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The properties of ionic liquids on ordered and non-ordered mesoporous silicas (silica gel,
MCM-41, SBA-15) were
thermogravimetric analyses, as well as '*?Xe-NMR spectroscopy. The ionic liquids

studied by nitrogen sorption, mercury intrusion and
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Accepted ooth January 2012 investigated are based on the 1-hexyl-3-methylimidazolium cation, which was combined
with low  (bis(trifluoromethanesulfonyl)imide; [NTf;]), medium
(trifluoromethylsulfonate; [CF;SO;]") to high (acetate; [OAc]) basicity. The surface

coverage depends on both, the type of ionic liquid and support used. This results not only in
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layer or droplet formation, but also in different physico-chemical properties of the ionic

liquid when compared to the bulk, depending mainly on the strength of interaction at the
interface. Furthermore, the mercury intrusion analysis of mesopores is shown not to be

suitable for supported ionic liquids.

Introduction

In 2002, Mehnert et al. introduced Supported Ionic Liquid
Catalysis (SILC) on the example of hydroformylation and
hydrogenation. The catalyst material consisted either of a
covalently anchored ionic liquid on silica gel, on which
additionally a solution of a catalyst-containing ionic liquid was
physisorbed,' or only of a physisorbed ionic liquid supported on
silica gel.? This approach of immobilising ionic liquids was
extended by Riisager and Wasserscheid, who extensively
investigated SILP (Supported Ionic Liquid Phase) materials for
various gas or liquid phase reactions.”

Nowadays, SILP materials are defined as materials that feature
a solid porous support containing a certain amount of
physisorbed and/or covalently anchored ionic liquid, and in
which a well-defined molecular catalyst is dissolved. If, on the
other hand, a solid catalyst (dispersed in the ionic liquid,
deposited on the support, or acting as carrier itself) is present,
the material is referred to as Solid Catalyst with Ionic Liquid
Layer (SCILL)."®

Irrespective of the physical state of the catalyst, Supported
Tonic Liquid-type materials (from hereon referred to as SIL)

have been used in several reactions, such as
hydroformylations,> ° hydrogenations,” 7 ® '3 the water-gas
shift reaction,' hydroaminations,]5 Heck reactions,'®
epoxidations, 17 etc.. These reactions have been reported to

proceed with good reaction rates, leading to high yields and
often improved selectivities,'® as well as improved catalyst
stability.® Other applications lie in the areas of gas cleaning,
e.g. removal of sulfur-containing compounds from
hydrocarbons, and gas separations.'”? These and other
applications, as well as derivatives of SIL-type materials have
been reviewed.’*?° Compared to processes using non-confined
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ionic liquids in the bulk phase, SIL concepts feature a
tremendous reduction of ionic liquid inventory and hence
process costs, a potential improvement where mass transfer
limitations play a role due to an increased interface (catalysis
in the diffusion layer), and the possibility to operate
continuously, using fixed bed reactors. Furthermore, the large
variability of the ionic liquid structures that can be applied offer
the advantage of being able to control the interface properties of
the materials regarding e.g. the solubility of the starting
materials or intermediates, and thermal stability.” o

