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Insulator-to-metal transitions are among the most fascinating phenomena in material science, associated with
strong correlations, large fluctuations, and related features relevant to applications in electronics, spintronics,
and optics. Dissolving alkali metals in liquid ammonia results in the formation of solvated electrons, which
are localised in dilute solutions but exhibit metallic behaviour at higher concentrations, forming a disordered
liquid metal. The electrolyte-to-metal transition in these systems appears to be gradual, but its microscopic
origins remain poorly understood. Here, we provide a molecular-level time-resolved picture of the electrolyte-
to-metal transition in solutions of lithium in liquid ammonia, employing ab initio molecular dynamics and
many-body perturbation theory, which are validated against photoelectron spectroscopy experiments. We
find a rapid flipping with a ~40 fs timescale between metallic and electrolyte states within a broad range
of concentrations. These flips are characterised by abrupt opening and closing of the band gap, which is

connected with minute changes in the solution structure and the associated electron density distribution.

1. INTRODUCTION

The spectacularly colourful solutions of alkali metals in
liquid ammonia have attracted attention of researchers
since the 19*" century (for a comprehensive review see
Ref. 1, 2). At lower alkali metal concentrations, the
resulting deep blue solutions contain localised solvated
electrons and dielectrons,’3™ which found practical ap-
plication as reducing agents for the hydrogenation of aro-
matic hydrocarbons within the Birch reduction process.®
At higher concentrations, as the excess electrons become
delocalised, the solution turns into a liquid metal with
a characteristic golden metallic sheen and conductivity
comparable to that of copper.l*?

Models of the nonmetal-to-metal transition in liquid
systems go back to the work of Landau and Zeldovich
in the 1940s” and have been experimentally tested on
supercritical mercury or alkali metals numerous times.®
The emerging picture has been that of a sharp transi-
tion occurring around the critical point, at which metal
clusters of sufficient size are formed in the dense super-
critical vapour. However, the behaviour of alkali metals
dissolved in liquid ammonia is qualitatively different. In
these systems, the nonmetal-to-metal transition happens
gradually, merely with an increase of the concentration
of electrons dissolved in a dense liquid.

Thus, we refer to this liquid state phenomenon as the
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electrolyte-to-metal transition (EMT). In contrast to su-
percritical mercury,® alkali metals dissolved in liquid am-
monia do not exhibit a sharp transition, but a gradual one
in the concentration range of about 1-10 MPM (mole per-
cent metal; in liquid ammonia, 1 MPM equals to roughly
0.4 M).2?

Three historical models have been suggested for the
EMT in alkali metal-liquid ammonia systems:? (i) a per-
colation model based on experimental findings of micro-
scopic inhomogeneities,” (ii) an extension of the Landau
and Zeldovich model introducing a critical electron den-
sity for metallisation,'®!! and (iii) a model linking the
transition to a polarisation catastrophe.'? Despite these
efforts, the molecular mechanism underlying the EMT
remains inconclusive.

A phenomenon that has been closely connected to
the EMT mechanism concerns inhomogeneities or fluc-
tuations of concentration occurring in the alkali metal-
ammonia solutions in the intermediate range of 1-8
MPM.!3:14 Experimental evidence for microscopic struc-
tural inhomogeneities was first provided by X-ray diffrac-
tion studies.'® Subsequently, large concentration fluctu-
ations in lithium and sodium ammonia solutions were
deduced from investigations of the dependence of the
chemical potential on the alkali metal concentration.'®
Finally, the nanometer-sized correlation lengths of the
fluctuations were derived from small-angle neutron scat-
tering studies.!” Based on these experimental studies, a
model was proposed suggesting the coexistence of dilute
and concentrated voids in the intermediate concentra-
tion regime, which accounted for the spatial dimensions
of the inhomogeneities.'® However, no temporal informa-
tion about these fluctuations has been provided so far,
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neither experimentally nor from modelling,?'® making it
hardly possible to deduce their molecular origins.

In such a situation, molecular dynamics (MD) simu-
lations can serve as a very useful tool with an arbitrary
spatial and temporal resolution, provided the underlying
interactions are described with sufficient rigour and ac-
curacy. For the present systems containing solvated elec-
trons, a quantum description of the electronic structure
is imperative. The first application of molecular dynam-
ics to the EMT in alkali metal-liquid ammonia systems
accomplished 30 years ago had to resort — due to lim-
ited methodology and computational resources available
at the time — to semi-empirical methods for the descrip-
tion of the interactions of the excess electrons among
themselves and with the rest of the system.?° This se-
vere approximation strongly limited both the range of
accessible electronic structure scenarios and the fidelity
of the predictions. In this study, we overcome the above
limitations by employing ab initio molecular dynamics
(AIMD) with an explicit quantum mechanical descrip-
tion of all the excess and valence electrons in the system
based on the density functional theory (DFT) and the
one-body Green’s function (GW) approximation. The
use of a state-of-the-art hybrid density functional for MD
ensures that our trajectories are faithful, while the GW
method provides accurate electronic structure informa-
tion via a post-DFT description of Coulombic screening.
This simulation methodology is suficiently robust to de-
scribe the dynamics and electronic structure of highly
concentrated metallic solutions.

