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Abstract

Interfaces between aqueous electrolytes and
nanoporous carbons are involved in a number of
technological applications such as energy stor-
age and capacitive deionization. Nuclear mag-
netic spectroscopy is a very useful tool to char-
acterize ion adsorption in such systems thanks
to its nuclei specificity and the ability to dis-
tinguish between ions in the bulk and in pores.
We use complementary methods (density func-
tional theory, molecular dynamics simulations
and a mesoscopic model) to investigate the rel-
ative importance of various effects on the chem-
ical shifts of adsorbed species: ring currents,
ion organisation in pores of various sizes, spe-
cific ion-carbon interactions and hydration. We
show that ring currents and ion organisation
are predominant for the determination of chem-
ical shifts in the case of Li+ ions and hydrogen
atoms of water. For the large Rb+ and Cs+

ions, the additional effect of the hydration shell
should be considered to predict chemical shifts
in agreement with experiments.
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Aqueous solutions under confinement are
present and essential in a wide range of chem-
ical and biological processes. Confinement of
aqueous electrolytes in carbon nanopores is of
particular interest due to its relevance in sev-
eral technological areas such as electrochemical
double layer capacitors (EDLCs)1,2 and capac-
itive deionization.3,4 Confinement alters signif-
icantly the properties of the adsorbed species
with respect to their bulk counterparts which
can in turn affect the performance of these de-
vices. Characterization of quantities such as the
hydration structure of the ions in the pores, ion
dynamics, ion distribution across pores of dif-
ferent sizes, and ion-carbon wall interactions is
thus necessary in order to improve these tech-
nologies and has been the subject of numerous
studies.

Experimental attempts to understand the in-
terfacial behaviour of aqueous electrolytes un-
der confinement have involved techniques such
as X-ray diffraction,5 extended X-ray absorp-
tion fine structure,6 small-angle X-ray scat-
tering,7,8 electrochemical quartz crystal mi-
crobalance,9,10 Raman spectroscopy,11 nuclear
magnetic resonance spectroscopy,12–14 and have
provided valuable information about the elec-
trolyte confinement in materials such as carbon
nanotubes, slit-shaped nanospaces, graphene
nanowrinkles, and nanoporous carbons. How-
ever, a quantitative microscopic characteriza-
tion is still out of reach with many investigation
techniques, especially for disordered porous car-
bons, due to their structural complexity and the
existence of fast motion in the systems.

Thanks to its quantitative and nucleus spe-
cific features, nuclear magnetic resonance
(NMR) spectroscopy is a remarkable technique
to study a wide range of systems. The chemi-
cal shifts of NMR active nuclei are sensitive to
their local environment making this technique
compatible with the investigation of aqueous
electrolyte species in the bulk and under con-
finement. More precisely, the peaks observed
for species adsorbed to the carbon surface are
shifted in the NMR spectrum relative to the
species in the bulk electrolyte allowing for a
clear identification and quantification of the
confined species.15–18 The additional possibility

to conduct NMR measurements while applying
a potential difference between the electrodes
has also been exploited to study charging mech-
anisms in EDLCs17,19 and even characterize ion
diffusion for different states of charge.20

The chemical shift of the species confined in
porous carbonaceous materials is mainly the
consequence of the secondary magnetic shield-
ing generated by ring currents arising on the
carbon surface when applying a primary mag-
netic field to the system.21,22 This phenomenon
can be gauged using a Nucleus Independent
Chemical Shift (NICS) approach.23,24 NICS can
be evaluated using density functional theory
(DFT) calculations and previous studies have
shown, amongst other effects, that the shielding
effect is larger when the ions are closer to the
surface of the carbon.25,26 Hence the distribu-
tion of the ions at the interface and the porosity
of the carbon are expected to have a major in-
fluence on the chemical shift of the adsorbed
species. The local structure, and especially the
size of the aromatic domains, was also shown to
have a large effect which could be used to get
insights into the structures of a range of porous
carbons.27

While the ring currents are predominant in
determining the chemical shifts for a range of
electrolytes,28,29 other parameters can lead to
significant modifications of the chemical shifts.
NMR spectra are known to be influenced by the
hydration number of the ions under considera-
tion, the dehydration of ions upon entering the
micropores can thus lead to large chemical shift
changes.14,30 Due to exchange between the en-
vironments inside and outside of the pores and
motional averaging, the carbon particle size can
also lead to large variations.12 The concentra-
tion of ions in organic and aqueous electrolytes
adsorbed on microporous carbon can further in-
fluence the overall chemical shift.12,31 The inter-
pretation of NMR spectra is, as a consequence,
both rich and complex, and distinguishing the
contributions from the above mentioned factors
is an essential task for a better understanding
of the behaviour of the electrolyte species at a
local scale.

