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CONSPECTUS: Molecular deposition on solid surfaces forms
crystalline or amorphous/glassy thin solid films. Intermolecular
interactions govern the packing and dynamics of these films. The
connection between molecular structure and intermolecular
interactions is based on understanding electrostatic forces,
dispersion forces and hydrogen bonding. Recently, an entire
class of dipolar molecular species have demonstrated counter-
intuitive self-organization such that the dipole moments of
individual molecules are oriented in thin films. This leads to the
spontaneous generation of polarized molecular films manifesting a
polarization charge equivalent to tens to hundreds of volts in
strength at the film-vacuum interface, relative to the film-substrate
interface. These voltages, and the corresponding electric fields
present in such films, result from a collective and spontaneous orientation of molecular dipoles throughout the film during film
growth and represent a metastable state of polarized material. The existence of these materials should encourage reconsideration of
the importance of solid-state intermolecular electrostatic interactions.

This account will detail observations of the spontaneous electric fields in molecular solids, provide insights into the dynamics and
structure of molecular materials that the emergence of these electric fields can facilitate, and present a dipole-alignment based mean-
field model that reproduces the temperature dependence of the electric field strength. Species as diverse as carbon monoxide, nitrous
oxide, freons, simple alcohols, and cis-methyl formate have been demonstrated to spontaneously generate electric fields. We have
reported electric fields more than 10° V. m™, have shown how field strength varies with the film deposition temperature, and have
reported temperature-dependent Stark shifts observable in both infrared and ultraviolet absorption spectra. The latter has led to the
reporting of large Wannier—Mott excitons in wide band gap molecular materials, such as solid carbon monoxide and ammonia.
Changes in the field strength with time, at specific temperatures, can be related to the structural dynamics of glassy molecular solids.
Measurement of surface potentials is a very sensitive technique by which to observe the rotation and translation of molecular species
buried in thin films. This is particularly true for polarized, supercooled molecular glasses, where surface potentials have been used to
report on secondary relaxation processes that have hitherto been hidden from measurement.

Characterizing spontaneously electric molecular films, and understanding their behavior, requires the inclusion of nonlocal and
nonlinear effects. The mean-field model that we present describes the data by connecting the energy of interaction of an average
dipole with the mean effective field in the film, where this field is itself a function of the degree of polarization. This feedback loop
produces a smooth function with a nonintuitive, discontinuous differential. The condensation of thin molecular films is an important
means by which molecular solids are generated in the interstellar medium and represents a key pathway for the generation of organic
optically and electrically active materials. It may also be possible to manipulate chemistry with the intense, localized electric fields
acting as or acting on catalysts. The repercussions of the spontaneous generation of bound surface charges and the presence of
electric fields in molecular solids will be discussed in these contexts.
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e Chen, Y.-J.; Munoz Caro, G. M.; Aparicio, S.; Jiménez-
Escobar, A.; Lasne, J.; Rosu-Finsen, A.; McCoustra, M.
R. S.; Cassidy, A. M.; Field, D. Wannier—Mott Excitons
in Nanoscale Molecular Ices. Phys. Rev. Lett. 2017, 119,
157703.> We measured the effect of the electric field
strength on Wannier—Mott excitons in thin films of
spontaneously polarized carbon monoxide; a molecular

solid with a wide band gap.

Rosu-Finsen, A.; Lasne, J.; Cassidy, A.; McCoustra, M.
R. S.; Field, D. Enabling Star Formation via Spontaneous
Molecular Dipole Orientation in Icy Solids. Astrophys. J.
2016, 832, 1.> We analyzed the reduction of ionization
in star forming regions of the interstellar medium,
induced by spontaneously polarized films of carbon
monoxide coating dust grains, reporting a factor §
decrease in the time scale to achieve expulsion of
magnetic fields and enable gravitational collapse.

Lasne, J.; Rosu-Finsen, A.; Cassidy, A.; McCoustra, M.
R. S.; Field, D. Spontaneous Electric Fields in Solid
Carbon Monoxide. Phys. Chem. Chem. Phys. 20185, 17,
30177—30187." Electric fields approaching 4 x 107
Vm™! were measured in thin films of carbon monoxide,
obtained indirectly from Stark shifts induced in infrared
spectroscopic experiments.

