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ABSTRACT

According to classical electrolyte theories interactions in dilute (low ion density) electrolytes decay
exponentially with distance, with the Debye screening length the characteristic length-scale. This
decay length decreases monotonically with increasing ion concentration, due to effective screening
of charges over short distances. Thus within the Debye model no long-range forces are expected in
concentrated electrolytes. Here we reveal, using experimental detection of the interaction between
two planar charged surfaces across a wide range of electrolytes, that beyond the dilute (Debye-
Hickel) regime the screening length increases with increasing concentration. The screening lengths
for all electrolytes studied — including aqueous NaCl solutions, ionic liquids diluted with propylene
carbonate, and pure ionic liquids — collapse onto a single curve when scaled by the dielectric
constant. This non-monotonic variation of the screening length with concentration, and its
generality across ionic liquids and aqueous salt solutions, demonstrates an important characteristic

of concentrated electrolytes of substantial relevance from biology to energy storage.
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Electrolytes are ubiquitous in nature and in technology: from the interior of cells to the oceans,
from supercapacitors to nanoparticle dispersions, electrolytes act as both solvent and ion conduction
medium. The ‘high concentration’ end of the electrolyte spectrum is of particular relevance;
examples of natural and technological electrolytes include human blood plasma (~ 0.15 M), the
Atlantic Ocean (~ 0.6 M), supercapacitor electrolytes (1-2 M), and the Dead Sea (~ 4.7 M). Despite
this, the properties of concentrated electrolytes remain relatively uncharted territory, particularly
from an experimental point of view, compared to the well-understood dilute electrolyte regime
where Poisson-Boltzmann (mean-field) electrostatics applies and approximations such as in the
Debye-Hiickel theory are appropriate®*.

Within the classical mean-field theories that explain screening and interactions in dilute
electrolytes!, the Debye length, Ap, is the yardstick against which the reach of electrostatic
interactions in solution is typically measured. The Debye length scales inversely with the square root

of bulk ion density, p-., according to:
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where p..; is the number density of ion type i, & is dielectric constant, & is the permittivity of free
space, T the temperature, ks the Boltzmann constant and z; is the ion valency. Thus, within mean-field
Poisson-Boltzmann models, a high concentration (or density) of ions leads to screening of an
electrostatic potential over short distances, whilst low ion densities allow the electric potential to
decay over longer distances and so the electric field (gradient of potential) to act over greater
distances from a charged particle or object. For example a solution of NaCl in water at 25 °C and a
concentration of 1 x 103 M has a Debye length of Ap = 9.6 nm, corresponding to roughly 40 water
diameters; whereas at a concentration of 0.1 M the Debye length is Ap = 0.96 nm, equivalent to just
four water diameters. At higher concentrations, when the Debye length becomes comparable to
molecular dimensions, the Debye-Hiickel theory is not expected to apply>; ion size (steric or volume
exclusion) effects and ion correlations come into play. Models to account for this include extensions
based on the Poisson-Boltzmann equation®”, or analysis of the Ornstein-Zernike equation for binary
ionic fluids*®, leading to the prediction of oscillatory (rather than monotonic) decay for concentrated
electrolytes®. Although it is well known within the theoretical community that the asymptotic decay
length is determined by either charge-charge or hard core correlations and could exceed the Debye
length in concentrated electrolytes® 1, this has not been directly measured in electrolytes in the past

and its implications are not widely appreciated.



We report here measurements of the interaction force between two smooth planar surfaces
across electrolytes showing an exponentially decaying component to the interaction force extending
over long range even at high electrolyte concentrations, i.e. the experimental decay length greatly
exceeds the theoretical Debye length; Aexp >> Ap. This observation is in accordance with a recent
observation of long-range screening in ionic liquids'!; we now provide measurements of a wide range
of pure ionic liquids, ionic liquids dissolved in a polar solvent (propylene carbonate), and simple NaCl

salt in water to demonstrate this to be a general observation of electrolytes at high concentration.

