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Abstract 

The arrangement of ionic liquids (ILs) within mesoporous ordered silica SBA-15 is revealed 
from nitrogen physisorption experiments combined with non-local density functional theory (NLDFT) 
analysis of pore structure and mean-field density functional theory (MFDFT). Using MFDFT on 
simple lattice models, we outline possible scenarios for IL distributions within the pores and conditions 
under which they originate. MFDFT predictions for nitrogen adsorption on these models of pore 
structures modified with ILs are in qualitative agreement with the experimental results. They 
demonstrate that the distribution of the ILs inside the pores of SBA-15 is sensitive to solid-fluid 
interactions, leading to different structures as a function of loading. This study also recommends the 
MFDFT and lattice models as a powerful framework for the interpretation of nitrogen sorption 
behavior, which complements the existing theoretical and experimental techniques to characterize the 
structure of supported ionic liquids (SILs). 

1. Introduction 

Supported ionic liquid (SIL) materials are promising candidates for a broad range of applications, 
such as chemical synthesis,1,2 catalysis,3,4 batteries,5 fuel and solar cells,6 gas adsorption, and 
separation.4 In these materials, the porous structure of the support is modified by depositing the ionic 
liquid (IL) inside its pores. The broad application of SILs is a result of several factors: i) they exhibit 
a unique combination of properties arising from both the support and the liquid; ii) ILs are good 
nonvolatile solvents with high ion mobility7 and iii) they offer a broad range of chemistries due to 
various cation-anion combinations, hence their properties can be tuned for specific applications.8 

One of the key factors that determines the application and efficiency of SILs is the state of the 
IL under confinement. The behaviour of confined ILs may depend on many factors: the solid-fluid 
interactions between the IL and the surface of the solid, the chemical heterogeneity of the surface, the 
chemical composition of the IL,9 the method of deposition,10 and the structure of the porous space.10,11 
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The interplay between electrostatic and dispersion interactions is critical for determining the precise 
arrangement of the ions at the surface of the pores and, therefore, for estimating the resulting properties 
of the confined IL that are challenging to predict.12,13 Figure 1 schematically illustrates some possible 
states of the liquid confined in a pore. Each of these scenarios leads to a different performance of the 
material. For example, in our previous work,14 we showed that if a film thinner than 2.5 nm forms in 
pores (Fig. 1(a)), the material exhibits strong gas adsorption properties with low gas selectivity. On 
the other hand, pores completely filled with IL (Fig. 1(b)) provide highly selective gas separation. 
Pores that are partially covered with nanodroplets (Fig. 1(c)) or isolated by liquid bridges (Fig. 1(d)) 
may cause unfavorable performance due to surface heterogeneity and reduced pore volume. In the 
latter case, significant volumes of the material become isolated due to the blockage of pores by ILs. 
Therefore, designing materials with an optimized performance requires an in-depth knowledge of the 
pore-filling mechanism and specific knowledge of the IL arrangement within the pores. 

    
(a) (b) (c) (d) 

Figure 1. Possible scenarios of how ILs (blue area) distribute under confinement in a pore (dashed area 
indicates the pore walls): (a) the surface is uniformly covered with an IL layer; (b) the pore is 
completely filled with the IL; (c) IL nanodroplets cover the surface; (d) IL bridges form in the pore, 
isolating a portion of the pore. 

Using the incipient wetness technique, Heinze et al. prepared and investigated several silica-
based materials loaded with a range of ILs exhibiting low, medium, and high basicity.9 In a series of 
detailed experimental studies involving nitrogen sorption, mercury intrusion, thermogravimetric 
analyses, and 129Xe-NMR spectroscopy, they found that ILs based on acetate, [CH3CO2]– and 
trifluoromethanesulfonate, [CF3SO3]– anions wet the surface of ordered silica, MCM-41, and SBA-15, 
forming a homogeneous layer in the main mesopores. However, partial wetting of the surface or 
droplet formation was observed for ILs based on the bis(trifluoromethanesulfonyl)imide anion, [Tf2N]–

. The authors found that the ILs start adsorbing in mesopores once they completely fill intrawall micro- 
and mesopores below a certain size.9 The observed trends have also been reported for materials 
consisting of polymers deposited on the surface of the support.15 In that study, Thommes and co-
workers coated the surface of mesoporous silica SBA-15 and KIT-6 with hydrophilic 
poly(hydroxyethylmethacrylate) or hydrophobic polystyrene. Similar to ILs, a hydrophilic polymer 
first fills intrawall micro- and smaller mesopores, ultimately leading to a homogeneous polymer 
coating of the main mesopores. In contrast, a hydrophobic polymer does not exhibit any clear patterns 
and deposits as randomly dispersed inhomogeneous patches on the surface due to weak polymer-silica 
interactions. Solid-state NMR studies support the discussed observations with additional insights into 
the pore-filling mechanism. In particular, it was found that patches of the IL form on the pore surface 
of mesoporous silica (Silica 100) containing 1-ethyl-3-methylimidazolium 
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bis(trifluoromethylsulfonyl)imide, [C2C1Im]+[Tf2N]– at IL loadings below 10 vol.%.16 Complete 
surface coverage with the IL is achieved for higher loadings. 

Molecular simulation studies have also been used to explore the behaviour of ILs deposited in 
pores. Burt et al. studied the influence of the surface interaction potential between a graphene sheet 
and 1-butyl-3-methylimidazolium tetrafluoroborate, [C4C1Im]+[BF4]–.17 They demonstrated that weak 
liquid-solid interactions lead to droplet formation (partial wetting), while strong interactions promote 
uniform spreading of the IL over the surface. Partial wetting was also observed for silica surfaces.18 In 
other studies, authors demonstrated that at low loadings, confined ILs, [C4C1Im]+[Tf2N]–, 
[C2C1Im]+[Tf2N]– or [C2C1Im]+[SCN]– form a monolayer or multilayers on the surface of mesoporous 
carbon nanotubes or silica.19-22 At high loadings, the ILs completely fill mesopores. Some authors 
observed the formation of IL bridges that blocked portions of the mesopores.19 

In spite of the progress outlined above in understanding the behaviour of confined ILs, there are 
still challenges that require further investigation. The most affordable, widely available, and 
convenient way to characterize porous materials, including SILs, is the physical adsorption of gases 
such as nitrogen or argon at cryogenic conditions. This technique produces an adsorption isotherm that 
requires further processing and interpretation to extract the information on the structure of the pores. 
In particular, pore size distribution (PSD) analysis can be presented as the following. The structure of 
the porous material is treated as a system of independent pores of a particular shape (slits, cylinders, 
spheres, or a combination of these shapes). A kernel of adsorption or desorption isotherms is produced 
using either the classical non-local density functional theory (NLDFT) or Monte-Carlo simulations. 
This is followed by solving the adsorption integral equation (AIE) to obtain the PSD compatible with 
the experimental data. NLDFT kernels and algorithms to solve the AIE are now a part of the standard 
software available with physical adsorption characterization equipment and used extensively to report 
PSD.23 From Fig. 1 and the above discussion, it is clear that not all the scenarios shown in the figure 
will be easily amenable to this standard treatment simply because the structure of the SIL generally 
cannot be interpreted as a system of independent pores of a well-defined geometry. Typically, to 
comprehensively answer the question of the distribution of the ILs inside the porous structure, a 
spectrum of additional, more advanced techniques (such as electron microscopy, small-angle X-ray 
and neutron scattering, NMR, and infrared spectroscopy) is required, making the characterization 
process much more expensive and time-consuming. In this article, we show, by using the 
computationally efficient lattice mean-field density functional theory (MFDFT) approach to 
realistically model the distribution of the confined IL, that it is possible to obtain a qualitative 
interpretation of the distribution of IL inside porous materials from N2 adsorption isotherms. 