1. INTRODUCTION

Our key observation was the serendipitous discovery that thin
films of dipolar molecules, formed by condensation at low-
temperatures, may be spontaneously polarized.” Such films
display large surface potentials, which increase linearly with
film thickness. As an illustrative result, data collected on films
of nitrous oxide grown at different temperatures are shown in
Figure 1. The surface potentials give rise to electric fields
within the film, which we term “spontelectric fields”. These
fields influence the infrared and ultraviolet spectroscopy of
solid films, providing new tools to study the structure of these
ubiquitous films and their solid-state dynamics.
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Figure 1. Surface potentials measured on films of N,O as a function
of film thickness, in monolayers (ML), for deposition temperatures of
38, 40, 42, 44, 48, 52, 57, 60, 63, and 65 K. The slope of each set of
data gives the electric field in V m™", for spacings of 2.855 + 0.02 A
below 48 K and 2.905 + 0.02 A above 48 K. Thus, at 38 K, (black
squares) the spontelectric field is 1.33 X 10° V m™. Data were
obtained using low energy, high resolution electron beams. Adapted
with permission from ref 6. Copyright (2011) Royal Society of
Chemistry.
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1.1. The Nature of the Spontelectric Effect

The spontelectric effect is a bulk phenomenon, independent of
the nature of the surface on which dipolar molecules are
deposited and is observed in films with a minimum thickness
of 5—10 monolayers (ML). This is well past the limit where
one can reasonably expect work function changes to have any
effect. To measure the surface potential, films were prepared by
condensing the molecular species of interest from background
gas onto a cold finger held at a known temperature, under
ultrahigh vacuum conditions. The degree of spontaneous
polarization was determined by measuring the polarization
charge at the surface of the film, as a function of deposition
temperature and film thickness, using an electron irradiation
technique. A high resolution (1—2 meV) low energy electron
beam, of typically ~200 fA, generated through synchrotron
photoionization of argon (ASTRID Aarhus), was directed
toward the substrate. The spontaneous potential appearing on
the surface of any film was measured by applying a bias
potential to the system and effectively adjusting this bias to
null the current. This gives a direct measurement of the
potential at the film-vacuum interface.” Note that the
interrogating electron current was insufficient to depolarize
the system significantly. Sometime after our “discovery” paper,”
we came across the neglected data of Kutzner,® obtained using
a Kelvin probe, in which the spontelectric effect is reported and
correctly ascribed to dipole orientation. An occasional glimpse
of the spontelectric effect may be found here and there in the
intervening period of 50 years.

Bulk polarization arises since molecular dipoles show a small
propensity to net orientation, Figure 2. There is no free charge
in the film and the spontelectric field is therefore constant in
the z-direction, normal to the plane of the film, and is zero in
the x—y plane. Figure 1 shows that spontelectric fields are
strongly dependent on surface deposition temperature.
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Figure 2. A representation of a dipole-oriented, polarized material
(top), compared to a nonpolarized material (bottom). The oriented
dipoles in the polarized material, show a tendency for dipoles to
generate some average angle, @ > 0, with the plane of the film. In a
nonpolarized material, @ = 0.
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Heating a film prepared in the spontelectric state causes little
change in internal electric field. However, sublimation apart, a
critical temperature, a “Curie” temperature, is encountered at
which the field decays abruptly. The spontelectric field is not
reinstated by subsequent cooling of the film.”

The molecular materials of which spontelectric films are
composed must possess a permanent dipole moment. The
species include simple hydrocarbons, halocarbons, organic
formates and alcohols,” benzene derivatives and such simple
molecules as ammonia,'® carbon monoxide and nitrous oxide.
A list of materials studied in our own group is provided in
Table 1. Films may be either crystalline, for example nitrous

Table 1. A list of species identified as spontelectric by
means of experiments conducted in our own laboratories

Gas phase dipole Techniques used to identify

Molecule moment/Debye spontaneous polarization
Nitrous oxide 0.166 Surface potential measurements®
Stark shifts in IR spectroscopy'”
Stark shift in VUV spectroscopy'*
Carbon 0.122 Stark shifts in IR spectroscopy”
monoxide Stark shift in VUV spectroscopy”
Methyl 1.766 Surface potential measurements'®
formate Stark shifts in IR spectroscopy'®
Ammonia 142 Stark shift in VUV spectroscopy'”
Toluene 0.385 Surface potential measurements®
Freon 13 0.5 Surface potential measurements'’
(CF,Cl)
Freon 12 0.510 Surface potential measurements'’
(CF,Cl,)
Freon 11 0.45 Surface potential measurements'’
(CECly)
2,5- 1.320 Surface potential measurements’
dihydrofuran
Ethyl formate 1.980 Surface potential measurements’
Isoprene 0.252 Surface potential measurements®
Isopentane 0.130 Surface potential measurements’
Propane 0.08 Surface potential measurements®
oxide'' and ammonia'® or noncrystalline and glassy, for

example cis-methyl formate." To underpin our observations, a
mean-field model of spontelectrics, section 2, has been
developed to model the electric field change with temperature.