While DFT calculations are adapted to es-
timate NMR parameters of small static sys-
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Figure 1: Depending on the carbonaceous ma-
terial and electrolyte, several factors can con-
tribute differently to the chemical shifts of elec-
trolyte species and consequently to the chemi-
cal shift difference, ∆δ, between bulk (ex-pore)
and confined (in-pore) ions.

tems, they are not adequate to represent the
variety of environments existing in real systems
and the ion motion. Molecular dynamics (MD)
simulations are more suited for such studies.
Feng et al.32 conducted simulations of K+ ions
in water, in contact with slit pores, and demon-
strated that the distribution of these ions in
electrified pores of different sizes depend on the
ion hydration, the water-water interactions and
the pore size. Beckstein et al.33 used molecular
simulations of an aqueous electrolyte in contact
with different nanopores and channels to evalu-
ate the energy barriers to Na+ ion permeation,
related to ion dehydration, through pores with
various radii smaller than 1 nm. Another study
on MD simulations of an aqueous NaCl elec-
trolyte and carbide derived carbons (of average
pore sizes 0.75 nm and 1.0 nm) have revealed
that unlike large organic ions dissolved in ace-
tonitrile, the desolvation of Na+ ions is limited
in the carbon nanopores.34 Overall, these works
show that different ions are more or less suscep-
tible to dehydration and as a consequence, to
fully interpret NMR spectra, one has to con-
sider both the NMR parameters for specific

ion configurations and the distribution and ex-
change of ions between these environments.

In previous works, we proposed to combine
the results from DFT calculations and MD sim-
ulations using a mesoscopic model to deter-
mine NMR spectra.29,35 This method takes into
account information on i) ion adsorption and
organization, ii) local magnetic shielding, and
iii) pore size distribution. This technique was
shown to give results in good agreement with
experimental NMR, Raman spectroscopy and
pair distribution function analysis for a range of
porous carbons.27 The mesoscopic model is also
suitable for predicting in situ NMR spectra for
supercapacitors based on organic electrolytes.29

One of the assets of the model is to be able to
modify independently the ion adsorption and
local magnetic shielding entries allowing one to
assess the relative importance of these two fac-
tors. Thanks to this feature, it was possible to
demonstrate that, for organic electrolytes, the
variations of the magnetic shieldings, as a con-
sequence of the changes in electronic structure
with charging (negatively or positively), have a
predominant influence on the overall chemical
shift compared to ion organization.29 This re-
sult is consistent with experiments conducted
on a range of electrolytes showing similar vari-
ations of the chemical shift with applied poten-
tial.28,31,36

In this work, we investigate aqueous elec-
trolytes with various alkali metal ions in contact
with porous carbon particles corresponding to
polyether ether ketone derived carbons (PDCs).
The motivation for this study is to explore ad-
ditional effects observed experimentally with
aqueous electrolytes compared to organic elec-
trolytes (see Figure 1).12 One interesting aspect
of the PDCs is that their pore size distributions
depend on the activation conditions. Here the
PDCs will be referred to using burn-off values
which denote the percentage of mass lost after
the activation step and is thus indicative of the
porosity generated.

Influence of ring currents and ion / water or-
ganisation in the pores on the NMR spectra

The 7Li, 87Rb 133Cs, and 1H NMR spectra for
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LiCl, RbCl, and CsCl solutions (1M) in vari-
ous PDCs were simulated using the mesoscopic
model previously developed (also referred to
as “lattice model” in the remainder of the ar-
ticle).29,35 The information on ion adsorption
and organization is provided as free energy
profiles (extracted from MD simulations and
shown in Figure S2), the information on lo-
cal magnetic shielding is given by NICS profiles
(commonly known as NICS-scans,37 calculated
through DFT) and the pore size distributions
are the ones obtained previously from adsorp-
tion isotherms (see Figure S3).12 All data con-
sidered correspond to a neutral carbon particle.
While the free energy and NICS profiles are
calculated in the proximity of a single carbon
surface, the lattice model considers slit pores
with two carbon surface assuming symmetri-
cal free energies and additive NICS. It is worth
noting that any specific interaction or charge
transfer between ions / water molecules and
the carbon surface are neglected at this stage.
The chemical shifts of in-pore species relative
to the bulk (∆δNICS) were evaluated and com-
pared against experimental chemical shifts ob-
tained by Cervini et al..12 Results are shown in
Figure 2.

