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Abstract

We explore solvation of electrons in non-polar matter, here represented by butadi-

ene clusters. Isolated butadiene supports only the existence of transient anions (reso-

nances). Two-dimensional electron energy loss spectroscopy shows that the resonances

lead to an efficient vibrational excitation of butadiene, which can result into almost

complete energy loss of the interacting electron. Cluster-beam experiments show that

molecular clusters of butadiene form stable anions, however only at sizes larger than

9 molecular units. We have calculated the distribution of electron affinities of clusters

using classical and path integral molecular dynamics simulations. There is almost a

continuous transition from the resonant to the bound anions with the increasing cluster

size. The comparison of the classical and quantum dynamics reveals that the electron

binding is strongly supported by molecular vibrations, brought about by nuclear zero

point motion and thermal agitation. We also inspected the structure of the solvated

electron, finding it well localized.
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Solvation of excess electron in neutral solvents has attracted the attention ever since its

first observation, focusing mostly on polar solvents.1 In liquid ammonia, the first medium

in which the electron solvation was postulated in 1907,2 the electron forms a cavity.3 The

situation is more complicated in liquid water, where its lifetime is only some 300 µs.4 Most

studies now agree that hydrated electron in water resides again in a cavity,1 even though an

interesting discussion on that subject has emerged in the last decade.5–8 Solvated electron in a

polar liquid is dominantly stabilized by electrostatic interactions – the electron is bound by a

dipole of the polar solvent.9 Much insight has been brought by inspecting anionic molecular

clusters with the increasing number of monomeric units.10–12 For example, isolated water

molecule does not support the existence of a stable anion, however, already a water dimer

does.13 Also, even though the binding energy of the electron gradually increases,14 the anion

signal has a strong onset only above n = 10 water molecules.15 This general trend was

explained by simulations at both molecular and continuum level.16,17

The information on the binding of an electron in nonpolar clusters is much scarcer. Exper-

imentally, one can distinguish two major approaches used. One is to collide neutral clusters

with a beam of electrons or high-Rydberg atoms. This way, mainly small nonpolar targets

such as O2, CO2, CS2 were probed.18–20 The vibrational Feshbach resonances, arising from

the long-range electron-cluster interaction were shown to dramatically enhance the electron

attachment cross section in a number targets. The second approach is to start with anionic

clusters and probe the electron binding by photoelectron spectrocopy. Here, the attention

focused mainly on clusters of aromatic molecules, such as benzene,21 hexafluorobenzene22

or polyaromatic hydrocarbons.23,24 These works emphasized the role of electron localiza-

tion/delocalization,25 role of correlation bound states in the excess electron binding22 or the

solvation energetics.21 In the latter case,21 the continuous increase in the electron detachment

energy with the clusters size up to the bulk limit has been observed.
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Here we focus on the binding of electrons in non-polar matter represented by a butadiene

molecule and its clusters. Butadiene has zero dipole moment, however, both its non-negligible

polarizability and vibrations (e.g., via presence of IR active modes) can significantly influence

electron binding. Therefore, it is interesting to find out the critical size of the cluster capable

to capture the excess electron and whether the existence of an anion is supported at all. It

is known that the lowest anion state in isolated butadiene is a resonance, lying 0.62 eV

above the continuum limit.26 As we show below, the clustering allows for almost continuous

observation of the transformation from resonant to bound state.

Apart from the conceptual interest in electronic binding, there is also a practical interest

in the questions posed above. The problem is e.g. relevant in the context of static electricity

and the storage of the extra charge in non-polar matter.27 Surprisingly, the molecular details

of static electricity are far from being understood at the moment.28 Charged butadiene can be

in fact seen as molecular realization of electrets, dielectric materials with a quasi-permanently

embedded static electric charge. Most electrets are made from synthetic polymers, materials

with a very similar constitution to butadiene. The butadiene clusters, if binding the electrons,

can be considered nanoelectrets, similar to the nanomagnets.29

We first explored the formation of the resonance in isolated molecule and the induced

vibrational motion by employing 2D electron energy loss spectroscopy (Fig. 1). Here the

electron with a controlled incident energy Ei (vertical axis) collides with the molecule and

residual energy Er of the ejected electron is recorded. The electron energy loss ∆E =

Ei − Er (horizontal axis) reflects the energy transferred to the molecule. The intensity

cuts along the horizontal lines (Fig. 1b) are traditional electron energy loss spectra and

reveal which vibrations are excited. The mode numbering follows the one used in Ref. 30.