In recent decades, MFDFT has proved to be a useful framework for understanding the structure 
and thermodynamics of confined fluids and for pore structure characterization.24 This theory allows 
one to model adsorption and desorption of fluid in a large variety of modelled materials and link the 
shape of the isotherm to the underlying structure, in other words, to the distribution of pores of these 
materials. For example, Monson et al. and Sarkisov et al. used MFDFT to explore metastable states of 
fluid in pores of different shapes and associated with them adsorption and desorption hysteresis 
observed in experimentally measured N2 or Ar sorption isotherms.25-26 Thus, by reproducing essential 
features of the experimental isotherm it is possible to reveal how, for example, the pore network, the 
pore heterogeneity, and the presence of narrow pores (necks) connected to large pores influence the 
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shape of the isotherm and the hysteresis loop.27-29 Recently, MFDFT has been applied to calculate 
isotherms for a 3D-reconstructed ordered and disordered mesoporous silica that showed good 
qualitative agreement with the experimentally measured hysteresis loop and revealed the fluid 
morphology in that region.30,31 

In this article we extend this approach by using MFDFT to construct a series of SIL models 
which can quickly produce a qualitative map of adsorption behaviours, resulting from different 
distributions of ILs in the pores. Specifically, we consider experimental N2 adsorption isotherms for 
SBA-15 impregnated with two ILs exhibiting different interaction energies, 1-butyl-3-
methylimidazolium hexafluorophosphate [C4C1Im]+[PF6]–, and 1-ethyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)imide [C2C1Im]+[Tf2N]–. The physical properties of these ILs are quite 
different with [C2C1Im]+[Tf2N]– exhibiting a higher density, lower viscosity, and lower surface tension 
than [C4C1Im]+[PF6]–.32,33 In addition, [C2C1Im]+[Tf2N]–  shows a stronger tendency to crystallize on 
silica surfaces indicating stronger electrostatic interactions with silanol groups.34 Samples of SBA-15 
were loaded with different amounts of the two ILs. The resulting impregnated materials were first 
characterized using the conventional N2 adsorption measurements to obtain the surface area, pore 
volume and PSD extracted using NLDFT. Two distinct trends in the N2 isotherms for the two ILs were 
observed. By applying MFDFT to lattice models of SILs, we qualitatively reproduced the experimental 
N2 isotherms and elucidated two distinct distribution scenarios for the studied ILs in SBA-15. This 
highlights the usefulness of theoretical tools such as the MFDFT in interpreting results from the 
physical adsorption characterization. 

2. Experimental and Theoretical Methods 

2.1. Materials 

Mesoporous silica SBA-15 and ILs [C4C1Im]+[PF6]– and [C2C1Im]+[Tf2N]–, were purchased 
from Sigma-Aldrich. 

Mesoporous silica was impregnated with ILs using the incipient wetness technique.4 Before 
impregnation, 200 mg of SBA-15 was activated at 120 °C under vacuum for at least 3 hours. The 
calculated amount of IL corresponding to a particular volumetric pore filling degree (δ = 0.1, 0.3, 0.5, 
and 0.9) was dissolved in methanol in a 100 ml round-bottom flask. Once the IL was dissolved, the 
activated powder of SBA-15 was mixed with the IL in the same flask. Next, the flask containing a 
suspension of SBA-15 in the methanol solution of the IL was attached to a rotary evaporator and then 
partially submerged in a water bath. The temperature of water in the bath was maintained at 50 °C. 
The rotary evaporator served to mix the silica and IL and to remove methanol at a reduced pressure of 
250 mbar. Once all methanol was removed the obtained powder was further dried under vacuum at an 
elevated temperature of 80-90 °C. The resulting weight of the impregnated powder was within 3 % of 
the expected yield. 

2.2. Nitrogen adsorption characterization with NLDFT 

Gas physisorption analysis was conducted on a Quantachrome NOVA 3000 gas sorption 
analyzer. The implemented NLDFT models were supplied by the Quantachrome AsiQwin (version 
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3.01) software. Prior to the measurement, each sample was outgassed in a degas station under vacuum 
(< 1 mbar) at 90 °C for 12 hours to remove any adsorbed volatile species. 

Pure and impregnated samples of SBA-15 were characterized by N2 physisorption at 77 K. To 
establish the relationship between the structural characteristics of the porous material and the measured 
N2 isotherms, we employed NLDFT. This method reconstructs the experimental isotherm by weighting 
a collection of individual isotherms (kernels) calculated for a family of pores of different sizes. Figures 
S2 and S3 in the Supplementary Information compare the experimentally measured N2 isotherms at 77 
K and isotherms calculated from NLDFT with the silica (SiO2) and carbon (C) kernels for cylindrical 
pores. Isotherms measured for pure SBA-15 could be very well fitted by the model with just a small 
deviation at very low pressures (Fig S2(a)). Samples containing different amounts of [C4C1Im]+[PF6]– 
can be effectively described by the SiO2-kernel, while samples modified with [C2C1Im]+[Tf2N]– are 
better described by the C-kernel at higher IL loadings. The IL [C2C1Im]+[Tf2N]– modifies the pore 
surface from siliceous to more carbonaceous because it more readily forms a monolayer on the silica 
surface.34 Deviations at low pressure are more significant for all the impregnated samples. At this 
pressure, monolayer adsorption takes place, when all the adsorbed N2 molecules are in contact with 
the surface of the adsorbent and, therefore, the presence of ions of the confined IL may alter the 
accuracy of the resulting fit. At higher pressures, where the gas condenses to a liquid-like phase in the 
mesopores and a hysteresis loop appears upon gas desorption, the fit is more accurate, implying a 
reliable description of the mesoporous structure. 

Pore size distributions, free pore volumes (V), and specific surface areas (S) were obtained from 
both the adsorption and the desorption branches of isotherms of SBA-15 containing [C4C1Im]+[PF6]– 
by applying the SiO2-kernel of (metastable) NLDFT adsorption isotherms and the kernel of 
(equilibrium) NLDFT desorption isotherms, respectively, considering an amorphous SiO2 surface and 
a cylindrical pore model (Fig. S2).23,35,36 The pore structure of SBA-15 impregnated with 
[C2C1Im]+[Tf2N]– was characterized using the SiO2- and C-kernels of the (equilibrium) NLDFT 
desorption isotherm (Fig. S3). These results are presented in Fig. S4 and Table S1 of the 
Supplementary Information. The extracted PSDs, pore volumes and surface areas show only a minor 
difference between the results of different kernels, therefore, our further discussion is based on the 
results obtained from the desorption branch of the isotherms. 

Previously, Ravikovitch and Neimark used NLDFT to characterize the pore structure of SBA-
15 silica.35 They found that it features a regular two-dimensional array of hexagonal (cylindrical) 
mesopores that are connected by a continuous network of irregular intrawall pores. From our 
measurements, the average width of the main mesopores is 7 nm. The size of intrawall pores ranges 
from micro- (< 2 nm) to mesopores (2-7 nm). The material has a well-developed surface area equal to 
624-653 m2/g and free pore volume equal to 0.710-0.725 ml/g. 

Figure 2 shows typical plots of the cumulative surface area and pore volume for pure SBA-15 
(black dash curves) and a sample containing 12.3 wt.% of IL [C4C1Im]+[PF6]– (solid red curves). The 
solid black curves show the cumulative surface area and pore volume of pure SBA-15 with the 
equivalent weight of SBA-15 for the sample containing IL. In other words, these curves represent what 
would be the cumulative surface area and volume of the SIL system if the properties of SBA-15 were 
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completely unaffected by the presence of the IL. Normalizing the behavior of pure SBA-15 (black 
dash curves) with respect to the weight of the SIL sample allows us to extract several useful properties. 

