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Electron attachment to polar molecules and their non-
covalent complexes can lead to different kinds of anions
which differ from their excesselectron localization. Spectro-
scopic methods for studying anion structures arereviewed.
In many cases, theneutral and anion structuresareidentical
and can be deduced from the electron attachment proper-
ties. Examples are given for complexes containing polar
solvents or building blocks of biomolecules (nucleobases,
amino acid residues...).

1 Introduction

Electron transfer is afundamental processin several fields such
as molecular electronics and chemical or biological processes
such as photosynthetic reactions and has been widely studied in
condensed phases. The charge transfer is then strongly
influenced not only by the electronic and structural properties of
the electron donors and acceptors but also by the presence of the
environment. Some fundamental aspects encountered in the
analysis of large scale physico- or bio-chemical problems can
be interestingly scrutinized by restricting the investigations to
small model systems studied in gas-phase experiments and
interpreted with the help of high-level quantum chemistry
calculations. It is then possible to examine electron transfer to
species ranging from isolated accepting molecules up to large
molecular assemblies whose properties are close to those of the
bulk.1 The influence of donor structures can be greatly reduced
by simply using asdonors either free electrons or highly-excited
atoms. The attention can then be focused on the relationship
between neutral and negatively-charged acceptor structures.

A large fraction of solvents e.g. water, pyridine, DM SO, etc.
and elementary building blocks of biomolecules e.g. nucleo-
bases, amino acid side chains,... possess large dipole moments,
and structures of polar acceptorswill be emphasised here. Inthis
review, the different electron attachment processes to polar
systems leading to severa types of anions in the gas-phase will
be presented. It will be shown that excess electrons in anions
can be located inside molecular orbitals (conventional anions)
or outside molecular frames (multipole-bound anions or
solvated electrons). A brief survey of the different types of
spectroscopy involving either neutral — anion or anion —
neutral transitions will be given. Examples will illustrate how
the study of electron attachment to neutral polar molecular
complexes or photo-detachment from their anions provide
structural information.

2 Electron attachment to polar systems
2.1 Valence anions

In a valence (< conventional >) anion, an excess electron is
submitted to nuclear attractions and repulsions from other
valence electrons.2 The neutral parent and anion potential
energy surfaces cross and different electron affinities must be
considered (Fig. 1). The vertica electron affinity EA, is the
energy difference between the neutral molecular system (plus
an electron at infinite distance) and the anion with the same
nuclear configuration. The adiabatic electron affinity EAyq
corresponds to the vibrationally relaxed anion. The vertical
detachment energy VDE is the energy difference between the
anion in its ground state and the neutral at the same nuclear
geometry.
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Fig. 1 Schematic potential energy diagrams of anions (M—) and their neutral parents plus electron at infinity (M + €). From left to right are represented
multipole-bound anions, molecular systems with negative and positive electron affinities.

Vertical electron affinities EA, of molecules are experimen-
tally determined by Electron Transmission Spectroscopy (ETS).
Temporary anion formation then appears as a set of resonances
in the scattering cross-sections of energy-selected electron
beams colliding with molecules.2 Those resonances are usually
extremely short-lived (lessthan picoseconds), except when they
occur at nearly zero-energy for polyatomics.3

An isolated molecule M with a negative valence adiabatic
electron affinity EA,q cannot give birth to a stable valence
anion. However, when such amoleculeis surrounded by N other
solvent species S which are inert with respect to electron
attachment, the electron affinity becomes EA(N) = EA,4 + E¥;
(N) — EM, (N) where EM, (N) and EM,~ (N) are the respective
solvation energies of the neutral monomer M and itsanion M—.
When the number N of solvents increases, the electron affinity
becomes less and less negative. When N becomes larger than a
threshold value Ny, the electron affinity EA(N) of the solvated
neutral can become positive. Electron transfer then leads to the
formation of stable solvated anions which can be observed. The
first solvation shells play amajor role and gas-phase properties
of small aggregates converge more or less rapidly towards the
bulk properties, allowing for the study of solvated anions?* under
conditions reasonably relevant to condensed phase chem-
istry.15

When the valence electron affinity EA4(M) is too negative,
stabilisation cannot take place in the first solvation shell but
another mechanism can then be responsible for electron
localisation. For example, it has been observed that electrons
can be trapped in sufficiently large water, ammonia or
acetonitrile homogeneous clusters, due to cooperative inter-
actions with dipoles of the whole assembly. Unfortunately, a
satisfying theoretical description of those gas-phase anions
which are analogues of solvated electrons in condensed-
phasel6 s still not available.”

