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Abstract

The structure of the solvated electron in methanol is less studied but more compli-
cated than the one of the hydrated electron. In this condensed-phase first principles
molecular dynamics study we reveal the nature of the recently discovered shallow and
deep trap states of the excess electron and suggest a more complex picture including
four bound cavity states classified by the number of the hydroxy-groups coordinated
to the electron, their binding energy gradually increasing with the OH-coordination.
The initial shallow bound states are formed via a transient diffusion mechanism, in a
trap-seeking fashion, whereas, deeper bound states are formed via a slower methanol
molecules reorientation. Despite apparent similarity of the absorption spectrum of the
solvated electron in methanol to that in water, the origin of the absorption maximum
is drastically different. The previously assumed model of hydrogenic transitions (s-p
etc.) as is the case in water does not hold for methanol. Instead, the main bands arise

due to the charge-transfer states, promoting the excess electron to the nearby cavity,



naturally abundant in this solvent. We propose an alternative simple model to describe

electronic states of the solvated electron in methanol: the double square well.

Introduction

Since their discovery of solvated electrons in 1960s,! e ,, have attracted attention as proto-
type radicals and reducing agents.? Due to their non-typical chemical nature (no classical
formula can be assigned for e_,), transient character and low concentrations of solvated
electron have avoided direct structure observation by such methods as diffraction and nu-
clear magnetic resonance: the structural information is indirectly extracted from electronic,
vibrational and electron paramagnetic resonance spectroscopy data. This opens wide possi-
bilities for theoretical modelling, which is, however, as challenging as experimental structure
structure determination.

Most attention has been attracted to the electrons solvated in water and ammonia.?™?

The latter one is remarkably stable and belongs to textbook chemistry (the so called ”blue

solutions”) and has found industrial application for the Birch reduction.® The aqueous elec-

ag> 18 In focus due to the abundance of water and relevance for radioactive DNA

tron, e
damage. After an intense debate on whether a hydrated electron occupies a cavity or not
the non-cavity hypothesis has been practically ruled out due to recent theoretical and exper-
imental advances.? The aqueous excess electron occupies a 4 to 5 coordinated cavity with
O—H moieties of water molecules pointing towards its center. The spin density resides to
a large extent within the cavity, ca. 20% of it spreading beyond the cavity, negative spin-

density regions being present.? e, is formed within 0.5 ps localizing via a very short-lived

aq
transient state, known as wet electron.®

et> 18 less studied,

The dynamic nature of the excess electron solvated in methanol, e

but more interesting and challenging than its counterparts in simpler liquids. Indeed, time-

s " 10t known for water and

resolved experiments have revealed two trapped states of e



ammonia: the shallow and the deep trap states, both within the ground electronic state. The
shallow trap state was first observed in low-temperature (4-77 K) glasses.®? At temperatures
above 77 K, the deep trap state was identified and assigned to a cavity formed by thermal
motion activated at higher temperatures. Very recent femtosecond pump-probe experiments
on e, ., at ambient conditions revealed both shallow and deep trap states present for ca. 150
ps, after that the former completely converting into the latter. The two states have distinctly
different binding energies: 2.1 eV (shallow) and 3.4 eV (deep).

On the theory side, only few theoretical works on the solvated electron methanol have
been published, mainly dealing with clusters. Based on cluster calculations in a dielectric
medium, Kumar et al. ' suggested a bulk structure, similar to that of €., @ tetrahedral cavity
formed by four OH-groups. According to the computed electron binding energy, it likely
corresponds to the deep trap state. Similar structures are observed in the condensed-phase
molecular dynamics simulations using simple electronic-structure models. ' 3 Some insights

L1415 gyggest that methyl groups also participate in

from the cluster and bulk simulations
binding the excess electrons (especially in pre-equilibrium structures in clusters), hinting at a
more complicated picture. At the same time, there is no theoretical evidence for the shallow
trap state. Identifying the nature of both states and their conversion mechanism in the bulk
is an intriguing and challenging task for theory.