We uncover a clear and strong non-monotonic relationship between the exponential decay length
of the observed long range force, Aexp, and the ion density (concentration), as follows. In dilute
electrolytes the decay length decreases with concentration as expected within the Debye-Hiickel
regime, reaching unmeasurably small Ae, at ~ 0.1M. Then, as the electrolyte concentration is
increased further, beyond ~ 0.5M, we find that A« increases again with increasing concentration, up
to maximum values greater than the theoretical Debye length by a factor of ~120. This trend is
followed by all electrolytes studied including ionic liquids diluted with a polar solvent (propylene
carbonate) and NaCl solutions in water. Scaling the measured decay length of interactions in each
electrolyte or ionic liquid by its respective dielectric constant allows us to collapse of the data onto a
single curve, suggesting that these observations are independent of molecular architecture or details
of molecular interactions and instead are a general feature of concentrated electrolytes with a

common underlying mechanism.

Measurements of interaction force between two atomically smooth and large-area mica sheets in
crossed-cylinder configuration, across the electrolytes of interest, were carried out using a Surface
Force Balance (SFB)!%. The apparatus and procedure is essentially similar to that used in early
measurements of DLVO forces'® and experiments with pure ionic liquids'® %, In brief: the back-
silvered mica sheets create an interferometric cavity so that the absolute separation distance
between them can be measured using white light interferometry (measuring the Fringes of Equal
Chromatic Order, FECO). The electrolyte is held in a droplet between the crossed-cylindrical lenses,
such that the confined film is in equilibrium with a large excess of bulk liquid outside of the confined
film. Interaction forces arising from the difference in pressure in the film and the bulk lead to the
deflection of a spring upon which one of the mica sheets is mounted, and this is detected in the
spectral fringes. All measurements were carried out at T = 294K. Electrolytes (details in the

supporting information) were injected between the two freshly cleaved mica sheets and forces, Fu,



were measured as a function of film thickness (or mica surface separation), D. In our previous works
with ionic liquids we focussed on the short-range oscillatory forces; here we show results of high
resolution measurements at long range allowing us to observe both the oscillatory region and an
exponentially decaying force that exists at distances beyond the oscillatory part of the interaction.

Further details of the experimental procedure are in the supporting information.

We begin by presenting and discussing the nature of the mica-mica interaction across
concentrated electrolyte for two example cases: one pure ionic liquid (intrinsic concentration of the
pure liquid = 3.3 M) and one solution of NaCl in water at 2.0 M. Figure 1A shows, for an example
ionic liquid 1-butyl-1-methylpyrrolidinium bis[(trifluoromethane)sulfonyl]imide, [CsC1Pyrr][NTf,], the
total force law between negatively charged mica surfaces across the liquid as a function of the liquid
film thickness. The data is plotted on a log-linear scale in the main panel, and the short-range part of
the same data on a linear-linear scale in the inset. An oscillatory component to the force is apparent
in the region 0 — 6 nm; this has been the focus of our previous studies®® and we do not discuss it
further here. Beyond the oscillatory region, from ~ 6 — 20 nm, we measure a monotonic and
exponentially decaying repulsive force. The decay length of the exponential region is the
‘experimental decay length’, Aex, Of the long-range force, in this case ~8.4 nm, as discussed and
compared with equivalent values for a range of electrolytes in the following discussion.

Figure 1B shows a similar force law measured for a concentrated aqueous electrolyte: 2M NaCl in
water. Again, an oscillatory region is measured at short range, in this case with an oscillatory period
of ~0.5nm and extending up to distances of 3 nm, followed by an exponentially decaying monotonic
region from ~ 3 — 6 nm with Aex, = ~1.1 nm. The forces within the oscillatory region, 0 — 3nm, have
been discussed in the past and are thought to be caused by squeeze-out of sequential layers of
hydrated (or partially hydrated) ions!® and will not be interpreted further here. We note, however,
that detection of these oscillatory forces in NaCl are a crucial signature of cleanliness of the system;
experiments where these were not observed were often found to be irreproducible between
different contact areas and were discarded due to contamination. The monotonic part, in the region
3 — 6 nm, has also been noted in studies of forces across other concentrated aqueous electrolytes in
the past!”?°,