The intensity cuts along the vertical lines (Fig. 1c) correspond to the excitation functions

of individual vibrations. The 2D spectrum is well in line with earlier studies of electron-

butadiene collisions that used either electron transmission spectroscopy26 or standard energy

loss spectroscopy.30,31
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Figure 1: (a) Two-dimensional electron energy loss spectrum of 1,3-butadiane. (b) Electron
energy loss spectra at two different incident energies (≡ horizontal intensity cuts) (c) Exci-
tation curves of four selected energy losses (≡ vertical intensity cuts, recorded separately in
longer energy range).

We can make several observations from the spectra. First, some vibrations are strongly

excited at the threshold, as soon as the electron has enough energy to do so. In the 2D

spectrum, this is manifested as dots just above the diagonal Ei = ∆E. The probability

of the electron-impact vibrational excitation is in the Born approximation proportional to

the same matrix element as the infrared (IR) absorption intensity,32,33 the intensity of the

threshold excitation thus reflects the IR activity of the given mode. The second dominant

feature in the 2D spectrum is the overall excitation enhancement between 0.6 and 1.2 eV

incident energy. This is caused by the formation of the π∗
1(2Au) resonance. Formation of
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such a temporary anion induces a motion of nuclei on the potential energy surface. When

the electron detaches in a different nuclear geometry than in its neutral equilibrium, the

molecule is left vibrationally excited. The second π∗ resonance 2Bg is visible around 3 eV in

the separately recorded excitation curves shown in Fig. 1c. All the vibrational modes that are

excited by the π∗
1 electronic resonance show a pronounced boomerang vibrational structure

with the approximate spacing of 200 meV. It reflects the dominant vibrational motion on

the temporary anion surface, in this case it is clearly the C=C stretch anion vibration.26,30

Indeed, the comparison of the on-resonance (0.8 eV) and off-resonance (1.8 eV) energy loss

spectra (Fig. 1b) shows that the resonance formation mainly enhances the C=C stretch (v4,

202 meV) and its overtones and combination vibrations. There is a certain near-diagonal

pattern visible in the resonant region. This is a well-known shift of the maxima of boomerang

oscillation peaks with increasing vibrational excitation quantum.34

In the resonance region, one can observe a wide span of energy losses, where the elec-

trons are emitted with up to a complete energy loss. These slow electrons are signature of

an efficient intramolecular vibrational redistribution (IVR) on the resonant surface, where

the energy is randomized over the vibrational degrees of freedom.35,36 Such electron ther-

malization upon the collision with the butadiene monomer unit may strongly influence the

electron binding in clusters.

The electron attachment to clusters was experimentally probed by colliding a beam of

neutral butadiene clusters with a beam of free electrons and recording the resulting anion

mass spectra. Fig. 2a shows sum of these mass spectra in the electron energy range 0.5-

12.5 eV. There is only a progression of intact [(But)n]− clusters with the onset at n = 9 and

maximum already at n = 10. For anionic clusters with more than 10 units, the intensity

of the peaks in the progression slowly decreases. Additionally, we can see weak signals for

some small clusters such as [(But)4]−.

What is a reason for the sharp onset of the cluster size distribution? A possible expla-

nation might be that the anion spectrum reflects the distribution of the neutral clusters in
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Figure 2: MS of negative ions formed after electron attachment to neutral butadiene clusters
(top) and MS of positive ions after electron ionization (70 eV) of the clusters at the same
expansion conditions (bottom).

the beam. However, it has been shown in numerous cases37–39 (mainly by the soft ionization

techniques) that the supersonic expansion produces a broad log-normal size distribution with

small clusters always present in the beam. This is confirmed in the present case by positive

ionization mass spectrum (Fig 2b) showing the [(But)n]+ cluster distribution with maximum

at n = 7. Even though the positive ionization can induce rather large fragmentation,40

the difference between positive and negative ion cluster distribution is not expected to be

so large.37,41 The neutral beam certainly contains clusters with n < 9. Our interpretation

therefore is that the smaller clusters simply do not attach electrons, or their electron autode-

tachment lifetime is much shorter than the detection time in the present experiment (tens

of microseconds).