As soon as excited electronic states of the solvated electron in methanol are considered,
the UV-visible absorption spectrum of e, differs significantly from that of e, .''® Although
both are broad peaks with closely lying maxima (1.7 eV for water and 2.0 eV for methanol),
the spectrum of e, exhibits significant absorption beyond 3.0 eV. The absorption maximum
of e,, corresponds to the transitions from the s-like spin-orbital to the three p-like virtual
spin-orbitals, whereas higher-energy hydrogenic and continuum states form the long ”blue
tail”. ! Based on the one-electron Hamiltonian model, the absorption maximum of e, was

found to be of the same nature as in e, ."»* This model was also assumed in interpreting

experimental pump-probe spectra.?! At the same time, absorption beyond 3.0 eV has not



been explained and it is unlikely that the hydrogenic one-particle picture can account for
it. Moreover, lifetimes of excited states and bleaching of solvated electrons in alcohols are
significantly different from those in water and correlate with the carbon chain length #2122
suggesting a different qualitative picture.

Here we disentangle the complex nature of the ground state of the solvated electron
in methanol by condensed-phase molecular dynamics (MD) simulations based on hybrid
density functional theory (DFT) and second-order Mgller-Plesset perturbation theory (MP2)

and followed by time-dependent DFT calculations of electronic spectra, suggesting a new

interpretation of experimental observations.

Computational methods

Molecular dynamics

We performed two main sets of production MD simulations for different system sizes: 39
and 55 methanol molecules and an excess electron, 5 trajectories each. We traced the time-
evolution of the system after the addition of the excess electron to the neat liquid methanol
at ambient conditions in an NVE ensemble. Each production trajectory has been integrated
up to 5 ps. Initial conditions have been taken from the NVT trajectories of liquid methanol
equilibrated at 300 K and corresponding to the experimental density.

Simulations have been performed using hybrid DFT functional PBE(«) with 50% of exact
exchange with non-local van der Waals correction? using a triple-zeta quality basis set GTH-
TZV2P,%* proven to provide spin densities and dynamics similar to those of MP2.425

For the smaller system (39 molecules), we have reintegrated two shorter trajectories (ca.
1 ps each) at the MP2 level of theory?%2" with triple-zeta quality basis sets®® to check the
main dynamic features at a higher level of electronic structure theory, which is significantly

more computationally demanding.?’

All calculations have been performed using CP2K package®® based on Goedecker-Teter-



Hutter (GTH).3! Details of the electronic structure set-up are given in the Supplementary

Information.

Binding energies

Band alignment under periodic boundary conditions is a non-trivial task.3*33 Here we base
our calculations of vertical binding energies (VBE) on two assumptions. First, semi-core
2s-levels of oxygen are not altered by excess electron addition. Second, the excess electron
immediately after injection is not bound, which corresponds to the experimental observa-

tions.” Consequently, VBE for the ith configuration is calculated as follows:

VBE; = E(SOMO); — E(Os,); — (E(SOMO), — E(Os,),), (1)

where E(SOMO) is the energy of the singly-occupied molecular orbital, corresponding to
the excess electron, E(Oy) is the energy of the oxygen 2s band and 0 index corresponds to
the first frame. The PBE(a) with 50% of exact exchange functional was used to compute

one-particle energy levels for frames extracted from both DFT and MP2 trajectories.

Electronic spectra

Electronic spectra have been computed by time-dependent density functional perturbation
theory (DFPT) using PBE(a)) with 50% of exact exchange with non-local with triple-zeta
quality basis set GTH-TZV2P.2* We have computed 20 excited states for each of the frames

selected from the MD trajectories of the larger system.



Results

Structure and dynamics

The structure of the solvated electron in methanol is more complex than in simpler liquid,

4 or ammonia.® Types of cavities occupied by the excess electron in methanol

e.g. water®
are defined by the bipolar nature of the solvent, consisting of two groups: bulky non-polar
methyl- and a small polar hydroxy-group. Thus, we separate the following cavity types (see

Figure 1 and Figure 2(a-c)):
1. CHj-cavity: formed by 4-6 methyl groups;
2. 1 OH-cavity: formed by one hydroxy- and several methyl-groups;
3. 20H-cavity: formed by two hydroxy- and two methyl-groups;
4. 3 OH-cavity: formed by three hydroxy- and one methyl-group;
5. 4 OH-cavity: formed by four hydroxy-groups.