We have conducted measurements similar to those in Figure 1 for a range of electrolytes at
different concentrations, all measured at T = 294 K. In each case the asymptotic decay (manner in
which the force decays towards zero at large D) was well represented by an exponentially decaying
function, i.e. for separations sufficiently far beyond the oscillatory regime Fn/R ~ exp(-D/ Aexp), With

Aexp @ Characteristic ‘experimental decay length’ different for each electrolyte. In figure 1 the values of
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Figure 1

The measured normal force, Fy, normalised by radius of curvature, R, between crossed cylindrical
mica surfaces across (A) pure [C4C,Pyrr][NTf;] ionic liquid and (B) 2M NaClg). Shown on log scale
are the forces measured on approach of the surfaces, with exponential fits of the long range force
shown as solid lines. In each case the insets show, on linear scales, the combination of forces
measured on approach (dots) and retraction of the surfaces (triangles) which reveals the nature of

the oscillatory region at small distances.

Aexp are the gradients of the black lines. We note here that the asymptotic decay length of the force
between charged surfaces across a fluid is known to match the bulk asympototic decay in the same
fluid®, and so in this experiment we are probing in a systematic and high-resolution manner a
property of bulk electrolyte. This decay length, Aexp, can therefore be thought of as an experimentally
determined screening length for interactions in the electrolyte. In the following sections we compare
and discuss Aexp for simple NaCl in water and an ionic liquid in propylene carbonate — systematically

varying the concentration in each case — and for a range of different pure ionic liquids.
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The measured decay length, Aex,, plotted as a function of ¢*2, for aqueous NaCl solutions (filled
circles), and solutions of an ionic liquid (IL), [C4sCiPyrr][NTf,], mixed with propylene carbonate
(asterisk symbols) and compared to values in the literature®® (filled diamonds). The solid and
dashed lines show how the theoretical Debye length varies with c/2 for two values of dielectric
constant, & = 80.1 (solid line) and & = 64 (dashed line). Details of the electrolytes, including the
ionic liquid chemical structure, are in the supporting information.

Figure 2 shows Ay, plotted as a function of c¥/?, for ease of comparison to the theoretical Debye
length Ap, for ionic liquid diluted with propylene carbonate and NaCl salt dissolved in water. Also
marked on Figure 2 are lines indicating the expected (theoretical) decay length, Ap, for two values of
&, & = 80.1 (appropriate for NaCl in water at low concentration) and & = 64.0 (pure propylene
carbonate). We note that here Ap is calculated according to Equation 1 with the assumption that all
ions are free, i.e. p- is the total concentration of ionic species; we do not propose all ions are indeed
‘free’, but simply that this is a suitable reference length-scale with which to measure deviation from
ideal (dilute electrolyte) behaviour.

It is clear by inspection of Figure 2 that Aexp = Ap at low concentrations (¢ < 0.1 M; although this
depends on dielectric constant as we show later), as has been demonstrated many times in the past?,
whereas at high concentrations there is strong deviation of Aep from Ap. We make the following
observations: (i) There appears to be a concentration of minimum Ae in the range cmin ~ 0.1 -0.5 M;

and (ii) above this concentration Aes increases with concentration, showing strong quantitative and
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The measured decay length, Aexp , plotted as a function of molar ionic liquid concentration, c, for
different pure ionic liquids studied here (circles) and compared to values in the literature! 20-2
(diamonds). The chemical details of each ionic liquid, and the individual decay and concentration
data corresponding to each, are given in the supporting information.

qualitative deviation from the theoretical Debye length. The magnitude of the measured Aep is
substantially lower for NaCl in water than for the propylene-carbonate electrolyte; this is accounted
for by their different dielectric constants as discussed later.

We also studied pure ionic liquids and the resulting Aep values are shown in Figure 3. Variation in
the intrinsic concentration for pure ionic liquids arises from differences in molecular volume and
packing; details of the individual ionic liquids studied and their intrinsic concentrations are in the
supporting information. In every case a long-range monotonic repulsion was observed with decay-
length substantially greater than the theoretical value, i.e. Aexp >> Ap (Where Ap ~ 0.1 nm for these
pure ionic liquids). Also plotted in Figure 3 are data points taken from other authors? 202! showing
good agreement with respect to magnitudes of Aep. The scatter in values for pure ionic liquids in
Figure 3 is at least partially attributed to their varying ion sizes and dielectric properties, as described

later and shown in Figure 4.

