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ABSTRACT

lonic liquids promise far greater electrochemical performance compared to aqueous systems, yet
key physicochemical properties governing their assembly at interfaces within commonly used
graphitic nanopores remain poorly understood. In this work, we combine synchrotron X-ray
scattering with first-principles molecular dynamics simulations to unravel key structural
characteristics of 1-alkyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([TFSI]") ionic
liquids confined in carbon slit pores. X-ray scattering reveals selective pore filling due to size
exclusion, while filled pores exhibit disruption in IL intermolecular structure, the extent of which
increases for narrower slit pores. First-principles simulations corroborate this finding and
quantitatively describe how perturbations in the local IL structure, particularly the hydrogen-
bond network, depend strongly on the degree of confinement. Despite significant deviations in
structure under confinement, electrochemical stability remains intact, which is important for

energy storage based on nanoporous carbon electrodes (e.g., supercapacitors).



Due to a suite of attractive and widely tunable physiochemical properties, room-
temperature ionic liquids (ILs) have emerged as highly promising electrolytes in a wide range of
technologies, including catalysis,* ion batteries,2 CO, capture,® electrodeposition,*® and
supercapacitors.” 8 Both experimental and computational studies highlighted that understanding
the detailed structure and arrangement of ions in porous electrodes is essential for optimizing
performance for many of these applications.®'* A prime example by Chmiola, et al.*? indicated
that an optimal capacitance is achieved when ion size matched that of the pore, which was
attributed to distortion of the ion solvation under spatial confinement.**> ' However, since this
initial discovery, detailed and comprehensive structural insights have been slow to evolve
because electrolyte behavior at interfaces and under confinement is challenging to resolve.
These characteristics are especially intractable for emergent electrolytes like ILs that exhibit
bulky, flexible, and widely varying molecular configurations. Therefore, detailed understanding
of IL desolvation and its dependence on the degree of ion confinement remains largely lacking.

Among X-ray reflectivity,’> X-ray spectroscopy,® 1" neutron scattering,'® AFM,*°
vibrational spectroscopy,?° and nuclear magnetic resonance (NMR),? 2! X-ray scattering has
become a particularly prominent tool for investigating interfacial and confined IL structure
because it is a rapid, non-destructive, and multiscale probe. Recent X-ray scattering experiments
have made important progress toward deciphering the complex nature of ions under confinement
within carbon pores, including aqueous salts®? and 1Ls.2*?> These studies have led to some
consensus that structural deviations from bulk such as densification of the electrolyte may
manifest under confinement,?* if only locally near the interface.'® 126 For instance, landmark
results by Futamura, et al.?® recently provided evidence that the Coulombic ordering between

neighboring ions may be partially disrupted in narrow carbon pores of 1 nm and below in width.



Classical theory aided in interpreting or validating data from these experiments, while
many additional independent simulations were geared toward elucidating IL behavior at
nanocarbon interfaces.?” For example, molecular dynamics (MD) simulations indicated that an
IL can spontaneously fill nanometer-wide carbon pores and consequently exhibits a partial
decrease in ion coordination even in the absence of a bias potential.?®?® Classical MD
simulations and density functional theory (DFT) calculations also made exciting predictions that
the capacitance of IL-filled carbon pores may oscillate as a function of pore size.>**? However,
despite extensive experimental and theoretical studies, there remain several unresolved
mechanistic details regarding the structural dependence on relative pore-ion size matching and
confinement effects on both hydrogen bonding and electrochemical stability.

In this work, we employed synchrotron X-ray scattering and MD simulations to
investigate confinement effects on the structural and electronic properties of a common class of
ILs — 1-alkyl-3-methylimidazolium cations paired with a bis(trifluoromethylsulfonyl)imide anion
[TFSI] (Figure 1a). Rather than relying on classical force fields that are biased by specific
parameterization, we employed first-principles MD (FPMD) simulations devoid of a priori
assumptions. We directly cross-validated the bulk structure of the IL obtained from experiments
and FPMD simulations as a baseline before corroborating the diminishing longer range order
caused by increasing confinement. Comparing the relative size d of ions and pores reveals
selective pore filling due to size exclusion (dion = dpore), While the degree of IL disorder in filled
pores exhibits a clear dependence as ions approach the hard confinement limit (dion = dpore).
FPMD simulations provide a mechanistic understanding of how the experimentally observed
disorder of the IL is exacerbated in cases of stronger confinement. We found that ion

desolvation is fundamentally governed by destruction of the IL hydrogen-bond network due to



extreme proximity of the hydrophobic pore walls, which manifests in under-coordinated ions.
Despite drastic physical changes in the IL ordering, the electrochemical window is interestingly
unaltered in narrow carbon pores. This suggests the electrochemical stability remains intact
under confinement, which is important for energy storage based on nanoporous carbon
electrodes.