In order to interpret this behaviour, we computationally explored the electron affinities

on the manifold structures of butadiene clusters. As the first step, we have optimized the
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Figure 3: Vertical electron affinities (LC-wPBE/6-31+g*) of clusters with n butadiene
molecules (n from 2 to 12), calculated along MD simulations: (a) with classical trajec-
tories obtained with the DFTB interaction potential. (b) with path-integral simulations
with generalized Langevin equation (PI-GLE).

structures of neutral and anionic clusters with n = 2 to n = 12 sizes. The corresponding

geometries and adiabatic and vertical electron affinities (AEA and VEA) are shown in the

Supporting Information, Table S1. Much more information is brought by inspecting the

electron affinity distribution along trajectories from molecular dynamics simulations. Fig. 3a

shows the histogram of VEAs evaluated for each cluster size for 100 geometries from classical

MD simulations performed for 2 ns at 100 K. The right edge of such histogram corresponds

to AEA for a given cluster size. The center of such histogram should intuitively correspond

to VEA (listed in the Supporting Information), however, we observe a certain shift of this

maximum to the higher values of the vertical electron affinity. Nevertheless, even for the

largest clusters, neither the VEA or the AEA reach the positive value. Being it for classical

mechanics, the clusters do not support the existence of the anionic clusters in this range of

sizes.

As detailed in Methods, the VEAs are calculated using a ∆KS approach, meaning that
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we calculate the electron affinity as a difference of the Kohn-Sham energy for the anion

and the neutral molecule. This is justified only for bound anions, i. e. positive VEA values.

Resonances (negative AEA values) can be reliably described by scattering calculations or by a

number of approaches using conventional quantum chemical codes together with stabilization

techniques.42–45 DFT-based techniques were suggested as well.46,47 However, all these would

be impractical for large systems studied in the present work. The physical meaning of the

negative ∆KS values is questionable, since we lack the basis set for the continuum part of

the wavefunction. In any case, our only conclusion from the values in Fig. 3a is that all

cluster sizes support only resonances and not stable anions.

The situation changes when we take into account the quantum nature (zero point motion)

of nuclei. Fig. 3b shows the size evolution of the VEA distribution for the quantum (PI-GLE)

simulations. These are the most realistic calculations when it comes to the comparison with

the experiment. Clearly, the coupling between molecular vibrations and electron affinity

of the clusters is much more pronounced here. The VEA is substantially shifted to the

higher values of vertical electron affinity with respect to the classical simulations, by some

0.3-0.4 eV. We can now observe that for the largest clusters, the VEA approaches zero value.

More importantly, the tail of the distribution extends to the positive values and the electrons

are thus captured at many geometries. The vibrationally-induced shift of VEA is remarkable

and we typically do not observe its analogue for the polar molecules. Clearly, the electronic

stability is brought about by the vibrational motion.

Several effects contribute to this stabilization. The first is that already for an isolated

butadiene, most of the deformations of the molecule lead to a decrease of its vertical electron

affinity. This is demonstrated in Fig. S2 in the Supporting Information, showing the scans

of anion and neutral energies along the normal modes. The second effect is the transient

appearance of dipole moments along the IR-active vibrations. The third effect is provided by

a cluster environment, where the vibrating anion can effectively decrease its excess energy

by intermolecular vibrational redistribution. The spatial extend of nuclear wave packets
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Figure 4: Radius of gyration of the unpaired electron of various-size clusters plotted against
the electron affinity. Black crosses show clusters with two butadiene units. Read, blue and
green crosses show clusters with 8, 10 and 12 butadiene units, respectively.

in quantum simulations magnifies all these effects. Finally, the neighboring molecules also

stabilize the anion via an electronic polarization.