2.2 Multipole-bound anions

The situation is very different in the case of an anion in which
an excess electron is bound by physical rather than chemical
interactions. If a low energy electron approaches a molecular
system possessing a resultant dipole moment u, a quadrupole
moment Q and a polarisability o, it experiences, at distances
much larger than molecular dimensions, attractive potentials
respectively varying as —ucos@/r2, —Q(3cos?0 — 1)/4r3 and
—ol2r4 (r and 0 are the excess electron co-ordinates with
respect to the axis molecule which is supposedly of cylindrical
symmetry). In a closed-shell system where available molecular
orbitals are aready full, the incoming excess electron is
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submitted at short distances to the repulsion from the molecular
electronic cloud and can then be trapped in the quantum well
created by the combination of the long-range and short-range
potentials. Solving the Schrédinger equation in such a quantum
well provides the excess electron binding energy and its orbital
(see Fig. 2). The quantum well is deep and wide enough to

diffuse orbital
~tens of A
weakly bound state
> ~ few meV
-plr s

electron - molecule distance r

Potential energy
Radial wave function

Fig. 2 Potential well and orbital of the excess electron of amultipole-bound
anion.

sustain a bound state, i.e. the electron can be trapped, if the
dipole moment u or the quadrupole moments Q are respectively
larger than ~ 2-2.5D (D = Debye) (for comparison, thedipole
moment of water is 1.85 D) and ~ 50 DA .8 Such negative ions
into which excess electrons are located in a very diffuse orbital
outside the molecular frame are called multipole-bound anions®
and have been experimentally studied mostly by means of
Rydberg Electron Transfer Spectroscopy (RET)10 and Photo-
electron Spectroscopy (PES)!-13 as described in the next
section. Since there is no modification of the geometry of the
neutral parent when a multipole-bound anion is created, the
electron binding energy EBE or the vertical detachment energy
VDE of the anion are then equivalent to the adiabatic or vertical
electron affinity of the neutral parent (Fig. 1).

3 Spectroscopic techniques

The experimental studies of the structural dependence of
electron transfer to non-covaent complexes can be conducted
by means of different approaches. One can either investigate
electron attachment to neutrals or the reverse process, i.e.
electron detachment from anions.

3.1 Rydberg electron transfer spectroscopy

It is possible to determine the structure of neutral polar electron
acceptors by taking advantage of the multipole-binding ionisa-



tion process described above. A given neutra complex
constituted by several weakly-bound polar molecul es can adopt
different geometrical configurations of its neutral components
and each configuration possesses its own total multipole
moments. At large distances, a very low energy electron
approaching this complex experiences along-range field which
mostly results from the sum of the individual molecular
electrostatic moments. According to the geometrical configura-
tion of the electron accepting complex, the attached excess
electron will thus be more or less bound. By measuring excess
electron binding energies and comparing the obtained experi-
mental values to the cal culated binding energies corresponding
to the different possible dipole configurations, one can directly
identify the electron accepting structures. This is realised in a
Rydberg Electron Transfer (RET) experiment where a beam of
neutral polar complexesis crossed with a beam of |aser-excited
atoms, with principal quantum number n. Thisbeam constitutes
a precisely controlled tuneable source of very-low energy
electrons. For each dipole-configuration leading to a multipole-
bound anion, there exists a narrow range of n-values, character-
istic of the electron binding energy to the acceptor (or its
electron affinity), where anions are observed. This can be
understood, in afirst crude approximation, by considering that
electron exchange takes place when thereis amatching between
the diffuse orbitals of the exchange electron in the highly-
excited atom and in the multipole-bound anion (Fig. 3).

Fig. 3 Schematic representation of electron exchange between polar
complexes and excited (‘Rydberg’) atoms. On the left side, three dimers
with different resultant dipole moments give birth to multipole-bound
anions with different excess electron orbitals. On the right side are
represented the outer electron orbitals of the excited atoms which ‘match’
the anion orbitals. For example, the large resultant dipole moment
corresponds to a small size of the anion excess electron orbital which is
matched by the orbital of an atom with alow principal quantum number n
value.