The present simulations, validated against existing ex-
perimental data, allow us not only to follow the ongoing
molecular dynamics of all the species present in the solu-
tion but also to track the changes in the electronic struc-
ture of the investigated systems on a femtosecond scale.
In this way, we are able to fill the existing knowledge
gap concerning the temporal molecular-scale behaviour
of solutions of alkali metals in liquid ammonia.

As a key result for the understanding of the dynam-
ics of the EMT, we observe and quantify fast flipping
between metallic and non-metallic states on an average
time-scale of about 40 fs.

2. RESULTS & DISCUSSION
A. Density of states and spherical band structure

We designed the simulation framework in a way that
allowed us to capture the two principal — and at the same
time opposing — aspects of EMT. On the one hand, we
aimed for the size of the unit cell to be large enough to
cover the concentration regime (= 1 - 10 MPM) where
EMT takes place. On the other hand, since the average
radius of the metallic and non-metallic domains pertinent
to EMT has been estimated to be 15-25 A,? the simulated
unit cell should also be roughly commensurate with this
size, i.e., small enough not to average out these struc-

tural inhomogeneities. Hence, we deliberately chose the
size of the unit cell of about 15 A containing at the ex-
perimental density 64 ammonia molecules with a varying
number of solvated dielectrons and Li* cations to mimic
concentrations of 3.0 - 11.1 MPM (for details see SI).

Figure 1 a-c shows representative snapshots taken from
AIMD simulations at 3.0, 6.0 and 11.1 MPM, cover-
ing the EMT concentration range. Complete trajecto-
ries obtained from AIMD were then used to calculate
the averaged densities of states (DoS) using the GoW)
method?"?? (for details see SI) as presented in Figure 1
e,g,i. We see a progressive narrowing and filling of the
gap between the highest occupied and lowest unoccupied
orbitals as the concentration of the alkali metal increases
with rising density at the Fermi level as a signature of
the gradual EMT.

Next, we quantify the relationship between the energy
of electrons and their momentum which is typically rep-
resented by the band structure of a material. However, in
(disordered) liquid metals the first Brillouin zone cannot
be rigorously defined,?3 2% in contrast to periodic struc-
tures of crystalline solids. Nevertheless, a radial band
structure has previously been measured, e.g., in a lead
monolayer melted on a silicon surface.?” Analogously, we
introduce here the concept of a radial band structure in
3D. Denoted here as a spherical band structure (SBS), it
represents the energy-momentum relationship in a spher-
ically symmetrical space, where the electron energy is
plotted versus the magnitude of the wave vector k.

The SBSs presented in Figure 1 d,f;h were obtained
from 100 AIMD snapshots for each concentration (for
further details see SI). They provide a more detailed pic-
ture than the DoS of the structure of the band gap and
its gradual narrowing and filling with increasing alkali
metal concentration. SBS also lends further insights into
EMT, providing information about the electron energy
and momentum dispersion relations. In the following, we
first perform a detailed temporal analysis of the AIMD
data. Finally, we compare the calculated DoS with our
reanalysed experimental data.

B. Rapid flipping dynamics

While Figure 1 depicts SBSs and DoSs averaged over
100 geometries, analysing the results for individual snap-
shots allows us to distinguish between electrolyte and
metallic configurations along the AIMD trajectory. This
analysis reveals that metallic states appear in about 40 %
of all snapshots already at 3.0 MPM, with a similar frac-
tion of metallic frames appearing also at 6.0 MPM (see
SI for a further quantitative analysis of the observed bi-
modal distribution distinctly categorising the snapshots
as metallic or non-metallic). At 8.5 MPM and above, all
the configurations are metallic, evidencing a completed
transition to the metallic state, in agreement with previ-
ous experimental results.’

