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Recent experiments have reported anomalously large screening lengths of interac-

tions between charged surfaces confining concentrated electrolytes and ionic liquids.

Termed underscreening, this effect was ascribed to bulk properties of dense ionic

systems. Herein, we study bulk ionic screening with extremely large-scale molecular

dynamics simulations, allowing us to assess the range of distances relevant to the

experiments. Our results yield two screening lengths satisfying distinct scaling rela-

tions. However, with an accuracy of 10−5 kBT in interionic potentials of mean force,

we find no signs of underscreening, suggesting that other than bulk effects might be

at play in the experiments.

Concentrated electrolytes and room-temperature ionic liquids (ILs) are playing an increas-

ingly important role in science and technology, with applications ranging from organic syn-

thesis, catalysis and analytical chemistry to electrochemical energy storage [21, 25, 28, 30].

Tailoring their properties requires a fundamental understanding of the intra- and inter-

molecular mechanisms governing their internal structure and dynamics. A puzzling obser-

vation, attributed to the bulk properties of concentrated electrolytes and ionic liquids, is

the so-called underscreening, which is an anomalously large decay length of electrostatic

interactions mediated by these liquids, as reported by recent surface force balance (SFB)

experiments [4, 14, 17, 19, 34].

For dilute electrolytes, the decay length is well described by the Debye-Hückel theory [12]
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with the Debye screening length
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i e

2
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where ε0 is the vacuum permittivity, εr the relative dielectric permittivity of a homogeneous

background medium, kB the Boltzmann constant, T the absolute temperature, ρi and zi

the number density and the valency of species i, and e the elementary charge. In the high-

concentration regime, classical liquid state theories predict a damped oscillatory behavior,

which is either core- or electrostatics-dominated, with the screening length exceeding λD and

growing with increasing electrolyte concentration [3, 15, 26, 36]. The aforementioned SFB

experiments reported the emergence of a screening length λS roughly an order of magnitude

larger than the ones predicted by classical theories [4, 14, 17, 19, 34]. In these experiments,

the force was measured between two atomically flat, charged surfaces, confining neat ILs or

electrolytes, and λS was extracted by fitting the force to a monotonic, exponentially decaying

function of surface separation. All analyzed experimental data for λS vs. ion concentration

collapsed onto a single curve if appropriately rescaled. The corresponding scaling relation

[23, 24]

λS
λD
∝
(
d

λD

)α
, (2)

where d is the ion diameter and the scaling exponent α = 3, has been suggested to be a

bulk property of concentrated electrolytes [23]. This behavior challenges our understanding

of bulk ionic systems.

Herein, we report on long-range screening in selected bulk ionic systems obtained by

extremely large-scale molecular dynamics (MD) simulations in volumes that encompass sev-

eral of the experimentally measured screening lengths. As an example of a neat IL, we

investigate 1-butyl-3-methylimidazolium hexafluorophosphate ([C4C1Im]+ [PF6]
−) as there

exist well-tested MD force fields for both all-atom and coarse-grained representations of

this IL. We also perform all-atom simulations of aqueous sodium chloride (NaCl) solutions

with concentrations ranging from 1 to 5.2 mol/l. Finally, we conduct a series of simulations

of 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([C4C1Im]+ [NTf2]
−) in a

racemic propylene carbonate (PC) mixture (equal amounts of (R)- and (S)-propylene carbon-

ate) for IL mole fractions between x=0.05 and x=1 (pure [C4C1Im]+ [NTf2]
−). This system

is similar to the solution of 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide

([C4C1Pyrr]+ [NTf2]
−) in PC studied in Ref. 34. All system compositions are listed in Sec. S1
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of the electronic supporting information (ESI).

Simulations have been performed with the GROMACS 2016.3 simulation package [1]

in the NpT ensemble using cubic boxes under periodic boundary conditions at tempera-

ture T =300 K and pressure p=1 bar (simulation parameters are listed in Sec. S3 of the ESI).

For ILs, we employed the 0.8∗OPLS-2009IL all-atom force field of (author?) [13] and the

ILM2 force field of (author?) [31] for the coarse-grained description of [C4C1Im]+ [PF6]
−.

To simulate aqueous NaCl solutions, we used the KBFF ion parameters of (author?) [37]

in conjunction with the extended simple point charge (SPC/E) water model [5]. To describe

the PC interactions for the simulations of [C4C1Im]+ [NTf2]
− in PC, we used the parameters

provided by (author?) [35].

From the simulation trajectories, we computed radial distribution functions (RDFs)

gXY (r) (X and Y denote ionic species). For our large-scale ionic systems, the computa-

tion of RDFs with GROMACS analysis tools would have taken several years to complete.

We have therefore developed our own optimized analysis tool based on MDAnalysis [20, 27]

and MPI for Python [9–11], allowing the evaluation of RDFs on hundreds of CPUs in parallel

[38].