3.2 Photoelectron spectr oscopy

Instead of studying their creation conditions as in RET
spectroscopy, anions can be directly investigated by Photo-
electron Spectroscopy (PES)7:14.15 or Anion Infrared Spectros-
copy (AlS).16:17 |n PES, excess el ectrons from a mass-sel ected
beam of anions are photodetached by a laser operating at a
fixed-frequency v and energy-analysed. Transitions at energies
T(v,v') take place from vibrational states v of the anions to
different statev' of their neutral parents. If the measured kinetic
energies of the photodetached electrons are KE(v,v'), the
adiabatic electron affinity is determined from the threshold of
the photoelectron yield by the energy conservation relationship

EAq =hv — KE(0,0) while the vertical detachment energy
VDE is provided by the maximum of the photoelectron yield.
Shapes of the anion creation rate dependence upon the principal
guantum number nin RET or shapes of the photoel ectron yield
spectral dependence in PES experiments provide clear sig-
natures of the excess el ectron localisation: in both cases, narrow
or broad dependencies respectively correspond to multipole-
bound anions (similar neutral and anion structures) or to valence
anions (distortion of the neutra structure following electron
transfer). A considerably better resolution is obtained if one
uses a tuneable photodetachment laser source and records the
zero-kinetic energy electron (‘ZEKE’') yield. The ZEKE
electrons are only observed when the photodetachment laser
wavelength excites a transition towards a bound state of the
neutral system.”

Photodetachment of valence radical anions, such as CoH—,
in the vicinity of their electron detachment threshold leads to
another kind of anion. The excess electron which was initialy
strongly bound in a valence orbital becomes weakly bound by
the large dipole moment of the neutral molecular core, leading
to dipole-bound excited state anions (DBS). It has been
suggested that those DBS states may play an important role in
the formation of anions in interstellar clouds.18

3.3 Anion infrared spectroscopy

Anion Infrared Spectroscopy (AlS),16.17 offers the possibility to
determine the location of the electron accepting system M in an
inhomogeneous negatively-charged complex. In such a com-
plex M— Sy, an anion M— can be either surrounded by solvent
molecules S (< interior states >) or solvated on the surface,
according to the relative strengths of the anion—solvent and
solvent—solvent interactions. AlS studies mostly rely on the
observation of spectral shifts induced by the establishment of
ionic(M— S) or hydrogen (S . .S) bonds. L et us supposethat the
solvent molecules are S = H;-Y-H, (Y = O,C). In the
M- . (Hy=Y-H)n complex, ared-shift of the H,—Y vibration
can be induced whilethe Y—H, vibration remainsfreeif thefirst
solvation shell is unfilled. A shift of the Y—H, vibration is
observed when the second solvation shell starts to be filled. In
order to obtain quantitative structural data, it is necessary to
compare experimentally measured frequency shifts calculated
to elaborate ab initio calculations. The different spectroscopic
techniques which have been developed for studies of electron
attachment to polar clusters or photodetachment of complex
anions are summarized in Table 1.

Table 1 Comparison between anion spectroscopies

Measured molecular

Spectroscopy Anion type parameter

Electron Transmission Vaence anion EA,
spectroscopy (ETS)

Photoel ectron Multipole-bound anion  EAy (> 30 meV)

Vaence anion VDE
Vaence anion Spectral shifts of

spectroscopy (PES)
Anion Infrared

Spectroscopy (AlS) ionic and
hydrogen bonds
Rydberg electron transfer Multipole-bound anion  EA44 (0.1-100
spectroscopy (RET) Valence anion meV)
EAx (<0)

4 Structural dependence of electron transfer to
non-covalent polar complexes

We now first present examples of determination of polar neutral
complex structures by means of the RET and PES spectrosco-
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pies. In order to establish alink between pure gas-phase species
such as multipole-bound anions and condensed phase anions,
we then examine transitions between the different electron
transfer processes, as a function of complex size.