In general, the simulated ∆δNICS values de-
crease with an increase in the burn-off value
of the PDC. This is in qualitative agreement
with the experiments. The pore size distribu-
tions for the PDCs corresponding to the studied
range of burn-off values considered show pores
in the micropore and meosopore ranges with a
large amount of pores around 0.8 nm, 1.1 nm
and 2.2 nm.12 With the increase in burn-off
value, there is usually an increase of pores in
the 2− 3 nm range. As DFT calculations show
that NICS are larger for small pore sizes,25,26

an increase of the average pore size is expected
to lead to a smaller ∆δ values. The data for
NICS is included in the lattice model, as well
as the pores size distributions, which allows for
a reproduction of the ∆δ variation with burn-
off values.

Looking closer at the trend, the ∆δNICS ob-
served for all the species under consideration
at a burn-off value of 50% are slightly smaller
(−5%) than that of 56%. In addition to the

Figure 2: Comparison of average chemical shifts
of the in-pore alkali metal ions and hydrogen
atoms of water relative to the bulk species
in various PDCs evaluated by lattice simula-
tions and experiments.12 Different symbols and
colors correspond to different nuclei probed.
Filled symbols correspond to experimental re-
sults while open symbols correspond to lattice
model results. The ∆δNICS values for Rb+ and
Cs+ are superimposed.

∆δNICS values, the lattice model also gives ac-
cess to the ions or molecules distributions across
pores of different sizes. The ion distributions
for Li+ and Cs+ in the three PDCs considered
are given in Figures S3 and S4 (results for Rb+

are very similar to the results for Cs+). For the
PDC with 56% burn off, the fraction of ions oc-
cupying pores sizes in the range 1.9 − 3.2 nm
is larger than for the PDC with 50% burn off
leading to a smaller ∆δNICS value for this PDC
compared to the 50% material.

While the trend with burn-off values is quali-
tatively similar for the various PDCs, the vari-
ation of the chemical shifts with the porosity,
i.e. the slope of the curve, is slightly overesti-
mated by the simulations. This discrepancy can
come from the hypotheses made in the lattice
model regarding the NICS calculated through
DFT (e.g. averages across NICS profiles cal-
culated for different aromatic molecules, posi-
tions at which the NICS are calculated close to
the carbon surface, ...) which are described in
details in previous works.29,35 This could also
be due to the difference in the carbon struc-
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tures used for NMR experiments and adsorp-
tion studies to determine the pore size distri-
bution. It is worth mentioning that the deter-
mination of pore size distributions is subject
to some limitations. Different pore size dis-
tributions can be obtained for a given porous
carbon depending for example on the probe
molecule chosen and the model adopted to in-
terpret the adsorption isotherms.38,39 Overall,
the agreement between the lattice model and
experiments for the trend across burn-off val-
ues is satisfying.

The ∆δNICS calculated using the lattice model
for all cations (Li+, Rb+, Cs+) are similar
and smaller than the ones of H for all porous
carbons considered. The small difference of
1 − 2 ppm between H, Li+ and Rb+/Cs+ can
be ascribed to the ion organization at the in-
terface with carbon. Indeed, the free energy
profiles extracted from MD simulations show
that hydrogen atoms come closer to the car-
bon surface than the other species, followed by
Li+ and by Rb+ and Cs+ (see Figure S2). As
a consequence, the lattice model predicts that
the population of Li+ ions (or hydrogen atoms)
in small pores is larger than the one of Cs+

(or Rb+) ions leading to a smaller ∆δNICS value
for large ions. This is illustrated in Figures S3
and S4 giving the distribution of Li+ and Cs+

ions in pores of different sizes. However, one
should keep in mind that the lattice model only
takes adsorption into account through average
free energy profiles obtained at a planar surface
and specific energy penalties related to desol-
vation could change the picture in very small
pores.