1.2. Alternative Forms of Spontaneously Polarized
Molecular Solids

Spontaneous polarization is best known in ferroelectrics, in
which polarization through creation of a dipole generally arises
locally through distortion of the unit cell, rather than globally
and collectively as in spontelectrics. The characteristic property
of ferroelectrics is that of hysteresis, a property not yet
observed in spontelectrics. Spontaneous polarization is also
encountered in ferroelectric liquid crystals."*™*° Thin films of
amorphous solid water have also been rePorted to be
spontaneously polarized by several authors.”’' ™ This has
been linked to porosity in the films and the collective
orientation of under-saturated hydrogen bond donors.”* We
note also that molecular dynamics simulations have indicated a
tendency for net dipole orientation in condensing water films,
qualitatively recreating the negative surface potential at the film
surface that is measured experimentally.”® In addition, there is
an extensive group of molecular organic semiconductors, that
demonstrate spontaneous polarization*® and whose properties
resemble those of spontelectric films. A notable example is

1911

Algs, in which bulk dipole orientation is responsible for the
electric fields in this and related glassy materials.”” > Recent
results have also demonstrated that ultrastable glasses®' may in
some cases be spontaneously polarized.*>™**

A vital element in the spontelectric state is the feedback
between dipole orientation and the electric field of which this
orientation is the root. This fundamental aspect of the
spontelectric state and the collective nature of polarization
are both absent in any discussion of materials such as organic
semiconductors.

1.3. The Potential Importance of Spontelectric Behavior

The immediate impact of this work has been in astrophysics
and highlights the importance of the microscopic in controlling
the macroscopic process of star formation in dense prestellar
cores.”™*> Dust grains accrete molecular films of almost pure
CO at the low temperatures reported in dark molecular clouds,
where stars form. This growing layer of CO ice presents a
spontelectric mantle with a positive surface potential and so
attracts gas phase electrons to collide with the grain, which in
turn attracts positive ions to preserve electroneutrality. This
leads to increased interaction between ions and electrons on
the grain surface and reduces the degree of ionization in star-
forming cores by a factor of between 5 and 6, facilitating the
expulsion of magnetic fields and significantly increasing the
predicted rate of star formation, removing a major incon-
sistency in the field of star formation.

Turning to applications in electronics, internal electric fields
are known to impact on charge carrier flow in thin organic
films, key contributors to technological advance in electronics
and optoelectronics.*®*” Oriented molecular dipoles in polar
systems are a likely cause of these fields. This links directly to
observations of spontelectric fields, noting the success of
spectroscopic probes in revealing the presence, magnitude and
distribution of such fields within organic semiconductor
devices,** ™! through the role of the Stark effect.

At the same time as integrating our knowledge of the
spontelectric effect into the field of organic semiconductors, we
may also be able to realize the Holy Grail proposed by Zare,
that is, the manipulation of chemistry at surfaces through
intense, localized electric fields of magnitude around 10° V
m™,* as in the active pocket of an enzyme."’ Related behavior
has been observed by a})plication of external electric fields,
using surface capacitors” ~*% and AFM tips.*’~*

Several open questions need to be addressed to achieve
these applications and are discussed in Section 5. We begin
with an introduction to the spontelectric model.

2. A PHYSICAL MODEL FOR THE SPONTELECTRIC
STATE

The model of spontelectrics addresses how the spontaneous
orientation of molecules within a film depends on the
temperature of the surface on which material is deposited
(Figure 1). The degree of orientation of dipoles in a field is
expressed using the textbook Langevin expression,”” and is
given in atomic units by,

)

E E u)"
m= coth(z—'u) - (Z—M]
H T T (1)
where E, is the local field normal to the film (z-axis), noting
that fields in the x—y plane of the film average to zero, u is the

dipole moment of the molecule in the solid state and T is the
deposition temperature. The model formulates the local
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electric field, E,, which any molecule experiences at any site,
where this electric field itself contains the degree of
orientation.” Net molecular orientation makes the film slightly
positive or negative on one side, relative to the other, giving
rise to the spontelectric field. The local field, E, is described by

)

The E, term arises from polarization, dispersion, and
covalent interactions; the second and anisotropic term,
involving the parameter {, explicitly involves the dipole—
dipole interaction; and the third term involving the parameter
E,, that is, E,m, represents the spontelectric field itself. We
define the degree of orientation, m, as the spatially averaged
proportion of the total solid-state dipole, pointing in the z-
direction. Combining eqs 1 and 2, the expression governing
the relationship between m and T may be expressed as m =
f(T,m). This equation is not analytically soluble and is an
implicit equation containing feedback, through which the
behavior of orientation with T depends on the degree of
orientation itself. The mean orientation, which determines the
spontelectric field, will itself contribute to the mean orientation
of the molecules, which itself affects the value of the
spontelectric field and so on. Numerical solutions are sought
for which the molecules agree in their degree of orientation,
through a mutual global consensus.

