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The observation of long-range interactions across ionic liquids and highly concentrated

electrolytes, extending far beyond the Debye–Hückel prediction and beyond the range

predicted in liquid state theory, has been called ‘anomalous underscreening’. A number

of theoretical and experimental works have explored this phenomenon over recent

years, although its origin is not yet fully understood. Most of the experimental studies of

anomalous underscreening until now involved aprotic ionic liquids, and so it is of

interest to explore interactions in protic ionic liquids where the distribution of charge in

the fluid is different in nature. Here we present direct measurements of the interaction

force as a function of separation distance, measured using a surface force balance,

across solutions of a protic ionic liquid ethylammonium nitrate (EAN) and its mixtures

with water over a range of volume fractions from 10 vol% to 100 vol% EAN. The results

reveal intricate details about near-surface ordering and dynamics at the EAN–mica

interface as well as anomalous underscreening consistent with that observed in the past

with aprotic ionic liquids.
I. Introduction

Electrolytes at high concentration are important in elds as diverse as energy
storage, bioscience, and mineralogy. They provide the medium for charge
transfer, for mediating macromolecular interactions, and for the nucleation of
crystals. Despite this general relevance, some fundamental aspects of the physics
and physical chemistry of highly concentrated electrolytes remain mysterious. In
particular, several experimental reports have indicated interaction forces acting
over substantially longer range than previously anticipated in ionic liquids and
concentrated electrolytes. The rst of these reports, now more than a decade ago,
measured interactions between two macroscopic charged plates over a range of
tens of nanometers across a pure ionic liquid at ambient temperature; a range
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enormously greater than the relevant Debye screening length.1 Since then similar
phenomena have been reported, mostly involving interaction force measure-
ments with a surface force balance (SFB)2–5 or AFM6 but also concentration prole
measurements between two silica surfaces.7

The general form of the measured interaction force, and corresponding free
energy, across concentrated electrolytes in these experiments was captured
approximately by the following expression:

FN

R
¼ 2pGk ¼ � H

6D2
þ Ae�D=lo cos

�
2pD

x
þ f

�
þ Be�D=ls (1)

where FN is the force measured between crossed cylinders of radius R and closest
separation distance D, which is related to the free energy per unit area between
at plates, G‖ at separation D through the Derjaguin approximation.8 FN, R and D
are obtained from experimental measurement directly. H is the Hamaker
constant calculated from Lifshitz theory. The rst term on the right of eqn (1)
represents the van der Waals interaction and tends to be small compared to the
other terms at high electrolyte concentrations and high surface charge. The
second term on the right has been described as the ‘structural force’ arising from
steric effects of ions and molecules packed into the conned region. The nal
term, a plain exponential, describes the resultant ‘electrostatic force’. The
parameters for the ‘structural’ and ‘electrostatic’ terms, A, lo, x, f, B and ls can be
tted to the experimental data but are also dened in theories of electrolytes and
so provide a link for interpretation of measurements using theoretical analysis.

In dilute electrolyte solutions the same expression, eqn (1), explains experi-
mental interaction forces and is well understood theoretically.9 In that case the
van der Waals and electrostatic terms together make up the mean-eld DLVO
theory10 with ls then matching the Debye–Hückel screening length, lD, where:

lD
�2 ¼ kD

2 ¼
P
i

nbi qi
2

3re0kBT
(2)

with nbi the bulk salt concentration, qi is the charge on ion i, 3r the dielectric
constant of the medium, e0 the vacuum permittivity, kB is Boltzmann's constant
and T the temperature. The second, oscillatory, term matches the (non-mean
eld) structure of the molecular solvent (e.g. water structure) as can be resolved
in the highest resolution measurements in dilute electrolytes.9,11