While the lattice model satisfactorily pre-
dicts the ∆δ values of H and Li+ with respect
to the experiments,12 the values calculated for
Rb+ and Cs+ are significantly underestimated,
by 4 − 5 ppm. In addition, while the relative
variation in ∆δ between H and Li+ is repro-
duced by the lattice model, the relative differ-
ence between these two species and Rb+/Cs+

is completely wrong. This shows that the ion
organization at the carbon surface and the re-
sulting distribution in the pores, already taken
into account in the lattice model, cannot be
responsible for this shift.

Influence of specific ion-carbon interactions on
the NMR spectra

In previous works, it was shown that more
than ion organization, notable contributions
from ring currents on the total shift are to be
expected.29 In the case of interest here, vari-
ations in ring currents may arise due to spe-
cific interactions and charge transfer between
the electronic density of the alkali metal ions
and the carbon. These effects are neglected in
the NICS calculations used so far but they can
be explored with DFT.

The chemical shift profiles (CSP) for Li+,
Rb+, and Cs+ ions at various distances from
a circumcoronene molecule were calculated by
DFT (see Figures 3 and S5). The chemical shift
profiles calculated, referenced to the bare ion in
vacuum, are shown in Figure 4. Values were cal-
culated between 0.35 nm (closest distance of ap-
proach according to the ion-carbon free energy
profiles, see Figure S2) and 1.0 nm but only
the distances for which significant deviations
between the NICS and CSP appear are shown.
For completeness, the chemical shifts for other
alkali metal ions in the series (Na+ and K+) are
given in Figure S6. For distances below 0.6 nm,
the chemical shifts deviate increasingly from
the NICS as the ion size increases, which corre-
sponds to an increasing polarizability. Unsur-
prisingly, the values for Li+ are extremely close
to the NICS values. In fact, complexes between
lithium and aromatic molecules were used in
the past to calculate NICS before the subse-
quent use of “ghost” atoms.40,41 Overall, more
negative chemical shifts compared to NICS are
observed for Li+ and Rb+ with the deviation
being much larger for the latter. The deviation
in the shift is −0.2 ppm and −3.7 ppm for Li+

and Rb+ respectively at a distance of 0.35 nm.
The case of Cs+ is strikingly different from the
other ions with an increase of shift by 10.7 ppm
compared to the NICS at 0.35 nm.

The origin of the deviation of the chemical
shift of the ion from the NICS is not well un-
derstood. As the ring currents are sensitive
to the molecule charge,29 a charge transfer be-
tween the ion and aromatic molecule could be
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Figure 3: Scheme depicting the NICS and chemical shift variations (between the bare ion and the
ion in the vicinity of the aromatic molecule, extracted from the chemical shift profiles) for different
ion-circumcoronene systems.

a reason for such a variation. To test this hy-
pothesis, Bader and Mulliken charges on atoms
of the cation - circumcoronene systems were
calculated.42–44 The calculations were done for
cations 0.35 nm away from the centre of the
circumcoronene, i.e. at the distance where the
deviation between CSP and NICS is the largest.
The results show evidence of a limited charge
transfer of 0.03 e maximum between the cations
and the carbon. Interestingly, previous studies
have analyzed a small change in the ring cur-
rents upon interaction with an ion and the na-
ture of the ion does not affect the ring current
changes in the carbon.45–47

One way to evaluate the variation in ring cur-
rents due to the proximity of the ion is the cal-
culation of the NICS(1),23 i.e the chemical shift
of a “ghost” atom located at 0.1 nm of the ion-
circumcoronene system, below the plane of the
circumcoronene molecule on the opposite side
of the ion. The NICS(1) is evaluated to be
−13.6 ppm and −14.0 ppm respectively for Li+

and Cs+ placed at 0.35 nm from the circum-
coronene molecule (see Figure 3). The NICS(1)

corresponding to the circumcoronene molecule
without any ion nearby is −15.3 ppm. While
there is a small change between the systems
with and without ion, the variation is probably
too small to explain the change in ∆δ values for
large ions.