CHj-cavities occur naturally in liquid methanol. Therefore, in most simulations the excess
electron is initially localized in one of them, often forming a compact and relatively isotropic
spin-density distribution, although the electron is only weakly bound (structures with small
gyration radius, anisotropy, and vertical binding energy (VBE) in Figure 2(e)). As soon
as a hydrogen bond is broken in the vicinity, forming a polar trap, the dangling OH-bond,
the electron flows to this newly opened cavity. The process is similar to transient diffusion
(See Figure.la-c) described recently for aqueous solvated electron® and results in a 1 OH-
cavity formation, some distance away from the inital localization. The CH,-cavity stage can
also be bypassed, so that the electron localizes in the 1 OH-cavity from the beginning if a
broken hydrogen bond happens to exist at the time of electron’s injection. Thus, at the early
stages, solvated electron in methanol "looks for” and follows the most energetically favourable

localization site available, which may be either CH;- or 1 OH-cavity. This is consistent with



the experimentally anticipated picture of the excess electron as "a trap-seeker and not a

trap-digger” ™

at the early stage.

The picture changes dramatically when 2 OH-, 3 OH- and 4 OH-cavities are being formed:
the solvated electron now behaves as a "trap-digger”. With time, the methanol molecules
coordinated to the excess electron with their CH;-groups reorient themselves to coordinate
with their OH-groups, whereas the electron ”stays in its place”. This may occur with one or
two molecules reorienting at a time (as shown in Figure 1). The process is launched by the
breaking of the donor hydrogen bond, formed by the hydroxyl of the molecule coordinating
to the cavity with its methyl group. Then the methanol molecule rotates to coordinate the
cavity with the now dangling OH-group. This mechanism is similar to the event triggering
the reaction of the aqueous electron with CO,,% highlighting the importance of the second

solvation shell in understanding the dynamics of solvated electrons.

The whole process generally follows the scheme shown in the equation:

CH; — cavity — 10H — cavity — 20H — cavity

— 30H — cavity — 40OH — cavity

Some stages of the scheme can be omitted or show up for only several dozens of fs as
transient intermediates. It is worth noting here, that there was an important difference
between our simulations of the smaller (39 molecules) and the larger (55 molecules) systems.
In the latter, none of the 5 trajectories leads to the 4 OH-cavity formation within 5 ps. To
compute the properties of this cavity type it has been prepared "by hand” and equilibrated.
To summarize, for the larger system, three trajectories reached the state of 3 OH-cavity,
and two trajectories reached the stage of 2 OH-cavity within 5 ps. For the smaller system,
three trajectories reached the 4 OH-cavity, one - 3 OH-cavity, and one - 2 OH-cavity. MP2
simulations of the smaller system resulted in two trajectories, one tracing the formation of the

2 OH-cavity from the CHj-cavity via the 1 OH-cavity intermediate. The second captured the



3 OH- to 4 OH-cavity transition via the methanol molecule reorientation. Both trajectories

are consistent with their hybrid DFT counterparts.
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Figure 1: (a-c) Transient diffusion from the CHs-cavity to the 10H-cavity; (d-f) transition
from the 20H-cavity to the 40H-cavity. Color code: oxygen (red), hydrogen (white) and
positive spin density (blue), negative density (yellow) where the isovalue is 0.001 a.u.

A more detailed look at the structures is given by radial distribution functions (RDF's)
of C, H, and O atoms with respect to the center of spin density distribution as shown in
Figure 1(a-c). We generally observe, that with the increase in OH-coordination the structure
becomes more ordered even in the case of g._¢, where the first peak shifts gradually to the
long-range region, becoming sharper. As for the g._y, the CH;- and 1 OH-cavity have a
very similar molecular pattern, while the RDF of 1 OH-cavity is more ordered as compared
to the CH;- one. Interestingly, the center of the spin-density distribution stays closer to
the dangling OH-groups in lower coordinated cavities, the corresponding peaks on g._ o and
g._g shifting to the long-range region.

As far the dynamics of structural change is considered, it is possible to deduce that since
the conversion to the final state, 4 OH-cavity, is not achieved in all trajectories within 5 ps

(in case of the larger system conversion is slower as no trajectory achieves this state) our
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Figure 2: (a-c) Radial distribution functions for main structures (55 molecules): electron
distribution center to carbon (a), hydrogen (b), oxygen (c). (d) Vertical electron binding
energies (shifted by 0.4 eV to compare with experimental results) of different cavity types
as obtained from 39 molecule-system using hybrid functional (red), 39 molecules using MP2
frames (blue), and 55 molecules using hybrid functional frames (green). Decay associated
spectra (DAS) calculated by global fitting of Photoemission spectra with four-step sequential
kinetics model. The spectra are measured by liquid methanol excited by 9.3-eV vacuum UV
pulses and probed by 4.3-eV UV pulses (e)Vertical binding energies vs. spin density gyration
radius (55 molecules). The color map corresponds to spin density distribution anisotropy.



time-scales are in qualitative agreement with the experimental observations. Indeed, the full
conversion to the final state happens at a much longer time-scale,” over 100 ps. Nevertheless,

better statistics is certainly needed for quantitative conclusions on transformation times.