Both the black and red curves show an almost evenly increasing surface area and pore volume 
up to 6 nm pore diameter. These pores are associated with the intrawall micro- and mesopores 
connected to the main mesopores with the mean pore diameter equal to 7 nm. An abrupt change in the 
surface area and volume of the main mesopores reflects a well-structured pore network, which mainly 
consists of 7 nm mesopores. The surface area and volume of the main mesopores are defined as shown 
in Fig. 2, and notation ΔS1 and ΔV1 is used for the normalized sample of pure SBA-15, while ΔS2 and 
ΔV2 is used for SBA-15 containing IL. By comparing quantities ΔS1 to ΔS2 and ΔV1 to ΔV2, it is possible 
to estimate the loss of the surface area and pore volume upon impregnation. For this, we calculate the 
respective quantities (ΔS2/ΔS1) and (ΔV2/ΔV1) that provide a clear indication of how the surface area 
and pore volume change with adding IL. From Fig. 2(b) the amount of the IL deposited in the main 
mesopores is equal to (ΔV1-ΔV2) in ml/g of the material. The amount of IL, which fills the intrawall 
pores is equal to ΔViwall and is determined as shown in Fig. 2(b). The obtained quantities allow us to 
explore the pore-filling mechanism separately for intrawall pores and the main mesopores and these 
are tabulated for all samples in Table S1 of the Supplementary Information and later discussed in Table 
1. 

  
(a) (b) 

Figure 2. (a) Cumulative surface areas and (b) free pore volumes for the pure SBA-15 (black dash 
curves), the same sample normalized to the mass fraction (87.7 wt.%) of SBA-15 (solid black curves) 
of the SIL sample containing 12.3 wt.% of IL [C4C1Im]+[PF6]– (solid red curves). Quantities ΔS1 to 
ΔS2 and ΔV1 to ΔV2 show how the surface area and free pore volume for the main mesopores are 
calculated for the pure SBA-15 and the SIL sample respectively. ΔViwall defines the volume of intrawall 
pores filled with the IL for the SIL sample. All curves are determined from the desorption branches of 
the experimental isotherms by applying the SiO2-kernel of the (equilibrium) NLDFT desorption 
isotherms considering an amorphous SiO2 surface and a cylindrical pore model. 

2.3. Mean-field density functional theory (MFDFT) 

Mean-field density functional theory of lattice gas models has proved to be a powerful approach 
for the description of confined fluid phenomena.26,29,37 In particular, this theoretical framework has 
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been of tremendous help in understanding the nature of the hysteresis loops for fluids confined in 
mesoporous structures.24-26,37 Simple lattice models of porous structures and computationally efficient 
MFDFT were able to capture a diversity of metastable states and phase transitions of the confined fluid 
depending on the external conditions, such as temperature, chemical potential, and the strength of 
solid-fluid interactions. Moreover, MFDFT has been also extended to the dynamic behavior of fluids 
adsorbing in pores of various geometries.25,27,38 In this section, we briefly overview key governing 
equations of MFDFT used in this work. 

In lattice models, the physical space is represented by a system of discrete lattice sites. Each site 
can be either empty or occupied by a single fluid particle. This implies that all molecular size effects 
are excluded from the consideration. In the case of confined fluid problems, some of the lattice sites 
are also occupied by the adsorbent particles. Using this lattice sites formalism, one can consider porous 
structures of arbitrary complexity from simple slit pores to ink-bottle geometries to disordered porous 
glasses.24 We also assume that particles interact only with the nearest-neighbor sites. The Hamiltonian 
for the lattice gas-solid system can be expressed as: 

ℋ = −
𝜀𝜀𝑓𝑓𝑓𝑓
2
�𝑛𝑛𝑖𝑖𝑛𝑛𝑗𝑗 + �𝑛𝑛𝑖𝑖𝜑𝜑𝑖𝑖

𝑖𝑖𝑖𝑖<𝑗𝑗

 (1) 

where 𝑛𝑛 is the occupancy at site i and j and is equal to 1 if site i or j is occupied or 0 otherwise; i < j 
denotes the sum over all the nearest-neighbour sites i and j; 𝜀𝜀𝑓𝑓𝑓𝑓 is the nearest-neighbour fluid-fluid 
interaction energy; 𝜑𝜑𝑖𝑖 is the external field at site i, which describes the nearest-neighbour interaction 
between the fluid and the solid surface (𝜀𝜀𝑠𝑠𝑓𝑓). The relation between the fluid-fluid and solid-fluid 
interactions is established via 𝜀𝜀𝑠𝑠𝑓𝑓 = 𝛼𝛼𝜀𝜀𝑓𝑓𝑓𝑓. 

Starting from the Hamiltonian in Equation (1) and using mean-field approximations, we can 
obtain an expression for the grand free energy: 

𝛺𝛺({𝜌𝜌𝑖𝑖}) = 𝑘𝑘𝑘𝑘�[𝜌𝜌𝑖𝑖 ln(𝜌𝜌𝑖𝑖) + (1 − 𝜌𝜌𝑖𝑖) ln(1 − 𝜌𝜌𝑖𝑖)]
𝑖𝑖

−
𝜀𝜀𝑓𝑓𝑓𝑓
2
�𝜌𝜌𝑖𝑖𝜌𝜌𝑗𝑗 + �𝜌𝜌𝑖𝑖(𝜑𝜑𝑖𝑖 − 𝜇𝜇)

𝑖𝑖𝑖𝑖<𝑗𝑗

 (2) 

where {𝜌𝜌𝑖𝑖} is the set of densities for all the lattice sites in the system; 𝜌𝜌𝑖𝑖 = 〈𝑛𝑛𝑖𝑖〉 is the average density 
or occupancy at site i ranging from 0 to a maximum of 1 because of single occupancy; k is the 
Boltzmann constant; T is the temperature; μ is the chemical potential. 

Equation (2) describes the thermodynamics of the confined fluid in equilibrium with the bulk 
fluid at a fixed chemical potential and constant temperature. The solution to this equation provides the 
density distribution, which minimizes the grand energy, 𝛺𝛺({𝜌𝜌𝑖𝑖}) by applying the following condition: 

�
𝜕𝜕𝛺𝛺
𝜕𝜕𝜌𝜌𝑖𝑖

�
𝜇𝜇,𝑉𝑉,𝑇𝑇

= 0   ∀ 𝑖𝑖 
(3) 

where 𝑉𝑉 is the volume of the system, which is related to the total number of lattice sites in the system 
within the MFDFT framework. 
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Combining Equation (2) with the condition of Equation (3) results in the following set of non-
linear equations: 

𝑘𝑘𝑘𝑘𝑘𝑘𝑛𝑛 �
𝜌𝜌𝑖𝑖

(1 − 𝜌𝜌𝑖𝑖)
� − 𝜀𝜀𝑓𝑓𝑓𝑓�𝜌𝜌𝑗𝑗 + 𝜑𝜑𝑖𝑖

𝑗𝑗

− 𝜇𝜇 = 0   ∀ 𝑖𝑖 (4) 

This set of non-linear equations can be rearranged to give an expression for the average density on site 
i: 

𝜌𝜌𝑖𝑖 =
1

(1 + 𝑒𝑒−𝑋𝑋𝑖𝑖)
   ∀ 𝑖𝑖 (5) 

where 𝑋𝑋𝑖𝑖 is also derived from Equation (4): 

𝑋𝑋𝑖𝑖 =
1
𝑘𝑘𝑘𝑘

�𝜀𝜀𝑓𝑓𝑓𝑓�𝜌𝜌𝑗𝑗 − 𝜑𝜑𝑖𝑖 + 𝜇𝜇
𝑗𝑗

�    ∀ 𝑖𝑖 
(6) 

The densities obtained from Equation (5) and plotted as a function of relative activity give the 
familiar adsorption and desorption isotherms for the lattice pore model. The relative activity 𝜆𝜆/𝜆𝜆0 
where 𝜆𝜆 = exp (𝜇𝜇/𝑘𝑘𝑘𝑘) can be expressed as 