To evaluate the influence on the ∆δ values
of the variations in chemical shifts observed for
large polarizable ions, with respect to NICS,
the lattice simulations were repeated with the
chemical shift profiles calculated with the ac-
tual ions. The results obtained are shown in
Figure 4. The ∆δCSP and ∆δNICS values are
very similar and as such cannot explain the
∆δ values observed experimentally for Rb+ and
Cs+. It is worth noting that the free energy
profiles for these large ions (Figure S2) show a
first minimum close to 0.6 nm indicating that
very few ions get closer to the carbon than this
distance. As the chemical shift profiles and
NICS values are not significantly different at
these distances even for the large ions, it is not
surprising that the variations in chemical shifts
due to ion-carbon interactions do not lead to
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Figure 4: a) Chemical shift profiles of various
alkali metal ions with respect to vacuum cal-
culated at various distances from the centre of
the circumcoronene molecule and NICS values
at the same distances. b) ∆δ values of the
in-pore species relative to the bulk species ob-
tained using the lattice model with the NICS
profiles (NICS) and the chemical shift profiles
in presence of the ions.

noticeable changes in ∆δ.
One possibility worth investigating is the fact

that MD simulations with planar electrodes,
used here to extract free energy profiles, may
lead to an underestimation of the amount of
ions in smaller pores29 and an overestimation of
the ion-carbon distance as shown in other sys-
tems.48 A more realistic representation of the
experiment could be obtained from MD simu-
lations with porous carbon electrodes to check
the occupancy of the small pores by the cations.
This is usually much more involved computa-

tionally and less general so it is out of scope of
the current work. Instead, MD simulations of
the electrolytes confined in slit pores of width
0.8 nm or 1.1 nm were conducted. These sim-
ulations do not show any evidence of cations
inside the pore with a width of 0.8 nm. In the
slit pore of width 1.1 nm, it was observed that
Cs+, Rb+ and Li+ ions occupy preferentially
the centre of the pore, approximately 0.55 nm
away from the carbon surface (see ion and wa-
ter densities in Figure S9). Interestingly, the
MD simulations suggest that the adsorption of
Cs+ ions is slightly more favorable than the one
of the other cations, in contrast with the lattice
simulation results, but the effect is limited. Fol-
lowing these considerations, no major shift is
expected from specific ion-carbon interactions.

Overall, the results from the lattice model,
relying on MD simulations and DFT calcula-
tions, suggest that ion distributions in pores of
different sizes and NICS values are sufficient to
explain chemical shifts for Li+ and hydrogen
atoms from the water molecules but not for the
larger Rb+ and Cs+ ions.

Influence of ion hydration on the chemical
shifts

Theoretical calculations have indicated that
the hydration number of ions can have a major
effect on their chemical shift, this was shown
for example for Na+ and F− ions for various
hydration numbers.14,30 This is not accounted
for in the lattice simulations. The adsorption
and dehydration of ions in hydrophobic carbon
pores are dependent on an energy barrier re-
lated to the solvation energy of the ions14,33

and on the pore size. The larger ions, Cs+ and
Rb+, are more polarizable than the Li+ ion and
have a weaker hydration shell that can distort
easily as opposed to the case of Li+. They are
therefore more prone to dehydration potentially
leading to a significant variation of the chemi-
cal shift for confined species. Furthermore, in
the vicinity of the carbon, the presence of sol-
vent molecules can affect both the interaction of
the ion with the carbon49 and the carbon itself
thus altering the ring currents and the chemical
shift. Here, we first investigate the dehydration
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effect in the bulk before exploring the interface
between carbon and ion-solvent complexes. We
mainly focus on Cs+ as we expect a similar be-
haviour for Rb+.

To study the effect of the hydration num-
ber on the chemical shift, four configurations
of a fully hydrated Cs+ ion in the bulk were
extracted from the MD simulations and the
chemical shift of the hydrated ion relative to
the bare ion was assessed for different hydra-
tion numbers by removing water molecules from
the hydration shell (see Supporting Information
for details). Starting with configurations with
9 water molecules (a frequent arrangement in
the MD simulations), water molecules were re-
moved one by one until reaching the bare ion
state which serves as a reference. Between the
full hydration and the bare ion, the variation in
chemical shift is huge, reaching almost 200 ppm.
It is worth noting that low solvation numbers
(below 4) are not present in solution, as can be
seen in the MD simulations (see Figure S10).
For hydration numbers between 9 and 6, the
variation of the chemical shift with the removal
of one water molecule is relatively small rang-
ing from 2 to 10 ppm. For hydration num-
bers below 6, the difference in chemical shift
becomes larger in the range of 10 to 50 ppm.
In addition to the effect of the number of water
molecules, the calculations indicate that, for a
given hydration number, the orientation of the
water molecules and the ion-water distances af-
fect the chemical shift significantly. A variation
as large as 75 ppm is observed as local structure
changes.