Binding energies

Binding energies as obtained from our simulations for different structure types are shown in
Figure 2, lower panels. We see that the VBE gradually increases with the OH-coordination.
The numbers obtained from different trajectories generally agree with each other within
error margins. When shifted ca. 0.4 above the energy range fits the energy range of the
trap states almost exactly: between 1.5 eV for the lower edge of the shallow-trap states
and 3.4 eV for the deep-trap one.” Thus, although systematically underestimating the VBE,
our calculations deliver accurate relative binding energies for the trap states. The picture,
however, appears to be more complex than the thought of before: there are four rather than
two bound states with broad overlapping VBE distributions.

Our theoretical findings have encouraged us to reinterpret the experimental results of
Hara et al., who performed ultrafast photoemission spectroscopy study of liquid methanol, in
which they excited methanol with 9.3 eV vacuum UV pulses and interrogated the subsequent
solvated electron formation using photoemission with UV pulses.” It has been found that the
photoemission spectrum varies in the picosecond time scale and that the electron binding
distributions (eBEs) can be categorized with shallow and deep trap states. These two trap
states exhibited increasing eBE due to solvation with the time constants of 15 and 50 ps.
Therefore, neither of these trap states was stationary. Alternatively, the spectral evolution
of solvated electron could be expressed with chemical species with stationary spectra. In
this case, the sequential formation of four species needed to be assumed. The decay times of
these four species were determined to be 5.1, 14, 24 ps, and > 5 ns, respectively. The eBE
distributions, not presented by Hara et al., of these four species, are shown in Figure.2(d).

The four species have average eBE values of 1.7, 2.2, 2.8, and 3.3 eV, which are almost

10



equally spaced. Thus, when one employs a model assuming a stationary eBE distribution
for each chemical species, the analysis of the experimental results is consistent with our
theoretical calculations. Close examination of Figure.2(d) reveals that the first species has a
rather wide eBE distribution and its high energy tails exceed 3.0 eV. This implies that some
of the electrons are directly trapped in the region where multiple OH bonds can stabilize the

electron.

Electronic spectra

The nature of excited states and electronic spectra of the excess electron in methanol is
dramatically different from this of the aqueous electron. In all OH-type (i.e. bound) cavities
the main absorption peak corresponds to charge transfer, rather than to the s-type - p-type
orbital transition within the cavity. The charge transfer takes place between the OH-cavity
and one of the CH;-cavities, naturally occurring in liquid methanol as shown in Figure 3(c).
3 OH- and 4 OH-cavity structures have the absorption maximum at ca. 2.2 eV, whereas the
2 OH-cavity structure has the absorption maximum at ca. 1.7 eV (see Figure 3(c)). With
a moderate blue shift of 0.2 eV, this corresponds to the experimentally observed absorption
maxima of the shallow (1.5 eV) and the deep trap (2.0 eV) states. 1 OH-cavity structure
absorbs less intensively and has a maximum at less than 1 eV. This makes it possible to
complete the state assignment: 3 OH- and 4 OH-structures correspond to the deep-trap
state, whereas 1 OH- and 2 OH-structures form the shallow-trap state.”

Moreover, we can describe the experimentally observed significant absorption beyond 3.0
eV and assign it to similar charge-transfer transitions. Intensive absorption in this region is
neither observed for the hydrated electron (rather the "blue tail” '), nor predicted by the one-

1.1* Conversely to our observation,

electron Turi-Borgis (TB) Hamiltonian model in methano
the TB model assigns the maximum at 2.0 eV to the three s-type - p-type orbital transitions.
Very likely, it has to do with the nature of the model, which artificially confines the excess

electron to a cavity, thus, preventing charge transfer upon excitation.
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To check this hypothesis, we have performed density functional embedded calculations on
one of the 4 OH-cavity structures, using the four cavity-forming molecules as the embedded
cluster. The embedding potential confines the electron to the cavity similar to the TB
model. As a result of the embedded time-dependent density functional theory (TDDFT)