Why should such an expression also model the observed behaviour in
a concentrated electrolyte, so far from the regime where mean-eld theories
apply? An answer may lie in the exact analysis of the decay of intermolecular
correlations in electrolytes by Kjellander.2,12 Taking account of all ion correlations
and with proper analysis of the dielectric response, Kjellander showed that the
decay of interaction free energy with distance has multiple terms, each either
plain exponential or exponentially damped oscillatory. The decay parameter for
each term (or ‘mode’) is a solution of the following equation:

l�2 ¼ k2 ¼
P
i

nbi q
*
i qi

3*r ðkÞe0kBT
(3)

where q*i is the renormalised charge and 3*r ðkÞ is the renormalised dielectric
function (a function of k, so that eqn (3) is an equation for k). Thus, interactions
This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 246, 370–386 | 371
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are characterised by multiple decay parameters and in general each parameter
reects both charge and density correlations; i.e. there is no single ‘electrostatic
decay length’.12 In the limit of innite dilution, the slowest decaying term is plain
exponential, and the decay length collapses onto the Debye–Hückel screening
length. At a high concentration of electrolyte, the presence of a slowly decaying
plain exponential term must arise from a small value of q*i . (Note that the
dielectric function is approximately the dielectric constant when the decay
parameter is small.) This has been interpreted in the past in terms of strongly
coupled ion aggregates behaving as quasiparticles,2 and as voids in the ionic
network performing the role of charge carrier over length scales characterised by
the Bjerrum length.13 However, it remains challenging to calculate values for q*i
and 3*r ðkÞ and so the connection to experiments is yet to be fully claried.

A particular feature of the experimental measurements in concentrated elec-
trolytes is that the range of electrostatic interactions, characterised by ls in eqn
(1), was found to increase with increasing ion-concentration of the electrolyte3

and appeared to follow a scaling relation as follows:14�
ls

lD

�
�

�
a

lD

�v

(4)

With the exponent n z 3 across a range of experimental conditions. This
phenomenon, in which charged bodies or surfaces interact in a manner that
appears less screened than predicted by mean eld theories, has been called
‘underscreening’,14 or ‘anomalous underscreening’.15

However, substantial effort to reproduce and interpret the decay of interac-
tions using theory and computer simulations have not yet matched up with the
experiments: the increase of screening length with concentration was apparent,
but the scaling was very different to experimental values (giving n z 2) and the
decay of correlations was oscillatory rather than plain exponential.16–21 Only one
recent analysis of the restricted primitive model electrolyte has shown the longer-
ranged monotonically decaying term similar to experimental observations.22

Furthermore, in some recent measurements of forces across concentrated
aqueous electrolytes with AFM no long range forces were apparent;15 the full
picture remains to be fully revealed. The signicance and implications of inter-
actions across electrolytes, for a multitude of applications and for our under-
standing of electrostatics in the liquid state, motivate us to investigate more
deeply the phenomena involved.

Here, we study the interaction forces between mica sheets across ethyl-
ammonium nitrate (EAN) and its mixtures with water. In contrast to the majority
of electrolytes used in the experiments mentioned above, EAN is a protic ionic
liquid. Previous experiments involved aprotic ionic liquids, either pure or mixed
with polar solvent, or inorganic salts in water. Mindful of the importance of
charge distribution in the uid, it will be of interest to investigate the similarity or
otherwise of interactions across aprotic and protic salts. In protic uids charge
transfer can follow a hopping mechanism, known as the Grotthuss mechanism,
which accounts for the high conductivity of acidic aqueous solutions compared to
salt solutions at similar charge density. Furthermore, the quantum nature of
hydrogen bonds and the distribution of charge in protic uids is of current
interest.23,24
372 | Faraday Discuss., 2023, 246, 370–386 This journal is © The Royal Society of Chemistry 2023

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3fd00042g


Paper Faraday Discussions
O

pe
n 

A
cc

es
s 

A
rt

ic
le

. P
ub

lis
he

d 
on

 0
6 

m
ar

s 
20

23
. D

ow
nl

oa
de

d 
on

 2
2.