From the DFT calculations, it seems that a
dehydration of the ions in the pores could lead
to a very large shift. To complement this study,
the MD simulations were used to determine the
distribution of hydration numbers for the elec-
trolyte species in the bulk and under confine-
ment in a 1.1 nm slit pore. The results are
shown in Figure S10. The distributions for the
bulk and in-pore species are superimposed in-
dicating that the extent of dehydration is min-
imal in this case. The ion densities across the
pores for Cs+ and water atoms indicate that the
ions mostly reside at the centre of the pore in a
fully hydrated state while the water molecules

line the pore walls (see Figure S9). The effect
of the water reorientation in the pores can also
be neglected as Cs+-O, Cs+-H pair distribution
functions are very similar in the bulk and in
the pores (see Figure S11). It is worth not-
ing that the first coordination shell correspond-
ing to chloride ions is also mostly unaffected by
the confinement as can be seen from the Cs+-
Cl− pair distribution functions (see Figure S11).
While the situation could be different in slightly
smaller pores, the pore size distributions, show-
ing peaks for 0.8 nm and 1.1 nm, and the fact
that ions do not enter pores of 0.8 nm in the
simulations suggest that no significant differ-
ence in ∆δ is to be expected from a variation
in the hydration number.

To go beyond the effect of dehydration alone
and include the influence of the hydration in
the vicinity of a carbon surface, ion-water com-
plexes for fully and partially hydrated cations
were extracted from the MD simulations and
DFT calculations of the chemical shifts of
the ions next to a circumcoronene molecule
were conducted. The distance of the Cs+ ion
from the centre of the closest circumcoronene
molecule is set to be 0.35 nm for a partially de-
hydrated state, which was the closest distance
between the Cs+ ion and the carbon surface
observed in MD simulations, and 0.45 nm for
the fully hydrated configuration, which is a dis-
tance commonly observed in the MD simula-
tions. To investigate the chemical shift trend in
a slit pore, one more circumcoronene molecule
is placed parallel to the first such that the pore
width is 1.1 nm. For a detailed understanding
of the trends, the chemical shifts of bare ions
near a carbon wall and in the slit pore were
also evaluated. Similar calculations were con-
ducted for Rb+. For Li+, no desolvation is ob-
served in the MD simulations so a single fully
hydrated configuration was considered with a
circumcoronene - ion distance of 0.41 nm. The
most relevant computed shifts are shown in Fig-
ure 5. The full set of results is given in Support-
ing Information (Figures S12-S16).

The ∆δ value calculated between a partially
hydrated Cs+ ion in vacuum, i.e. without the
influence of any carbon surface, and the same
ion-water complex in a slit pore of 1.1 nm,

8



Figure 5: Scheme depicting the chemical shift variations for different ion-water-circumcoronene
systems corresponding to various local environments for the Cs+ and Li+ ions.

0.35 nm away from the closest surface, is
−13.0 ppm. This is a larger shift than what
is observed in experiments but closer to the
expected value compared to a simple NICS or
bare ion estimation. Indeed, the ∆δ value cal-
culated between a bare Cs+ ion in vacuum and
in the same position in a slit pore is 3.7 ppm.
For a fully hydrated Cs+ ion in vacuum and at
0.45 nm away from the closest carbon surface, a
case observed much more commonly according
to MD simulations, the ∆δ value calculated is
−3.2 ppm. This is this time smaller than the
∆δ value for the bare ion of −6.3 ppm.

Interestingly, the ∆δ values calculated for Li+

with or without hydration are very similar (re-
spectively −6.7 ppm and −6.8 ppm). This re-
inforces the idea that NICS (or chemical shift
profiles) are sufficient to estimate the experi-
mental chemical shift difference between bulk
and in-pore Li+ ions. On the contrary, for
Rb+, large chemical shift differences between
hydrated and dehydrated configurations are ob-
tained, in agreement with the fact that NICS
(or chemical shift profiles) are, as for Cs+, not
sufficient to explain the ∆δ values obtained.

Previous DFT calculations conducted in this

work suggest that the change in ring currents is
not the main origin for the large shift observed.
One way to check this is to use the NICS(1) as
was done for the bare cations. The NICS(1) is
computed to be −14.3 ppm for the partially hy-
drated Cs+ ion against −14.0 ppm for the bare
ion. Clearly the variation in the chemical shift
is not due to the alteration of the ring currents
which seems insignificant from this calculation.

