ref.
141]) and experimental (green curve; data taken from Ref. [58)) photo-
electron spectra of BaAr, clusters at long pump-probe time delay after
excitation of barium in the vicinity of the 6s9p ! P state of free barium.

Dynamics on singlet potential energy surfaces was considered
in the calculation of Ref. [141l This significant simplification
avoided including spin-orbit coupling when simulating the ioniza-
tion probe signal. Hence, only qualitative agreement with experi-
ment is to be expected as observed in Fig.[7] Importantly, the sim-
ulation reflects the multimode nature of the experimental spec-
trum, a fingerprint that at least two relaxation pathways are at
play. They differ by the dominant electronic configuration of the
final state after energy relaxation, Ba(6s6p)Ar, or Ba(6s5d)Ar,.
In agreement with experiment, the simulation shows that the Ry-
dberg excitation of the BaAr, clusters by the pump laser leads
first to embedding of barium inside the cluster, as a Ba'Ar,, core
surrounded by a diffuse electron. Subsequently, the coupling of
electronic and vibrational motion induces a cascade of nonadia-
batic transitions down to the Ba(6s6p)Ar, or Ba(6s5d)Ar, states,
along with back migration of Ba towards the surface of the cluster
for the Ba(6s6p)Ar, channel essentially. Surprizingly, no ejection
of atomic barium appeared in the simulation although ejection
was observed experimentally.



The ejection of barium atoms, which was observed experimen-
tally, was interpreted as a delayed, very indirect slow process.
Ejection did not proceed during the first 5ps of the dynamics.
This was interpreted as a peculiarity of pump-probe experiments
where the probe operates by ionization. At short time delay in-
deed, barium atoms that are to be ejected as neutral atom have
not enough kinetic energy and are not far enough from the ar-
gon environment to compensate the attractive interaction that
appears with the argon cluster when ionized by the probe laser.
Hence, upon ionization by the probe laser the newly formed Ba*
ion stays solvated within the cluster.8 We shall see in the next
section that this behaviour has been identified in helium droplet
also. It has been called "fall-back dynamics” to point out that the
ion, which should have left the cluster, is actually ”call back” by
the electrostatic interaction and ”falls back” onto the cluster.

The fall-back dynamics of photoions in femtosecond
pump-probe experiments - The fall-back dynamics of the pho-
toion produced by the probe laser that has just been encountered
and defined in argon clusters has been observed in quantum clus-
ters also. It was very nicely documented by Mudrich and cowork-
ers who investigated the real-time dynamics of a single excited
rubidium atom attached to helium nanodroplets.123 The work
combined a standard femtosecond pump-probe experiment with
simulations based on He-TDDFT theory. A Rb atom bound to a
He nanodroplet was excited to states correlating to the 5p !P and
6p 'P states of free Rb. The dynamics was probed by ionization
of Rb* and the resulting ions were monitored as a function of the
pump-probe time delay. The simulations performed in this work
documented the movement of Rb* after the pump excitation and
the subsequent movement of the Rb* ion after Rb* was ionized
by the probe laser. The fall-back dynamics of the Rb™ ion is par-
ticularly well illustrated by the first animation in the series of four
that are available in the Supporting Information of Ref. [133l The
animation shows a rubidium atom, which starts desorbing after
excitation to the 5pII | state at time zero. It is ionized 20 ps later
before it fully exits the droplet. At that point, the fall-back dy-
namics begins.

Rydberg states in heavy rare gas clusters and helium nan-
odroplets - The dynamics immediately following the Rydberg
excitation of BaAr, clusters was interpreted in Ref. 58/ and doc-
umented numerically in Ref. [141] as the formation of a Ba™Ar,
core surrounded by a diffuse electron, the latter being especially
diffuse when the core Ba™ has the 6s electronic configuration.
This picture, which concerns Rydberg states of small princi-
pal quantum number, has similarities with observations reported
by Marcel Drabbels and coworkers for much higher Rydberg
states in the context of quantum helium nanodroplets. 1431144
Excitation spectra of sodium-doped helium nanodroplets were
recorded up to the ionization limit. A series of Rydberg-like
bands were observed and interpreted as originating from a posi-
tively charged Na*Helium-droplet core with an orbiting electron.
Those with principal quantum number n<20 are found unstable
at the nanosecond time scale with respect to electron-ion recom-
bination. Those with n>100 have a lifetime larger than 1.1us.
An issue in Ref. [143] and also in works of Wolfgang Ernst and

coworkers where Na was replaced by Cs and Rb, 1421146l was to
model the interaction of the Rydberg electron with the ion core.
Since a ground state alkali atom is located at the surface of the
helium nanodroplets, a pseudo-diatomic model where a pseudo-
atom takes the place of the nanodroplet is a good starting point
to describe the alkali-droplet interaction. A model of this type
has been developed by |Calvo et al.| to account quantitatively for
the absorption spectra of calcium-doped argon clusters.®> In their
work on nS, nP and nD states of Cs atoms bound to a helium nan-
odroplet, Wolfgang Ernst and coworkers found that the pseudo-
diatomic model offered a good description of the excited states,
up to n=10. However, when n>10, the Cs™ core is strongly at-
tracted towards the interior of the nanodroplet.14>

Growing a bubble inside a helium nanodroplet The guest
atom considered so far, alkali and alkaline earth atoms were
bound to the surface of heavy rare gas clusters and helium nan-
odroplets. When binding an indium (In) atom to a helium nan-
odroplet, Ernst and coworkers investigated a situation where the
guest atom is embedded inside the nanodroplet.14Z A femtosec-
ond time resolved photoelectron spectroscopy (TRPES) experi-
ment and time-dependent density functional (He-TDDFT) the-
ory simulations were performed for documenting the photoin-
duced dynamics of the In-helium droplet assembly. The follow-
ing picture was unravelled. Upon electronic excitation the elec-
tron cloud of In expands. The interaction between the In excited
electron and the surrounding ground state He atoms is indeed re-
pulsive at intermediate distances because of the Pauli principle.
The expanding In electron cloud pushes helium atoms away and
a void bubble is forming about the In atom. A time scale of 600 fs
was found. It is associated with a collective oscillation of the he-
lium shell that is damped after a single period of 30 ps.14Z

7 Photoinduced dynamics of a single guest
molecule

7.1 A related matter: isolation at low temperature in rare
gas matrices

Let us divert a little to a related matter: isolation at low tem-
perature in rare gas matrices.148 It is known for a long time
that atoms and molecules can occupy a variety of sites where
one or several atoms of rare gas lattices are substituted by guest
species. 1421150 The environment differences provided by the var-
ious trapping sites not only affects the spectroscopy of the guest
species (frequency shifts) but also affects subsequent dynamics
when the guest species are photoexcited.12171>% An observation
is especially relevant for the scope of the present perspective arti-
cle: the nature of the trapping sites may be different whether the
guest species (alkali atoms in argon matrices) is in the ground
electronic state or electronically excited. 122126 Numerical simu-
lations provided in Refs. [155)156] show that after electronic ex-
citation, the metal atom migrates from less to more favourable
solvation sites. The alternative large deformation of the matrix
around the metal atom would be to slow to be observed.

More recent experimental works based either on photon echo
techniques or detection of amplified spontaneous emission show
that the different solvation sites of large polyatomic molecules (ei-
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ther 2D planar tetrapyrrolic molecules or 3D ball-shape molecules
as W(CO)g) are not coupled in the same way to the phonons of
the rare gas lattice. 1271159 This paves the way to site selective
dynamics studies.