𝜆𝜆
𝜆𝜆0

= exp �
𝜇𝜇∗ + 𝜇𝜇0∗

𝑘𝑘∗
� 

(7) 

where 𝜇𝜇∗ and 𝑘𝑘∗ are the reduced chemical potential and temperature, equal to 𝜇𝜇/𝜀𝜀𝑓𝑓𝑓𝑓 and 𝑘𝑘𝑘𝑘/𝜀𝜀𝑓𝑓𝑓𝑓 
respectively; 𝜆𝜆0 is the activity of the bulk lattice gas when no porous material or any adsorbent particles 
are present. Below the critical temperature 𝑘𝑘𝑐𝑐, where 𝑘𝑘𝑐𝑐∗ = 𝑘𝑘𝑘𝑘𝑐𝑐/𝜀𝜀𝑓𝑓𝑓𝑓 = 1.5 for a simple cubic lattice, a 
sparsely occupied gas phase coexists with a densely occupied liquid phase at the saturation chemical 

potential value 𝜇𝜇0 = 𝑛𝑛𝑐𝑐𝜀𝜀𝑓𝑓𝑓𝑓
2� = −3𝜀𝜀𝑓𝑓𝑓𝑓 (where 𝑛𝑛𝑐𝑐 is the coordination number, 𝑛𝑛𝑐𝑐 = 6 for a cubic 

lattice), corresponding to the reduced saturation chemical potential value of 𝜇𝜇0∗ = −3.24 

Similar to Equation (2), in the canonical ensemble at fixed density, volume, and temperature, the 
Helmholtz free energy can be expressed within the mean-field approximation as: 

𝐹𝐹({𝜌𝜌𝑖𝑖}) = 𝑘𝑘𝑘𝑘�[𝜌𝜌𝑖𝑖 ln(𝜌𝜌𝑖𝑖) + (1 − 𝜌𝜌𝑖𝑖) ln(1 − 𝜌𝜌𝑖𝑖)]
𝑖𝑖

−
𝜀𝜀𝑓𝑓𝑓𝑓
2
�𝜌𝜌𝑖𝑖𝜌𝜌𝑗𝑗 + �𝜌𝜌𝑖𝑖𝜑𝜑𝑖𝑖

𝑖𝑖𝑖𝑖<𝑗𝑗

 (8) 

The necessary condition for a Helmholtz free energy minimum in the canonical ensemble is: 

�
𝜕𝜕𝐹𝐹
𝜕𝜕𝜌𝜌𝑖𝑖

�
𝑁𝑁,𝑉𝑉,𝑇𝑇

− 𝜇𝜇 = 0   ∀ 𝑖𝑖  
(9) 

which gives Equations (4) and (5). By solving Equation (5) with the imposed constraint of the constant 
overall density ∑ 𝜌𝜌𝑖𝑖 = 𝑁𝑁𝑖𝑖 , the equilibrium density distribution and chemical potential (relative 
activity) can be obtained. 
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Using this framework, we have developed a model that captures the essential physics of 
adsorption in IL-modified pore systems. We model the distribution of a fluid representing an IL using 
canonical MFDFT, where the number of molecules (or overall density) remains fixed. This initial 
condition reproduces the experimental stage when a methanol solution containing some amount of IL 
completely fills the pores of SBA-15. Starting from some initial guess for the uniform distribution of 
density, one can allow the system to relax in order to minimize the Helmholtz free energy (Equation 
(9)). This should lead to some new, uneven distribution of density of the model IL in the pores, which 
will depend on the pore structure and on the relative strength of the solid-fluid and fluid-fluid 
interactions, α. In the experiment, this step would correspond to the evaporation of methanol leaving 
only IL deposited in pores. Although the concentration of IL in the methanol solution changes, the 
amount of IL molecules occupying the pores of SBA-15 remains constant. It is also important to 
acknowledge that the solution of Equation (9) may result in a local minimum, corresponding to a 
metastable state. This could also be the situation in experiments, where the final distribution of IL 
within the pores corresponds to some “stuck” metastable state. Hence, the numerical modelling of the 
IL distribution within the pores using MFDFT is conducted in the canonical ensemble with fixed fluid 
density at T* = 0.9 and α equal to 0.75, 1.0, and 2.0 to simulate the partial and full wettability of the 
pore.38 

The structures obtained from these calculations represent model distributions of the IL inside an 
SBA-15 material. These structures serve as an input to the second stage of the modelling process. Here, 
we model nitrogen adsorption on the IL-modified structures and calculate adsorption isotherms that 
now reflect the pore structure of these new complex systems. In nitrogen adsorption simulations we 
do not distinguish IL sites and pore wall sites. In other words, the strength of interaction between 
nitrogen and the IL is equal to that between nitrogen and the pore walls. Previously, Naumov et al. 
showed that chemical heterogeneity of pore walls influences only the low pressure region associated 
with the formation of a nitrogen monolayer, while it does not affect the shape of the hysteresis loop - 
the region of most interest to this study.29 This allows us to model adsorption of nitrogen as a function 
of some geometrical changes in pores due to the presence of the confined IL. The appropriate 
statistical-mechanical framework to describe this adsorption process corresponds to the grand-
canonical ensemble and solution of Equation (3). Using this equation, we obtain adsorption and 
desorption isotherms by varying the chemical potential of the adsorbing fluid. For this step, we use T* 
= 1.0 and α equal to 3.0.24 This temperature corresponds to 2/3 of the bulk critical temperature 𝑘𝑘𝑐𝑐∗ =
1.5 for the simple cubic lattice gas in MFT. This fraction is comparable to that encountered in a 
nitrogen adsorption experiment near the normal boiling point, 𝑘𝑘 = 77 𝐾𝐾. Adsorption and desorption 
isotherms obtained from these calculations are then compared to the experimental isotherms. The 
application of MFDFT to the lattice model is approximate, providing only a qualitative comparison 
with the experiment. However, if the shape of the hysteresis loop matches that from the experiment, 
the fluid morphologies from MFDFT will reflect the phenomena occurring in the real systems.29 
Detailed derivations of MFDFT and parameters for the MFDFT calculations are reported in the 
Supplementary Information. 

2.4. Lattice pore models 

From experimental studies of SBA-15, it is known that this material features cylindrical 
mesopores of size 5-30 nm and a continuous network of intrawall micro- and smaller mesopores 
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connecting these main mesopore channels.39-41 The size of primary mesopores and the development of 
pore connectivity depend on the synthesis temperature, the procedure for the surfactant removal,39 and 
the heat treatment.42 In the construction of the lattice models of SBA-15, we have been inspired by the 
approach of Naumov et al.29,43 This model captures all essential features of the real SBA-15 material, 
such as the main mesopore, some corrugation of its surface, and intrawall pore network. In particular, 
in this study, the structure of SBA-15 is represented by the serially connected pore model illustrated 
in Fig. 3(a).44,45 The porous structure is formed by a linear chain of joined slit segments of different 
widths (Z) and equal length (X). The length of each segment is equal to 5 lattice sites, while the width 
varies randomly over the whole pore in such a way that the overall PSD obeys a Gaussian shape (Fig. 
3(b)) with the mean width equal to 8 sites and the standard deviation equal to 0.5 sites. This diameter 
is large enough to observe different metastable states of the confined fluid and, at the same time, is 
small enough to capture fluid condensation at a pressure lower than the bulk liquid saturation pressure 
(𝑝𝑝 𝑝𝑝0 < 1⁄ ).44 The intrawall pores are added with a random width every four segments as shown in 
Fig. 3(a). The width of intrawall pores along the x-direction has a uniform distribution from 2 to 6 
lattice sites unless otherwise stated. The total number of segments is equal to M = 500. Therefore, the 
total number of intrawall pores is equal to (𝑀𝑀 4� − 1) respectively. The total length of the channel (L) 
is equal to the sum of the total lengths of all pore segments and intrawall pores along the x-axis. All 
systems considered in this work are in periodic boundary conditions in x- and z-directions and are 
infinite in the y-direction. 