Let us now return to the intermediate concentration

https://doi.org/10.26434/chemrxiv-2024-xpzd0 ORCID: https://orcid.org/0000-0003-3102-5465 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-xpzd0
https://orcid.org/0000-0003-3102-5465
https://creativecommons.org/licenses/by/4.0/

11.1 MPM

1.0
— 05
>
L
o 0.0
I
Y05
-1.0
| k| DoS
[arb.u]

DoS
[arb.u]

I k|

Figure 1. Representative AIMD simulation snapshots and corresponding electronic properties of alkali metal-ammonia solutions
at various concentrations. The top panels show the simulation box for concentrations of a) 3.0 MPM, b) 6.0 MPM, and c) 11.1
MPM, illustrating the spatial distribution of solvated electrons within the solvent. The bottom panels display the corresponding
SBS (d,f,h) and associated DoS (e,g,i). For clarity, only the valence and conduction bands near the Fermi level (black dashed

line), Er, are displayed.
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Figure 2. Temporal evolution of (a,b) the DoS and (c,d) elec-
tron mobility in AIMD snapshots at a 3.0 and 11.1 MPM,
sampled every 2 fs.

regime of 3.0 MPM, where the system flips fast between
electrolyte and metallic states. From the EMT perspec-
tive, this regime is not only interesting for simulations but
also from the point of view of experimental measurables
such as the electrical conductivity or the related electron
mobility, which are found to be highly dependent on con-
centration.??® To probe these transport properties, we
analysed 500 configurations sampled from AIMD trajec-

tories in 2 fs intervals at 3.0 MPM (intermediate regime)
and 11.1 MPM (metallic regime). For both concentra-
tions, Figure 2 shows the corresponding time evolutions
of the simulated DoS and electron mobility (see Methods
for details). Our main finding is that the average time
interval between flips from an electrolyte to a metal and
vice versa is only a few tens of femtoseconds, namely 39
fs at 3.0 MPM. Moreover, the flipping seems to be hap-
pening in a quasi-random fashion, i.e., without a charac-
teristic frequency, which exhibits a relatively broad dis-
tribution of time intervals the system spends in either of
the two states. In contrast, at 11.1 MPM all configura-
tions manifest a metallic behaviour with no transition to
the electrolyte states.

Next, we made an attempt to identify potential struc-
tural differences that may relate to the observed bi-
modal distribution of metallic and electrolyte states at
3.0 MPM. To this end, we examined 1000 configurations
sampled every 20 fs from 4 AIMD trajectories at this con-
centration, to determine which snapshot corresponds to
an electrolyte or a metal. Figure 3 a,b demonstrates that
the excess electron densities for subsequent electrolyte
and metallic configurations overlap strongly. Neverthe-
less, for separately averaged electrolyte vs metallic con-
figurations we see small but non-negligible alterations in
the excess electron gyration radii and radial profiles, with
the excess electron being slightly more spatially extended
for the metal than the electrolyte (Figure 3 ¢,d).

To investigate the temporal dynamics of EMT in
greater detail, we analyse the SBSs of two consecutive
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Figure 3. Analysis of solvated dielectron density and volu-
metric properties in 3.0 MPM alkali metal-ammonia solution.
Panels (a) and (b) depict the electron density configurations
of the dielectron in the electrolyte and metallic states, respec-
tively, with snapshots taken 2 fs apart. Panel (c) displays the
radii of gyration, and Panel (d) illustrates the spherically in-
tegrated electron density profiles.
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Figure 4. SBS of consecutive electrolyte (a,c,e) and metallic
(b,d,e) frames at 3.0, 6.0, and 11.1 MPM. For clarity, only
the valence and conduction bands near the Fermi level (black
dashed line), Er, are displayed.

snapshots separated by 2 fs on either side of the transi-
tion (Figure 4). At both 3.0 and 6.0 MPM we see large
changes in the bands close to the Fermi level occurring
during the flipping despite the fact that the atomic po-
sitions and electron densities right before and after the
flip remain very close to each other. This indicates that

the flipping is induced by only small changes in molecular
geometries leading, nevertheless, to significant temporal
fluctuations in the band gap, which appears to be just
enough to switch between metallic and electrolyte be-
haviour. In other words, the width and degree of filling
of the band gap in the present system turns out to be very
sensitive to small changes in molecular geometry and the
associated electron density distribution.

C. Experimental validation

In our recent study,® we combined the techniques of
liquid micro-jets with synchrotron X-ray photoelectron
(PE) spectroscopy to determine the binding energies and
the densities of states of the excess electrons in liquid am-
monia over a broad concentration range of 0.08-9.7 MPM.
Figure 5 displays the DoS determined from the GoWj cal-
culations (refined using the Boltztrap2 code,?*3? see SI)
based on 100 AIMD snapshots at intervals of 200 fem-
toseconds from 4 trajectories for each of the two systems
at 3.0 MPM and 11.1 MPM, plotted against experimental
data® for direct comparison. The experimental PE spec-
tra reveal a clear picture of a gradual EMT. Employing
a fitting procedure has enabled quantification of the de-
crease of the solvated (di)electron peak pertinent to the
electrolyte with a simultaneous rise of the metallic spec-
tral features, i.e, the signatures of the conduction band as
well as features corresponding to plasmonic oscillations,
as the alkali metal concentration increases.’