In spatially homogeneous systems, the effective interaction between ions X and Y is

described by the potential of mean force (PMF), which is related to the RDF by

wXY (r) = −kBT ln (gXY (r)) . (3)

If the observed long-range decay [4, 14, 17, 19, 34] is a property of bulk ionic liquids, one

can expect the same asymptotic decay in an effective ion-ion interaction potential [22], and

hence, in the corresponding PMF. Our further discussion will therefore be based on the

analysis of PMFs.

Before discussing our results, it is important to stress that the experimentally observed

transition between the damped oscillatory and the ‘under-screened’ monotonic regime oc-

curred at separations between 4 and 7 nm for ILs, and up to 3 nm for NaCl [18, 34]. Thus,

simulated systems have to be sufficiently large to allow the evaluation of PMFs far beyond

these separations. Furthermore, ILs exhibit slow structural relaxations, necessitating simu-

lation times of several hundred nanoseconds [16]. Unlike previous work [6], our simulations

strictly fulfill both requirements. Since the magnitude of underscreening is expected to be

small, possibly interfering with statistical errors, we also performed rigorous error analyses
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for all data series, taking temporal correlations into account [38].
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FIG. 1. Absolute value of the PMF |w+−| (r) between anions and cations (blue lines) in

[C4C1Im]+ [PF6]
−. (a): All-atom model. w+−(r) follows an oscillatory decay up to r≈8.5 nm,

with the decay envelope (dashed, orange line) described by f(r) = a/r exp (−r/λS) with a=0.7 kBT

and λS=1.05 nm. For r > 8.5 nm, the potential enters a region of almost constant noise level with

rather high uncertainty (light blue area). Inset: The same anion-cation PMF w+−(r) with linear

y-axis scaling. (b): Coarse-grained model. The qualitative features are the same as in the all-atom

model, but the covered distances are up to 34 nm. The extracted screening length λS = 1.43 nm is

larger than in the all-atom simulations due to its coarse-grained description.

For distances up to r≈8.5 nm, the PMF is well-described by an exponentially damped
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oscillatory hyperbolic decay

lim
r→∞

wXY (r) ∝ A

r
cos (k(r − φ)) exp

(
− r

λS

)
, (4)

where A and φ are the amplitude and the phase shift, λS is the PMF’s asymptotic decay

length, and the wave vector k determines the wavelength of its oscillation. The envelope of

this decay is indicated in Fig. 1a by a dashed orange line (we excluded the region r < 1.3 nm

from the analysis because it is strongly affected by short-ranged Lennard-Jones interactions).

The extracted decay length λS =1.05 nm is consistent with classical theories [3, 15, 26, 36].

The cation-cation and anion-anion PMFs exhibit a similar behavior with the same decay

length [38]. The statistical uncertainty is quite high for r>∼8.5 nm and a hypothetical mono-

tonic decay in this region might be hidden in the noise. However, experiments with similar

ILs [34] suggest an onset of the monotonic decay already at smaller separations, which is

not present in our data.

In coarse-grained simulations of [C4C1Im]+ [PF6]
−, the box edge length was almost 50 nm

and the system comprised 358 296 ion pairs (1 433 184 interaction sites). The PMFs were

calculated for distances up to 34 nm (Fig. 1b). They exhibit the same qualitative behavior as

the all-atom model, but yield a larger decay length λS =1.43 nm, which can be attributed to

the coarse-grained description. Due to the larger number of ions in the system, the increased

statistical accuracy allowed us to resolve the oscillatory decay at distances up to 13 nm. For

larger distances, the PMF again enters a region of almost constant noise level.

Next, we analyze a 4.43 mol/l aqueous NaCl solution. This system comprised 216 000

ion pairs and 2 458 296 water molecules (7 806 888 atoms in total) in a simulation box with

an edge length of 43.25 nm. The cation-anion PMF obtained from a 200 ns simulation run

is displayed in Fig. 2. Although in this case a superposition of several damped oscillatory

functions was needed to fit the PMFs (cf. Eq. (5)), up to 2.2 nm their envelope could still

be approximated by a single decay (dashed orange line in Fig. 2). The extracted decay

length λS =0.2 nm is again consistent with classical theories [3, 15, 26, 36]. For distances

exceeding 2.2 nm, the PMF becomes very noisy and no distinct oscillations are discernible.

In this region, the PMF’s envelope may seem to follow a long-ranged decay. However, this

decay is entirely due to statistical noise, which decreases with distance. It can be shown

that the noise in the PMF of an ideal gas, comprising the same number of particles in

the same volume, exhibits the very same decay [38]. Hence, in this case, there is also no
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anomalously long-ranged monotonic decay of interionic interactions detectable within an

accuracy of ≈10−5 kBT .
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FIG. 2. Absolute value of the PMF |w+−| (r) between anions and cations (blue line) in a 4.43 mol/l

aqueous NaCl solution. Up to a distance of about 2.2 nm, w+−(r) exhibits an oscillatory decay

which is comprised of a superposition of several oscillations with different parameters. Nevertheless,

the envelope of the decay (dashed, orange line) can be approximated by f(r) = a/r exp (−r/λS) with

amplitude a=4.0 kBT and decay length λS=0.2 nm. For distances larger than 2.2 nm, the potential

lies in the order of the uncertainty level of about 10−5 kBT . Its further decay is not a feature of

the system but simply due to the statistical error, which decreases with increasing distance.