4.1 Homogeneous complexes

As afirst example of the influence of structure upon electron
attachment to polar systems, we here consider homogeneous
pyridine complex anions. ETS measurements have shown that
the pyridine (Py) molecule has a negative vertical affinity ca.
—0.6 eV. Its dipole moment of 2.2 D is slightly lower than the
critic moment for multipole-binding electron attachment.
Pyridine cluster structures areinteresting due to the competition
between dipole—dipole and stacking interactions. For a given
cluster (Py)n, severa structures can coexist in a beam and
spectroscopic techniques are required to establish a structura
discrimination. The first experimental study of low-energy
electron attachment to (Py)y clusters was performed with
Rydberg atoms in undefined quantum states and pyridine
tetramer anionswere the smallest observed species (seeref. 19).
Several neutral dimer configurations have nearly the same
energies (Fig. 4A) but a single one has a large enough dipole
moment of 3.4 D corresponding to aweak electron affinity of 17
meV and is thus observed in a RET experiment. In a PES
experiment,® both dipole-bound and valence tetramer anions
have been simultaneously observed. The DB anion signature is
anarrow peak in the photoel ectron spectrum corresponding to a
small value of VDE (or EAyy) = 0.13 eV. The structure of the
neutral parent of this anion is displayed in Fig. 4c. The valence
anion signatureis abroad peak around 0.65 €V. The structure of
this valence anion is that of a solvated anion with an excess
electron localized on a pyridine molecule surrounded by three
pyridine whose dipole moments are pointing towards the
negative charge (Fig. 4d).

Nucleic acid bases are other examples of molecular systems
which can give birth to both multipole-bound and valence
anions and they can act as traps in cell nuclel for electrons
produced by ionising radiation.2° Among nucleobases, uracil is
the most peculiar since it possesses a valence electron affinity
which is positive but very weak (=60 meV), smaller than the
multipole-binding electron affinity (=80 meV).

4.2 Inhomogeneous complexes

Biomolecules can recognise each other with an amazing
specificity by establishing non-covalent interactions. Gene
expression and control, for example, isthe result of recognition
of precise sequences of nucleobases in DNA by specialised
proteins. There is a current large interest in the design of
artificial ligands capable of binding to unique sites of DNA.
Hairpin polyamides containing pyrrole, 3-hydroxypyrrole and
imidazole have demonstrated their ability to fulfil such arole2!
by distinguishing all four Watson—Crick base pairsin the minor
groove of DNA. The modelling of those artificial ligands has
been performed with the help of force-field methods whose
parameters are derived from X-ray crystallographic and NMR
structures of large systems. We here consider a microscopic
approach providing information about interactions between a
nucleobase adenine (A), and imidazole (Im) or pyrrole (Py), in
the absence or presence of water (W).22 The configurations of
the different neutral complexes: A—Im, A-Py, Im-W, Py-W
can be calculated by exploring the corresponding empirical
potential energy surfaces. In our calculations, the inter-
molecular potential energy comprises atom—atom Coulombic
terms between partial atomic charges, atom—atom van der
Waals terms, specific hydrogen bond terms for the concerned
atoms and polarisation terms for each atom. The partial atomic
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Fig. 4 (A) Structures of neutral pyridine dimers. Configuration aisthe most
stable gas-phase configuration with abinding energy of 190 meV and avery
small dipole moment of 0.12 D. Configuration b whichisdlightly lessstable
has abinding energy of 170 meV and a dipole moment equal to 3.4 D. This
configuration gives birth to an observed multipole-bound anion with the
same geometrical configuration. (B) Structures of neutral and negatively-
charged pyridine tetramer complexes. Configuration ¢ which is the most
stable neutral configuration has a binding energy of 860 meV and a dipole-
moment of 3.51 D. This configuration gives birth to an observed multipole-
bound anion with the same geometrical configuration. In the tetramer

valence anion configuration d, the negative charge is localized on asingle
pyridine molecule.

charges are adjusted in order to reproduce the values of dipole
and/or quadrupole moments of the isolated molecules when
they are available. Exploration of the potential energy surfaces
is conducted by means of a genetic algorithm which provides
the different local minima. To each isomer configuration of the
neutral systems corresponds a set of resultant multipole
moments from which electron affinity can be calculated (see
Section 2). By comparing experimental and calculated electron
affinities, it becomes possible to assign to each observed
multipole-bound anion its neutral parent configuration. An
example is displayed in Fig. 5 for the adenine-imidazole
complex.