A typical model representation of the circumstances in SILP
catalysis is shown in Figure 1.> A non-ordered silica gel with a
homogeneous layer of ionic liquid of constant thickness is implied,
in which a molecular catalyst is dissolved. Earlier findings of some
of us showed that the physical properties of ionic liquids in
confinement deviate tremendously from those of the bulk phase, as
demonstrated by a combined temperature-resolved *H and "°F solid-
state Nuclear Magnetic Resonance (NMR) spectroscopic and
differential scanning calorimetric study of perdeuterated N-
ethylpyridinium  bis(trifluoromethanesulfonyl)imide confined in
silica gel. The confined salt showed only one broad phase transition
(at 215-245 K; solid II/liquid), indicating solidification as
amorphous phase, while the bulk ionic liquid showed two phase
transitions (at 287-289 K; solid II/solid I; rotation of the ethyl group,
and 298-306 K, solid I/ liquid). Hence, the solid-liquid transition of
the ionic liquid in confinement is reduced by 80 K when compared
to the bulk material.*® Related solid-state NMR studies of 1-ethyl-3-
methylimidazolium bis(trifluoromethanesulfonyl)imide
([Cmim][NTf;]) confined in technical grade silica gel 100 (0-56
vol.%) indicated surface-alkyl chain interactions at low loadings."
In general, in the majority of cases, studies of the solid-ionic
liquid interface are carried out on non-porous substrates using a
macroscopic, thick film, demonstrating the formation of solid-
like layered structures parallel to the surface, independent of the
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ionic liquid and type of substrate used.’'** More recent Angle-
Resolved X-ray Photoelectron Spectroscopy (ARXPS) studies
on ultrathin imidazolium-based ionic liquid films give
information on the molecular arrangement of the ions on the
surface at low loadings.**** For example, a bilayered structure
for the first [C,mim][NT{;] layer on glass is reported, with the
cation in direct substrate contact, and the anion arranged above
the cation, which agrees well with molecular dynamics
simulations.*®** At higher loadings, three-dimensional island
growth on top of the first layer is observed. Similar results were
obtained in a study combining Atomic Force Microscopy
(AFM) and ARXPS investigating 1,2-dimethyl-3-
propylimidazolium bis(trifluoromethanesulfonyl)imide on a
silicon wafer.** In contrast, a checkerboard-type arrangement
was found on Au(111) with cations and anions adsorbed next to
each other on the surface.*

Furthermore, some empirical evidence exists showing that the
choice of the confinement of ionic liquids affects the outcome
of chemical conversions. Hence, Yang et al. have demonstrated
in the hydroformylation of hexene that the reaction rate and
selectivity were improved when using the ionic liquid 1,1,3,3-
tetramethylguanidinium lactate supported on MCM-41
compared to silica gel.’ Additionally, the influence of the
solvation layer of ionic liquids on electrochemical reactions
was shown by Endres et al..*” These findings demonstrated how
the wetting behavior and molecular arrangement of ionic
liquids at the ionic liquid-solid interface depends on the specific
interactions of both components and thus are of vital
importance for many applications.

We were thus wondering whether the spectroscopic
observations made for non-porous supports are also observed in
systems with defined porosity, and whether the topology is
affected by the amount of ionic liquid loading. In other words,
is the commonly assumed model (Figure 1) representative for
the real circumstances in confinement, and does a layer of
homogeneous thickness form? Furthermore, are the textual
properties of SIL-type materials affected by the type of ionic
liquid and/or the type of support material chosen?

In an attempt to answer these questions, we chose to investigate
several solid support materials based on silicate (non-ordered silica
gel (MB), ordered mesoporous MCM-41, micro- and mesoporous
SBA-15) in combination with a range of ionic liquids which feature
anions of different basicity ‘> ' by nitrogen sorption, mercury
intrusion,  thermogravimetric  analyses and  '*’Xe-NMR
spectroscopy. For this purpose, the solid supports were loaded by
incipient wetness impregnation from solutions of the respective ionic
liquid in acetone, using different concentrations of ionic liquid. After
removal of acetone in vacuo, materials resulted with ionic liquid
loadings between 5 and 85 wt.%, hence representing typical loadings
used in catalytic applications.