7.2 Triethylenediamine (DABCO) molecules bound to argon
clusters: quantum beats, hopping dynamics between
solvation sites and orbital manipulation

This section comes back to solvation in rare gas clusters. It sum-

marizes a ten years saga in our research group which was initiated

by a collaboration with David Parker who was aware of the inter-

esting peculiarities (recalled below) of the DABCO molecule (1,4-

diazabicyclo-[2,2,2]octane or triethylenediamine, ﬂﬁg ) 11601162

The multiscale, time-resolved, excited state dynamics of the
DABCO molecule was investigated when the molecule is either
free or solvated at the surface of argon clusters, 011391637165/ A].
though the photoexcitation of the molecule was performed in
the UV range, the deposited energy was not large enough to in-
duce bond rearrangements. Hence, situations are addressed here
where the photoinduced force field intensity within the molecular
guest is comparable to the interaction intensity with the host. An
opposite situation will be examined in the next section.

The DABCO molecule - The peculiar properties of the DABCO
molecule are reviewed in Ref. [163| Briefly, it is a fairly spherical
(D3, symmetry) molecule because of the triple bridge between the
N-atoms. 28 Its ground state Sy has a valence character and the
first excited state S; has a 3s Rydberg character at 90%, 16311641166
Because of the D3, symmetry, the single photon excitation S| +—Sy
between states of A; symmetry is forbidden. It is made possi-
ble through a Herzberg-Teller vibronic coupling with a E’ bright
state (a 7 state representation in the Ds;, point group).187 The
molecule has a unitary quantum yield for fluorescence from the
S state.198 Accordingly: (i) the one-photon excitation by a polar-
ized laser leads to a slightly polarized orbital, a fingerprint of the
polarization of the vibronically coupled states; (ii) a large expan-
sion of the DABCO electronic cloud is expected upon electronic
excitation; (iii) No conical intersection establish an easy connec-
tion between the S; and S states.

Quantum beats in free DABCO - A standard time-resolved pho-
toelectron spectroscopy (fs-TRPES) was performed in a setup that
combines a molecular beam, a Velocity Map Imager (VMI) and
femtosecond pump (266.3 nm) and probe (2x792 nm) lasers.163
The latter are linearly polarized, their directions of polarization
being either parallel or perpendicular to each other. Since the
VMI allows recording both the energy and the angular distri-
bution of the photoelectrons, the full experimental information
consists in a series of photoelectrons spectra documenting elec-
tron distributed as the Legendre polynomials Py (cos 6), P»(cos ),
sometimes P4(cos ) as a function of the pump-probe time delay.

The main experimental result is reproduced in Fig. [§] for the
electrons distributed as Py(cos@) (total photoelectron signal).
The top panel of the figure shows that the observed photoelec-
tron spectrum is adequately fitted by four bands labeled 2.0, 2.1,
3.0 and 3.1 in the figure. The intensity of two of them (3.0 and
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3.1) is plotted in the bottom panel of the figure as a function of
the pump-probe time delay. State-of-the-art ab initio calculations
are also reported in Ref. [163l They document the Sy and S; states
of the neutral molecule and the Dy ionic state in order to help in
the assignment of the observed photoelectron signals.
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Fig. 8 Top panel: Pho-
toelectron spectrum of the
DABCO near the zero time
delay between the pump
(266.3 nm) and the probe
(2x792 nm) laser pulses.
Peak 2.1 The inset shows the ener-
getics.

Bottom panel: Time evolu-
tion for two photoelectron
A T Fourier wamstorm bands provided by the fit
‘ B in the top panel (bands 3.0
and 3.1). The inset shows
a fast Fourier transform of
the signal. Adapted with
permission from Ref. [163l
Copyright (© 2009 Ameri-
can Chemical Society.
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A pronounced oscillation of 323410 fs is observed on band 3.1.

in the bottom panel of Fig. |8 Several hypothesis were discussed
by [Poisson et al.| to account for this oscillation. That which best
fit with the observations and calculations of Ref. [163| and with
the known vibrational spectroscopy of the DABCO molecule62 s
an unusual quantum interference between two vibrational modes
separated by 103 cm~! (likely the v4 and vs modes of DABCO).
The usual situation with vibrational quantum beats is a coherent
excitation of several levels in the same vibrational mode. Here a
single level in two different modes would be coherently excited.
Of course, the corresponding wavepacket motion cannot be rep-
resented as a movement along a single coordinate. The fact that it
is detected as an oscillation implies that at least one of the atoms
of the molecule is involved in both vibrational modes (hence cou-
pling them together) and that the detection is sensitive to the
motion of this atom (achieved by the intermediate resonance in
the 2-photon probe that appears in the inset of the top panel in
Fig.[8).
Hopping between solvation sites and subsequent energy re-
laxation: a multiscale dynamics - Although clusters are less
rigid than the rare gas matrices evoked in Sec. and although
solvation in clusters is very often surface solvation, site effects
may also be encountered. The excited state dynamics of the
DABCO molecule solvated at the surface of an argon cluster of-
fers such an example, 6113911641165

Again a joint experimental and theoretical approach was fol-
lowed. On the experimental side, a single DABCO molecule
was deposited by pickup on Arns ggo clusters. Two differ-
ent experiments were performed: Resonance Enhanced Multi-
photon Ionization-Photoelectron Spectroscopy (REMPI-PES) us-
ing a nanosecond laser and femtosecond Time Resolved Photo-



electron Spectroscopy (fs-TRPES). The fs-TRPES experiment was
conducted as described in the paragraph above on “Quantum
beats”. Py and P, angular distributed photoelectron spectra were
recorded as a function of the pump-probe time delay for the two
relative alignments of the laser polarizations, parallel and per-
pendicular. On the theoretical side, a series of methods and
basis sets were used (e.g. (R)MP2/aug-cc-pVXZ (X = D, T),
CASSCF/MRCI/aug-cc-pVDZ), including newly implemented ex-
plicitly correlated methods (e.g. CCSD(T)-F12a/aug-cc-pVDZ; see
the review by |Hochlaf)%® to explore the ground and low excited
(S;_4) surfaces of the DABCO%*1-Ar,, (n=1-4) clusters.

The nanosecond REMPI-PES experiment revealed that the
ground state DABCO molecule is in equilibrium between two sol-
vation sites at the cluster temperature. The two sites likely cor-
respond to a different degree of solvation by the argon atoms.
Their nature is discussed in Ref. |61} taking into account the cal-
culations of[Mathivon et al. 164, In the most solvating site, DABCO
may have the N---N axis pointing towards the cluster centre. This
maximizes the number of equatorial Ar-atoms which are found to
stabilize the DABCO—Ar;, in Ref. [164. In the least solvating site,
the N---N axis could be parallel to the cluster surface with no ar-
gon atom along the N---N axis and only one or two argon atoms
forming the first solvation shell.

In a 265.1nm/399nm pump/probe experiment as those re-
ported in Refs. [139] and [169] the most solvating site leads to a
band centred at 0.9 €V in the photoelectron spectrum recorded
at a =4 ps pump-probe time delay, whereas the least solvating
site is associated with a double band centred at 0.73 eV. All the
observations in Ref. [139]indicate that excitation of DABCO to the
S| state induces hopping from the most to the least solvating site,
with a timescale of 270 fs.