4.3 Transition from multipole electron binding to valence
electron binding

The mechanism of electron transfer to apolar system containing
molecules with negative affinities can lead to different types of
anions, according to the cluster size. Let us consider indole—
water cluster anions (In-Wy)—. Indole (In) is the residue of
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Fig. 5 The different configurations of the neutral adenine-imidazole
complex are represented together with their Boltzmann distributions in a
supersonic beam (T = 150 K). Those configurations have different total
dipole and quadrupole moments which are given on the left side. The
hydrogen bond lengths are given in Angstroms. The experimentally
observed anions correspond to the lowest energy configuration A which is
taken as energy reference.

tryptophan and the influence of hydration on the properties of
this chromophore molecule must be taken into account in the
understanding of protein fluorescence. For N = 0, 1 and 2, only
multipole-bound anions are observed, corresponding to neutral
parents with large enough dipole and quadrupole moments to
bind excess electrons in diffuse orbitals. This is no longer the
casefor N = 3 and 4. In the lowest energy configuration of the
(In-W3) neutral complex, the water molecules form a bridge
between the N-H bond and the-electrons of the double ring of
the indole molecule. This H-bonded chain is rather flexible but
the total dipole moment of the complex varies between 1.2 and
1.8 D, below the critical value for electron binding. Similarly,
the lowest energy configurations of the (In-W,) neutral
complex possess total dipole moments lessthan 2.2 D and (In—
W3 4)— anions are not observed. The threshold value Ny, for
production of valence anionsisequa to 5 and al (I-Wy=5)—
anions are observed (see Fig. 6). The valence electron affinity
EA (Ni, = 5) isvery small but positive and the valence electron
affinity of isolated indole can be deduced from the following
relationship: EAxq(In) = EN, (Ni) — EIN (Ng). The same
method which has been described in Section 4.2 can be used to

g

Indole - (H,0),

Indole - (H,0), \

calculate the solvation energies E!N (Ny,) — EIR, (Ny, and EIT,
(Nt) — EI (Ny), leading to avalue of EAg(In) whichisequal
to —1.03 + 0.05 eV. Usualy, negative electron affinities are
measured by means of electron transmission spectroscopy
(ETS)? through experimental observation of resonances in the
energy dependence of the free electron scattering cross-sections
(see Section 2.1). The vertical electron affinities are then
determined but negative adiabatic electron affinities can be
much more difficult to obtain for polar species due to the
importance of elastic scattering in their energy range which
tends to mask formation of temporary anions. The here
presented aternative method for determination of adiabatic
negative electron affinities which takes advantage of solvation
effects has been employed in several cases such as DNA
ba%_23,24

4.4 Transition from multipole-bound cluster anionsto
solvated electrons

Although isolated water or ammonia molecules do not in-
dividually bind electrons, solvated electrons are observed in the
liquid phase.® It has been first suggested that an excess electron
is then localised in a cavity surrounded by hydrogen atoms
which constitute the first solvation shell. Recently, this cavity
model has been challenged and it has been shown?s that the
solvated electron species might be a solvated H30, consisting of
alocalized electron cloud connected to a hydronium cation by
awater molecule network. If one considers finite systems such
as water and ammonia clusters, anion mass spectra exhibit
minimum si zes Np,ir, above which continuous mass distributions
are observed (N is respectively equal to 11 and 34 for water
and ammonia).26 Linear plots of the cluster vertical detachment
energy VDE(N) measured by PES as a function of cluster size
N—2/3 convergeto the photoemission threshold energiesfor bulk
solvated electrons, suggesting that (H>O)y-1; and (NH3)n=34
clusters might be gas-phase analogues of solvated electrons.14
However, up to now, there does not exist any satisfying theory
predicting those threshold numbers Niin.”

In order to study the respective influence of dipole configura-
tionsand dispersioninteractionsin cluster anal ogues of solvated
electrons, ab initio calculations of the structures of (H,0), and
(HF)3 anions have been performed. For (H2O)1, , the VDES of

Indole - (H,0),

EA, IM]

SN
E ,[M"...5:]
M..S,
M.