 
 

(a) (b) 
Figure 3. (a) Schematic representation of a pore channel consisting of slit segments with the mean 
width Z = 8 sites and length X = 5 sites, connected to intrawall pores of different widths along the x-
axis. The pore has periodic boundary conditions in x- and z-directions. (b) Pore size distribution of the 
pore channel without intrawall pores. 

A visual inspection of the 3D-reconstructed SBA-15 obtained by electron tomography31 and 
pore-filling process with fluid in30 revealed that rough spots on the surface and pore constrictions in 
channels serve as adsorption sites for fluid. With this in mind, we use two types of the same lattice 
pore model with and without the pore constriction as shown in Fig. 4(a, b) to reconstruct the possible 
scenarios of IL adsorption in the real material. We realize that dead-ends may also be present in 
primary mesopores of SBA-15. However, we avoid their consideration because this would lead to 
significant complication of the lattice models in Fig. 4(a, b). In this case, the model would contain at 
least two parallel primary mesopores: i) mesopores open at both ends, and ii) mesopores split into two 
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close-ended mesopores. Simulations of IL adsorbing in the pore model result in different IL structures 
as shown in Fig. 4(c) where, for example, droplets may form in the main mesopore and some portion 
of IL may also fill smaller intrawall pores. By changing initial conditions (fluid density, temperature, 
strength of fluid-solid interactions) the IL may also deposit in the form of layers or liquid bridges. Our 
preliminary calculations of nitrogen adsorption and desorption isotherms for the systems in Fig. 4(a-
c) placed in the periodic boundary conditions, led to the appearance of a broad hysteresis with the 
pore-emptying step at very low pressure. In the absence of a direct interface with the bulk gas phase 
or some other initial nucleus of the vapor phase, the system tends to get stuck in the metastable state 
until the limit of stability of the liquid nitrogen in the pore is reached.29,46 To avoid this situation a 
single model pore containing IL and intrawall pores (Fig. 4(c)) was surrounded by a bulk gas layer of 
10 lattice sites (Fig. 4(d)). This model has a finite length (L) and is used for the studies of nitrogen 
adsorption (Fig. 4(d)) and desorption (Fig. 4(e)) processes. The contact with the bulk gas is essential 
for a correct description of equilibrium evaporation of liquid-like condensate in an open pore in Fig. 
4(e). In particular, this model allows us to catch the development of vapor-liquid interfaces 
(represented by receding menisci) on the desorption branch of the hysteresis loop.30 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Figure 4. Lattice pore models used in this study: (a, b) the infinite empty pore channels with one pore 
constriction placed in the middle of the pore and without it respectively and used for adsorption of IL 
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in the canonical ensemble; (c) the infinite pore containing adsorbed IL (red lattice sites), which further 
serves as the input pore for nitrogen adsorption and desorption calculations in (d); (d) the pore of finite 
length with pre-adsorbed IL used for nitrogen adsorption and surrounded by the bulk gaseous nitrogen; 
red droplets of IL reduce the width of the mesopore leading to the appearance of pore narrowings 
within the mesopore body, while narrow pore openings appear at both ends of the pore and provide 
access to the bulk gas; (e) the pore of finite length with pre-adsorbed IL containing adsorbed nitrogen 
(black lattice sites) and surrounded by the bulk gaseous nitrogen. For (d) and (e) only the right side of 
the pore is shown. The width of intrawall pores ranges from 2 to 6 lattice sites. Adsorption and 
desorption of nitrogen are conducted in the grand canonical ensemble. The lattice sites for IL and N2 
are shaded using 10 shades of red and gray respectively with darker shades denoting higher densities. 

In the system containing IL, we may anticipate hysteresis phenomena associated with how the 
IL modifies the pore geometry and network topology. A vivid example of how the pore geometry and 
network change is presented in Fig. 4(c) and (d). Here, droplets of IL modify the mesopore leading to 
the appearance of pore narrowings and narrowing down the existing pore openings connecting the pore 
space to the bulk gas as illustrated in Fig.4(d). The intrawall pores are also filled with the IL. Therefore, 
we may envision a situation when the main mesopore has no other access to the bulk gas phase other 
than through pore-narrowings. From the perspective of the desorbing nitrogen, this system corresponds 
to the ink-bottle geometry and some pore blocking or cavitation effects would be expected depending 
on how narrow the pore openings have become.36 Similarly, if IL bridges form in the main mesopore 
it is possible to anticipate the disappearance of the hysteresis loop due to advanced adsorption.28 Later 
in the work, we will consider these situations in more detail and discuss how these pore network effects 
can be related to particular distributions of confined ILs at different conditions. 

3. Results and Discussion 

3.1. Nitrogen sorption experiments 

The N2 adsorption and desorption isotherms for SBA-15 impregnated with ILs [C4C1Im]+[PF6]– 
and [C2C1Im]+[Tf2N]– are presented on a linear scale in Fig. 5(a) and (b), respectively, for different IL 
loadings. All isotherms are of type IV(a) that feature an H1 hysteresis.47 The fit (black and red curves) 
calculated from NLDFT as described above is accurate for the higher pressure region, where the 
hysteresis loop is observed, and less accurate for low-pressure adsorption, where fluid-solid 
interactions are susceptible to the chemical composition of the surface. The location, shape, and size 
of the hysteresis loop contain information about the mesopore structure and its connectivity via the 
intrawall network. The main objective of the experimental part of the study is to extract this 
information and propose possible pore-filling mechanisms for the two ILs confined in the main 
mesopores and intrawall pores, using standard NLDFT. 

According to Fig. 5(a) filling silica pores with different amounts of IL [C4C1Im]+[PF6]– does not 
change the shape and location of the hysteresis loop, but only reduces the amount of N2 adsorbed due 
to the loss of the free pore volume. In contrast, in the [C2C1Im]+[Tf2N]– impregnated samples, the 
hysteresis loop shifts to lower pressure as the loading of the IL increases (the vertical dashed guidelines 
in Fig. 5(b) help to see this effect). 
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To understand the pore-filling mechanism, we analyze how the cumulative surface area, free 
pore volume, and PSD change as pores of SBA-15 are filled with the gradually increasing amount of 
the IL. Here, a fraction of the pore volume occupied by the IL is defined as the pore-filling degree (δ) 
and is equal to VIL / VSBA-15, where VSBA-15 is the volume of pure SBA-15 normalized to the mass fraction 
of SBA-15 of the corresponding SIL sample as was described for the case presented above in Fig. 2. 
This analysis is presented in Table 1 and Fig. 5(c) and (d) for the desorption branch of the isotherms 
shown in Fig. 5(a) and (b). Each sample containing a certain volume of IL (VIL), is characterized by its 
total surface area (Stotal) and pore volume (Vtotal) measured in the experiment. Impregnation of IL into 
the porous support leads to the loss of the surface area (ΔS2/ΔS1) and volume (ΔV2/ΔV1) of the main 
mesopores. Depending on the local structure of the mesopores and pore network, the IL may block 
some fraction of the mesopores due to liquid bridging. To find out whether the prepared samples 
contain blocked volume (Vblock), we compare Vtotal to Vfree. Volume Vfree is defined as the expected free 
pore volume calculated as the difference between the free volume of pure SBA-15 and the volume of 
the IL taken for impregnation. If these values are close to each other, then Vblock approaches 0 %. 
According to the table, we conclude that the pore volume of all samples is accessible to nitrogen (Vblock 
< 5 %). The IL also fills intrawall micro- and mesopores. As discussed in the Methodology section, 
ΔViwall gives the amount of IL present in these intrawall pores, while (ΔV1-ΔV2) corresponds to the 
volume of IL present in the main mesopores. Hence, the sum ΔViwall + (ΔV1-ΔV2) should be equal to 
the total volume of added IL (VIL). Any small difference between these two values can be attributed to 
experimental errors and/or the use of the room temperature IL density for calculating the volume. 