When considering the origin of the longest range decay we arrive first at the question of the
extent to which molecular (chemical) features of the ions play a role, or whether the behaviour can
be explained purely in terms of the electrolyte concentration and dielectric constant. To illuminate
this we now present, in Figure 4, dielectric-scaled values of Aep for aqueous NaCl, ionic liquid

solutions in propylene carbonate, and for pure ionic liquids (those where literature values of &, are



available?*2%). For aqueous NaCl solutions, & depends strongly on concentration in the range 80.1
(pure water) to ~42 (5M NaCl)**%. For mixtures of ionic liquid with propylene carbonate, & was
calculated using Effective Medium Theory?®. It is apparent in Figure 4 that the measured decay
lengths in all electrolytes studied appears to collapse onto a single curve, providing a unique
relationship between the deviation from the Debye length, Aep/Ap, and the dielectric-scaled ion
density as captured by the parameter d/Ap (where d is the mean ion diameter in the electrolyte and
so is constant for each electrolyte). The quantity d/Ap can be interpreted as a dielectric-scaled
concentration because 1/Ap is proportional to (c?) /(¢*?). The dielectric constant depends on the
background solvent and the polarisability of the ions, and thus could be different even for ionic
solutions with the same ion concentration and ion diameter. Therefore, for any particular salt and
solvent combination d/Ap depends mainly on concentration, but in a way which is modulated by the
dielectric constant which also varies as the ion concentration increases. This useful dimensionless
quantity allows comparison of measured lengthscales in electrolytes with very different dielectric
constants. Additionally, there is an implicit prediction of how temperature should affect the results
since it is accounted for in Ap. Mean ion diameter, d, is estimated from the cube root of the volume
per ion pair halved, which gives values in good agreement with approximately half of the measured
spacing in the oscillatory region of the force profiles for ionic liquids. Our method agrees well if the
force oscillations arise from combined cation and anion layers, as is currently accepted to be the
structure in ionic liquids at charged surfaces. A similar value of d can also be inferred from the cation-
anion correlation peak in x-ray scattering experiments with the same ionic liquid?’. This is likely to be
the most accurate, however there is limited number of ionic liquids studied in the literature. We note
that alternative methods could be used to estimate or calculate the mean ion diameter, d, for
example taking into account the packing fraction of ions, and it is not immediately clear whether the
‘bare’ or hydrated diameter should be taken for aqueous NaCl electrolytes. It will be important in
future work to compare in detail the impact of different methods for assignment of d for both ionic
liquids and simple electrolytes in a systematic way. All quantities used in preparing Figure 4 are

provided in the supporting information.
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Deviation of the experimental decay length from the Debye length, Aexo/Ap , plotted vs. d/Ap for pure
ionic liquids (open diamonds), aqueous NaCl solutions (filled circles), solutions of an ionic liquid,
[C4C1Pyrr][NTf,], mixed with propylene carbonate (asterisk symbols). Literature values'” *° are also
included for aqueous LiCl, KCI, and CsCl solutions (open circles), the details of which are in the
supporting information. Data is plotted for ionic liquids for which values of & are in the literature,
and are in the range 12-16. Values of & for ionic liquid solutions in propylene carbonate were
calculated using Effective Medium Theory?®, while for aqueous NaCl solutions &, varies between 80.1
(pure water) and ~42 (5M NaCl)**. The inset shows the same data on a double logarithmic plot. The
double logarithmic plot demonstrates the apparent power-law dependence in the range 1 < d/Ap < 4.
All quantitative data and molecular structures relating to this figure are detailed in the supporting
information.

The fact that the screening length of ionic liquids and simple electrolytes appears to collapse onto
a single curve (Figure 4) suggests a striking degree of similarity between ionic liquids and
concentrated salt solutions; it appears that microphase separation and bulk nanostructuring that

2833 or effects of ion size

occurs in many ionic liquids due to interactions between non-polar domains
and shape anisotropy, do not alter the qualitative behaviour of the interionic interactions.