The calculated DoSs align with experimental spectra at
comparable concentrations of 3.4 and 9.7 MPM. Namely,
at the higher concentration where the system is metallic
all the time, both simulation and experiment exhibit an
asymmetric peak corresponding to the conduction band
sharply ending at the Fermi level (the slight offset of
about 0.2 eV between the calculation and measurement
is within the accuracy of the absolute calibration of the
experiment). At the lower concentration, the calculated
DoS can be separated into contributions from electrolyte
and metallic snapshots. While this is not possible for the
experiment which averages the signal over time, the mea-
sured PE signal can still be split (after subtracting fea-
tures corresponding to plasmonic oscillations) into direct
contributions from localised dielectrons and delocalised
metallic electrons. We see that the signal calculated for
the electrolyte snapshots aligns well with the experimen-
tal contribution from the dielectrons. The comparison
for the metallic snapshots is less straightforward since
the corresponding densities of states result from a su-
perposition of localised and delocalised electrons. The
latter contribution nevertheless aligns well with the mea-
sured "metallic part” of the spectrum. This general agree-
ment between calculations and experiments underscores
the suitability of GoW, for capturing the essential phys-
ical phenomena associated with the EMT.
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Figure 5. Comparative analysis of the calculated DoS with ex-
perimental PE spectroscopy data for an alkali metal-ammonia
solution at two concentrations. (a) calculated DoS at 3.0
MPM, split into metallic (orange) and electrolyte (blue) con-
tributions, alongside the total DoS (green). (b) comparison of
the calculated metallic contribution (orange) with the exper-
imental PE spectra of the isolated conduction band (purple).
(c) calculated electrolyte contribution (blue) versus the ex-
perimental PE spectra of the dielectron only (red). Panel (d)
compares the total DoS at an elevated concentration of 11.1
MPM (green) with experimental results at 9.7 MPM (grey).

3. CONCLUSION

We have characterised and quantified the ultrafast flip-
ping dynamics between metallic and electrolyte states
in concentrated solutions of lithium in liquid ammonia.
This allows us to provide the key missing characteristics
of these systems, namely, the mean time interval between
these flips which turns out to be of the order of a few tens
of femtoseconds. We show that band gap properties de-
pend very sensitively on minor changes in molecular ge-
ometry and electron density, which then drive switching
between a liquid metal and an electrolyte. Moreover, we
demonstrate that the densities of states of metallic config-
urations still to a large extent possess features pertinent
to electrolyte configurations, with only a weak filling of
the band gap.

Ab initio molecular dynamics simulations proved to be
a powerful tool for following the flipping between a liquid
metal and electrolyte with atomistic resolution at a fem-
tosecond timescale, the validity of which has been sup-
ported by an agreement between simulated and exper-
imental photoelectron spectra of these systems. Direct
measurements of the flipping phenomena may prove dif-
ficult due to the very small nanometer size of the metallic
and electrolyte domains. Nevertheless, a feasible strat-
egy to probe the flipping time indirectly may be a pump-
probe experiment where one would follow the relaxation
of the photoexcited system back to equilibrium. In order
to attain the temporal as well as the spatial resolution

ultrafast (attosecond) X-ray diffraction®! — a technol-
ogy that is now becoming within reach — is likely to be
a game changer.

4. METHODS

In this study, we utilised molecular dynamics simula-
tions to investigate the electronic properties of ammonia
solutions containing varying concentrations of solvated
dielectrons and lithium cations. In order to generate ini-
tial configurations we employed force-field molecular dy-
namics (FFMD) simulations using a liquid-adapted am-
monia force field.?? These configurations then served as
the starting point for production runs of AIMD utilising
the VASP program package.?3 3¢ Within AIMD simula-
tions, the electronic structure was described using the hy-
brid revPBE0-D3 functional.>”4° For each system, mul-
tiple trajectories were generated, involving an equilibra-
tion phase followed by a production run to provide ade-
quate sampling (for more details see SI).

To determine electronic structure variations along the
trajectories, DoS calculations were performed using di-
rectly the revPBE(O-D3 functional and using the GoWj
method. These calculations were performed employing
either a single gamma point or a gamma-centred 2x2x2
k-point mesh to provide an accurate representation of the
electronic properties of the systems.

We employed BoltzTraP22%3? for evaluating electron
mobilities based on the simulated electronic structures.
Additionally, SBSs were generated for analysis of the elec-
tron energy dispersion in a spherically symmetric space.
Taken together, the above computational approaches en-
abled a detailed time-resolved examination of the elec-
tronic structure of solvated electrons in liquid ammonia
at a molecular level.

SUPPORTING INFORMATION

Supporting information contains supplementary com-
putational methods, figures, and data.
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