Observations beyond 4 ps, up to several hundred picoseconds,
require attention because decoherence of the rotational align-
ment due to the rotation in space of the DABCO-cluster assembly
falls in the range of several 100 ps. The excited orbital is indeed
not purely spherical (it has only a 90% 3s Rydberg character) and
is aligned by the linearly polarized pump laser. Variation of the
resulting alignment as a function of the pump-probe time delay
therefore combines intra-DABCO relaxation and rotational deco-
herence. The two phenomena were disentangled in Ref. [61L

We mentioned already that two series of experiments were per-
formed in Ref. |61, whether the pump and probe laser polariza-
tions are parallel or perpendicular. The photoelectron angular
distribution was decomposed on the P, P, basis of Legendre poly-
nomials. A way of disentangling intra-DABCO relaxation and ro-
tational decoherence is to consider Py distributed electron while
simulating an isotropic excitation of DABCO. This is achieved us-
ing the average quantity S = w where S| (resp. $1)
is the energy spectrum of the Py distributed photoelectrons in
the experiment where the polarizations of the lasers are parallel
(resp. perpendicular). A specific treatment based on information
theory was performed in Ref. 61! to extract the intensity, centre
energy and width of S|l and S+ and therefore of S, specifically
for each solvating sites. Fig. E] shows the centre energy of S as
a function of the pump-probe time delay. A very slow decay of
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Fig. 9 Centre energy of the bands assigned to the most and least
solvating sites in an experiment simulating an isotropic excitation of
DABCO-Ar, clusters and focusing on Py distributed photoelectrons®L.
Note a small 4% discrepancy between energies reported in Table 1 and
Figure 4 of Ref. [61ldue to an inappropriate use of the energy calibration,
it remains within experimental uncertainties.

the centre energy is observed for the most solvating site whereas
the other site has a biexponential behaviour with times constants
14 ps and >150ps. The slow process is interpreted in Ref. [61] as
the relaxation time of the DABCO internal excitation to the argon
bath whereas the process with the 14 ps timescale would be asso-
ciated with local relaxation of the argon bath. The latter process
is turned when the DABCO electron cloud is suddenly enlarged by
the pump laser excitation and initiates the site hopping dynamics.

A close look to Fig. [9] may suggest that small amplitude oscil-
lations of ~100 fs period are superimposed on the slow decay
of electron energies that has just been discussed. Similar, dimly
visible oscillations are also present on the polarization anisotropy
parameter, which has been built on the same data corpus in Fig-
ure 10 of Ref. [61l We consider that these oscillations, which are
very close to the experimental noise, need to be confirmed prior
extensive discussion.

Double observation of polarization anisotropy and photoelec-
tron angular anisotropy: an approach to orbital tomogra-
phy? - Anisotropies of two origins are carried by the full ex-
perimental data set of Ref. 61l (I) Polarization anisotropy is due
to the selection of properly aligned DABCO-argon clusters by the
pump laser so the oscillator strength of the transition is maxi-
mized. If the excited orbital is not spherical, it is aligned and ro-
tates as the DABCO-argon clusters rotate. (II) Angular anisotropy
of the photoelectrons is created by the probe process from the
population and alignment of the excited state that is probed. It
is described by the 3, parameter when the angular distribution of
the photoelectrons is expanded as Sl " (1 + ﬁz‘l "L p,(cos0) +
...), with the same definition as above for Sl and S*. Note that
because the Legendre polynomials form an orthogonal basis set,
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sl and s+ also represent the total photoelectron signal.
sh—s*

Two anisotropy parameters can be defined: r = g« and
I . L .
rg = % The former r is called the polarization anisotropy

parameters. In the present context of the DABCO-argon cluster
dynamics at long time (i.e. after the site hopping dynamics is com-
pleted) the variation of r as a function of the pump-probe time
delay reflects rotational coherences as described quantitatively in
Ref. [61] using the formalism of [Baskin and Zewail.1?% The other
parameter rg can be called the double anisotropy parameter. A
non-zero value of rg tells that the probed orbital is non-spherical.
Since the DABCO-argon cluster rotate in space and drive the ex-
cited orbital, the latter rotates with respect to the polarization of
the probe laser and is therefore probed from different directions
as a function of the pump-probe time delay varies. This offers
a tomographic information on the excited orbital. However, Ref.
61| discussed that the sole experiment cannot provide this infor-
mation specifically because it is obscured by the slow dynamics
of the DABCO™ core underneath the excited orbital, within the
solvation site.
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Fig. 10 Top: scheme of the photochromic reaction of BTF6 (1,2-bis(2-
methylbenzo[b]thiophen-3-yl)perfluorocyclopenten. Bottom left:
LUMO+1 orbital calculated at the B3LYP/def2-TZVP level.
Bottom right: scheme of the wavepacket movements.  Work to
be published in Ref. [171l

7.3 Dynamics of photochromic molecules.

The photoinduced dynamics of photochromic molecules is a
vast field that has both a practical interest for industry and
a fundamental interest given the variety of reaction mecha-
nisms they exhibit. Here, it offers the opportunity to exam-
ine an opposite situation as that reviewed in the preceding
section. The point here is how a weakly interacting reaction
medium (argon cluster) affects a strong photoinduced dynam-
ics in a guest molecule (a photochromic molecule) that un-
dergoes a large intramolecular rearrangement. An interest-
ing example is provided by the photodynamics of a normal
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dithienylethene molecule: 1,2-bis(2-methylbenzo[b]thiophen-3-
yDperfluorocyclopentene (BTF6-C,3H;4F¢S,). The open-ring iso-
mer of this molecule has an antiparallel conformer, which, upon
UV electronic excitation, makes a ring closure reaction. The lat-
ter is schemed in Fig. together with a representation of the
LUMO+1 orbital from which reaction proceeds. The double ar-
row underneath the orbital follows very simply the Woodward-
Hoffmann rules to illustrate where the photocyclization pro-
ceeds. The reverse reaction can be photoinduced by visible
light. The ring-closure (photocyclization)/ring-opening (photore-
version) sequence makes the photochromic property of BTF6.
The photoinduced dynamics of the open-ring isomer of BTF6
was studied in situations where BTF6 is either fully free in a
molecular beam or isolated within an argon cluster. This will
be reported in a forthcoming article. 12 The experiment was per-
formed in the real-time domain with a 80 femtosecond resolu-
tion. The molecule was pumped near 266 nm to the Ss g states.
This launched a wavepacket where several deformation modes of
the molecule are excited. The latter fall in two categories, which
make the initial wavepacket splitting very early in two part that
evolve independently from each other. Each sub-wavepacket has
its own dynamics. One (WP;) has an essentially ballistic move-
ment and decays rapidly (=0.5 ps when BTF6 is free), through
a conical intersection (CI). The other (WP,) is associated with a
much slower process (3-10 ps for free BTF6), a vibronic relax-
ation within the excited potential energy surfaces. When BTF6 is
isolated in an argon cluster, the splitting of the initial wavepacket
into WP1 and WP2 still occurs. A dramatic effect is observed.
WP; is strongly inhibited and most of the relaxation occurs from
WP,. This is interpreted in Ref. [171] by the ballistic wavepacket
”colliding” one or several argon repulsive walls. Then, it deviates
significantly from reaching the CI.

To conclude this section, we point out that solvation of guest
atoms or molecules by cluster hosts affects significantly the ex-
cited state dynamics of the guest. This was exemplified experi-
mentally on atomic (Sec. |§|) and non-reactive molecular (DABCO)
guests. On the theoretical side, excited state dynamics of an
atomic guest was actually coupled with the cluster degrees of
freedom. The same task with a molecular guest, especially if it is
less rigid than DABCO, would be a challenge essentially because
the degrees of freedom, which control the geometry of the host,
that of the guest and the guest-host arrangement likely evolve at
order of magnitude different time scale.

8 Photoinduced bimolecular reactions on
cluster

The crossed molecular beam technique is considered as a dedi-
cated tool for studying the dynamics of elementary bimolecular
reactions under the single collision regime. Historical achieve-
ment in this field can be found in the 1986 Nobel lectures of
Herschbach| and [Lee/ 1721173/ The experimental insight given by
this technique is an integration of the dynamics over the full re-
action path from reactants to products. Attempts to explore re-
actions along the reaction path were initiated by Polanyi|, the
third 1986 Nobel laureate.17# A breakthrough in this field was



the Transition-State spectroscopy technique (TS-Spec) pioneered
in the group of Benoit Soep and applied to the Hg- ---Cl, reac-
tion.*2! It consists in freezing the two reactants Hg and Cl, in a
1:1 van der Waals complex and to promote the reaction by local
optical excitation of Hg within the complex. The chemilumines-
cence of the HgCl* product was monitored as a function of the
frequency of the laser that turns on the reaction. The resulting
action spectrum, more precisely the location and width of bands
in the action spectrum deserved a spectroscopic information on
the transition state of the reaction.