Although we do not intend to propose a theoretical model for the molecular origin of our
observed trend in asymptotic decay with concentration here, we note that our observations are likely
to be related to the works of Evans® and Attard'® in the 1990’s, where the mean spherical

approximation (MSA) and hypernetted chain approximation (HNC) were used to study the transitions

from monotonic to charge-oscillatory to density-oscillatory regimes with increasing electrolyte
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concentration. In each of these works a qualitatively very similar non-monotonic trend of Aex with
d/Ap was predicted, with the minimum in decay length occurring at the Kirkwood line; the point at
which the charge-charge correlation function transitions from monotonic to oscillatory. The Kirkwood
line is predicted to be at d/Ap = V2; close but not identical to the point where the electrostatic
screening length begins to increase with concentration in Figure 4. However we note substantial
guantitative difference between the magnitude of the screening lengths measured here and the
predictions of MSA and HNC.

Our experiments are carried out using two atomically smooth and macroscopic mica sheets as
the substrates for force measurement across electrolytes, and it is worth commenting upon the
generality or otherwise of forces measured between mica sheets. Mica is negatively charged in
electrolyte solutions®, causing a perturbation to liquid structure in the near-surface region. This, in
turn, causes variations in pressure in the thin film between the surfaces relative to the bulk liquid, as
detected in our force measurement. The magnitude of the force, and details of the oscillatory short-
range part of the force, are therefore likely to be altered in their details when the substrate is
changed. However the screening length of the monotonic part of the interaction, A« is expected to
be a function of the bulk liquid only, as is the case for the Debye length, and thus insensitive to the
nature of the surface.

The present experiments encourage comparison with several recent theoretical and experimental
work. First, it is likely that the recently reported voltage-induced phase transition in ionic liquid-metal
interfacial capacitance®® and maximum in differential capacitance as a function of ionic liquid
concentration®® could be a part of a more general phenomenon also observable in concentrated
electrolytes. Although this phase transition and anomaly in capacitance can be captured by positing a

13 which model interactions specific

non-convex bulk free energy® or a charge-frustrated Ising mode
to ionic liquids, it remains to be seen whether there is a more general theoretical description for this
phenomenon. Secondly, the demonstration of general non-monotonic dependence of decay length
on electrolyte concentration should contribute towards interpreting the long-range forces detected
in ionic liquids'!; a theory for long range forces in ionic liquids must be consistent with our observed
increase of screening length with concentration over a certain range. On the other hand, theories
relating to the interplay between bulk and surface nanostructure®® need to keep in mind the
observation that similar long-range forces occur in NaCl solutions where nanostructuring due to
solvophobic interactions is not expected to occur. However bulk oscillatory structuring is nonetheless
expected in simple electrolytes, such as NaCl, at sufficiently high concentrations3%-4°

Our direct measurements of the force between macroscopic and atomically smooth mica sheets

across electrolytes have revealed a clear non-monotonic dependence of decay length on

11



concentration of the electrolyte. Within the Debye-Hiickel region, below ca. 0.1 M, the screening
length decreases with concentration according to the Debye theory reaching a minimum when the
ion diameter matches the Debye length; d/Ap ~ 1. At higher concentrations, in the range 1 < d/Ap < 5,
the experimental decay length increases strongly with increasing concentration up to (Aexp/Ap) ~ 120.
Deviation of the experimental decay length from the theoretical Debye length, Aex, / Ao, is described
by the single dimensionless parameter, d/Ap, for all electrolytes and ionic liquids studied, indicating a
common mechanism for 1:1 electrolytes. Such substantial deviation from the canonical
understanding of electrolytes is likely to be important for understanding electric fields and surface
forces in concentrated electrolytes in a multitude of scenarios. These include intermolecular forces
between interacting proteins and membranes in confined geometries where ion concentration can
be high; and in energy storage applications, such as batteries and supercapacitors, where highly

concentrated electrolytes are confined within porous electrodes.
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