We use two examples, nitrous oxide and cis-methyl formate,
one straightforward and one pathological, showing how the
model reproduces observed m versus T. The two parameters,
E, and {, are obtained by fitting to observations. The
proportionality constant between the value of m and the
parameter E,, may be shown to take the value of the total
dipole in the solid state, divided by the molecular volume and
the permittivity of free space, as described in ref 7.

Experimental data, derived from Figure 1, for the measured
spontelectric field versus deposition temperature,”'" are shown
in Figure 3 for nitrous oxide [black squares]. Data in Figure 3
reveal the subtlety that there is a phase change at 48 K. The
phase change was confirmed separately using reflection-
absorption infrared absorption spectroscopy, neutron scatter-
ing and temperature-programmed desorption experiments.11
The fitting parameters of the model vary accordingly (Table
2).

Turning now to cis-methyl formate, we enter the realm of
disorganized glasses.' The observed variation of m with
deposition temperature for cis-methyl formate is shown in
Figure 4."° Above 77.5 K, an increase in polarization is
observed with increasing temperature. The data go smoothly
through a numerical minimum and the model yields the
observed result that m versus T is not monotonic.

However, the form of m = f(T,m) is such that its total
derivative can never be zero for any physically realizable values
of the parameters governing f(T,m). Thus, the total differential
does not represent the slope. The region of the minimum in m
versus T is in fact characterized by the differential becoming
infinite, negative to the low T side and positive to the high T
side, in this case. Examples also exist of a maximum in m versus
T, for example, for l-pentanol,9 where the differential is
positive on the low T side and negative on the high T side.”’

The outstanding current problem is that we do not have
insight into how the system becomes caught in the
spontelectric state or, further, how the behavior in Figure 4
can arise. In earlier work, we made a qualitative suggestion that
librational fluctuations were an underlying cause of the

E, = [E[1 + {(m®] — Eym]
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Figure 3. Measured electric field in nitrous oxide as a function of film
deposition temperature (black squares), with the calculated fields for
the low temperature (blue squares) and high temperature phase (red
circles) superimposed. The dotted lines act as a guide to the eye. The
fields shown are those derived from the data given in Figure I.
Nitrous oxide is close to sublimation at temperatures around 60 K
causing the model to fail for T > 63 K. Systematic errors in the film
thicknesses, and therefore in the spontelectric field, are estimated at
20%. Adapted with permission from ref 11. Copyright 2016 American
Chemical Society.

Table 2. Nitrous Oxide: Parameters of the Model Used to
Create the Fits Shown in Figure 3°

N,O: low temperature phase < 48 K N,O: high temperature phase > 48 K
Layer separation 0.2855 + 0.002 nm Layer separation 0.290S5 + 0.002 nm
E =779 + 028 x 10° Vm™ E, =601 +028 X 10° Vm™!
Ep=6.69 + 024 X 10° V m™ Ex= 692 + 025 X 10V m™
£=268+ 18 £=575+39

“The mean field in the z-axis, E,, is given for each phase by eq 2,
where m varies between 0.199 at 38 K to 0.046 at 63 K. Layer
separations are derived from neutron scattering data.

cis-methyl formate
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Figure 4. Variation of the degree of dipole orientation, m, with
deposition temperature for cis-methyl formate. Experimental data are
shown as red points, derived from direct measurement of film surface
potentials. Fits to experiment, blue points, are for E; = 1.37 + 0.27 X
10’ Vm™, E, = 1.27 £+ 0.19 X 10° V m™, and ¢ = 12200. Adapted
with permission from ref 15. Copyright 2012 Royal Sociey of
Chemistry.
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spontelectric effect, as supported by recent large scale
Strikingly, the
molecular dynamics simulations in 52, based on ab initio
potentials, reproduced the variation in net orientation in cis-

simulations of cis-methyl formate films.””

methyl formate versus temperature of deposition, giving a
value of deposition temperature for the minimum of around 70
K, close to that observed at 77.5 K.

2.1. The broader Context of Dipolar Films: Collective
Behavior and a Comparison with Spin Glasses

Surface potential measurements for thin films of N,O diluted
in Xe indicate that films persist in exhibiting a spontelectric
field until the N,O molecules are at least 1.25 nm apart, some
four times the separation in solid N,O.>* The field drops as the
degree of dilution of N,O in the nonpolar Xe matrix increases.
These observations support the hypothesis that the spont-
electric effect is a concerted many-body phenomenon.