To study the concentration dependence of the screening lengths, we simulated aqueous

NaCl electrolytes for ion concentrations ranging from 1.16 to 5.19 mol/l. Each system com-

prised 3750 ion pairs and a concentration-dependent number of water molecules. In addition,

we conducted all-atom simulations of [C4C1Im]+ [NTf2]
− in PC at various concentrations.

As there has been no sign of anomalously large screening lengths, we chose to use smaller

simulation boxes in favor of covering a larger number of IL concentrations. With the ex-

ception of the two lowest concentrations, all systems contained 500 ion pairs and a suitably

adjusted number of PC molecules. For each system, we performed up to four independent

simulation runs with more than 1 µs per run.

Unlike for neat [C4C1Im]+ [PF6]
−, these systems required a superposition of several os-
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cillatory exponentially damped hyperbolas

f(r) =
k∑

n=1

An
r

cos(ωn r − φn) exp

(
− r

λn

)
(5)

to fit the data. We found that k=2 was sufficient to obtain an excellent fit for all IL mixtures

in the range 1.2 ≤ r ≤ 3 nm. The PMFs of aqueous NaCl solutions required k=3 to fit in

the range 0.8 ≤ r ≤ 2 nm (for fit parameters see Sections S2.4 and S2.5 of the ESI). Figure 3

shows that the obtained screening lengths λS = max(λn) are almost an order of magnitude

smaller than those measured in SFB experiments of similar systems [34].
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FIG. 3. Concentration-dependent screening lengths λS obtained from MD simulations compared to

those obtained from experimental SFB measurements for similar ionic species. (a): Experimentally

determined electrostatic screening lengths of [C4C1Pyrr]+ [NTf2]
− in PC (blue dots) compared to

simulation results of [C4C1Im]+ [NTf2]
− in PC (red dots). (b): Screening lengths of aqueous NaCl

solutions (experiment: blue dots; simulation: red dots). Experimental data are taken from Ref. 34.

Determining scaling relations for the correlation lengths, akin to Eq. (2), requires the

knowledge of an average ion diameter d and the Debye length λD. For [C4C1Im]+ [NTf2]
−,

we used the number of ion pairs NIP and the simulation box volume V to determine

d= 1
2

(V/NIP)
1
3 ≈0.39 nm; for NaCl we took d = 0.294 nm from Ref. 34. Calculating λD

using Eq. (1) requires the knowledge of the static relative dielectric permittivity εr of a

background medium. We computed εr of the entire system, as in Ref. 23, by using the

Einstein-Helfand method [32]. The obtained values of εr compare well with the available
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experimental data for pure PC [7] and pure [C4C1Im]+ [NTf2]
− [8]. For aqueous NaCl, our

εr is systematically lower than the experimental values, due to the SPC/E model underes-

timating the permittivity of water [33]. Nevertheless, the concentration-dependent trend is

well reproduced (cf. Ref. 29). The values of εr are listed in Sec. S2.2 of the ESI.
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FIG. 4. Scaling of the concentration-dependent screening lengths of [C4C1Im]+ [NTf2]
− in propy-

lene carbonate (left) and NaCl in water (right) as determined by fits of Eq. (5) to cation-anion

PMFs w+−(r). The ratio of the screening λn to the concentration-dependent Debye length λD is

shown as a function of the average ion diameter d divided by λD. For both substances, we see two

decay lengths, each corresponding to a distinct wavelength 2π/ωn, and both exhibiting a power law

dependence. For both systems, the asymptotic decay length ratio for high concentrations λ2/λD is

proportional to (d/λD)2.

Figure 4 shows the ratio λn/λD (n = 1, 2) as a function of d/λD with λn obtained from

fitting the PMFs to Eq. (5). The asymptotic linear and quadratic scaling

λn
λD
∝
(
d

λD

)n
(6)

is clearly visible in Fig. 4. Interestingly, the two screening lengths cross each other, so that

the screening length with the quadratic scaling prevails at high concentrations[2].

In conclusion, our extremely large-scale MD simulations of concentrated electrolytes and

neat ionic liquids allowed us to calculate interionic PMFs with unprecedented precision and

to analyze their behavior in a range of distances relevant to experiments [4, 14, 17, 19, 34].
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We revealed the existence of two screening lengths showing linear and quadratic scaling,

Eq. (6). However, within a PMF accuracy of 10−5 kBT , we observed no evidence for an

anomalously long-ranged, monotonic decay in effective ionic interactions. These results

demonstrate that underscreening is unlikely an equilibrium bulk property of concentrated

ionic systems.
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