07
.2

02
4 

01
.2

5.
01

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Even though there have been relatively few studies of interactions in protic
ionic liquids, in fact the rst surface force measurements across an ionic liquid
involved EAN and its mixtures with water.25 In those experiments the oscillatory
structural forces were evident and the changing features with concentration were
carefully analysed. However, the less-ne resolution available at the time of those
measurements precluded anymeasurement of weak longer-ranged forces (beyond
the oscillatory structural force) as have subsequently been seen in non-protic
ionic liquids. Subsequent studies of EAN on mica surfaces were made by Atkin
and Warr,26 where again the alternating repulsive and attractive forces indicated
layering at the interface. The observed wavelength of 0.5 nm is comparable to the
EAN ion-pair size. Small-angle neutron scattering experiments of EAN at T= 318 K
(ref. 27) revealed nanostructure in the bulk uid, likely arising from aggregation
of the non-polar groups and of the charged groups in sponge or smectic phases.
The addition of water, creating EAN aqueous mixtures, was found to have
dramatic effects on surface forces and particle stability.28 Silica colloids were
found to be stable in pure EAN, understood through direct AFM force measure-
ment to be due to the build-up of strong solvation layers at the silica interface.
However, addition of water led to weaker solvation and fewer solvation layers, and
at 5 wt% EAN in water the interaction force between silica surfaces contained an
attractive region which led to instability of silica colloids in the mixture. The bulk
structure of the EAN–water mixtures has been studied using X-ray scattering,
revealing nanostructure consisting of bicontinuous ionic and aqueous phases
with local structure remarkably similar to the pure uids.29

In the measurements presented here we resolve the interaction forces in EAN
and water mixtures at higher resolution and over longer range, and compare the
results to literature measurements of non-protic electrolytes. Our measurements
conrm that the functional form expressed in eqn (1) is a suitable framework for
describing forces across EAN solutions, and we describe and interpret the
parameters.

The damped oscillatory term appears to describe structural forces (density
correlations), with wavelengths comparable to the ion-pair size, in highly
concentrated solutions (>80 vol% EAN). At lower concentrations, oscillations are
not resolved. Interestingly, in some cases, we found that the nature of the oscil-
latory force is dependent on the timescale of compression and measurement,
indicating slow dynamical effects in the conned structured uid. At high
concentrations we also observe a longer-range plain exponential ‘tail’ in the force,
with exponential decay length consistent with previous measurements in non-
protic ionic liquids and simple inorganic salt solutions. The concentration-
dependence also mirrors earlier measurements, in that the range of the force
increases with increasing EAN salt concentration.

II. Methods

Surface forces measurements between two atomically smoothed mica surfaces
across ethylammonium nitrate (EAN) were carried out with a Surface Forces
Balance (SFB) using methods described in detail recently.9,30 Briey, the SFB
utilises white light interferometry to measure surface separation and determine
the deection of a spring, from which the force as a function of the surface
separation can be obtained. Muscovite mica (V-1 optical grade, S&J Trading) was
This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 246, 370–386 | 373
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Fig. 1 Schematic diagram of the Surface Force Balance (SFB). Collimated white light
passes through two cylindrical lenses in crossed-cylinder orientation. Back silvered mica
sheets which allow light to reflect and partially transmit are glued onto the lenses as
a surface substrate. The transmitted light enters a spectrometer and produces interference
patterns of fringes of equal chromatic order (FECO). Surface separation, D, is obtained by
analysing the FECO.31
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cleaved to <7 mm in thickness. Approximately 45 nm silver was deposited to the
back of the mica sheet using vapour deposition. The back silvered mica sheets
were xed onto two cylindrical lenses using an epoxy glue (EPON 1004, Shell
Chemicals). One lens was mounted onto a leaf spring in a stainless-steel boat
while the other lens onto a piezoelectric tube. Bright white light is shone vertically
through the silver–mica–lm–mica–silver cavity, and the resulting fringes of
equal chromatic order (FECO) are used to determine the mica thickness and
surface separation with high resolution (Fig. 1).