Consequently, the standard picture, that properties of a solid
can be described by individual species, or individual unit cells,
and their local interactions, must be abandoned for spont-
electrics. Thus, spontelectrics bear a strong resemblance to the
large family of spin glasses whose properties again arise from
the collective agency of many species.”* A spin glass ceases to
exist in the spin glass state if the degree of dilution of the
magnetic moments is such that they are too far apart to
interact, analogous to the dilution-induced decay in the
spontelectric field just described.”® There are two explicit
differences between spin glasses and spontelectric materials: (i)
the dipoles involved in a spin glass are magnetic dipoles and
(ii) spin glasses, having zero spontaneous net magnetic dipole
orientation, do not generate a spontaneous magnetic field.

Consider first glassy spontelectrics, that is, noncrystalline
materials, in relation to spin glasses. Glassy spontelectrics are
composed of randomly oriented species, save for the residual
orientation associated with the spontaneous electric field. The
energy landscape is craggy with deep minima. This feature is
quenched into the system, prepared at any temperature, and
leads to complex decay patterns in glassy spontelectrics. This
behavior is observed in methyl formate (section 4)." Both spin
glasses and glassy spontelectrics are nonergodic, due to the
deep minima in the energy landscape, and therefore are not
strictly thermodynamic objects. In general, for both glassy and
crystalline spontelectrics, the measured properties of any film
are not independent of the route by which it was formed,’
violating a fundamental tenet of a thermodynamic system. For
example, a film of crystalline nitrous oxide formed by
deposition at 40 K displays a spontelectric field of 1.09 X
10 V. m™" field. If ostensibly the same film is prepared by
deposition at higher temperature, say, 60 K, and cooling to 40
K, the spontelectric field is ~2.66 times lower.’

In the spontelectric model described above we have used
statistical mechanics to understand a nonergodic system. For
example, we define temperature independent parameters to
describe observed phenomena. Since the model provides a
useful description of spontelectric properties in a wide variety
of contexts we feel justified in this approximation and our
classical approach. We acknowledge that further insight into
the spontelectric effect will be gained by the application of
more accurate quantum chemical methods.
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3. SPECTROSCOPIC STUDIES OF SPONTELECTRIC
MATERIALS

3.1. Vibrational Spectroscopy, Spontelectric Behavior, and
the Vibrational Stark Effect (VSE)

We now turn to the spectroscopic investigation of spontaneous
dipole orientation in thin solid films by IR spectroscopy.
Sufficiently thick and ordered molecular films will exhibit
Longitudinal Optical (LO)—Transverse Optical (TO) splitting
of the molecular modes in the solid state. Such LO-TO
splitting arises through electrostatic interactions coupling the
individual molecular vibrations with the collective vibrational
motions of the solid. In a spectroscopic measurement from a
thin film, with the incident beam at grazing incidence, LO
vibrations can only be measured when they occur perpendic-
ular to the surface of the film and TO vibrations can only be
measured when they occur parallel to the surface of the film. In
reflection—absorption infrared spectroscopy (RAIRS),> used
here, only the LO mode would have the necessary symmetry to
be observed following the metal surface selection rule and the
TO band should be suppressed.’® Fortuitously, burying the
reflective substrate under a few hundred nanometers of rough
amorphous silica®” allows us to circumvent the metal surface
selection rule while still benefiting from the enhanced
sensitivity described in refs 5SS and 56. This is illustrated in
measurements reported in Figure S on thin solid films of
N,0."?
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Figure S. RAIR spectrum of 100 Langmuirs (L) or 14 monolayers of
N,O deposited at 48 K on a copper plate coated with 300 nm of
amorphous silica. The inset shows the vNN region of the RAIR
spectra of 100 L of N,O on bare copper (blue), on copper coated
with 200 nm (red) or 300 nm (black) of amorphous silica at 48 K.
The intensity of each spectrum has been normalized to that of its LO
mode. Dotted lines indicate the positions of the LO and TO modes.
Adapted with permission from ref 13. Copyright 2015 Royal Sociey of
Chemistry.

The simultaneous observation of both LO and TO modes
provided us with a platform to explore the temperature
dependence of the vibrational spectroscopy of spontelectric
films of N,O, and Figure 6 illustrates our reported observations
on the YNN band of solid N,O on our substrate. The LO-TO
splitting decreases with increasing deposition temperature, that
is, with decreasing spontelectric field. In this context, we also
note the observations of Hama et al. on amorphous N,O solid
films using infrared multiple-angle incidence resolution
spectrometry (IR-MAIRS).>®

Shifts in vibrational frequency are a necessary consequence
of the presence of the spontelectric field, through the
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Figure 6. RAIR spectra showing the NN band of 14 ML N,O films
deposited at 48, 53, 60, 62, and 66 K on 300 nm silica. The red arrows
highlight the shift of the LO and TO modes with increasing
deposition temperature of the films. The inset presents the RAIR
spectrum of the film deposited at 48 K (open symbols) and the
Gaussian fits to the LO and TO modes (full lines). Adapted with
permission from ref 13. Copyright 2015 Royal Sociey of Chemistry.