To probe ILs under confinement, we synthesized hierarchical carbon aerogel monoliths®
with tuned pore size distributions. We activated resorcinol-formaldehyde-derived carbon
aerogels at 950 °C for times ranging from 5-240 min under CO> flow to etch slit pores into the
sidewalls of native macropores (Figure 1b, S1)34 35 and achieve activation levels of 5-54 % (i.e.,
mass loss relative to the unactivated aerogel). Supplemental X-ray scattering and Raman
spectroscopy together indicate that the surface structure of the pores that interfaces with the IL is
unchanged with activation (Figure S2). The IL was loaded into aerogels under a low-vacuum
bake to remove moisture and ensure maximal wetting of the pores before sealing the combined
materials in capillaries for X-ray analysis. We analyzed the confined structure by comparing X-
ray scattering peak intensities from the bulk IL material versus IL loaded in carbon aerogels that
have synthetically tuned pore sizes (Figure 1b, S3).

Following the approach presented in previous studies,? ?° we assumed the total scattering
from IL-wetted aerogels 1(Q)wtal iS the summation of contributions from the aerogel, bulk IL, and
the confined IL, or 1(Q)total = 1(q)aerogel + 1(Q)buik + 1(q)confined (Figure S4). Thus, recording peak
intensity shifts after subtracting the aerogel contribution 1(q)aeroget from 1(q)totar provides a
guantitative description of the degree to which IL order deviates from the bulk structure. Note
that 1(q)suik signal persists due to IL residue around outer surfaces of the aerogel as well as in

large macropores, so our reported values from 1(Q)totar - 1(0)aerogel represent lower bounds on the



degree of disorder. Characteristic peaks near g = 1.5 A"* and 0.9 A are known to be related to
separation distances between unlike ions (i.e., cation-anion) and like ions (cation-cation or anion-
anion), respectively.®® Accordingly, the significant decrease in the low-q peak intensity indicates
that the longer-range order of the ions inside the aerogels is disrupted (Figure 1c). Normalizing
X-ray peak intensity by the acrogel’s specific surface area reveals a trend across activation levels
that is not constant (Figure S6). Although this does not exclude contributions due to interfacial
liquid structure, the increased aerogel surface area with activation alone cannot explain the
observed X-ray signal changes. This reinforces the notion that the peak attenuation is a signature
of ion solvation distortions characteristic of confinement.

Coupling this X-ray analysis with high-resolution porosimetry provides insight into the
pore filling and desolvation as cation size, dion, is tuned via the alkyl chain length. The
compromised long-range order of the ILs is readily detected in the high activation aerogels
because the ions seem to fill pores that are both larger and more abundant (i.e., dpore ~ 10-20 A).
Considering their dimensions, all ions tested here are expected to fit inside pores of this size
regime, which accounts for 38% of the pore volume versus only 12% at low activations (Figure
S3). Importantly, the degree to which IL order is reconfigured increases with dion, Which is
consistent with a mechanism of desolvation driven by spatial confinement. However, this trend
with dion is reversed at low activation due to size exclusion from pores under ~10 A, as illustrated
in the inset of Figure 1d. In particular, tuning dion revealed evidence of selective pore filling
based on size (Figure 1d). We expect cations containing butyl or dodecyl chains to experience
larger energy penalties to enter the narrowest pores that dominate the aerogel’s volume at low
activation (i.e., 87% pore volume has dpore < 10 A). Therefore, pores in this size regime are not

efficiently filled, and the corresponding I(qg) signals are closer to those of the bulk IL.



To decipher detailed IL structure within these pores, we first directly cross-validated X-
ray measurements with FPMD simulations in the bulk phase (Figure S8). This quantitative
comparison validates that our simulations properly describe both the intramolecular (r < 4 A) and
intermolecular (r > 4 A) structure of the IL. Thus, we implicitly capture the electrostatic
interactions among ions, which we relate to key regions of excess/depleted charge distribution
(Figure 1a). The spatial distribution function (SDF) of anion O atoms around the cation (Figure
2a) illustrates the preferential interaction between cation and anion at specific hydrogen sites
around the imidazolium ring (at ~ 2.3 A separation distance). The hydrogen associated with the
carbon atom in between the two nitrogens (H3) is acidic®” *8 and exhibits the strongest hydrogen
bonding with anions (Figure S9).3° Specifically, our simulations predict anion density
enrichment around the H3 atom to be 2x compared to the methyl and ethyl groups and 23%
greater than the other imidazolium hydrogens.