Products

Reactants

SIL Catalyst Particle

Figure 1: Schematic illustration of the Supported Ionic Liquid Phase
(SILP) catalyst concept.
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Experimental

Support Preparation

Spherical silica gel MB 75-200 (herein referred to as MB) from Fuji
Silysia Chemicals Ltd. was dried at 423 K. Spherical MCM-41 was
synthesised from silica gel MB 75-200 (Fuji Silysia Chemicals Ltd.;
dried at 423 K) by pseudomorphic transformation.***° 42 ¢cm® of an
aqueous cetyltrimethylammonium hydroxide solution (0.08 M) was
added per 1 g MB 75-200 in a Teflon container and kept under static
conditions for 72 h at 393 K under autogenous pressure. The
material was filtered, washed with deionised water and calcined at
812 K for 6 h in air to remove the surfactant. SBA-15 was
synthesised similar to the procedure of Zhao et al..*" > One gram of
Pluronic P123 was dissolved in a mixture of 15 g water and 30 g
HCI1 (2N) at 308 K. After dissolution, 2.1 g of tetracthylorthosilicate
was added dropwise. After aging for 24 h, the resulting mixture was
kept under static conditions for 48 h at 363 K in a Teflon container
under autogenous pressure. The resulting material was filtered,
washed with deionised water and calcined at 813 K for 6 h to
remove the surfactant.

Ionic Liquids

1-Hexyl-3-methylimidazolium  bis(trifluoromethanesulfonyl)imide
([Cemim][NTH,], Lot EQ500831) and 1-hexyl-3-methylimidazolium
trifluoromethanesulfonate ([Cgmim][OTf], Lot S4907466 745) were
purchased from Merck and wused as received. 1-Hexyl-3-
methylimidazolium chloride ([C¢gmim]Cl) was prepared according to
the literature.*®

Preparation of 1-Hexyl-3-methylimidazolium acetate

1-Hexyl-3-methylimidazolium  acetate  ([Cgmim][OAc]) was
prepared by ion exchange in a column. Conditioned Lewatit® MP
62 (33 g) was treated with acetic acid (1000 cm®, ¢=0.4 mmol cm™)
and washed until neutral with deionised water. An aqueous 1-hexyl-
3-methylimidazolium chloride solution (c=0.4 mmol cm?) was
passed over the column and all fractions were tested for chloride
with silver nitrate. All chloride-free fractions where combined and
the 1-hexyl-3-methylimidazolium acetate was separated by
distillation. The resulting ionic liquid was dried at 333 K under
vacuum (yield 80%).

SIL-type Material Preparation

The incipient wetness impregnation method was used for the
preparation of the SIL-type materials. 200 mg of the dried support
were immersed within a solution of the relevant amount ionic liquid
in acetone using varying concentrations of ionic liquid. After 24 h,
the samples were placed in a vacuum oven at 363 K for 6 h to
remove acetone. The ionic liquid content (weight constancy) was
ascertained gravimetrically after cooling. The materials investigated
are specified as follows: “Type of material” (MB, MCM or SBA) —
“type of ionic liquid” (OAc, OTf, NTf, for I-hexyl-3-
methylimidazolium acetate, trifluoromethanesulfonate or
bis(trifluoromethanesulfonyl)imide, respectively) — “amount of ionic
liquid per gram support” (mmol g™).