\ /ﬁ S ):p'

M W:'// I
- Indole - (H,O
M-...S4 EA,IM ... S| (H,0),
Indole - (H,0)s

Fig. 6 This figure illustrates the principle of the solvation method for determination of negative adiabatic electron affinities (Section 4.3 in the text). The
valence electron affinity of the isolated indole molecule is negative (right). In the presence of five water molecules, the electron affinity becomes positive
and valence anions are observed. The structures of the neutral indole-water complexes are represented.
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severa different anion conformers were compared?? to the
experimental value (0.88 eV) determined by PES. Animportant
result is that the excess electron not only interacts with the
dipole moments but also with H atoms which are not engaged in
H-bonds (< dangling H >). Several possibilities are then
offered. All H atoms can be engaged in H-bonds and the excess
electron is then in a < surface > state similar to a multipole-
bound state. Although the corresponding neutral structures
possess very large dipole moments (>20 D), the calculated
VDE valuesaretoo small. In structureswhose VDEs are close to
the experimental value, the excess electronis partially or totally
encaged in an < interior > state, interacting with the dangling
H-atoms. IR spectroscopy would be very useful to support these
predictions. In (HF)y anions, the transition between dipole-
bound and solvated el ectrons already occurs at such asmall size
as in between the dimer and the trimer.28 PES and ab initio
caculations show that the trimer anion has two stable
configurations with respect to the cyclic neutral configuration, a
lowest energy configuration which isachain-like dipole-bound
state with an electron binding energy ca. 200 meV and a
solvated electron configuration with a VDE of ca. 600 meV. It
is important to note that for (HF)3, as for (H2O)1,, ab initio
calculations predict that dispersion interactions can be nearly as
important as electrostatic interactions between an excess
electron with dipole and/or quadrupole moments.

5 Time-resolved spectroscopic studies of electron
transfer

Ultrafast spectroscopy combined with PES spectroscopy of
mass-selected solvated anions allowsfor theinvestigation of the
dynamics of electron transfer. One of the most studied systems
is the hydrated iodine anion.29.30 |nitially, each water molecule
of al— (H-O)n ion is H-bounded to another water molecule and
the dangling hydrogen is bound to the |- core. A first pump UV
laser electronically excites mass-selected 1 —(H,O)y anions and,
following avariable time-delay (0-2000 fs), photoel ectrons are
produced by a second laser and energy-analysed. In afirst step,
anion excess electrons are photo-excited from a valence state of
|- towards short-lived diffuse states. The solvent water
molecules are till in the same configurations as they were
before photo-excitation and which are strongly influenced by
the presence of 1—. The excess electrons are then bound by the
water network resultant dipole moments which are rather
important (e.g. 4.4 D for N = 4, as compared to the null dipole
moment of the water tetramer). It has been shown that those
diffuse excited states into which electrons are bound by a small
number of solvent molecules in clusters are precursors of
excited states known in liquids as charge-transfer-to-solvent-
states (CTTS). Following the initial excitation of those CTTS
states, the solvent moleculesrearrange over atime scal e of 1000
fs towards configurations into which electrons become more
strongly bound. In analogy with water cluster anion calculations
described in the previous section, it has been suggested3? that
the initial photo-excited (< CTTS ») states are equivaent to
dipole-bound (< surface >) stateswhich further evolvetowards
(< interior >) partialy solvated electron states on atime scale
characteristic of the solvent reorganisation.

6 Conclusion

Electron transfer to non-covalent complexes can beinvestigated
by means of several complementary experimental techniques.
One can either focus on the formation of complex anions in
order to determine structures of the neutral parents or one can
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study the reverse process of detachment of the excess electron
to deduce anion structures. One of the main goals of cluster
studies has been the establishment of links between gas-phase
and solutions but this proves sometimes to be difficult. As
discussed in Section 4.4, the relationship between structures,
spectroscopic and dynamical properties of small water anions
and those of hydrated electrons is still not fully understood.
New gas-phase anion species such as octupole-bound anions
and dianions32 have been very recently investigated. The case of
the well-known SO, dianion provides another illustration of
some non-trivial aspects of solvation. Theisolated SO, dianion
cannot be observed because it is electronically unstable and a
minimum number of three water molecules is required to
stabilise this dianion.32 Interpretation of these measurements
requires more and more elaborate quantum cal cul ations33 which
are today limited to systems containing a rather restricted
number of atoms (<100 atoms) and are thus still far from
solution chemistry.
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