Our setup affords a very high precision in distance of 0.1 nm; accuracy is about
0.2 nmwithin a single experiment or about 0.5 nm between separate experiments.
Furthermore, our resolution in force is∼10−7 N, between atomically smooth mica
crystals of curvature radius R z 10−2 m, giving resolution in

Gk � FN
R
z10�5 J m�2. (This compares favourably with AFM where resolution in

force is∼10−12 N but the roughness of AFM probes tends to lead to actual asperity

curvature of R z 10−8–10−9 m, so Gk � FN
R
z10�3 � 10�4 J m�2 for AFM.)

Equimolar nitric acid and ethylamine were reacted in an ice bath to produce
ethylammonium nitrate (EAN). The water was removed with a rotatory evaporator
at 40 °C until there was no further visible change of the liquid level. The product
was then placed on a Schlenk line over 72 h at 30 °C to remove any excess water.
The water content of neat EAN measured with the Karl Fischer titrator (HI934,
Hanna Instrument) was below 0.1 wt%. Refractive index measurements using an
Abbe 60 refractometer gave a value of 1.45, 1.44, 1.43, 1.42 and 1.35 for 100%,
90 vol%, 80 vol%, 70 vol% and 10 vol% EAN respectively.
374 | Faraday Discuss., 2023, 246, 370–386 This journal is © The Royal Society of Chemistry 2023
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Table 1 Summary of fitted decay lengths and oscillatory wavelengths for different volume
fractions of EAN at high concentrations

EAN volume
fraction ls lo x

1 7.6 � 1.4 1.3 � 0.2 0.5 � 0.2
0.9 7.3 � 1.5 1.1 � 0.1 0.5 � 0.2
0.8 7.1 � 1.1 1.7 � 0.2 0.6 � 0.2
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III. Measured interaction forces across
ethylammonium nitrate solutions

We performed force measurements with 100 vol% (11.2 M), 90 vol% (9.9 M), 80 vol
% (8.7 M), 70 vol% (7.9 M) and 10 vol% (1.1 M) EAN. Fig. 2, 3 and 4 show example
force measurements of 100 vol%, 90 vol% and 80 vol% EAN respectively. In all three
concentrations, we show both approach and retraction in (a), and a t to eqn (1). As
indicated before, ls, lo, and x are tting parameters. These can be obtained from
the experimental data shown in (b), (c) and (d) respectively in the corresponding
gure. These parameters at each concentration are summarised in Table 1.
A. Neat EAN (100 vol%)

Fig. 2 shows example measurements between two mica sheets across 100 vol%
EAN. In (a) and (b) we show the normalised forces on linear and semi-logarithmic
scales. In the range of mica separations 2 nm < D < 5 nm, the interaction force
oscillates between positive and negative values, as most clear on the linear scale
where force minima are also presented. Our experimentally accessible range of
applied force prevented study of the range below D = 2 nm. From the variation of
the force minima with distance (Fig. 2(c)) we obtain the parameter lo = 1.3 ±

0.2 nm, and from the separation distance between minima (Fig. 2(d)) we obtain
the oscillatory wavelength, x = 0.5 ± 0.2 nm. This measured wavelength is
comparable to the wavelengths measured for structural forces in neat EAN by
Horn25 and by Atkin.26 This value also corresponds closely with the characteristic
size of an EAN ion pair calculated by taking the cube root of the ion-pair volume,
which in turn is from the bulk uid density, ∼0.53 nm.

Beyond D = 5 nm, we observe a non-oscillating force which decays with
increasing distance in an apparently exponential form, Fig. 2(b). The mean
average decay parameter for this longer-ranged force in 100 vol% EAN is found to
be hlsi = 7.6 ± 1.4 nm (from 3 separate experiments, each with different mica
sheets and EAN samples; see ESI†).