Material Characterisation

Nitrogen sorption isotherms were measured at 77 K using an ASAP
2010 volumetric adsorption analyzer from Micromeritics. Each
sample was degassed at 393 K for 24 h in vacuo. The BET surface
areas were estimated from the linearised BET-equation, 3% micro-
and mesopore volumes and surfaces were determined by the t-plot
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method in the t-regions from 0.35-0.5 nm and 1.1-1.8 nm,
respectively.”® Pore diameter distributions were calculated with
carbon-based DFT models from Quantachrome as specified.
The relative percentage error of the density at 77 K of the confined
ionic liquid, as calculated from the remaining free pore volume and
the amount of ionic liquid present, has been estimated as 10.1% (t-
plot + balance). Thermogravimetric Analysis (TGA) measurements
were carried out on a Netzsch STA 409 apparatus in flowing air (75
cm’® min") with a heating rate of 5 K min™'. Mercury intrusion
measurements ~ were performed on a  Quantachrome®
POREMASTER using a contact angle for mercury of 141. The total
specific pore volumes from the mercury intrusion curves were
calculated as the cumulative specific pore volume of all non-
interparticle pores with pore diameters above 4 nm. NMR spectra
were recorded on a Bruker DRX-400 spectrometer operating at
110.63 MHz for '*Xe. Samples were placed in tubes of 5 mm outer
diameter and exposed to 327 cm’min™ of hyperpolarised '*Xe under
continuous flow at ambient pressure. Hyperpolarised '*Xe was
obtained by spin-exchange optical pumping using circular polarized
light from a 100 W diode array laser (Lissotschenko Mikrooptik) for
optical pumping at the D, transition of rubidium (794.7 nm) within a
Pyrex pumping cell placed in a field of 1.3 mT containing a small
amount of rubidium. A mixture of 88.7% helium, 8.9% nitrogen and
2.4% xenon (natural abundance) was optically pumped at 418 K and
a total pressure of 4 bar to a polarisation grade of about 12%
hyperpolarisation. 256 FIDs were accumulated with 9.2 ms (p)
pulses and 5s delays. The chemical shifts are referenced to the
signal of hyperpolarised xenon gas measured before and after spectra
acquisition. Batches of SIL-materials prepared for NMR
measurements are denoted MCM-NTf,-0.23-NMR, MCM-NTT,-
0.47-NMR and MCM-NTf,-0.78-NMR.

Results and Discussion

Silica Support Characterisation

Table 1 details the structural parameters of the pristine support
materials MCM-41, silica gel (MB) and SBA-15. Detailed
information including the nitrogen sorption isotherms and pore
diameter distributions etc. are shown in the Supporting
Information (see Tables SI 1-3 and Fig. SI 1a, 2a, 3a, ESI). The
isotherms of the silica support materials show typical type IV
N,-sorption isotherms with capillary condensation at p/p, =
0.35, 0.6 and 0.65 for MCM-41, silica gel (MB) and SBA-15,

m MCM-41

O MCM-OAc-0.34 A MCM-OAc-0.70
<& MCM-OAc-0.81 <4 MCM-OAc-1.16
% MCM-OAc-1.50 @ MCM-OAc-2.12

700 T T T T T T T T T

volume adsorbed per mass

0 1 1 1 1 1 1 1 1 1
00 01 02 03 04 05 06 07 08 09 1.0
relative pressure p/p0
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respectively. Furthermore, MB exhibits a characteristic H2, and
the SBA-15 a characteristic H1 hysteresis, according to the
IUPAC classification.’® The non-ordered MB material shows a
broad pore diameter distribution between 4.5 and 9.5 nm with a
maximum at 6.9 nm. In contrast, the pores of the ordered
MCM-41 and SBA-15 are very uniform causing narrow pore
diameter distributions®" *’ with maxima at 4.2 and 8.1 nm,
respectively. The pores of MCM-41 are hexagonally arranged
in a honeycomb-like structure with thin pore walls between 1
and 1.5 nm.”’ In contrast, SBA-15 possesses thick pore walls
between 3.1 and 6.4 nm in which additionally micropores are
present.’" %* 3 These ordered supports show negligible pore
connectivity in contrast to the typical high pore connectivity of
non-ordered silica gel (MB).

SIL-type Material Characterisation: Nitrogen Sorption Isotherm
Analysis

Figure 2 shows the nitrogen sorption isotherms obtained for
[Csmim][OAc] on MCM-41 (both, as function of the mass of
material (left) and normalised to the mass of the pristine
support (right)) as calculated by eq. 1,

Vn — V % (msilica + m]L)
silica

(eq- 1

where V is the adsorbed volume per sample mass at a given

partial pressure, mg;;., and my are the mass of the support and

the mass of the immobilised ionic liquid, respectively. The

Table 1: Silica support characterisation.