Having validated our simulations of cation-anion interactions in the bulk phase as a
baseline, we further probed coordination and structure of ions confined inside slit pores of 11 A
and 17 A, which correspond to key sizes found in the aerogels. The characteristic accumulation
of anions around H3 is still present in these slit pores. However, Figure 2 illustrates how anion
enrichment around the cation is markedly lower as we move from the bulk phase to the 17 A
pore and then to the 11 A pore (O:H3 coordination ratio of 1.87, 1.80, and 1.62, respectively). In
fact, the anion is entirely depleted surrounding H2 near the methyl group in the 11 A case
(Figure 2c). This more restricted distribution of anions about the cations may also be reflected in
the slight narrowing of the X-ray scattering peak at q = 1.5 A* (Figure 1c, S4). Thus, hydrogen
bonds are quantifiably and progressively disrupted as confinement conditions escalate (i.e., dpore

decreases) in direct connection with the desolvation of ions.



Related to this compromised hydrogen-bonding picture, the extreme proximity of the
carbon pore walls restricts the orientational degrees of freedom of the IL molecules. We
characterize the orientation of each ion as the angle formed by the cation N-N or anion S-S
vector with the normal of the graphene wall (Figure 3a, b). Anion orientations in both pores are
largely similar, yet cation orientation in the 11 A pore exhibits a prominent peak around 45°,
which substantially deviates from the peak centered around 90° in the 17 A pore. The cation
prefers a configuration parallel to the graphene wall with a tendency for the acidic Hz hydrogen
to reside in the center of the pore (Figure 3c). However, when dpore limits the IL to a single layer
(Figure 3d), the cation orients its less charged methyl and ethyl groups toward the graphene wall.
The molecule effectively spans the pore width to balance weak hydrophobic (with wall) and
strong Coulombic (with anion) interactions. This illustrates how the proximity of the pore wall
locally disrupts the hydrogen bonding and helps explain the depleted region around the H1
hydrogen observed in Figure 2c.

These interactions govern the formation of the single-file organization in the 11 A pore,
with a concentration of anions in the center of the pore and portions of the cations staggered on
either side (Figure 3f). Our ab initio simulation of cation and anion distributions resembles
recent results generated by reverse Monte Carlo simulations and fitting of X-ray data for carbon
pores of similar sizes.?® Interestingly, our simulations predict the closest distance of approach of
the ions to the pore wall increases in the narrower 11 A pore, which is important to consider in
supercapacitor design that relies on a 1/distance scaling. While this dpore dependence is in line
with trends reported for previous simulations of the same IL across carbon slit pores®® ? and free
carbon interfaces,'® 26 we observe comparatively larger separation distances in the smallest pore

(Figure S11). This hints at underlying mechanistic details (e.g., confined ion-ion or ion-wall



interactions) implicitly captured in our ab initio simulations that may not yet be fully realized in
classical frameworks. Another implication of pronounced hydrophobic interactions at the wall
and weakened hydrogen bonding is a likely connection to enhanced IL diffusion in carbon
pores, 2L 4142 which our preliminary simulations suggest should be enhanced proportionally
according to ~1/dpore (noOt shown).

Despite perturbations in order and hydrogen bonding under confinement, we do not
observe significant effects on the electronic properties of the IL, although previously reported
links in other liquids between structural changes and electronic characteristics.*® First, the
density of states (DOS) of the graphene-IL interface shows charge transfer is unlikely because
the HOMO and LUMO of the IL are positioned > 2 eV from the graphene’s Fermi level (Figure
S12). This indicates that the interaction between ions and the graphene pore wall is largely weak
and hydrophobic in nature, which supports our interpretation of Figure 3. Next, we computed
the electrochemical window (ECW) from the difference between the HOMO and LUMO
eigenvalues of [EMIM][[TFSI] in the condensed phase at a level of theory defined by the
Perdew, Burke, and Ernzerhof (PBE) approximation.** 4> We obtained an ECW value of 3.57 +
0.3 eV inthe 11 A pore, which is comparable to 3.68 + 0.2 eV calculated for the bulk. Although
both values are below experimental reports,*® as the PBE approximation is known to
underestimate the electronic band gap, relative trends are expected to be qualitatively the same as
higher levels of theory.*” Therefore, the electronic structure of the IL, including its ECW as a
proxy for operational stability in a potential device, is predicted to be agnostic to interfacial and
confinement effects.