We also note that the width of the distributions (Fig. 1) converge faster than the VEA

itself. The width is related to the reorganization energy of the system via the Marcus relation,

i. e. the difference between the energy of the anion in its neutral geometry and in its anionic

energy. For polar solvents, the solvent reorganization energy gradually increases (e.g.41). In

the present case, the solvent reorganization energy does not seem to depend on the cluster

size.

As a byproduct of the calculations, we can elucidate the question of the electron localiza-

tion. Fig. 4 shows the distribution of the radius of gyration for anionic clusters. For positive

VEA values, the gyration radii are small, which means that the electron is well localized.

Fig. S1 in the Supporting Information demonstrates that the excess electron is localized on

specific butadiene unit. The situation thus corresponds to a solvated valence anion, rather

than to a solvated electron occupying a cavity or to a polarization-bound diffuse electron.

We can now interpret the experimental results in the light of the above calculations.

Small anionic clusters are electronically unstable and their very existence is not supported.

At some threshold cluster size, there are geometries capable to capture the electron or in
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other terms, there are vibrational states below the ionization limits. The stability of the

clusters increases with the increasing cluster size yet at the same time the abundance of

the neutral cluster precursors decreases with increasing cluster size. We observe the peak

maximum at butadiene decamer as a net result. Placing the threshold size for 9 butadiene

units is in a good agreement with present calculations.

The role of vibrationally mediated binding becomes even more interesting, if we consider

the attachment in the cluster as a stepwise process. As we have shown, the electron collision

with a monomer leads to its efficient vibrational heating and ejection of a near-thermal

electron. If this happens in a cluster, this doorway step right away enhances the process

responsible for its stabilization, since it triggers the molecular vibrations. Still, the cluster

has to be large enough in order to be able to bind this electron.

The present results can be brought into context with previous works on nonpolar clusters.

The first aspect is the observation of minimal clusters size supporting the additional electron.

If the molecular constituent supports a stable anion, the negative clusters are observed down

to the monomer size.25,48,49 Otherwise, the anion distribution has a sharp onset at certain

size n,21,50,51 similar to the present case.

Somewhat special case is a carbon dioxide, where stable (CO2)−n clusters were observed

down to n = 4 or even to n = 2.48,52–54 CO2 monomer has a virtual state which becomes ver-

tically bound upon bending, the geometry distortion stabilizes the small anionic clusters.55

The second aspect is the binding mechanism. The dominant role is usually ascribed to the

molecular polarizability.56,57 The role of vibrations has been stressed only in connection with

vibrational Feshbach resonances.20,56 The present stabilization mechanism is different: the

spatial extent of the nuclear wavepacket is equivalent to larger distortion of the molecular

framework, which leads to its higher electron affinity. The nuclear quantum effects have

recently attracted a lot of attention,58 the present study points to yet another manifestation

of these effects.

In conclusion, we have shown that relatively large (n > 8) butadiene aggregates are
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needed to support the existence of bound anions. For smaller systems, the lowest anion states

are resonances. Such resonances can further serve as doorway states for stable molecular

anions of larger clusters. The remarkable finding is that the anionic clusters owe their

existence to the coupling between electronic and nuclear motion, clusters in their minimal

geometries have always negative electron affinity.

Present work can be regarded as nanoscale realization of the electrets. Electrets are now

investigated as a possible energy harvesting and storage materials. It has been e.g. shown

that charge storage can be achieved for years in silicon dioxide/nitride thin films.59 Here we

demonstrated that there exist bottom limit for scaling electret charge storage devices which

is elucidated by experiment and theoretical modelling. The present study demonstrate im-

portance of the vibrational energy redistribution and charge localization in the nanoelectrets.

It would be interesting to explore the lifetime of the anions with respect to cluster size or

effects of the substrate on the electron attachment process, which can be directly related to

the charge storage properties of nanoelectrets.

Experimental methods

The 2D electron energy loss spectrum is a collection of 160 constant incident energy loss

spectra that were recorded on the electrostatic electron spectrometer.60,61 The incident elec-

tron beam, produced by a hemispherical electron monochromator, interacts with the effusive

molecular beam of 1,3-butadiene and the scattered electrons are analyzed by a hemispher-

ical electron analyzer. The scattering angle has been fixed at 135 degrees. The electron

energy resolution in the energy loss mode was approximately 18 meV (combined resolution

of monochromator and analyzer). The energy scale was calibrated on the 22S resonance in

helium (19.365 eV).