The observations made for various hydration
numbers and cations underline the challenge
of understanding the factors determining the
chemical shifts for large polarizable ions such
as Cs+ and Rb+ which are largely affected by
their hydration shells. Indeed, experimental re-
sults also show a variation of the Cs+ chemical
shift with ion concentration even in the bulk,12

an effect we could not explore in this study.
To get a better understanding of the relation-
ship between local structure and chemical shift
a much broader study including a large num-
ber of configurations and, ideally, more realis-
tic nanopores would be needed. Such a study
would represent a considerable computational
investment and is out of scope of the current
work. While the study conducted here on a few
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configurations is very limited, it proves that ∆δ
values in the range of −9 to −11 ppm, simi-
lar to what is measured experimentally, can be
reached when partially or fully hydrated ions go
from the bulk to a confined state in a nanopore.

In this work, we have used a range of com-
putational methods to investigate different fac-
tors affecting the chemical shifts of alkali metal
ions adsorbed in nanopores with respect to their
counterpart in the bulk aqueous electrolytes.
Chemical shift differences calculated between
the in-pore and bulk ions, the so-called ∆δ, are
systematically compared with experiments con-
ducted with polyether ether ketone derived car-
bons. A lattice model was first used to explore
the importance of the pore size distribution, the
ion organization at the carbon surface and the
ring currents in the carbon materials in deter-
mining the ∆δ value. The results show that
while this approach seems sufficient to evaluate
∆δ for Li+ and hydrogen atoms from water, it
leads to very bad estimations for Cs+ and Rb+.
DFT calculations realized on ion-water configu-
rations extracted from MD simulations suggest
that the hydration shell has a large effect on
the chemical shifts for large polarizable alkali
metal ions. While the solvation shell of these
ions seems mostly unaffected by the confine-
ment, the inclusion of water molecules in the
chemical shifts calculations in the vicinity of a
carbon surface is essential to reproduce values
in good agreement with experiments. In the fu-
ture, a better understanding of the relationship
between local environment and chemical shift
would require additional computational studies
on a wide variety of ion-water configurations
under confinement.

Methods

A thorough interpretation of the experimental
NMR spectra of several aqueous electrolytes in
PDCs12 is attempted here through a combi-
nation of classical MD simulations, DFT cal-
culations and a previously developed lattice
model29,35 which allows one to simulate the
NMR spectra of electrolyte species diffusing in-
side porous carbon materials. In order to model

a given system, i.e. a given electrolyte in con-
tact with a PDC, one needs to provide the fol-
lowing information:

• a pore size distribution;

• the free energy of ions in pores of different
sizes;

• the chemical shift for ions in pores of dif-
ferent sizes.

Following the lattice model calculations, ad-
ditional MD simulations and DFT were con-
ducted to test possible origins for the discrep-
ancies between calculations and experiments.

Molecular Dynamics simulations

The systems simulated consist in two graphite
slabs, placed parallel to each other, either en-
compassing or surrounded by an aqueous elec-
trolyte in order to represent an unconfined or
a nano-confined electrolyte. In the first geom-
etry considered (Figure S1a), the distance be-
tween the graphite slabs is sufficiently large to
recover electrolyte bulk properties in the middle
of the fluid region. These calculations are used
to determine the free energy profiles of ions /
water molecules adsorbed at planar carbon sur-
faces. In the second geometry considered (Fig-
ure S1b), a slit pore, with a pore size of 0.8 nm
or 1.1 nm, is immersed in the electrolyte. These
calculations are used to investigate confinement
effects. The choice of the 0.8 nm and 1.1 nm
pore widths is based on the pore size distri-
bution obtained for PDCs through adsorption
studies12 which show high proportions of pores
with these sizes. The electrolytes considered
are aqueous solutions of LiCl (1M), RbCl (1M)
and CsCl (1M). In all the simulations, 60 ion
pairs and 3300 water molecules are used for the
electrolyte.