Vibrational Stark Effect (VSE). Since the 1990s, Boxer and co-
workers have demonstrated the importance of the VSE in
quantifying the impact of electric fields on molecular vibrations
in a wide variety of environments.”’"®" We have coupled the
model of spontelectric behavior, outlined in section 2, and
detailed in ref 13, with a simple linear VSE. This procedure
reproduces the observed experimental shifts in LO-TO
splitting as a function of deposition temperature shown in
Figure 7.

= Experimental data
— Model

Measured LO-TO splitting Av (cm‘l)

14.5

52 54 56 58 60 62
Deposition temperature (K)

4I8 5‘0
Figure 7. Comparison between the spontelectric model (red curve),
using known values of parameters of the model, Table 2, involving no
additional fitting, and experimental values of LO-TO splitting in N,O

films grown at different deposition temperatures. Adapted with
permission from ref 13. Copyright 2015 Royal Sociey of Chemistry.

We have also studied the spontelectric effect in CO® and in
cis-methyl formate'® using RAIRS. The former confirmed that
films of CO ice are spontelectric, Section 3.2, and the latter
confirmed the anomalous and counterintuitive behavior of cis-
methyl formate with increasing deposition temperature, Figure
4.1
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3.2. Electronic Spectroscopy, Spontelectric Behavior, and
Wannier—Mott Excitons

When a solid material absorbs a photon of sufficient energy to
give rise to an electronic excitation, the excited electron and
newly formed hole can remain bound through Coulombic
attraction. This gives rise to a quasi-particle called an exciton.
The electron and hole are spatially separated in the exciton and
the quasi-particle can diffuse through the material. The
conduction properties and lifetimes of excitons govern much
of the physics of photovoltaics.”>** If the radius of the quasi-
particle is larger than the unit cell dimensions, then the exciton
is described as delocalized, and the term Wannier—Mott
exciton is used. The spontelectric effect has revealed that
Wannier—Mott excitons, considerably larger than the
dimensions of the unit cell, are prevalent in condensed
molecular ices.” An electric field influences the separation of
the hole and electron in a Wannier—Mott exciton and, thus,
the energy of formation of the exciton and the accompanying
wavelength of absorption of light by a solid film. The field
introduces a Stark shift in the position of absorption peaks in
the electronic spectra of spontelectric materials, through the
spontelectric field pushing the hole and electron apart.” Since
the field depends on the temperature of film deposition, so the
absorption spectrum changes with this temperature. An
example is the ATl « X'X transition in thin CO films
condensed between 20 and 26 K. This shows a series of
absorptions peaks, which are blue-shifted by up to 400 cm™" as
the growth temperature is decreased from 26 to 20 K.°> This
observation and the associated temperature range match the
increasing spontelectric field in CO thin films, measured
through LO-TO splitting in RAIRS (section 3.1).

Using the ASTRID2 synchrotron storage ring at Aarhus, we
have measured the variation of absorption wavelength with
film deposition temperature in the vacuum ultraviolet (VUV)
range for a series of spontelectric molecular solids, including
nitrous oxide, ammonia and methanol."*'?> The large size of
Wannier—Mott excitons, typically several nm, results in a
binding energy of electron and hole in the meV range, with
accompanying sensitivity to spontelectric fields in the 107 to
10 V m™' regime. Figure 8 compares changes in the peak
position in the VUV absorption spectra for the isoelectronic
species CO, and N,0'". The nonpolar CO, molecule, Figure
8a, produces an ice that does not harbor an electric field and
the absorption features appear at the same wavelength
regardless of growth temperature. In contrast, VUV absorption
spectra for the polar molecule, N,O, demonstrate a clear
temperature dependence.