The present section addresses photoinduced reactions between
reactant that are deposited on large, chemically inert clusters.
The experimental technique used for these studies is a transpo-
sition of the transition state spectroscopy (TS-Spec) technique
that has just been recalled. The first example reported here is
a comparison between the TS-Spec study of the Ca---HBr reac-
tion when the van der Waals complex is isolated in a molecular
beam to a situation where the van der Waals complex is bound to
a large argon cluster.

The group of Benoit Soep has pioneered the TS-Spec study of
Calcium-Hydrogen Halide reactions.1Z2"77 For instance, the ac-
tion spectrum reported in Ref. [176 for the Ca + HBr reaction is
shown in the middle panel of Fig. It was assigned to a local
excitation of the calcium atom with the excited orbital either in
A or A’ alignment with respect to the Ca-HBr plane. Importantly,
the A” band exhibits a progression due to the bending of the com-
plex, interpreted as a deformation mode that is perpendicular to
the reaction coordinate. In the same work, the measured action
spectrum was simulated successfully by propagating wavepackets
on model potential energy surfaces that mimic a harpoon type
reaction. This revealed that the access to transition state of the
harpoon reaction is multidimensional and that the coupling be-
tween the covalent and ion pair surfaces is very dependent upon
the Ca-HBr bending angle, a premiére at that date!

Briant et al.| transposed the TS-Spec technique to study the
same Ca* 4+ HBr — CaBr* 4 H reaction as above, but with the
Ca and HBr reactants deposited at the surface of a Ar~yggo cluster
using the pick-up technique.78 A standard CICR is performed.Z
Accordingly, the average number of reactants deposited per clus-
ter was varied systematically and, with the help of the Poisson
statistics, the observed chemiluminescence signal could be as-
signed to the reaction of a single Ca atom with a single HBr
molecule, both forming a 1:1 Ca---HBr complex at the surface
of the argon cluster. The action spectrum measured by these au-
thors is reproduced in the top panel of Fig. The ressemblance
with that recorded from the free 1:1 Ca-HBr complex (middle
panel of the figure) is clear. Nevertheless differences exist. Their
origin was discussed by [Briant et al.| on the ground of the sim-
ulated spectrum shown in the bottom panel of Fig. Briant
et al.l concluded that the access to the transition state of the re-
action is significantly affected, although not fully transformed by
the presence of the argon cluster. In particular, a broad compo-
nent is added to the action spectrum. It was interpreted as the
excited 4p orbital of calcium pointing towards the cluster surface
and forcing movements of the complex that cannot be achieved
when the complex is free.
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Fig. 11 Top panel: Action spectrum of the 1Ca* + 1HBr — CaBr* +H
reaction on argon clusters (Arxao0). It was recorded by monitoring the
CaBr* chemiluminescence as a function of the wavelength of the laser
that turns on the reaction. The solid line smoothes the experimental
points. Middle panel: Action spectrum of the same reaction recorded in
Ref. [176l for the free Ca---HBr complex. Bottom panel: Comparison be-
tween the smoothed experimental data of the top panel and a simulation
where the action spectrum in the middle panel is blue shifted by 90 cm™!
and superimposed to the broad component shown as a dashed line in the
figure. Reprinted from Ref. [178] with the permission of AIP Publishing.

The Ca+ CH3F — CaF + CHj is another example of harpoon-
like reaction where the access to the transition state of the reac-
tion is multidimensional. No bound state of an extra electron ex-
ists indeed at the equilibrium geometry of CH;F and the C—F has
to be stretched for the molecule to attach an electron. 72 This cre-
ates a barrier which blocks the reaction in the ground electronic
state and enables the 1:1 Ca---FCH; complex to be stabilized.

Experiments were reported where the Ca + CH;F — CaF +
CH, reaction was photoinduced in Ca---FCH; complexes, the lat-
ter being either free,1801182 or deposited at the surface of an
argon cluster.183, These works included ab-initio calculations
which associated a pseudopotential description of the [Ca?*] and
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[F7+] cores, a core polarization operator on calcium, an extensive
Gaussian basis and a treatment of the electronic problem at the
CCSD(T), MCSCF, RSPT2 and MRCI levels. The calculations of
Refs. [180J182] documented excited potential energy surfaces on
the dissociation side of the complex, when Ca + CH,F is formed.
The calculations of Ref. [181Iran wavepackets over a 2D potential
energy grid that described the Ca/CH,F assembly with a linear
Ca —F — C backbone. The complete reaction coordinate going
from Ca+ CH4F to CaF + CH; was explored. The latter was de-
fined as the difference between the Ca-F and F-C bond lengths (re-
ferred to the equilibrium geometry of the ground state Ca---FCH4
complex). It goes from positive to negative when passing from the
dissociative side Ca + CH3F of the complex to the reactive side
where CaF + CH; is formed.

The calculation of Ref. [181] was successful to predict the ab-
sorption spectrum of the complex, which of course is sensitive
essentially to the potential energy surfaces in the Franck-Condon
region of excitation. It is however not fully realistic when con-
sidering the reaction coordinate all the way to the formation of
CaF + CH;. Two other deformation coordinates are expected in-
deed to participate to the bond rearrangement: the /Ca—F—C
bending angle to allow the formation of the strongly bound inser-
tion intermediate FCaCH; and the CH; pyramidalization angle
which switches from pyramidal in CH5F to planar when CHj is
free.
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Fig. 12 Calculated energies of the 1'A’, 2'A’ (solid black curves), 11A”
(dashed red), 13A", 23A’ (solid blue) and 13A” (dashed green) states
along the reaction coordinate defined in the text (left: CaF + CH3 prod-
ucts; right: CaTCH3F reactants). The inset shows all the singlet curves
correlating to the CH3F + Ca(4s3d D, 4s4p1P) dissociation limit, to-
gether with the action spectrum reported in Ref. [I83l Energies are given
with respect to the Ca---FCH3 well.
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The present perspective article complements the calculations of
Ref. 181l It includes the effect of adjusting the bending and pyra-
midalization angles mentioned above while scanning the reaction
coordinate. These novel calculations, which keep the Ca/CH5F
assembly with a Cy; symmetry, were conducted as follow. First,
the F-C distance, and the ZCa —F — C angle were optimized for
the ground electronic state at the MCSCF level while varying the
Ca-F distance and keeping the CH; pyramidalization angle as in
free CH5F. This defined an approximate reaction path. Then, a
series of MRCI calculations were performed along this path for
five pyramidalization angles of CH; between /F—C—H=90°
(planar geometry) and /F — C—H=108.8° (equilibrium geome-
try in CH;F). Each MRCI calculation provided us with the energy
of the 1'A, 2! A, 1'A” singlet and 13A, 23&, 13A triplet states as a
function of the reaction coordinate for various values of the pyra-
midalization angle of CH,. For each state the lowest energy was
retained when scanning the pyramidalization angle. The result-
ing energy curves are shown in the main part of Fig. They
are limited to those correlating to CaF(X’L*, A1) + CHj be-
cause of convergence troubles in the MRCI calculations. The nu-
merous changes of the electron configuration along the reaction
coordinate, successively Ca+FCH;, Ca---FCH;, Ca---F---CH,,
Ca®---F~---CHs, F---Ca---CH; and CaF + CH, do not affect the
excited states in the same way and the resulting root switching
problems during the state and orbital optimization were difficult
to handle. MRCI calculations, limited to Franck-Condon region
of excitation, could be performed for a larger number of sin-
glets states (up to 5'A and 3'A”), i.e. state correlating up to
Ca(4s4p 'P) at infinite separation between Ca and CH,F (inset
of Fig.[12).