MCM-41 MB SBA-15
V miero /em’g’! 0.00 0.00 0.11
V meso /em>g’! 1.00 0.89 0.92
Agpr /m’g’! 1155 567 888
Dp /nm * 4.2 6.9 8.1
% determined by Gaussian fit from pore diameter
distribution
m MCM-41
O MCM-0OAc-0.34 A MCM-OAc-0.70
<& MCM-OAc-0.81 <4 MCM-OAc-1.16
- ¥ MCM-OAc-1.50 ® MCM-OAc-2.12
o - 700 T T T T T T T T T
2 o
o @
E §
q} ~
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B 3
S._%
5 >
m ~
B
0 =
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3 =
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Figure 2: Nj-sorption isotherms at 77 K of MCM-41-based materials impregnated with incrementally increasing amounts of
[Csmim][OACc], as volume absorbed per mass of material (left) and as volume absorbed per mass of support (right). Note that the
number of data points displayed is reduced for clarity. Complete data can be found in Fig. SI 25.
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isotherms already imply that - as expected - the impregnation of
porous silica supports with increasing amounts of ionic liquid
leads to a loss of pore volume and surface area accompanied by
a decrease of the mean pore diameter.'® However, choosing a
model to calculate the surface area and the pore diameter
distribution of ionic liquid-based materials proved to be not
trivial: The incremental addition of ionic liquid first leads to a
partial, then complete coverage of the support surface. This
might be explained by a chemical heterogeneity which causes
significant changes in the interaction between the dinitrogen
molecules and the surface, depending on the amount of ionic
liquid physisorbed. This effect is illustrated by a strong shift of
the Cggr constant with varying ionic liquid loadings (see Table
SI 1-3, ESI), which can be interpreted as a parameter describing
the interaction between dinitrogen and the surface. None of the
commonly applied models allow for a change in the
interactions of dinitrogen molecules with the surface.
Especially at high loadings of ionic liquid, the silica-based
NLDFT (Non-Localized Density Functional Theory) models
for cylindrical pores do only poorly fit the measured isotherms.
Different available DFT fit models of the Quantachrome
software which are in principle suitable for the measured N,-
isotherms at 77 K for cylindrical pores were applied.** More
accurate pore diameter distribution results can be obtained from
the carbon-based QSDFT (Quenched Solid Density Functional
Theory) models as shown exemplary for the material which
contains 2.12 mmol [C¢qmim][OAc] per gram of support
(MCM-[OACc]-2.12) in Figure 3. The QSDFT models based on
the assumption of cylindrical pores show for all silica-
supported ionic liquid materials a good fit of the isotherms in
the range of capillary condensation. Best fits of the measured
isotherms especially at high ionic liquid loadings were obtained
with OSDFT-N,-carbon equilibrium and QSDFT-N,-carbon
adsorption based on a cylindrical pore model for MCM-41 and
silica gel MB, respectively. For SBA-15, good fits were also
obtained with QSDFT models. However, in the case of
[Cemim][NTf,], the NLDFT-N,-carbon equilibrium model was
superior to the QSDFT models. In order to be able to compare

. MCM-OAc-2.12

O silica NLDFT equ.
* carbon QSDFT equ.

200
175
150
125
100
75
50
251+ E

volume adsorbed V / cm® g'1

00 01 02 03 04 05 06 07
relative pressure p/po

RSCPublishing

the calculated pore diameter distributions, the NLDFT model
was applied to all SBA-15-based materials since good fits were
also obtained for the other ionic liquids investigated. However,
all tested models fail to exactly describe the dinitrogen
monolayer formation at low partial pressures for SIL-type
materials, even at low ionic liquid loadings (Figure 3, left part
of the isotherm). We hence note that the surface area calculated
by the BET equation will be slightly overestimated for high
ionic liquid loadings, through a decreased Cggr constant. In
order to describe the observed trends in the pore diameter
distribution, the carbon-based DFT models were also applied to
the pristine support materials for comparison (Figure 4 and
Table 1). The DFT-N,-carbon model-based results are in good
agreement with the NLDFT-N,-silica-based models typically
applied for silica-based materials. Only the pore diameter
distribution of SBA-15 is shifted by about 0.4 nm to higher
values. A comparison of the applied QSDFT and NLDFT
models for all materials investigated is shown in the
Supplementary Information (see Fig. SI 1-3, ESI).