The cluster experiments were carried out using CLUB (Cluster Beam) experimental setup

in the negative ion detection mode.62,63 We prepared beam of butadiene clusters by expansion
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of pure (Messer 99.3%) 1,3-butadiene gas at expansion pressure 1.5 bar through 90 µm

nozzle heated to temperature 55 ◦C to prevent condensation. The molecular beam was

crossed by beam of low energy electrons 1.5 m downstream. Product anions were analyzed

using 0.95 m long reflectron time-of-flight mass spectrometer. Cumulative negative ion mass

spectra representing fragmentation of cluster anions upon electron attachment were obtained

as a sum of 25 mass spectra measured at individual electron energies in 0.5-12.5 eV range

(0.5 eV step). The negative ion MS were supplemented by measurement of single energy

positive ion mass spectrum at energy of electrons 70 eV, acquired at the same expansion

conditions.

Theoretical methods

Butadiene is a flexible system and therefore (i) it is difficult to find optimal structure for

larger clusters due to a large number of distinct minima (ii) the optimal structure is not rep-

resentative of the typical structure when vibrations are take into account. We have therefore

sampled 100 geometries from MD simulations. We used finite temperature MD simulations

at 100 K. At this temperature, butadiene does not evaporate within the simulation time

yet it allowed some flexibility. The first type of simulations were classical MD simulations

using Nosé-Hover thermostat. The equations of motion were integrated with Velocity Verlet

integrator, using a timestep of 0.51 fs. The forces were calculated on-the-fly, using DFTB

method with GD3 dispersion correction.64,65 The second type of simulations accounted for

nuclear quantum effects. We used path integral MD simulations, accelerated with a so called

quantum thermostat based on the Generalized Langevin equation.66 With this setup, even

4 beads are enough to achieve reasonable densities covering zero point delocalization for

electronic spectra.67,68 We have then selected 400 random points from the total 1000 ps

trajectory for different cluster sizes comprising of 2, 4, 6, 8, 10 and 12 butadiene molecules.

For these clusters, the electron affinities and radius of gyration were calculated along the
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trajectory, i. e. we have used the reflection principle approach.

The electron affinities were calculated with density functional theory, using its long-

range corrected variant.69 In particular, we have used the LC-ωPBE functional70 and the

6-31+g* basis set, using ∆KS approach, i. e. VEA=E(anion)-E(neutral). We fixed the ω

parameter in the LC-ωPBE method by the process of optimal tuning of the range separated

functional.71,72 This is based on choosing the ω parameter such that we enforce the ionization

potential theorem,73 equating the orbital energy of the HOMO electron with ∆KS value of

the ionization energy (the ionization potential theorem can be regarded as a DFT analogue

of Koopmans’s theorem). Here, we equate the SOMO orbital energy of the molecular anion

with the ionization energy for several clusters with a positive electron affinity. We ended up

with ω=0.30 bohr−1 as a reasonable compromise, used for all the calculations.

As an alternative, we have also used a simple estimate for negative VEAs as proposed

by Tozer and De Proft46 based on generalized gradient approximation (GGA) Kohn-Sham

density functional theory

V EA = −(εGGA
LUMO + εGGA

LUMO)− V IEGGA (1)

where εGGA
LUMO and εGGA

HOMO are the frontier orbital energies of the neutral system and V IEGGA

is the vertical ionization energy of the neutral system. We have used the BLYP functional

in our study. This formula provides a similar values for the vertical electron affinity as the

∆KS approach, see the Supporting Information.

Knowing the (normalized) electron density ρ of the extra electron, we have calculated

the effective size of the solvated electron defined by its radius of gyration:

Rg =

√∫
r2ρ(r)dr (2)

Gaussian09 package (revision D.01)74 was used for the electron affinity calculations. The

DFTB+ code was used for the ground state calculations.64 All the MD calculations were
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performed in our in-house ABIN code.75
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