The reported long-range decay here, measured at room temperature, is
comparable to the decay length of 6.3 nm reported in the AFM measurement by
Hjalmarsson and co-workers between mica and silica at 373 K and 393 K.6 The
surface charge of silica has been reported to increase at elevated temperature in
water,32 perhaps explaining the appearance of this additional interaction between
silica andmica surfaces above a threshold temperature in the AFMmeasurements
with EAN.
This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 246, 370–386 | 375
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Fig. 2 Examplemeasurements of the normalised force betweenmica sheets as a function
of separation, D, across 100 vol% EAN. (a) Linear scale forces at D < 10 nm with retraction
(gold) shown from each layer. Red dashed line shows the force fitted using eqn (1) and the
parameters reported in Table 1. Inset shows the full magnitude of the force. (b) Log–linear
representation of normal force displaying long-range decay with average decay length
hlsi = 7.6 ± 1.4 nm. (c) The exponential decay envelope is calculated from the force
minima, giving lo = 1.3 ± 0.2 nm. (d) The distance separation between the minima gives
the oscillation wavelength of the structural force, here x = 0.5 ± 0.2 nm.
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B. 90 vol% EAN

Fig. 3 shows example measurements between twomica sheets across 90 vol% EAN
mixture with water. The interaction force is presented on linear and semi-
logarithmic scales in panels (a) and (b). As for the neat EAN, we nd oscilla-
tions between repulsive and attractive forces, this time in the range 1 nm < D <
5 nm. By tting the oscillations (Fig. 3(c)) we obtain lo = 1.1 ± 0.1 nm, and from
the separation distance between minima (Fig. 3(d)) we obtain the oscillatory
wavelength, x = 0.5 ± 0.2 nm. There is little impact of introducing 10 vol% of
water into the EAN; very slight differences are the reduction in the number and
denition of the layers. Now 6 distinct layers are observable on surface approach
compared to 7 layers in neat EAN. In addition, the 5th and the 6th layer are less
dened compared to that of neat EAN. Again in 90 vol% EAN, similar to the
100 vol% EAN experiments, we observe a plain exponential tail in the force at
larger distances with hlsi = 7.3 ± 1.5 nm.
376 | Faraday Discuss., 2023, 246, 370–386 This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Examplemeasurements of the normalised force betweenmica sheets as a function
of separation, D, across 90 vol% EAN. (a) Linear scale forces at D < 10 nm with retraction
(gold) shown from each layer. Red dashed line shows the force fitted using eqn (1) and the
parameters reported in Table 1. Inset shows the full magnitude of the force. (b) Log–linear
representation of normal force displaying long-range decay with average decay length
hlsi = 7.3 ± 1.5 nm. (c) The exponential decay envelope is calculated from the force
minima, giving lo= 1.1± 0.1 nm. (d) The distance separation between theminima gives the
oscillation wavelength of the structural force, here x = 0.5 ± 0.2 nm.
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C. 80 vol% EAN

Fig. 4 shows example measurements between two mica sheets across the mixture
of 80 vol% EAN and 20 vol% water. The interaction force is presented on linear
and semi-logarithmic scales in panels (a) and (b). The oscillatory force, again
below D ∼5 nm, is qualitatively similar to those seen in the more concentrated
electrolytes. However the details are slightly modied by the increased fraction of
water: as shown in Fig. 4(a) (linear–linear) and Fig. 4b (log–linear), there are now
only 4 distinct layers observed on approach. The oscillatory wavelength is similar
to the EAN ion-pair dimension, x = 0.6 ± 0.2 nm, however the oscillatory forces
have a slightly longer decaying envelope with lo = 1.7± 0.2 nm. Beyond D= 5 nm
there remains a longer ranged force, decaying apparently exponentially with
distance up to ∼15 nm, with an average screening length of hlsi = 7.1 ± 1.1 nm.
This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 246, 370–386 | 377
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Fig. 4 Examplemeasurements of the normalised force betweenmica sheets as a function
of separation, D, across 80 vol% EAN. (a) Linear scale forces at D < 10 nm with retraction
(gold) shown from each layer. Red dashed line shows the force fitted using eqn (1) and the
parameters reported in Table 1. Inset shows the full magnitude of the force. (b) Log–linear
representation of normal force displaying long-range decay with average decay length
hlsi = 7.1 ± 1.1 nm. (c) The exponential decay envelope is calculated from the force
minima, giving lo = 1.7 ± 0.2 nm. (d) The distance separation between the minima gives
the oscillation wavelength of the structural force, here x = 0.6 ± 0.2 nm.
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D. 70 vol% EAN