O MCM-41 QSDFT

® MCM-41 NLDFT
® MBNLDFT O MB QSDFT
* SBANLDFT ¥ SBANLDFT
2.00 ————— T

1.75¢+ B

1.50 E
125 R
1.00 E
0.75
0.50

dvrdb,, / cm’g’ nm’

0.25

000 T AN hov S,
1.2 3 4 5 6 7 8 9

pore diameter distribution D, /nm

Figure 4: Pore diameter distributions for the pristine supports
studied herein, calculated by NLDFT or QSDFT.

O silica NLDFT equ.
¥ carbon QSDFT equ.
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Figure 3: Ny-sorption isotherm of MCM-OAc-2.12 (left; measured: squares; calculated using NLDFT and QSDFT: open circles
and open stars, respectively), and resulting pore diameter distributions (right). Note that the number of data points displayed is

reduced for clarity (left). Complete data can be found in Fig. SI 1d.
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Ionic Liquids Confined in MCM-41

[Cemim][OTf] supported on MCM-41. Figure 5, left, shows
that in the N, isotherms, which are shown normalised to their
total pore volume (V/Viyai; Viorl 18 the single point adsorption
total pore volume at a relative pressure > 0.99), the capillary
condensation is shifted to lower partial pressures and the
isotherms become less steep when the loading of the ionic
liquid is increased from 0.00 to 1.97 mmol g support, a clear
indication of decreasing pore diameter. Additionally, the shape
of the isotherms gradually changes from type IV to type I
which is typical for microporous materials (see Figure SI 4,
ESI). Correspondingly, the QSDFT-calculated pore diameter
distribution analysis (shown in Figure 5, right) indicates that the
mean pore diameter is gradually reduced from 4.2 to 3.0 nm.
This reduction of the mean pore diameter is accompanied by a
linear decrease of the free pore volume, as shown in Figure 6,
left. The question arises as to how far the density of an ionic

= MCM-41

O MCM-OTf-0.18 A MCM-OTf-0.44
<& MCM-0OTf-0.61 < MCM-OTf-0.87
% MCM-OTf-1.35 ® MCM-OTf-1.97

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1} E
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relative adsorbed volume
VIV

00 1 1 1 1 1 1 1 1 1
0.0 01 02 03 04 05 06 07 08 09 1.0
relative pressure p/p,
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liquid confined in the investigated silica supports equals the
bulk density. Densities of ionic liquids in proximity to
interfaces are known to depend on layer thickness and
molecular orientation. For example, at the vapour-liquid
interface, a 12% higher density and anion enrichment at the
interface has been reported.®” ®* Atomic force microscopy
(AFM) measurements have demonstrated that at solid-liquid
interfaces, droplet formation or ordering of the ionic liquid’s
ions in distinct layers can occur, depending on the nature of the
ions and that of the solid. If formed, the layer number can be as
high as six,*> ® before strict layering is lost with increasing
film thickness.®* Clearly, such ordering likely will lead to
deviations of the layer properties (density, viscosity, melting
point etc.) compared to the bulk. The ionic liquid density at
77 K of the confined ionic liquid was calculated directly from
the remaining free mesopore volume ¥ and the amount of ionic

liquid present, as displayed in  Figure 6, right.
= MCM-41
O MCM-OTf-0.18 A MCM-OTf-0.44
<& MCM-OTf-0.61 <4 MCM-OTf-0.87
¥ MCM-OTf-1.35 ® MCM-OTf-1.97
2.00 T T T T
- 175
g 1.50
> 125
E
5 1.00
=
a 0.75
[m)]
§ 0.50
T 025
0.00
1

pore diameter distribution D/ nm

Figure 5: N,-sorption isotherms normalised to the mass of support at 77 K (left) and pore diameter distribution (right) of MCM-41
modified with incrementally increasing amounts of [Csmim][OT{]. Note that the number of data points displayed is reduced for