Let us turn back to the transition-state spectroscopy work of
Gaveau et al.| who photoinduced the Ca + CH3;F — CaF + CH,4
reaction in a Ca---CH3F complex deposited at the surface of
an argon cluster.183 The corresponding action spectrum is plot-
ted against the calculated potential energy curves in the inset
of Fig. This shows that the excitation proceeded towards
the manifold correlating to the Ca(4s4p 'P) + CH;F dissociation.
The spectrum does not look similar to that recalled in Fig.
for the Ca+ HBr reaction. This was recognized in Ref. [183] and
discussed as revealing a profound alteration of the Ca electronic
structure. This is actually confirmed by the present calculation,
especially when observing that the A curves correlating to the
Ca(4s4p 'P) + CH,F dissociation. They are not parallel to the
potential curves correlating to lower calcium states. These curves
are actually strongly mixed with those correlating to Ca(4s5s !S)
+ CH,F. Fig. reveals a complex landscape with several energy
barriers and suspended wells on the ground and excited poten-
tial energy surfaces, that offer many coupling regions between
the upper singlet molecular states that are populated by the laser
excitation and lower singlet and triplet states.

Except the barrier on the 1'A” curve, all other barriers in Fig.
are lower than the 23,600 and 27,600 cm~! range of energies that
is made available when the complex is excited within the action
spectrum shown in the inset of the figure. The issue is impor-
tant and reveals the key role played by the two extra angles (the
CH; pyramidalization angle especially) that were considered to



built the potential curves in Fig. Energy barriers above the
27,600 cm~! limit were indeed predicted along the singlet curves
in the 2D potential calculation of |Gloaguen et al.|. [181] Accord-
ingly, after|Gloaguen et al.| discussed the possibility of a tunneling
reaction through the barrier in the 2! A state, they suggested that
the reaction could proceed along triplet energy curves after an
intersystem crossing has occurred. The conclusion here is differ-
ent. The energy curves reported in Fig. were optimized along
the ZCa—F — C bending angle and CH; pyramidalization angle
coordinates and show that the barrier in the 2! A state is lowered
below the excitation energy. The access to this barrier is likely sin-
uous and not easy to find, in agreement with the strongly struc-
tured action spectrum. Following Ref. [183] this structure can be
though as a vibrational progression due the F — C stretch mode.

The photoinduced Ca + CH3;F —— CaF + CH; reaction in
Ca---FCH; complexes can be viewed as case study were the ac-
cess to the transition state of the reaction is intrinsically multidi-
mensional. It would therefore be informative to observe how the
excitation of specific vibrational modes of the CH;F moiety in the
complex would promote or inhibit the reaction. This cannot be
done when examining the band widthes in the action spectrum
of Ref. [183|because of the broadening due to argon. As well, this
cannot be done on the free complex as in Refs. [180H182|because
the internal temperature of the complex is fairly large and pre-
vents a mode specific analysis of the action spectrum. Although
certainly very difficult, this can probably be achieved when host-
ing Ca and CH4F in a helium droplet to benefit of extremely nar-
row absorption band. In that case, an access would be given to
mode specific excitation of the complex that would be extremely
interesting to address in time resolved studies. Moreover, if host-
ing Ca---FCH, in helium droplet, an elegant way of documenting
solvent effects in a stepwise manner would be picking-up extra
atoms or molecules in the droplet. No such work has been tried
yet.

9 Dynamics of multipartner
hosted in clusters/nanodroplets

processes

9.1 Hampered deformations of molecular complexes hosted
in helium nanodroplets

Due to their superfluidity and weak interaction with guest
molecules, Helium nanodroplet are often presented as a nearly
ideal medium were to perform spectroscopic and dynamics stud-
ies.184 Nevertheless, it is known for a long time that slow molec-
ular rotations as that of SF, are slowed down by the helium
host, this being described phenomenologically by replacing gas
phase rotational constants by much smaller effective constants.4Y
A crude interpretation based on classical mechanics makes a link
between smaller effective constants, i.e. larger moments of iner-
tia and the fact that the rotating molecules drive a non-superfluid
component into movement. Ref. [185| reviews a series of path-
integral, variational, and diffusion quantum Monte Carlo calcula-
tions showing that within a purely quantum picture, the helium
atoms of the non-superfluid component are not distinguishable
from the other He atoms. Instead, they are dynamically exchang-
ing with them. More recently, Lemeshko| proposed that guest

molecules in helium nanodroplets could be described by angu-

lons, i.e. pseudo-particles where a quantum rotor is dressed by
186

the field of many-body excitations.

Fig. 13 Electronic density of the C,H, ---Ne complex at the equilibrium
geometry (R=3.95A and 6=43.3°). The coordinates R and 6 describe
the large amplitude deformations of the complex. Reproduced from Ref.
1871 with permission from the PCCP Owner Societies.

Regardless the picture, classical or quantum, a van der Waals
bound molecular complex, e.g. the C,H,---Ne complex shown
in Fig. is likely surrounded by a non-superfluid component
when formed in a helium droplet. Large amplitude deformations
of such complexes include a hindered rotation of the molecular
moiety with respect to the van der Waals bond. The correspond-
ing in-plane rotation of angular coordinate 6 is shown in Fig.
As the slow rotations that have just been reviewed, the hindered
rotations in molecular complexes are likely perturbed by the non-
superfluid component of the complex. With collaborators, we
have explored this issue both experimentally and theoretically by
considering C,H,-Ne, Ar and Kr complexes, 1871188 The (Cy,H,),
dimer has been studied also.18,
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Fig. 14 Spectra recorded in the C;H, (top panel) and CoH5 ---NeArKr
HENDI experiments of Refs. [187| and [188l Only the lower component
of the v3/vs + v4+ vs Fermi dyad is shown. The vertical lines label the
rovibrational bands of C,H, (in blue) and (C,H,), (in green). Adapted
from Refs. [187land [188 with permission from the PCCP Owner Societies.

The experimental work in Refs. [187 and [188 was conducted
along the well established HENDI technique.129 Accordingly, (i)
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helium droplets were generated by supersonic expansion (aver-
age size of a few thousands atoms). (ii) Rare gases (Ne, Ar,
or Kr) and C,H, molecules were deposited sequentially on the
droplets by pick-up and form the desired molecular complexes.
(iii) The complex+droplet assemblies were illuminated by a tun-
able infrared laser. (iv) Finally, the flux of He-droplets, detected
using a quadrupole mass spectrometer (tuned to the He,* mass),
was monitored while scanning the laser across the v3/v, +v4+ vs
Fermi-type resonance of C,H,. The resulting HENDI spectrum
informs on the absorption spectrum of the molecular complex
within the droplet. HENDI spectra recorded for C,H,—Ne, Ar
and Kr complexes are shown in Fig.|14| (bottom panels). For com-
parison, the C,H, HENDI spectrum recorded in Ref. [189]is shown
in the top panel of the figure.

The red arrows in Fig. indicate the spectral features that
are associated with the C,H,---Rare gas complexes. The three
features observed with C,H,:--Ne retain attention since they are
close to the P(1), R(0) and R(1) ro-vibrational transitions of
C,H,, an indication that the rotation of C,H,, although contraint
by the presence of Ne and by the helium environment, is close
to be free. Three features are also observed with the two other
C,H,---Rare gas complexes. Their shifts with respect to the P(1),
R(0) and R(1) transitions of C,H, deviate from those of an al-
most free rotation. They are difficult to rationalize without a
model treating both of the intrinsic dynamics of the complex and
its perturbation by the helium environment. A numerical model
was developed for this purpose in Ref. [188l It generalizes the
concept of effective rotational constants and offers a phenomeno-
logical approach to the dynamical effect of the helium droplets on
the large amplitude deformation, i.e. deformations along van der
Waals modes of the hosted C,H, - --Rare gas complexes.