When the water content was increased to 30 vol%, with 70 vol% EAN, the effect on
near interface structure and on the long-range decay is substantial: forces are
presented in Fig. 5 on linear scales in (a) and semi-logarithmic scales in (b). As
shown in Fig. 5(a), the denition of the layers is much reduced: a small kink in the
approach curve is discernible, but there are no clearly resolved oscillatory forces.
Nonetheless, there is a hysteresis observed on retraction indicating an energy
minimum. Beyond D = 5 nm there remains a longer ranged force, decaying
apparently exponentially with distance up to ca. 15 nm, with an average screening
length of hlsi = 3.8 ± 1.2 nm.
E. 10 vol% EAN

We have performed two experiments at a more dilute regime of 10 vol% EAN
water, and observed different behaviour in the two experiments and thus
378 | Faraday Discuss., 2023, 246, 370–386 This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Measurements of the normalised force between mica sheets as a function of
separation, D, across 70 vol% EAN. (a) Linear scale forces at D < 10 nm with retraction
(gold) shown from the innermost layer. (b) Log–linear representation of normal force
displaying long-range decay with average decay length of hlsi = 3.8 ± 1.2 nm.
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example force proles from each of the two experiments are presented in Fig. 6.
In the rst set of measurements, shown in Fig. 6(a) and (b), there was a so
repulsive force (no oscillations) at short range and a very short exponential tail
with decay length of about ls = 0.8 nm. However, in the second set of
measurements, in Fig. 6(c) and (d), there was a small attractive force from about
4 nm and no measurable exponentially decaying repulsion beyond this. To
interrogate the origin of the difference between these experiments, we note that
very tiny changes to the concentration of EAN are known to give rise to very
different behaviours around this volume fraction. In Horn's experiments,25

repulsive forces were measured at concentrations both below and above 10 vol%
EAN, but attractive forces were measured (only) around 10% EAN. It appears
that this concentration represents a tipping point between two driving forces for
repulsion: classical ‘double layer’ forces in more dilute solutions, and ‘under-
screening’ at higher concentrations. It may be that small variation in the actual
EAN volume fractions in our two experiments have led to probing of two distinct
behaviours.
IV. Variation of ls with concentration

We now consider and interpret the plain exponential decay length, ls, of the
long-range part of the forces observed in the present measurements with EAN–
water mixtures. Past measurements of interactions across concentrated elec-
trolytes, revealing similar asymptotic plain exponential decay and interpreted
with eqn (1), suggested a scaling of the screening length as outlined in eqn (4).
Within the same framework, we plot our measured ls values for each concen-
tration in terms of the dimensionless ls/lD vs. a/lD in Fig. 7. Noting that the
Debye length, lD, varies with concentration and dielectric constant according
to eqn (2), the parameter a/lD increases according to (nbi /3r)

1/2 for any xed salt
(i.e. xed value of a) and temperature. In order to carry out this analysis we have
This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 246, 370–386 | 379