All-atom MD simulations are conducted us-
ing the LAMMPS software.50 Intermolecular
interactions are represented by the sum of an
electrostatic and a Lennard-Jones potential.
For the water molecules, the commonly used
point charge extended (SPC/E) force field is
chosen.51 The parameters for the alkali metal
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ions, chloride ions and carbon atoms can be
found in published works.52,53 The systems are
first simulated in the NPT ensemble at 1 atm
and 298 K for 1 ns until they reach a constant
volume. Following this NPT step, simulations
are conducted in the NVT ensemble at 298 K
for at least 20 ns (14.5 ns for RbCl) for the
first geometry and 10 ns for the second geom-
etry. The results from the last 19 ns of the
first geometry (except for RbCl where the last
12 ns are considered) and last 9 ns of the sec-
ond geometry are considered for the analysis.
A timestep of 1 fs is used for all simulations.
Additional details on the simulations are given
in Supporting Information.

Density Functional Theory calculations

All chemical shift calculations are performed
using the Gaussian software42,54 and the gauge-
including atomic orbital GIAO method. A
6-31G(d) basis set and B3LYP exchange-
correlation functional are used for NICS cal-
culations. A 3-21G basis set and B3LYP func-
tional are used for chemical shift calculations
involving ions considering the basis set avail-
ability and computational expense of the cal-
culations involving heavy atoms such as Cs.

NICS profiles were evaluated using aromatic
molecules (coronene, circumcoronene and dicir-
cumcoronene) as model molecules representing
the pore surface. Following previous works, the
shielding tensors are calculated at various dis-
tances of the carbon surface along a line pass-
ing through the centre of the molecule, per-
pendicular to the molecular plane.25,26,55 The
shielding constants are obtained by averaging
the diagonal elements of the tensor. The same
methodology was used for alkali metal ions at
various distances from the centre of the cir-
cumcoronene molecule to study the effect of
specific ion-carbon interactions (and possible
charge transfer) on the chemical shift. The se-
lection of circumcoronene in this case is based
on previous simulations which provided a good
agreement with the experiments in a range of
systems.29,35 The results of the calculations in
presence of the alkali metal ions are designated
as chemical shift profiles.

Chemical shifts of the cations in hydrated
clusters, extracted from MD simulations, in
the presence and absence of circumcoronene
molecules are also determined. To study the
effect of the hydration number on the chemi-
cal shift, water molecules are removed one at
a time starting from a fully hydrated config-
uration, removing the farthest water molecule
first, and the chemical shift is calculated at
each step. Several starting configurations were
considered to investigate a possible effect of the
orientation of neighboring water molecules on
the chemical shift of the ions. To evaluate the
chemical shifts of fully or partially dehydrated
ions in the vicinity of a carbon surface, configu-
rations were extracted from the MD simulations
and the chemical shifts were calculated in the
presence of circumcoronene at representative
distance for the solvation structures considered.

Lattice simulations

In the mesoscopic model,29,35 the carbon par-
ticles are represented by a cubic lattice, which
represents a collection of slit pores. Here, we
used 20×20×20 lattice sites. PDCs with burn
off values of 41%, 50% and 56% are consid-
ered for this study through the inclusion of their
pore size distributions obtained experimentally
from gas adsorption studies.12 Following pre-
vious studies, the pore surface distribution is
chosen to be a log-normal distribution with a
mean of −0.1 and a standard deviation of 0.25
in the case of NICS29,35,56 and a pore surface
corresponding to circumcoronene in the case of
chemical shift profiles.

To account for the distribution of ions in pores
of different sizes in the carbon material, free en-
ergy profiles are obtained from MD simulations.
The free energy profiles determined in this work
for the species of interest in the range of elec-
trolytes studied are shown in Figure S2. The
shielding environments of the ions adsorbed at
each site are defined using the NICS profiles or
the chemical shift profiles obtained from DFT
calculations.

The ion and water dynamics between the
pores of the carbon particle are modelled
through kinetic Monte Carlo moves. The ad-
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sorbed species explore different shielding envi-
ronments (and thus different resonance frequen-
cies) throughout their motion. The NMR sig-
nal is calculated for each ion or water molecule,
and a Fourier transform gives access to the
NMR spectrum and effective chemical shift. A
more detailed description of lattice simulations
is available in published works.35,56

The mesoscopic model allows one to calcu-
late the chemical shift difference, ∆δ, between
species present between particles (bulk) and
species present in the pores (in-pore) and to
analyse the effects of ring currents and ion or-
ganization on the total global shift. It is worth
noting that the lattice model does not account
explicitly for any effects arising from the hydra-
tion of the ions on the global shift.
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