clarity. Complete data can be found in Fig. SI 26.
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Figure 6: Pore volume (left) and calculated density (right) vs. loading of MCM-41 modified with incrementally increasing

amounts of [Cemim][OTIf].
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The calculated density increases from 0.41 to 0.86 gcm™
(where it levels of) with increasing amounts of [Csmim][OT{]
present, indicating that the ionic liquid is initially not present as
a bulk phase, but the ionic liquid likely exists as ion pairs or
small clusters on the surface. For the assessment of the bulk
densities of [Csmim][OAc], [Csmim][OTf] and [Csmim][NTf,],
a group contribution model was used for calculation, which has
been shown to predict densities to within +0.36%. Comparison
with available literature data shows good agreement (Table 2).
Taking into account the densities thus calculated, and the
correlation between liquid and solid densities determined for
ionic liquids by Ye and Shreeve,® the densities for the solid
ionic liquids were estimated, and are shown in Table 2. Both
the liquid and solid phase densities of [Csmim][OTf] (1.24 and
1.42 g em™, respectively) are much higher than that estimated
from the sorption isotherm analysis, demonstrating that the bulk
density deviates substantially from the density in confinement.
If the maximum density in confinement (determined by linear
extrapolation of the pore volume/loading-plot to complete pore
filling, see Fig. SI 7, ESI) is considered, which reflects the most
dense packing achievable in this confinement (i.e. lowest free
molar volume), one can calculate a theoretical monolayer
thickness*' and thus estimate the minimum number of moles
required for monolayer formation, should this indeed occur. For
this purpose, we define a monolayer as a layer of ion pairs
assuming a cubic model for the determination of the layer
thickness from the bulk density, which has proven to give
reliable estimations in the literature.®® From Tables 1 and 2 it
becomes obvious that complete monolayer formation could
occur in principle for loadings between materials MCM-OTf-
1.35 and MCM-OT{-1.97, which is also the range where the
density levels off (Figure 6). At this stage, the question arises
whether layer formation does take place in a way that the ions
are successively added to the surface to form a monolayer,
before adding on top of already deposited ions (first case). This
would indicate stronger silica-ion interactions than ion-ion
interactions. Otherwise, one could imagine the initial (forced)
deposition of some ions on silica, and further accumulation
(aggregate- or drop-formation) of successively added ions on
top of the already deposited ones (second case). This case
would indicate preferred ion-ion interactions. In the first case,
one would expect that the pore diameter distribution becomes
slightly broader by a maximum of the thickness of two
monolayers (in this case 2 x 0.84 nm). Furthermore, the mean
diameter should shift linearly to smaller numbers with
increasing ionic liquid loading. In the second case, the pore
diameter distribution should become broader and the mean
diameter should remain constant at the value of the pristine
support, and only if a certain threshold is overcome in which
the drops merge, a shift to lower values should occur.

Closer analysis of the data shown in Figure 5, right, reveals that
[Cemim][OT{] is an example of the first case, in which the
interactions between silica and ionic liquid are more
energetically favored than drop formation. Hence, the
maximum of the pore diameter distribution reaches 1.8 nm in
material MCM-OT{-1.97, and a linear shift of the pore diameter
distribution maximum occurs (see Fig. SI 5, ESI).

This journal is © The Royal Society of Chemistry 2013
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Table 2: [Cemim]X ionic liquid properties.