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3fd00042g


Fig. 6 Measurements of the normalised force between mica sheets as a function of
separation, D, across 10 vol% EAN. (a) and (b) are data from experiment #1 and (c) and (d)
are data from experiment #2. (a) Linear scale close up at D < 10 nm with retraction (gold)
showing at the innermost layer. (b) Log–linear representation of normal force displaying
long-range decay with decay length of ls = 0.8 nm. (c) Linear scale close up at D < 10 nm
with retraction (green) showing at the innermost layer. (d) Log–linear representation of
normal force showing no decay length.
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calculated the bulk dielectric constant from effective medium theory for each
EAN–water mixture (see ESI Table 1†). The mean ion diameter, a, does not vary

with concentration and is calculated as a ¼
ffiffiffiffiffiffi
nm

2
3

r
, where nm is the ion pair

volume calculated from the bulk density and molecular mass. With this anal-
ysis, we observe that our measured screening lengths, when normalised by the
respective Debye lengths, vary with concentration in a systematic way and
correspond reasonably closely to previously reported measurements with
a range of different (non-protic) concentrated electrolytes. In general, our
results contribute evidence in support of the former observations regarding
scaling of the screening length; at least for the case of measurements made
between mica sheets using the surface force balance. It appears that the protic
nature of the EAN solutions studied here does not give rise to any substantial
deviation from the former observation.
380 | Faraday Discuss., 2023, 246, 370–386 This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Experimental decay length normalised by the corresponding Debye length, ls/lD,
as a function of the mean ion diameter normalised by the Debye length, a/lD. Data points
are show for literature measurements by Smith et al.3 and, in red, the measurements with
EAN reported in this work.
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V. Dynamic features of the short-range forces

During our experiments reported above for EAN–water mixtures at volume frac-
tions between 80 vol% EAN and 90 vol% EAN we noticed some interesting
dynamic features regarding the short-range oscillatory forces, indicating variation
Fig. 8 Time evolution of the normalised force between mica sheets as a function of
separation, D, across 100% EAN.
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in the near-surface structure and dynamics. Here, we outline some of these
observations and consider their likely origin.

For contrast, we begin by showing that the interaction forces across 100 vol%
EAN do not appear to vary signicantly over time (see Fig. 8). As already outlined
above, in neat EAN we observed distinct layers near the mica–EAN–mica interface
during surface approach. These layers are well dened during our slow approach
(approach rate 0.42 ± 0.09 nm s−1). Fig. 8 shows two force proles recorded from
two different approaches across 100 vol% EAN between mica sheets at different
times aer injection of EAN between the mica sheets; apart from a small vertical
offset which is likely due to different mica charge, the two force proles are very
similar.

However, when we perform force measurements with 90 vol% and 80 vol%, we
observed dynamic features. In Fig. 9, we show that despite using a slow approach
rate of 0.42± 0.16 nm s−1, towards the beginning of themeasurement (Fig. 9(a)) the
Fig. 9 Time evolution of the normalised force between mica sheets as a function of
separation, D, across 90 vol% EAN at the same spot. (a) Measured at 340 min and 365 min
after liquid injection. (b) Measured at 1057 min after liquid injection.
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Fig. 10 Normalised force profiles as a function of surface separation for 80 vol% EAN. (a)
Surface separation less than 10 nm showing 4 different profiles measured at different time
after liquid injection: purple at 118 min, yellow at 162 min, green at 235 min and orange at
446 min. (b) Log–linear scale of the same profiles as (a) with surface separation displayed
up to 20 nm.
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layers are visible but not well dened. Aer longer times within the same experi-
ment, Fig. 9(b), we observed the layers to become more well dened. 90 vol% EAN
has a viscosity of about 8 mPa s (ref. 33) which is approximately 5 times less viscous
than neat EAN; at this approach rate we do not see any variation in the longer range
forces with varying velocity, and so the measurement is considered to be ‘quasi-
static’. Thus, the variation in the near-surface forces withmeasurement time on the
order of several hours appears to indicate a changing nature of the interfacial
structure over this timescale. It is also possible that very small variations in the
water content may occur over such times, although the observation of further
variations over time at different water fractions indicates a different mechanism.