3.1.1. SIL [C4C1Im]+[PF6]– 

Table 1 (samples 1-4) summarizes the effects of filling SBA-15 with IL [C4C1Im]+[PF6]–. Filling 
about 21 vol.% of the free pore volume with [C4C1Im]+[PF6]– does not change the surface area (ΔS2/ΔS1 
≈ 100 %) and pore volume (ΔV2/ΔV1 ≈ 100 %) of the main mesopores. Importantly, the amount of IL 
added to SBA-15 (VIL) is almost equal to the free volume of intrawall pores and of the main mesopores 
lost upon impregnation ΔViwall + (ΔV1-ΔV2). Together with PSDs in Fig. 5(c), we argue that the main 
mesopores are not filled with the IL, while the intrawall micro- and mesopores gradually become filled 
resulting in the loss of the corresponding pore volume. It is also possible that rare patches of IL may 
randomly form in the main mesopore, which do not affect the overall shape of the isotherm and PSD. 
Adding more IL significantly changes the porosity of sample 4, where half of the pore volume is filled 
with the IL. The first noticeable change is in the surface area and pore volume of the main mesopores 
that reduce equally by almost 50 %. Furthermore, the main peak in the PSD does not change its position 
and shifts only downward relative to samples 1-3 indicating that some portion of the mesopores is 
completely filled with the IL, while the remaining portion is empty. This analysis allows us to 
hypothesize a plausible pore-filling mechanism for SBA15 and [C4C1Im]+[PF6]–, which is 
schematically illustrated in Fig. 5(e). At low loadings (steps 1 and 2), the IL fills intrawall micro- and 
mesopores without altering the morphology and chemical composition of the main mesopores. 
Simultaneously, some rare patches of IL may form in the main mesopore (step 3). At a higher loading 
(step 4) the IL forms a liquid bridge in the main mesopores which spreads along the pore. 
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(e) (f) 
Figure 5. (a) and (b) Nitrogen adsorption and desorption isotherms measured at 77 K for SBA-15 
impregnated with IL, [C4C1Im]+[PF6]– or [C2C1Im]+[Tf2N]– respectively for different pore filling 
degrees. Dots are the experimental results; lines are the fitted isotherms obtained from NLDFT with a 
kernel for silica and carbon cylindrical pore shape; black and red colors correspond to adsorption and 
desorption branches of the isotherm. (c) and (d) NLDFT pore size distributions obtained from 
desorption isotherms of pure SBA-15 (black), and filled with the IL for the following pore filling 
degrees (c) [C4C1Im]+[PF6]–  - 12,8 % (red), 20.6 % (blue), 48.5 % (orange); and (d) [C2C1Im]+[Tf2N]– 
- 11.0 % (red), 31.2 % (blue), 54.5 % (orange), 91.7 % (green). (e) and (f) Illustrations of the 
hypothesized pore filling mechanism for [C4C1Im]+[PF6]– and [C2C1Im]+[Tf2N]–, respectively. 
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Table 1. Pore structure characterization of SBA-15 impregnated with [C4C1Im]+[PF6]– or [C2C1Im]+[Tf2N]–. 

# Composition, VIL VSBA-15 Stotal ΔS1 ΔS2 
∆𝑆𝑆2
∆𝑆𝑆1

 Vtotal ΔV1 ΔV2 
∆𝑉𝑉2
∆𝑉𝑉1

 Vfree ΔViwall 
ΔViwall + 
(ΔV1-ΔV2) 

Vblock δ 

SBA-15 IL ml/g ml/g m2/g m2/g m2/g % ml/g ml/g ml/g % ml/g ml/g ml/g % vol.% 
[C4C1Im]+[PF6]– 

1 1.000 0.000 - 0.725 653 - - - 0.725 - - - 0.725 - - 0,0 0.0 
2 0.877 0.123 0.090 0,636 326 216 202 94 0.523 0.400 0.375 94 0.546 0.088 0.113 3.55 12.8 
3 0.816 0.185 0.135 0,591 240 204 210 103 0.437 0.369 0.390 106 0.456 0.174 0.153 3.15 20.6 
4 0.653 0.347 0.254 0,473 121 161 84 52 0.212 0.291 0.156 54 0.219 0.128 0.263 1.47 48.5 

[C2C1Im]+[Tf2N]– 
5 1.000 0.000 - 0.710 624 - -  0.710 - - - 0.710 - - 0.0 0.0 
6 0.894 0.106 0.070 0,635 406 198 191 96 0.534 0.396 0.363 92 0.565 0.066 0.099 4.93 11.0 
7 0.748 0.252 0.166 0,531 228 167 168 101 0.369 0.331 0.289 87 0.366 0.119 0.161 -0.62 31.2 
8 0.630 0.370 0.244 0,447 128 139 124 89 0.210 0.278 0.197 71 0.203 0.155 0.236 -1.38 54.5 
9 0.503 0.497 0.328 0,357 20 112 17 15 0.036 0.222 0.030 13.5 0.030 0.125 0.317 -1.85 91.7 
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3.1.2. SIL[C2C1Im]+[Tf2N]– 

We now explore how the IL [C2C1Im]+[Tf2N]– deposits inside SBA-15. The most notable 
difference in comparison to adsorption of [C4C1Im]+[PF6]– is that the main peak in the PSDs (Fig. 5(d)) 
gradually shifts from 7 to 6 nm as the pore filling degree (δ) increases from 11 to 92 vol.%. At a low 
loading corresponding to δ = 11 vol.%, the main peak in the PSD broadens and negligibly shifts by 
0.11 nm (Fig. 5(d)) alluding to random adsorption of small ion pairs at active sites that perturb the 
morphology of the main mesopores. The presence of these small IL patches does not significantly 
change the surface area and mesopore volume of the support as shown in Table 1 (sample 6). This 
means that most of the IL fills a fraction of intrawall pores with a size of less than 5 nm as evidenced 
from a rough equality of VIL and Viwall in Table 1(sample 6) and a downward shift of the PSD curve 
Fig. 5(d). 

Further addition of the IL (Table 1 (sample 7)) reduces the available mesopore volume (ΔV2 < 
ΔV1), although the surface area does not change (ΔS2 ≈ ΔS1). To propose a mechanism for IL 
adsorption, we investigate the relation between the surface area and volume for the cylindrical pore 
and the thickness of the adsorbed IL layer. (see Supplementary Information). These calculations are 
based on the assumption that the IL uniformly covers the surface of the pore. Applying Equation (S27) 
to sample 7, we derive the average thickness of the adsorbed IL layer to be equal to 0.25 nm. The main 
peak in the PSD (Fig. 5(d)) shifts by 0.5 nm to a smaller pore width, which is consistent with the 0.25 
nm thickness of the film. However, the physically meaningful value of the monolayer is approximately 
equal to 0.5 nm.4,48 These results imply that the IL covers the surface of the main mesopores non-
uniformly with a monolayer of approximately 0.5 nm thickness leaving some portions of the surface 
area uncovered. 

At a higher loading (Table 1 (sample 8)) the IL completely fills intrawall pores and covers the 
surface of mesopores with a monolayer as evidenced from a reduction of the surface area and free pore 
volume. Using the relation (S27) in the Supplementary Information, we find that a uniform monolayer 
with a thickness of 0.5 nm forms in the main mesopores. Additionally, the main peak in Fig. 5(d) shifts 
by 1.0 nm confirming the monolayer formation. 

Finally, at the highest loading, we observe significant changes in the porous structure of the 
impregnated sample 9 (Table 1). In particular, the surface area and pore volume equally reduce by 
about 85 % resulting in almost complete filling of the main mesopores with the IL. The PSD diagram 
(green curve) in Fig. 5(d) does not shift with respect to the diagram for sample 8 (orange curve). It 
seems that once a monolayer is formed, further pore filling proceeds through the formation of a liquid 
bridge and its growth along the pore. 