To conclude, we combined X-ray scattering and FPMD simulations to quantitatively

describe the structural and electronic characteristics of a prototypical IL confined inside



technologically relevant carbon slit pores. We experimentally confirmed significant disruption in
the intermolecular correlation between cations and anions depending on relative scaling of dpore
and dion. Evidence suggests that pores below 10 A are not extensively filled by ions due to size
exclusion, while larger pores are filled at the cost of intermolecular order, which is increasingly
perturbed for larger dion. After cross-validating experiments and ab initio simulation for bulk IL,
we leveraged this simulation framework to explain mechanisms at the root of this compromised
order of ILs inside carbon slit pores. The restricted volume and hydrophobic walls drive the
rearrangement and orientation of ions, which disrupts hydrogen bonds and leads to desolvation.
Structural anomalies are exacerbated in the most extreme single-file confinement conditions
(dpore = 11 A), wherein the cation dramatically flips its orientation by ~45 degrees and anion-
cation solvation decays by 13% from the bulk. Despite significant deviations from the bulk
physical structure, our theory predicts the electronic structure of the IL under confinement
remains unaltered.

Looking forward, our findings offer new fundamental knowledge and implications to
boost energy density in future designs of supercapacitors based on nanoporous carbon electrodes
and ILs: 1) the structural dependence (e.g., local density, distance from surface) on both dpore and
dion Will critically affect the optimal capacitance; 2) the high ECW of ILs is insensitive to
confinement, which is advantageous for designing electrodes across different dpore While
maintaining a single, fixed operating voltage limit; 3) the destruction of hydrogen-bond networks
and proximity of hydrophobic pore surfaces may be responsible for the enhanced IL transport

reported by others, which would benefit charge and discharge rates of supercapacitors.
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Figure 1. (a) Molecular structures and isosurfaces of electronic charge density associated with
the LUMO and HOMO levels of the [EMIM]* cation and [TFSI] anion, respectively. Cyan,
blue, white, red, yellow, and pink spheres represent carbon, nitrogen, hydrogen, oxygen, sulfur,
and fluorine atoms, respectively. Key hydrogen atoms are labeled for later analysis. A value of
0.02 a.u. was used for the isovalue of the isosurfaces (grey), and the 2 A scale bar provides
reference for ion size. (b) Representative pore size distributions measured by porosimetry for
low (5%) and high (35-44%) activation. Inset SEM shows macropore structure of aerogel with
low activation (scalebar: 3 um). (c) Integrated X-ray scattering 1(q) data after subtracting the dry

aerogel data, as compared with the bulk IL data, for different aerogel activation levels (inset



cartoons depict the specific type ion interaction assigned to each peak). We define q = 4z/A
sin(8), where 1 is the X-ray wavelength and 26 is the scattering angle, and all measurements
were collected and averaged at several locations across millimeters within each sample. (d)
Percent difference in peak intensity attenuation from Figure S7 taken at g = 0.9 A compared to
the bulk IL curve for a set of cation sizes (i.e., alkyl chain lengths denoted by the number of
carbon atoms, C. = ethyl, C4 = butyl, C1> = dodecyl). Error bars represent standard deviation for
replicate samples. Inset plot shows the approximate size ranges of the different cations (y axis)
versus the measured pore sizes (x axis) for high activation with a yellow-green-blue colormap
representing pore volume in decreasing order (z axis). Oval length equals the range from width
to extended length of the cation and oval width equals the range of each major pore size peak in
porosimetry. [TFSI] size is not explicitly plotted, yet its dimensions closely overlap the C oval.

Dashed dion = dpore line represents the hard confinement limit.



Figure 2: Spatial distribution functions (SDF) at an isovalue of 7.5 atom nm3 showing the
accumulation of [TFSI]" oxygen atoms (red) around the [EMIM]* cation for both bulk phase (a)
and for the confined IL within carbon slit pores with dyore equal to 17 A (b) and 11 A (c). Cyan,
blue, white, red, yellow, and pink spheres represent carbon, nitrogen, hydrogen, oxygen, sulfur,
and fluorine atoms, respectively. MD snapshots of the associated supercells are shown in Figure

S10.
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Figure 3. Orientation and density of [EMIM][TFSI] confined within pores of different widths: 17
Ain (a), (c), (e) and 11 A in (b), (d), (). (a), (b) Orientation measure by the N-N vector of
[EMIM]" cations and the S-S vector of [TFSI]™ anions with respect to the normal of the graphene
wall (i.e., 0 degrees is perpendicular to the wall). Probability calculated by dividing the number
of instances per simulation step at each orientation by the total number of instances for the entire
simulation. (c), (d) Atomic density distributions for specific hydrogen sites on the [EMIM]*
cation, where H3 is defined as in Figures 1 and 2 and Htuiinead indicates hydrogen atoms on the
cation’s methyl and ethyl groups. (e), (f) Atomic density distributions for the center of mass of

the cations and anions. Dashed gray lines represent the density of carbon atoms in the pore wall.
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