For 80 vol% EAN (Fig. 10), we observed less-dened layers as well as different
asymptotic behaviour at about 118 min aer injection time. This was carried out
with surface approach speed of 0.6 nm s−1. In the successive measurement within
the same experiment at 162 min, with surface approach at 1.3 nm s−1, we
observed more structured layers, smaller surface separation at the innermost
layer and longer decay lengths. The viscosity of 80 vol% EAN is about 6.3 mPa s.33

From our previous studies, 1.3 nm s−1 is within the range where the viscous force
is not signicant for long-range decay.30 This is also evidenced when we compare
the force proles at 235 min and 446 min which were measured at slow speeds of
0.8 nm s−1 and 0.6 nm s−1 showing very similar long-range decay.

Considering these observations together, it appears that the equilibration of
the nearest surface layers of EAN can be very slow to evolve. This resonates with
several previous reports of very slow dynamics of ionic liquids at interfaces,34,35

and it may be that the EAN–water mixture forms self-assembled nanostructure on
mica surfaces over time.35
VI. Conclusion

We have presented direct measurements of the interaction force between atom-
ically smooth mica crystalline surfaces across mixtures of the salt
This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 246, 370–386 | 383
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ethylammonium nitrate, EAN, with water. EAN is a protic ionic liquid (protic
molten salt) in its pure form, and is miscible with water in all volume fractions.
Despite this, it is know that EAN and water retain their own nano-scale structural
features in mixtures, due to nanostructuring and segregation in the bulk uid.29

Our measurements span the concentration range from 10 vol% EAN to 100 vol%
EAN and have very high resolution in distance of about 0.1 nm and in interaction
free energy of ∼10−5 J m−2; the results reveal a range of features. At the highest
EAN concentrations, surface interactions are characterised by oscillatory forces at
short range (typically in the range D < 5 nm) and, beyond this, a monotonically
decaying force of apparently exponential form measurable to about 15–20 nm. At
lower EAN concentrations the short-range oscillations become less well dened
and the decay length of the tail decreases. At 10 vol% EAN we observed only very
short-range forces, and there was some variation between experiments. At
concentrations $ 80 vol%, the short-ranged structure, when observed, had
wavelength close to the average dimension of an EAN ion-pair and is interpreted
as the ‘structural force’ or as arising from the co-ion correlations in the uid as
probed by the presence of interfaces. Interestingly, this short-range part of the
force was dynamic and became sharper over the timescale of hours but not in the
100 vol% EAN; reminiscent of several previous studies with ionic liquids at
interfaces.

The longest range part of the interaction, a monotonic tail with decay lengths
in the range of 7 nm for the highest EAN concentrations, has been compared
quantitatively to the scaling analysis previously considered for ionic liquids and
salt solutions in water. The present results are consistent with the previously-
observed scaling, and do not indicate any clear difference between protic and
non-protic uids.

A nal comment is to note the interesting qualitative similarity in the form of
interaction forces measured across electrolytes at extremely low and extremely
high ion concentrations. Referring back to eqn (2), we see a possible ration-
alisation for this. In uid condensed matter (liquids), there is always at least one
component at high density and so always (at least) one mode giving rise to an
oscillatory decaying term in the potential of mean force between particles or
surfaces across the uid. In dilute electrolytes, this is the solvent (e.g. water),
giving rise to ‘solvent (water) layering’; in highly concentrated electrolytes this is
the salt and gives rise to ‘salt layering’ as seen here with 0.5 nm oscillations. In
dilute electrolytes, the salt is at very low concentration and so gives rise to an
additional plain exponential term arising from the ion–ion correlations, with
decay parameter asymptotically tending towards the Debye length. In very
concentrated electrolytes, the plain exponential decay with long decay length
must arise from a contribution (eqn (2)) with low effective (renormalised) charge;
uctuating entities involving multiple associating (correlated) ions on the scale of
the Bjerrum length.2,12 This phenomenon appears in the present experiments
with protic ionic liquids, just as in the earlier measurements with non-protic ILs
and with simple salt solutions. The nature of charge and its distribution in dense
electrolyte solutions remains of interest.
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