Concerning the deformation dynamics of the complex along
the weak van der Waals coordinates R, 6 defined in Fig. the
model assumes that it is the same whether the C,H, moiety is
in the ground vibrational state or excited to one of the com-
ponents of the v3/v, + v4 + vs5 Fermi dyad. Hence the bound
states of C,H,---Rare gas complexes in one of these dyads are
simply those of the ground state, shifted in the same amount,
Grp or Gyp whether the lower or the upper dyad is considered.
The bound states in the ground vibrational states of the complex
are provided by the VRBoundScat close-coupling program devel-
oped in the group of Jean-Michel Launay1®1"193, The C,H, moi-
ety is represented as a pseudo rigid linear rotor with rotational
and centrifugal correction constants B and D. It moves within
the two dimensional C,H,---Rare gas potential energy surface
V(R,0) where R and 6 are the van der Waals coordinates defined
in Fig. Of course, the VRBoundScat program acts in the 3D
space and includes the overall rotation of the complex. The po-
tential derived in the group of Jacky Liévin have been used in
these calculations. 1241125

The model treats the effect of the helium droplet phenomelog-
ically by giving effective values to the constants B and D and to
the reduced mass u of the C,H,---Rare gas complex, i.e. to the
parameters that control the deformation of the complex (B and
D) and its overall rotation (u). Then, the energy and oscillator
strength of all the transitions from the ground state to the desired
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component of Fermi dyad are calculated and each ground state
level is weighted by its population at the droplet temperature. As
a final step, the transitions are summed all together, hence simu-
lating the absorption spectrum of the complex. To check the reli-
ability of the model, the gas phase values of B, D and u were used
to simulate the spectrum of the free C,H,---Ar complex. It suc-
cessfully reproduced that measured and simulated numerically by
Bemish et al.| using a different approach.196
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Fig. 15 Comparison between the experimental (black dots) and simu-
lated (red curve) spectra for the upper v3/v, + v4+ vs Fermi dyad of the
C,H,—Ar complex. The green dotted curve shows the acetylene-only
signal which was subtracted to get the complex-only spectrum. The ex-
perimental and simulation data are taken from Ref. [I88l The red labels
consider the complex as a rigid asymmetric top molecule and the green
ones the C,H, molecule as a free rotor.

After an appropriate adjustment of the B, D and pu parameters
and of Gy p and Gyp dyad energies, the model accounts quantita-
tively for the experimental data in Fig. An example is shown
in Fig. The adjusted parameters B, D, u, Grp and Gyp were
discussed in Ref. [188. Two effects sensitively affect the observed
spectra: the rigidity of the C,H,- - -Rare gas complex and the cou-
pling dynamics between the complex and the non-superfluid and
superfluid components of the nanodroplet. These two points are
examined now.

Rigidity of the C,H,—RG complex - This information stems from
the comparison between the map of energy levels calculated us-
ing the VRBoundScat programm and the analytical expressions of
Hutson| which map the rotational states of a linear molecule per-
turbed by a rare gas atom through an anisotropic potential. 127,
Two extreme situations are recognized by |[Hutson|, whether the
rotational constant of the molecule is much smaller or much
larger than the anisotropy term of the potential. The C,H,---Ne
complex enters in the first category and the C,H, moiety rotates
almost freely. The C,H,---Ar and C,H,--Kr complexes fall be-
tween the two extremes and the rotation of C,H, is severely hin-
dered.

Coupling dynamics between the complex, the non-superfluid and
the superfluid components of the nanodroplet - Information about
this coupling is brought by the fit parameters B, D and u as ex-



tensively discussed in Ref. [188l Only the information brought
by parameter B is recalled here. When a free C,H,---RG com-
plex is described, B is taken to be the rotational constant of free
C,H, (1.17 em™!). In helium nanodroplets, the best fit value
of B is 1.04 for C,H, and it is 1.14, 1.09 and 1.09 cm™!for the
C,H,---Ne, C,H,---Ar and C,H,---Kr complexes, respectively.
This was interpreted as a competition between the formation
of a non-superfluid shell about either C,H, or the C,H,---RG
complex and a repelling effect of the rare gas atom on the non-
superfluid component of the nanodroplet, which is pushed away
from the rotating C,H, molecule.

The model that has just been recalled treats the rovibrational
structure of C,H, ---RG complexes quantum mechanically. How-
ever, it bypaths two difficulties. One is technical. The same ef-
fective rotational constant B was used to treat of helium droplet
effect on the two molecular rotations: the in-plane rotation repre-
sented in Fig[13]and the out-of-plane rotation, which corresponds
actually to an overall rotation of the complex. For a weakly bond
complex as C,H, ---Ne, this is fully justified because the helium
droplet likely affects the two rotations in about the same way.
This might not be the case for more rigid complexes as C,H, - - - Kr.
The second difficulty it that the model bypathes the quantum
character of the helium nanodroplet. The latter show up very
indirectly by observing that the D parameter is four order of mag-
nitude larger in helium nanodroplet than in the gas phase, an
indication that collective excitation of the nanodroplet is strongly
coupled with the molecular rotation. 1281122 We consider that the
body of results that has just been reviewed is sufficiently solid
to stimulate theoretical works where this double quantum char-
acter is included explicitly. A promising direction is the hybrid
quantum method developed by |Vila et al.| that combines time de-
pendent density functional theory for describing the helium nan-
odroplet) and quantum dynamics to describe the molecule. This
method has been used recently to model rotational and vibra-
tional energy relaxation in a diatomic molecule hosted in a he-
lium droplet, 2011202

9.2 A non-statistical multi-member Ca/N,O chemilumines-
cent reaction within argon clusters and helium nan-
odroplets

A historical perspective on the Ca/N,O system - Gas phase
reactions of metal atoms with oxidant molecules have attracted a
considerable interest in the 1970’s and 1980s.203:204 A particu-
lar attention was given to chemiluminescent reactions of alkaline
earth atoms as candidates to design chemical lasers. Renewed in-
terest came when the addition of metals to combustion systems
was proposed to reduce emissions of N, O, a greenhouse gas.20>
For example, |Gao et al.| proposed that a porous medium made
with calcium decorated fullerene (Ca-Cgg), could be efficient to
capture and transform N,O chemically.20°

Metal atom/N,O reactions are also interesting from a pure
physical chemistry point of view. It is driven by an electron trans-
fer from the metal to N,O, but undistorted N,O has a negative
electron affinity (the controversial electron affinity of N,O is ex-
tensively reviewed in Ref. [207). Hence, as met above with the

Ca+ HBr and Ca+ CH4F reactions, at least two coordinates are
at play in the entrance channel of the reaction. Actually, the
Ca+ N,O reaction appears as paradigm of non-Arrhenius reac-
tions where several reaction pathways associated with different
activation energies compete with each other, 208210

The chemiluminescent reaction of Ca+N,O forming CaO was
first reported by Zare and coworkers.2M212 Further investiga-
tions were performed by Dagdigian and coworkers under a beam-
gas arrangement with Ca in ground state 4s2 ! S or in metastable
states 4s4p 3P, and 4s3d ! D.213214 Numerous spectroscopy tech-
niques, including laser-induced fluorescence, resolved fluores-
cence, optical-optical double resonance techniques, sub-Doppler
Intermodulation, Fourier transform were used to assign thou-
sands of CaO lines and provide reliable spectroscopic constants of
CaO electronic states.2154221l This motivated recent ab-initio cal-
culations by Céline Léonard and coworkers, limited however to
low lying states of Ca0.2225224 [n spite of this intense experimen-
tal and computational activity, the complex spectroscopy of CaO
within the orange and green bands is still not fully unraveled.