Based on the analysis above, we propose a different pore-filling mechanism for SBA-15 and 
[C2C1Im]+[Tf2N]–, which is schematically illustrated in Fig. 5(f). At low loadings, the IL fills a portion 
of intrawall pores and also randomly adsorbs on active sites of the main mesopores (step 1). At higher 
loadings, the IL completely fills smaller intrawall pores and partially covers the surface of mesopores 
with a monolayer (step 2), which eventually spreads over the whole surface area (step 3). Once the IL 
completely covers the surface, further addition of the IL induces the formation of the liquid bridge in 
the main mesopores, which then grows along the pore (step 4). 
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3.2. Mean-field density functional theory calculations 

The observed differences in the two pore filling mechanisms in Fig. 5(e) and (f) are most likely 
due to different relative strengths of the surface and liquid interactions, α. To test this hypothesis, we 
use numerical simulations based on MFDFT. Usually, this theory is used to study the underlying 
principles of N2 or Ar sorption at 77 or 87 K to explain metastability of fluid under confinement in the 
region of the hysteresis loop and to extract information about the pore structure of different 
materials.27,29,31,44,49-51 Here, we adopt MFDFT to study the adsorption of ILs in the canonical 
ensemble. The important implication of this approach is that it allows us to change the relative strength 
of solid-fluid and fluid-fluid interactions and, therefore, directly observe possible scenarios of fluid 
(IL) distribution in pores. Applying the same theory to these hypothetical systems already containing 
IL, we calculate N2 adsorption and desorption isotherms in the grand-canonical ensemble and use them 
to explain the trends observed in the experiments. 

Figure 6 provides the isotherms calculated from MFDFT for N2 adsorption in and desorption 
from model pores containing different amounts of IL. Pore size distributions of the main mesopore 
and intrawall pores are shown in the bottom panels. The amount of confined IL is expressed as a 
relative density of lattice sites occupied by the IL (red sites in visualizations) to the total number of 
lattice sites in the pore. Our preliminary calculations showed difficulty in finding solutions for MFDFT 
in the canonical ensemble (Equation (9)) when a high density of IL is initialized. Therefore, in Fig. 6 
we do not consider cases for high IL loadings. Visualizations of two representative sections of the pore 
model illustrate the behavior of the IL at a particular loading in intrawall micro- and mesopores and in 
the main mesopore. 

3.2.1. Non-wetting IL (α = 0.75) 

For the case where the IL partially wets the surface of the pore (α = 0.75),46 we used a lattice 
pore model with intrawall pores ranging in size from 2 to 6 lattice sites and with an increased fraction 
of 6-sites intrawall pores to avoid delayed desorption effects as discussed in section 2.4. According to 
Fig. 6(a) and (d) adsorption of the IL does not influence the shape and location of the N2 hysteresis 
loop (top panels). These theoretical isotherms qualitatively agree with N2 sorption experiments for 
SBA-15 impregnated with [C4C1Im]+[PF6]–. This important result implies that the behavior of the IL 
derived from MFDFT is representative of the real behavior of the IL confined in SBA-15. At a low 
loading (0.078), the IL fills only small intrawall pores as indicated from the corresponding PSD and 
visualization (Fig. 6(a)). At higher loadings (0.110-0.133) the IL starts to fill larger intrawall pores and 
forms droplets on the surface of the main channel. The presence of droplets does not change the PSDs 
of the main channel. These results support our tentative proposition earlier on that rare patches of 
[C4C1Im]+[PF6]– may randomly form in the main mesopores as illustrated in step 3 in Fig.6(e). Further 
addition of IL (0.271) leads to complete filling of small intrawall pores with a width of less than 5 
lattice sites. Moreover, the IL creates multiple liquid bridges that completely fill some portions of the 
pore. The presence of the 2-site constriction in the main channel (Fig. 6(d)) does not influence the pore 
filling mechanism except that this narrowing serves as an additional active site initiating IL bridging 
at low IL loading (0.089). In spite of the presence of IL bridges all unfilled sections of the mesopore 
have access to the bulk gas surrounding the pore through wide intrawall pores. 
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Figure 6. Density isotherms or average fractional occupancy (top panels) for the lattice model of N2 in slit pores without (a-c) and with (d-f) a single pore 
constriction and also containing pre-adsorbed IL. Bottom panels contain PSDs at different IL loadings and corresponding visualizations of slit pores. 
Visualizations illustrate how ILs are distributed at different loadings and the strengths of interaction, α: (a, d) 0.75, (b, e) 1.0, (c, f) 2.0. Each visualization 
shows some representative sections of the pore channel to illustrate the specific behavior of ILs at a particular loading (hence, the choice of the visualized 
section may change from loading to loading in the panels above). 
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3.2.2. Well-wetting IL (α = 1.0 and 2.0) 

To study the adsorption of ILs with relatively stronger liquid-solid interactions (α = 1.0 and 2.0) 
we used a lattice pore model with a uniform distribution of intrawall pores with the size of 2-4 lattice 
sites. Our preliminary simulations revealed that including larger intrawall pores leads to additional 
effects, not seen in experiments. In particular, the isotherms exhibited delayed desorption or multiple 
condensation steps in the order of the increasing diameter of intrawall pores. These isotherms are 
presented in Fig. S6. 

In comparison to partially wetting ILs, adsorption of stronger surface interacting ILs (α = 1.0, 
2.0) proceeds through a different mechanism shown in Fig. 6(b, e) and (c, f). At low loadings (yellow 
curves), the IL tends to fill intrawall pores without affecting the morphology of the main mesopore 
channel that is reflected in minor changes of hysteresis loops. Increasing the amount of added IL (red 
curves) leads to partial adsorption of the IL on active sites (undulated regions) of the surface. The PSD 
becomes smoother and the N2 hysteresis loop shifts to lower relative activity (relative pressure). An 
additional amount of IL spreads over the surface completely covering the surface with a monolayer 
(dark red curves). Interestingly, once a monolayer is formed, further addition of the IL leads to the 
appearance of a single liquid bridge (black curves), which grows along the channel. The presence of 
the constriction in the main channel induces IL bridging at lower IL loading as seen in Fig. 6(e, f). 
Once the liquid bridge forms in the main mesopore, the pore on each side of the bridge becomes 
essentially a closed-ended slit pore model.24,28 For the system with α = 1.0, there is parity between 
liquid-solid and liquid-liquid interactions which results, on the one hand, in liquid bridging, and, on 
the other hand, in partial coverage of the surface with the monolayer at higher IL density equal to 0.329 
as shown in visualization in Fig. 6(e)). As a result of forming the monolayer, the mean size of the pore 
channel reduces from 8 to 6 lattice sites and the hysteresis loop is shifted to lower relative activity in 
the nitrogen adsorption studies. These results indicate that the changes in the theoretical isotherms and 
PSDs are qualitatively similar to those observed in the experiment for samples of SBA-15 impregnated 
with [C2C1Im]+[Tf2N]– (Fig. 5(b, d)). Importantly, the pore-filling mechanism revealed by MFDFT in 
Fig. 6(c, f) reproduces the proposed mechanism in Fig. 5(f) derived from the experiment. 

3.3.3. Pore-network effects 

In addition to reproducing essential features of experimental isotherms for impregnated silica 
and revealing the pore-filling mechanism, the applied MFDFT calculations, and created lattice pore 
models allow us to correlate the shape of N2 isotherms to the pore network effects. In particular, we 
can explore under what conditions i) portions of the main channels can become isolated; and ii) 
advanced adsorption and pore-blocking can occur. 