The shift in peak position by 65 meV, from 137.95 nm at 40
K to 138.96 nm at 60 K for the lower energy peak associated
with the C-band transition, allowed us to compare the
observed Stark shift in films of N,O with a calculated shift.
This calculated shift was based on the temperature dependent
strength of the electric field known to exist in this material
from our previous independent experiments involving electron
beam surface potential measurements and RAIR spectrosco-
py.”'*'* The comparison between observed and calculated
values of absorption wavelength, shown in Figure 9, indicates
that the energy that the spontelectric field contributes to the
expansion of the exciton matches the experimental observa-
tions of the wavelength accurately over most of the
temperature range, save close to sublimation at 64 K. This
simple Coulombic model however breaks down as the growth
temperature approaches that of the known phase transition for
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Figure 8. VUV absorption spectra for (a) CO, and (b) N,O recorded for films prepared at the different temperatures indicated. Data have been
offset on the y-axis to ease comparison. Data were obtained on the ASTRID2 synchrotron radiation source at Aarhus. Adapted with permission

from ref 14. Copyright 2019 Royal Society of Chemistry.
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Figure 9. Observed peak absorption wavelength for the C-band in the
VUV spectrum for films of N,O, shown in red. Calculated shifts,
based on the Stark shift induced by the spontelectric field from the
peak position at 54 K, are shown in blue. Adapted with permission
from ref 14. Copyright 2019 Royal Society of Chemistry.

N,O at 48 K (Figure 3 and Table 2).""'* As the growth
temperature decreases toward 50 K, the crystallite size drops
below that necessary to allow the exciton to reach its full
expansion, commensurate with the increasing strength of the
electric field. This gives an upper limit on the physical size of
crystallites in the N,O film of 3.12 nm at 54 K, and decreasing
as the temperature drops toward 50 K.

The restriction on the size of the exciton imposed by
shrinking crystallites as a material approaches a phase change
was also suggested through similar studies of the VUV
absorption spectrum of solid NH,.'*°° This material is
known to exist in 2 phases, with a transition at ~52 K.%"%
VUV data then enable us to estimate the spontelectric fields in
ammonia and place a lower limit of 1.58 nm on the size of
crystallites for T < 52 K, representing 16 unit cells or 64
species. For higher deposition temperatures, minimum
crystallite sizes are 4.73, 3.62, and 2.45 nm, containing 1688,
756, and 236 molecules of ammonia, +20%, at deposition
temperatures of 65, 60, and 55 K respectively.
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Figure 10. (a) Electric fields per ML in thin films of cis-methyl formate, measured as a function of time, for deposition temperatures of 40, 45, S0,
and 55 K. Offset times, defined as the time before electric field decay begins, are indicated with short vertical lines, and were used to calculate the
activation barriers used in panel b. Dashed lines are exponential fits to subsequent decay of field strength. (b) The spontelectric model was used to
calculate the barrier to rotating a molecular dipole when the dipole lies in an electric field of different strengths. Two curves, representing the field
strength at deposition temperatures of 40 K (blue) and S0 K (red) are shown. The dashed vertical lines indicate the barriers to rotation derived
from panel (a) and show that rotations of approximately S0° from the resting position are required. Adapted with permission from ref 69.

Copyright 2021 Royal Sociey of Chemistry.
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4. THE SPONTELECTRIC EFFECT AS A PROBE OF
DYNAMICS IN GLASSES

Time-dependence of the magnitude of the spontelectric field in
films has been observed and can be attributed to a net rotation
of the average direction and thus decay of orientation of
molecular dipoles. The example of cis-methyl formate is shown
in Figure 10a. This behavior has pioneered a new technique for
the study of relaxation by molecular rotation in supercooled
molecular glasses.”*” Neutron scattering has been used to
quantify molecular translational diffusion and to differentiate it
from rotation, in these materials." Layering isotopically labeled
spontelectric films generates a sample with multiple interfaces.
Blurring and loss of these interfaces, observed through neutron
scattering, indicates translational diffusion and mixing of the
isotopically labeled materials. The interrogating neutron beam
is sensitive to the isotopic interfaces so generated, thus
allowing the measurement of self-diffusion. Neutron scattering
data therefore allow us to exclude diffusion”'' below a
deposition temperature of 55 K. Decay of the spontelectric
effect at T < S5 K (Figure 10a) can therefore be attributed
wholly to rotationally induced loss of orientation.

Films of cis-methyl formate undergo a glass transition at 90
K to form a crystalline material which desorbs above 135
K.”>”" Only the glassy state of methyl formate is spontaneously
polarized.7 At T < 55 K, well below the glass transition
temperature, the strength of the electric field in deeply
supercooled films of cis-methyl formate decreases with time,
with a higher rate for lower growth temperature, Figure 10a. In
addition, a decreasing time delay was observed before decay
begins, at lower temperatures. This behavior suggests that films
become less stable and more prone to molecular rotation, and
hence loss of spontelectric field, as the growth temperature
decreases.