Motivation for new HENDI-like and CICR experiments on
the Ca/N,O system - Most experiments recalled above where
Ca+N,O chemiluminescence was reported were performed un-
der a multicollision regime and imply a complex reaction mech-
anism. Reaction between single reactants Ca and N,O does not
provide indeed enough energy to excite the chemiluminescence
which is observed. We speculate that a multicentre transition
state, where several Ca atoms and N,O molecules interact, is
at play. We found useful to check this anticipation here. CICR
(deposition for the reactants on argon clusters) and HENDI-like
(deposition on helium droplets) experiments were performed for
this purpose on the Ca+N,O chemiluminescent reaction. Finite
size reaction media formed by argon clusters or helium droplets
offer control on the number of deposited reactants and there-
fore inform on the stoichiometry of the reaction which is ob-

served. 371661178

Experimental - The setup used for CICR experiments is de-
scribed in Ref. 225l The same setup was adapted to HENDI-like
experiments as described in Ref. [226. A beam carrying either ar-
gon clusters (Arxpo00) or helium nanodroplets (Hexn0000) crosses
two pickup regions and capture collisionally Ca atoms and N,O
molecules. The resulting chemiluminescence is collected after
the pick-up regions. After dispersion in a monochromator, it is
recorded by a photomultiplier with cut-off at 900nm. Spectra
below are corrected for transmission and response of the optical
chain.

An important issue in this work was to determine how many Ca
atoms and how many N, O molecules must be present on the same
cluster (or droplet) for observing chemiluminescence. Two se-
ries of HENDI-like experiments were conducted separately where
the average number of calcium atoms (<n¢,>) and that of N,O
molecules (<ny,p>) per droplet were varied systematically. For
<nc,>, the temperature T, of the crucible, where solid calcium
was evaporated, was adjusted. A calibration curve was necessary
to relate T¢, and <ng,>. This was achieved by recording a laser
induced fluorescence (LIF) signal Ca(!P) —! $) as a function of
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Tcq on the same set up, with no N,O molecule present on the
droplets. The LIF signal followed a first order Poisson law since
calcium dimers and larger multimers do not absorb or emit at
the same wavelength as the atom. This allowed for scaling T,
with <n¢,>. However, the helium droplets are light and fragile
and their flux, which was measured using a mass spectrometer
on the beam axis, decreased as <nc,> was increased. This was
compensated while constructing the calibration curve. The aver-
age number <npy,p> was varied by adjusting the pressure in the
foreline of the pick-up. The N,O pressure in the pick-up region
was monitored by measuring the pressure in the chamber which
hosts the pick-up region. These pressures are proportional to each
other and also proportional to <ny,p>. No calibration curve is
needed in this case.
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Fig. 16 Chemiluminescence spectra recorded from Ca/N,O mixtures
deposited on helium nanodroplets (green curve; Hex0000) and argon clus-
ters (black curve; Arxoo00), normalized at their maximum. The bottom
panel magnifies the wavelength scale. For comparison, the top panel
includes chemiluminescence spectra recorded during co-deposition of a
Ca/N,O/Ar mixture on a cold plate (red curve; Ref. 219), in flame car-
rying Ca/N,O (cyan curve) or Ca/NO (blue curve)?2?. Observed Ca
transitions are labeled in the top panel. Known transitions of CaO are
located in the bottom panel. 21672191221

Chemiluminescence spectra and stoichiometry - The chemi-
luminescence observed from Ca/N,O mixtures deposited on he-
lium nanodroplets (green curve) and argon clusters (black curve)
are reported in the top panel of Fig. their horizontal scale
being magnified in the bottom panel. Strikingly, the two spec-
tra, which are fairly structured, are identical within experimen-
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tal noise. In particular no wavelength shift is observed between
them. This suggests that the fluorescence emitter, CaO as dis-
cussed below, is free and has the same electronic and vibrational
internal energy distribution in both experiments. If not free in-
deed, energy relaxation and wavelength shift should be differ-
ent between the two experiments because solvation of CaO on
argon clusters is certainly more invasive than solvation in he-
lium droplets as observed with BaO in various cluster environ-
ments.48'228 From this point of view, the similarity between the
present two spectra and that recorded in the matrix experiment
of Ref. [219] (red curve in the top panel of Fig. is surprising
at a first glance. However, this is not unexpected given the ex-
perimental conditions in Ref. 219 Chemiluminescence could be
observed only during codeposition of Ca/N,O/Ar onto the cold
plate where the matrix was grown. Hence, the reaction may take
place at the surface of the growing argon matrix with the CaO
product emitting chemiluminescence before included into the ma-
trix. In a sense, the matrix experiment of Ref. [219/and the present
experiment on argon clusters mimic each other. Given the simi-
larity between the three chemiluminescence spectra which have
just been discussed, a similar reaction mechanism is at play in
these experiments where a reaction medium (helium droplet, ar-
gon cluster or argon surface) is present. As will appear below, a
different scenario is encountered when the Ca/N,O chemilumi-
nescence is observed in flame and beam-gas experiments where
no such reaction medium is present.

A series of spectra were recorded in helium droplets as a func-
tion of <nc,> and <ny,p>. After summing each spectrum over
the fluorescence wavelength, the total chemiluminescence signal
was obtained. It is shown in Fig. as a function of <nc,>
(left panel) and <ny,p> (right panel). Linear combinations of
Poisson distributions of order k (Pi(<n >) = <Z!>k exp” <) are
shown also. The best agreement with experiment is found with
1-Py(<nca>)-P2(<nc,>) and 1-P;(<npy,p>), telling that the ob-
served chemiluminescence is due to clusters carrying 3 or more
Ca atoms and 2 or more N,O molecules. These values correct a
preliminary report of this stoichiometry in Ref. [229]
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Fig. 17 Total chemiluminescence signal as a function of the average
number of Ca atoms (left panel) and N,O molecules (right panel) per
cluster. The experimental data (red crosses) are fitted by appropriate
linear combination of Poisson distributions (solid curves). To appreciate
the sensitivity to this choice, several combinations of Poisson distributions
are shown in the figure.

Reaction mechanism in presence of a reaction medium - Rel-
evant energetics of the Ca/N,O system are listed in Tab. |1} The
electronic transitions shown in Fig. 16| indicate that CaO levels
up to e3X~ (3.1eV electronic energy) and Ca levels up to 4s4p ' P



Ca Term Energy (eV)  Refs.

45215 0
4s4p3P 1.89 230
3d4s3D 2.52 230
3d4s'D 2.71 230
4s4p'P 2.93 230
CaO Too (V) Refs. CaO Too (V) Refs.
X'zt 0
a1, 1.03 21612181 A''ml 1.07 216218
b3xt 1.18 231 Alxt 1.43 221
3zt 3.03 232 DA 3.047 232
d3A 3.07 232 Cc'lxt 3.054 233
3% 3.1 232 E'x- 3.09 232
Reactions AH (eV) Refs.
Ca+Ca — Ca, -0.13 234
Ca+N,0 — CaO+N, -2.62 D¢y 023
Ca, +2N,0 — 2Ca0 + 2N, -5.11 Dy,
Caz +2N,0 — 2Ca0O+2N, +Ca  -4.77 Dcg, 227

Table 1 Relevant energetics for the Ca/N,O system.

(2.93€V) are populated. Such large energies exceed that pro-
duced by a single Ca+ N,0 — CaO + N, reaction (2.62eV),
a situation which is in line with the observation that at least
three calcium atoms and at least two N,O molecules produce the
observed fluorescence. The reaction Caj; 4 2N,0 — 2CaO +
2N, + Ca is exoergic by 4.77 eV (see Tab. , enough to account
for the observed chemiluminescence signals.