Firstly, the main channel can have access to the bulk vapor phase either directly or indirectly 
through the network of intrawall micro- and mesopores. Having these intrawall channels filled with 
the IL isolates the main channels from each other, and in the current models this happens if the 
intrawall pores have the width of 4 lattice sites or less. For these conditions, there are two possible 
effects. The first one is the isolation of some portions of the main channel due to the formation of 
multiple liquid bridges. In this case, the isolated volume is not accessible to nitrogen molecules and 
the resulting pore volume measured in experiments will be significantly reduced. In the second case, 
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the IL adsorbed in the main channel may form constrictions leading to the ink-bottle shape of the pore. 
In nitrogen sorption experiments, this newly-formed shape of the pore induces the cavitation effect 
and associated with it a delayed nitrogen desorption isotherm.28 In Fig. 6(c, f) we observe a pronounced 
tail in the desorption isotherms at 𝜆𝜆 𝜆𝜆0 = 0.65⁄  for pore models containing a wetting IL (α = 2.0) at 
densities 0.370 and 0.394 respectively. Figure 7 visualizes a region of the pore containing IL at a 
density of 0.370 (Fig. 6(c)) where delayed desorption is observed (a similar situation is observed for 
the sample containing 0.394 of IL from Fig. 6(f)). This region is isolated from the bulk gas phase 
because all intrawall pores of widths 2-4 sites are filled with the IL (red sites). Moreover, the 
monolayer of the IL creates pore narrowings with the width of 4 sites at both sides of the region. These 
newly-formed pore-narrowings delay emptying of the pore via the cavitation effect. In this example, 
the cavitation effect is minor and can be seen by the presence of less dense fluid in wide segments of 
the pore. These results show that the MFDFT simulations can effectively be used to explain the reasons 
for observing delayed desorption of nitrogen at 77 K for adsorbents containing an IL. Although our 
experimental isotherms for SBA-15 do not show any delayed desorption, this effect cannot be excluded 
for other materials with a different pore structure. Furthermore, the two described effects, i.e. pore 
isolation due to liquid bridging and formation of pore constrictions or narrowings can be eliminated if 
the pore network is well developed and consists of wide intrawall pores. In application to SBA-15, the 
material should have a narrow mesopore size distribution, such that the diameter of intrawall pores 
and the main mesopores is the same. 

 
(a) 

 
(b) 

Figure 7. Visualizations of fluid density states in the lattice pore model with the mean width of the 
main mesopore 8 lattice sites and uniformly distributed widths of intrawall pores from 2 to 4 lattice 
sites surrounded by the gas phase. Visualizations show desorption of N2 (black sites) from the pore 
containing pre-adsorbed IL (red sites) with density 0.370 in Fig. 6(c): (a) 𝜇𝜇∗ = -3.445; (b) 𝜇𝜇∗ = -3.450. 
Cavitation effect points to the bubbles of slightly lower density (dark grey in (a)) inside the pore 
segments filled with nitrogen. 

Previously, Monson and Sarkisov found that nitrogen adsorption in close-ended pores proceeds 
through an equilibrium phase change, thus, eliminating the hysteresis loop.24,28 This implies that the 
IL bridges present in SILs may also influence the shape of the hysteresis loop measured in N2 sorption 
experiments. To test this hypothesis, we modelled two lattice pores shown in Fig. S7. They consist of 
a single slit pore of a length of 200 sites and a width of 8 sites closed at one end. The model in Fig. 
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S7(b) also has a narrowing with a width of 6 sites. These close-ended pores can be considered as pores 
containing the IL bridge. 

Figure 8 depicts nitrogen sorption isotherms calculated for these two models. The black isotherm 
exhibits a very narrow hysteresis loop indicating that adsorption and desorption of the fluid correspond 
to the equilibrium phase change, which is the characteristic of the close-ended pores. Interestingly, the 
pore narrowing changes the desorption curve (red curve) and shifts the equilibrium phase transition to 
a lower relative pressure, which agrees with the desorption from a pore with a width of 6 sites. A 
detailed analysis of pore filling and emptying in Fig. S7 clearly shows that the narrowing leads to a 
pore-blocking effect. This implies that even if the pore is closed at one end the presence of narrowings 
or surface undulations created by the confined IL will lead to the appearance of the hysteresis loop. 
This explains why in the experiment we observe the hysteresis loop for samples where IL bridges 
form. 

 

 

 

Figure 8. Density isotherms or average fractional occupancy (left panel) for the lattice model of N2 in 
slit pores of 8-sites width without (black) and with (red) a single pore narrowing of 6-sites width as 
shown in the right panel. The whole length of pore models is shown in Fig. S7 of the Supplementary 
Information. 

Let us now assume that the red isotherm in Fig. 8 is measured in the experiment. The analysis of 
the adsorption branch would yield a PSD corresponding to the pore width of 8 sites. In contrast, the 
desorption branch would yield two peaks at widths of 8 and 6 sites. The influence of the pore-blocking 
effect on the resulting PSD is well-known and has been investigated extensively for SBA-15 by 
Guillet-Nicolas and co-authors.52 However, in our experiments we obtain similar PSDs obtained from 
the adsorption and desorption branches of the isotherms for SBA-15 impregnated with 
[C4C1Im]+[PF6]–. Considering the broad diversity of structures that ILs may form under confinement, 
this issue requires further investigation that will be pursued in future research. 
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4. Conclusions 

Ionic liquids confined in porous materials exhibit complex behaviour that is different from the 
bulk behaviour and is challenging to predict. Using nitrogen sorption experiments combined with an 
advanced pore structure characterization technique based on NLDFT, we determined correlations 
between changes in the surface area and pore volume of silica material SBA-15 and possible structures 
of the confined IL deposited inside pores. This allowed us to hypothesize two different step-by-step 
pore-filling mechanisms that explain the adsorption behaviour of the two contrasting ILs. Using 
MFDFT calculations for a lattice model of a single mesopore with a network of intrawall pores, we 
explored the two proposed pore-filling hypotheses. Importantly, we showed that the theory 
qualitatively reproduces experimental nitrogen isotherms and PSDs, thus, providing plausible 
confirmation of our hypotheses. We found that the key factor influencing the pore-filling mechanism 
is the relative strength of liquid-solid interactions compared to liquid-liquid interactions and, to a lesser 
extent, the presence of surface undulations and constrictions that serve as active sites of adsorption for 
ILs. 

According to our findings, adsorption of IL [C4C1Im]+[PF6]– is described by weak surface-liquid 
interactions over much stronger liquid-liquid interactions α = 0.75, and proceeds through filling the 
smaller intrawall pores and partial wetting of the main pore when rare IL patches randomly form on 
the surface. Finally, multiple liquid bridges form and grow in size, reducing the available pore volume. 
Adsorption of this IL negligibly changes the chemistry and inner structure of mesopores, hence, does 
not affect the position of the main peak in the PSD. In contrast, the IL [C2C1Im]+[Tf2N]– deposits on 
the silica surface through a different mechanism governed by strong surface-liquid interactions α > 1. 
Along with filling the intrawall pores, the IL wets the surface covering it with a monolayer. This shifts 
the maximum of PSD to lower pore widths. Finally, the IL forms a single liquid bridge, which 
continually spreads along the pore as the amount of added IL increases. 

Using MFDFT simulations we also provide an explanation of possible pore-blocking and 
cavitation effects induced by the deposited IL. We argue that these effects depend not only on the size 
of the main mesopores but to a significant extent on the structure of the intrawall pore network. Indeed, 
for a system with narrow intrawall pores filled with IL, we observed a scenario where additional 
network effects manifest themselves during the nitrogen desorption process as a result of the IL in the 
main channel creating ink-bottle-like segments. Although some of these effects have not been 
observed experimentally, the MFDFT points to their possibility and the required conditions. 

Finally, we demonstrated that the applied MFDFT approach provides a useful and simple 
framework to guide the interpretation of nitrogen sorption experiments. Being computationally 
efficient, MFDFT and lattice models can be used to quickly chart a map of possible behaviors of ILs 
in the porous system. It also provides additional insights into complex pore network effects 
complementing the available experimental techniques. Furthermore, we envision that these simple 
models are employed to propose new structures with specific adsorptive behavior to guide the 
experimental synthetic campaign in a search for more efficient materials and promising applications. 
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