To understand this counterintuitive behavior of relaxation of
the glass at deeply supercooled temperatures of 40 to 55 K, we
used the spontelectric model described in section 1, to
estimate the extent of molecular rotation required to overcome
the energy barriers suggested by the rates of decay of
orientation, employing data shown in Figure 10a. This
established that individual molecules should rotate by as
much as 50° at a deposition temperature of 40 K, say, to
overcome the energy barrier of 112 meV, estimated from the
kinetic data in Figure 10a. This barrier rises to 160 meV at 55
K. The results from the model are shown in Figure 10b. To
move out of a potential well, the dipole must rotate against the
spontelectric field. We estimate the extent of this rotation using
Figure 10b, where rotations of ~S50° correspond to the
activation energies estimated from data in Figure 10a, for
example 112 and 160 meV, as shown in Figure 10b. Films
prepared at increasingly lower deposition temperatures
produce correspondingly less relaxed and thus less stable
glassy materials, and these materials decay faster, through this
rotation mechanism. The spontelectric effect, therefore, gives
insight into the elusive dynamical processes that take place far
below the molecular glass transition temperature.

5. SUMMARY AND OUTLOOK

The observation of spontelectric fields in nanofilms rests upon
electron beam and Kelvin probe measurement of surface
potentials, and vibrational and electronic Stark effects. We have
chained techniques together, for example using the results of
the electron beam method for nitrous oxide” to verify the
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RAIRS Stark method of detection.'” The RAIRS technique was
then used to infer electric fields in solid carbon monoxide,* for
which there were no electron beam data. These results were in
turn used to interpret VUV data, showing that the energy of
Wannier—Mott excitons in solid CO would vary with film
deposition temperature in the manner observed.” Additional
structural and diffusion measurements from neutron scattering
data have allowed us to apply the spontelectric effect to
quantify aging in a glass.

The dynamical processes through which the spontelectric
effect asserts itself remain unclear. The mechanism by which
symmetry in the z-axis is broken and through which dipoles
find a particular direction with which to align remains
unanswered and we may only conjecture at present that the
formation of the spontelectric state is fluctuation driven.*®
There is evidence to suggest that in some cases the symmetry
breaking may be driven by the chemistry at the film-vacuum
interface,”” and future experiments can explore the potential of
this to tune the sign of the electric field generated. This, in
turn, could be used to increase the field strength that can be
obtained at a given growth temperature and to identify
molecules which show the spontelectric effect at ever higher
deposition temperatures, presently limited to 90 K. Data may
be used in conjunction with established machine learning
techniques for low-data problems to efficiently explore
chemical space. The goal here would be to identify room
temperature spontelectrics, with a view to their practical use,
for example for energy storage and electrostatic-enhanced
catalysis. In regard to practical energy storage, large scale
deposition of (near) room temperature material may for
example be speculatively envisaged to store ~10 MJ in a
spontelectric field of 10° Vm™ in a 1 mm thick (say), 30 X 30
m?® area of material. Turning to chemical reactivity, there is a
well-established literature that supports electric field enhance-
ment of reactivity**™*’ derived from our knowledge of such
effects in the active pockets of enzymes.”’ The ability to
prepare polymer substrates from spontelectric monomers
expressing similar fields to those measured within the active
pockets of enzymes may open pathways to explore novel
heterogeneous or heterogeneodized homogeneous catalytic
systems, especially in flow environments.

Understanding charge transport in molecular films is a key
step to integrating molecular solids into optoelectronic devices.
The spontelectric effect will influence the ability to inject
charge into polarized films and conduct that charge to an
electrode. Indeed, surface potentials have been reported to
generate interfacial charge-migration barriers in photovoltaics
and molecular orientation, that is, anisotropic molecular
packing, has been reported to influence the efficiency of
these devices. These effects are usually linked to anisotropy in
vapor-deposited materials but the role of the spontelectric
effect, the feedback between dipole orientation and the
spontaneous electric field, has not yet been included. Our
work, so far, has focused on low molecular weight, volatile
species well-suited to surface science experiments in ultrahigh
vacuum setups but future research will have to find the means
to study the spontelectric effect in the larger molecules
typically encountered in organic semiconducting materials.
Stark shifts in spectroscopic measurements, particularly in the
IR, may be the best means to characterize these species.

So-called “volcano peaks” that occur when two species with
different desorption temperatures are layered and then heated,
forcing the more volatile species to remain adsorbed until the
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materials with the higher desorption temperature is reached,
are of particular interest to the astrochemical community.”*”*
Questions about the phase and diffusion of the trapped species
remain unanswered and the combination of neutron scattering
and surface potential measurements will help address these
issues.”

At all events, new physics is encountered in the very familiar
and outwardly simple system of vacuum-deposited thin films,

with potential application in many chemical environments.
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