The following picture emerges. The reaction medium, helium
nanodroplet or argon cluster (even an argon surface as in Ref.
219) puts the reactants in interaction with each other and acts
as a thermal bath to stabilize a complex made with at least 3
Ca atoms and 2 N, O molecules, enroute towards a five member
(or more) transition state. At this initial step, a strong coupling
exists between the reaction medium, the internal degrees of free-
dom of the reactants and movement along the reaction coordi-
nate. Accordingly, the reaction is initiated at the reaction medium
temperature. Given the very low temperature of helium droplets
(0.38K), we can state that the access to the transition state of
the reaction is essentially barrierless. Beyond the transition state
when the bond rearrangement starts, a large excess energy is re-
leased and hot products (e.g. CaO) are formed. Strong rapid
intra- and inter-molecular movements are excited. Their evolu-
tion time is likely much shorter than the response time of the
reaction medium, which therefore decouples from them. Accord-
ingly, the internal energy of the reaction products weakly relax
towards the reaction medium and essentially reflect the reaction
dynamics across the transition state.

To complete the discussion on the transition state, it is interest-
ing to mention the density functional theory (DFT) calculations
of|Gao et al.|on Ca/N,0/Cg, clusters. 206/ A strong out-of-linearity
distortion of the N,O molecule is observed when one or two N,O
molecules interact with a single Ca atom at the surface of Cq,. A
significant barrier of 0.032 eV (0.045 eV when two molecules are
present) prevents the N,O molecules to be dissociated as N, +O
in the CaCg environment. Although the analogy with the present
work must be handled with care, we notice that non-linear N,O

has a positive electron affinity, hence favoring an electron trans-
fer and making it barrierless when additional Ca atoms and N,0O
molecules are present.

Comparison with situations where no reaction medium is
present - |[[rvin and Dagdigian| conducted experiments in a
beam-gas configuration.21% Calcium atoms, which were carried
by the beam, have always a low density. In contrast, N,O was
added to the gas up to high density. Hence, experimental condi-
tions can be varied from single Ca+N,O collisions to a multicol-
lision regime where a single calcium atom was colliding several
N, O molecules and upon reaction, the reaction product could be
further collided by N, O molecules. The chemiluminescence spec-
trum recorded under the single collision regime was assigned to
CaO(A’'II — X 'x1) emission. No similarity with this spectrum
can be recognized in the spectra recorded in the present work.
This suggests that the 1Ca+ 1N,0 — CaO + N, reaction has
a barrier that is overcome in beam-gas collisions and not un-
der the very small collision energies that prevail in the present
droplet/cluster experiments. This fits with the work of [Futerko
and Fontijn| where an activation barrier for forming CaO(a’11)
is calculated to 0.033 eV and evaluated to 0.057 eV after reexam-
ination of the experimental work of Ref. 208l Importantly, no
other chemiluminescence than CaO(A’ 'TT — X 'x*) was observed
by Irvin and Dagdigian| under the multicollision regime, suggest-
ing that further exothermic reaction CaO* +N,0 — Ca0,* +N,
documented in Ref. [239]is not at play when a single Ca atom is
present.

A multicollision regime, where several Ca atoms and several
N,O (or NO) molecules are present, is achieved in flame ex-
periments performed by (Capelle et al| a long time ago.22” The
corresponding spectra (cyan and blue curves) are compared in
Fig. with those recorded here (green and black curves) and
that recorded in matrix (red curve). Although similarities can be
recognized, these spectra differ significantly from those already
discussed. Only the blue side of the Ca/NO spectrum reproduces
the spectra of the present work, whereas its red side exhibits a
long progression assigned to the CaO(A’ 'II — X '=+) transition,
which is close to that recalled above from Ref. 214, The Ca/N,0O
spectrum of Ref. 227 mimics our spectra only in its red side, other-
wise it has a large extension to the blue that does not exist in the
present spectra. The difference between the Ca/NO and Ca/N,O
spectra fits with the fact that reactions forming CaO in Ca/NO
mixtures are less exoergic and therefore the available energy to
excite CaO is smaller than in Ca/N,O mixtures.

As seen above, significant differences exist between pure gas
phase flame spectra and the very similar three spectra where a
reaction medium is present. This suggests a very different reac-
tion mechanism in the flame experiments. A chain of elementary
processes including energy pulling within the reaction products is
more likely at play in these experiments than access to a complex
transition state as encountered here when a reaction medium is
present.

Perspectives No full simulation of the observed chemilumines-
cence is provided in Fig. to allow a definitive assignment of
the observed CaO transitions. Such simulation has actually been
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tried, unsuccessfully, using the known CaO energy levels listed in
Tab. |1} In particular, the most intense chemiluminescence peak
could not be fully accounted by the sole CaO(C’ 2+ — A’'IT) and
CaO(D'A — A''TI) transitions. This may be due to large vibra-
tional and rotational excitation of CaO which forces using spec-
troscopic constants outside their validity range. Alternatively, yet
poorly documented states of CaO of large electronic energy may
contribute to the chemiluminescence in this energy region. Qual-
itative information on such states is provided by ab-initio calcu-
lations in the group of Céline Léonard, which otherwise are de-
voted to predictions of almost spectroscopic quality on the low
lying states of Ca0.222223 A special attention should be given
to the assignment of the 640 nm band, which is especially visi-
ble in the bottom panel of figure It appears also in the top
panel of the figure and seems shifted with respect to the Av =6
band of the A'£+, v/ — X1+ " vibrational progression (see blue
curve recorded in the Ca+ NO flame experiment). We consider
this band as unassigned since it is unlikely associated with vi-
brationally excited A'XT state, even if a severe population inver-
sion is present. Finally, emission of the calcium superoxide CaO,
must be considered also. A multistep reaction forming CaO, in a
Ca/N, O vapor has been reported indeed.’%3

It seems difficult to imagine information on the yet poorly
(or even unassigned) CaO transitions from experimental spec-
troscopy only. The latter fall indeed in very congested spectral
region where very broad bands associated with CaO, molecule
may also be present. A better option would be deriving spectral
information on CaO from high level ab initio calculations in the
spirit as those reported above from the groups of Céline Léonard.
This will be a very interesting challenge from a strictly theoret-
ical point-of-view given the high electronic and vibrational en-
ergy contained in the CaO molecule. Tracking the multi-centre
transition state within a strongly multi-configurational and multi-
dimensional landscape would be another theoretical challenge.
Very efficient optimization methodologies as those described in
Refs. [240H243]still have to include the multi-configurational char-
acter of the interaction, with the difficulty that it is extremely ge-
ometry dependent near the transition state of the reaction.

10 Summary and perspectives

The present perspective article has reviewed a series of works that
examine how structural and electronic relaxation is affected by
the presence of an environment. These studies were conducted
in finite size rare gas clusters and helium droplets rather than in
macroscopic condensed media. This offers the advantage that di-
agnostics originally developed for reaction dynamics in the gas
phase (e.g. time-resolved photoelectron spectroscopy, depletion
spectroscopy) can be used. They offer extremely detailed exper-
imental information on the structure and energy state of the de-
tected species, which form a solid basis to develop state-of-the art
theoretical approaches, also reviewed here. The complementarity
between experimental and theoretical information is a character-
istics of this research field.

A lot of the works that are reviewed here address the response
of a host-guest assembly to electronic excitation. The intrinsic
response of the host (rare gas cluster or helium droplet) and

22 | 17

unimolecular processes within the guest (atom or molecules) are
documented, essentially. Only a very limited body of information
concerns bi- and multi-molecular processes. In the perspective
where the host-guest studies is a way to approach reaction dy-
namics in solvent it would be very useful to develop the latter re-
search direction. An elegant way to proceed would be to pick-up
reactant molecules (A and B) and solvent molecules (S) in a he-
lium droplet, to turn on a reaction between A and B (electronic or
vibrational excitation of the reactants) and observe its dynamics
as a function of the number of solvent molecules, using state-of-
the-art experimental approaches such as real-time measurements
with full characterization of the structure and quantum state of
the detected species.
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