19,32

calculation after removal of the spurious delocalized states we indeed observed the first

three excitations to correspond to the s-type - p-type orbital transitions.
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Figure 3: SOMO (blue - positive values, yellow - negative values) and the dominant virtual
spin-orbital in the first excited state (light blue - positive values, green - negative values)
for a typical (a) 20H-cavity structure and (b) 4OH-cavity structure (shallow-trap ground
state). Isovalue — 0.02 a.u; green, yellow — positive values; light blue and blue — negative
values. (c) Simulated electronic spectra of the solvated electron in methanol, including 20
excited states.

The charge-transfer nature of the excited states of the solvated electron in methanol
must have drastic effects on their dynamics and lifetimes. First, the internal conversion
must be an important decay channel, with a mechanism similar to a transient diffusion
from the CHj-cavity to the already existing OH-cavity. Assuming a similar picture of the
excess electron in the ethanol we can suggest that the lifetime of the excited state will
then depend on the carbon chain length as it defines the spatial separation between the
cavities: the longer the backbone, the larger the lifetime. This is exactly what is observed in
the experiments. 82122 Thus, the charge transfer picture of the excited states explains the
observations on the qualitative level. It is, on the other hand, hard to explain this behavior
with the conventional s-p transition picture.

It is, however, possible to rationalize the charge transfer excitations via a simple one-

12



dimensional double square-well model. We assign the well depths to those of the nOH-
(ground) and CH,- (excited) states. Their widths then correspond to the gyration radii,
whereas the distance between the well is roughly equal to the molecule length. Solving the
model for the ground and the first excited state using reasonable values for different state
types one can obtain the energy difference close to the experimentally spectral maxima (see
Table 1), whereas the wave functions are indeed mostly localized in the corresponding wells
(see Figure 4). Moreover, if we increase the distance between the well corresponding to the
ethanol molecule, we will get a consistent red shift as compared to methanol in agreement

with experiment. 1618
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Figure 4: Double square well model: potential; energies and probability density distributions
of the ground and first excited states. Wog and Wey, are width of the two wells; d is the
distance between the wells; Doy and Dcp, are the well depths.

Table 1: Double square well model: parameters and results. Wop and Weyp, are width of
the two wells, corresponding to the gyration radii of the states; d is the distance between
the wells, corresponding to the carbon backbone length; Doy and Dcy, are the well depths
corresponding to the electron binding energies. AF is the energy gap between the ground
and the first excited states. Notation is clarified in Figure 4

deep | shallow | shallow, edge | ethanol
Wou(A) 2.2 2.5 2.5 2.2
Wen,(A) | 25 | 25 2.5 2.5
d(A) 2.0 2.0 2.0 3.0
Dou(eV) | 3.4 2.1 1.5 3.4
Dcu, (eV) | 0.5 0.5 0.5 0.5
AE (eV) | 1.9 1.5 1.3 1.8
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Conclusions

In the first dynamic simulation of the condensed-phase excess electron in methanol based
on high-level electronic structure theory, we trace the complex dynamics of the species. We
identify the bound states of the solvated electron classified according to the number of OH-
(and CHj-) groups forming the confining cavity: from 1 OH- to 4 OH-cavity. After electron
injection, the electron typically occupies a naturally occurring cavity formed by CH,-groups
and then flows to a more energetically favourable binding site - stochastically formed free
OH-group - in a transient diffusion process. This trap-seeking behavior is then changed
to a trap-digging one: cavity-forming methanol molecules reorient themselves to coordinate
with OH-group rather than with the CHs-group. Based on the computed binding energies
and electronic spectra we reinterpret the experimental results in terms of four stationary
state model, revealing the binding energies consistent with the theoretically computed ones.
This new picture including fours states is more complicated than the initially assumed two-
state one. Surprisingly, the nature of the excited states is dramatically different from the
hydrogenic (s-, p-, d-) states known for the aqueous electron and previously assumed also
for methanol. Charge-transfer states are responsible for the main absorption bands of the
solvated electron in methanol, which explains the intensive absorption beyond 3.0 eV and
gives insights into the mechanism of excited state decay. These transitions can be rationalized

with another simple model: assymetric double square-well.
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