[OTf]” [OAc]” [NTL]

Ploulk, 298.15K, pred.) [ em™] ¥ 124 1.04 137
P(bulk, 298.15K. 1t [€ €m™] 124 1029 13777

-3 65
P(bulk, solid, pred.) [€ €M 3] 1.42 1.22 1.54
Pconfined, 100% filling, MCM-41) 0.87 0.79 1.03
[g em™] ' ' '
Max. mols per mas_? of MCM-41 274 348 230
(100% filling) [Mmol g™']
Theoretical monolayer thickness 0.84 078 0.90
(MCM-41) [nm]* ’ ’ ’
Min. mols per meifsbof MCM-41 1.74 208 1.53
(monolayer) [mm01 g ]
P(confined, 100% filling, MB) 0.87 0.82 1.08
[gem”] ' ' '
Max. mols per mas_s1 of MB 245 324 216
(100% filling) [mmol g']
Theoretical monolayer thickness 085 077 088
(MB) [nm]* ' ' '
Min. mols per ma_slsbof MB 1.06 1.29 097
(monolayer) [Il’ll’IlOl g ]
Pconfined. 100% filling, SBA) 0.76 0.65 1.31
[g em™] ' ' '
Max. mols per mas_? of SBA 245 292 3.00
(100% filling) [Mmol g™']
Theoretlcgl monolayer thickness 0.89 0.84 083
(sBa) [nm]
Min. mols per mass of SBA 095 1.08 1.10

-11b
(monolayer) [mm01 g 1]

# presuming cubic geometry of the ion pair.®
b calculated with a pore diameter of 4.2, 6.9 and 8.1 nm (MCM-41,
MB and SBA, respectively)

[Cemim][OAc] and [Cesmim][NTH,], respectively, supported
on MCM-41. In order to understand if there is an effect of the
ionic liquid anion, an ionic liquid with a very high (acetate) or
very low (bis(trifluoromethanesulfonyl)imide) tendency for
hydrogen bonding*® *” was added to the experimental layout.
Hydrogen bonds may arise within the ionic liquid (cation-
anion), and between the anion or the cation with the support’s
surface. The N,-sorption isotherms of the acetate-based
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materials are shown in Figure 2, while those of the [NTf,]-
based materials are presented together with the materials
characterisation in the Supplementary Information (see Fig.
SI 6 and Table SI 1, ESI). The change in the shape of the
isotherms for loadings above 1.16 mmol g™ and 1.27 mmol g
to type I (for the [OAc] and [NTf;]-based materials,
respectively) is also observed, as is the case for the
[Cemim][OTf]-containing materials. Likewise, the pore volume
decreases linearly with increasing amount of ionic liquid
present (R* =~ 0.96), and the maximum densities of the ionic
liquids were hence calculated at complete pore filling (see
Table 2 and Fig. SI 7). Again, the densities were found to be
lower than those predicted for the solid state. Materials with the
respective highest loadings contained sufficient ionic liquid to
theoretically allow for monolayer formation. The most striking
difference of the ionic liquids investigated is found for the
calculated densities: they increase continuously for
[Csmim][OAc]-based materials with increasing amount of ionic
liquid loading, while they decreases for the [Cemim][NTf,]-
based materials (see Fig. SI 7, ESI). In fact, at the lowest
loading (material MCM-NTf,-0.58), the density of 1.72 g cm™
is close to that of the bulk solid density (1.54 g cm™, see
Table 2), suggesting that this ionic liquid is present in a quasi-
bulk state in this confinement. This would imply that in
[Csmim][NTT;]-based materials, ion-ion interactions, leading to
drop formation, are more favored than ion-silica interactions. In
order to shed light on this, Figure 7 compares the pore diameter
distribution profiles of the two material types.

In the case of [Cemim][OAc]-based materials, the pore
diameter distribution maximum shifts linearly to lower values,
and the pore diameter distribution increases with increasing
amounts of ionic liquid, similar to what has been observed for
[Cemim][OTf]-based materials (see Fig. SI 5, ESI). The pore
diameter distribution for materials MCM-OAc-1.5 and -2.12 is
between 2.0 and 2.5 nm, respectively. Regarding the silica-
ionic liquid interface, this corresponds to 1.0 — 1.25 nm of film
thickness, translating into 1.3 — 1.6 layers of 0.78 nm thickness
(Table 2). These values lie somewhat above the theoretical
value of the monolayer thickness, and indicate the presence of
some heterogeneities. Additionally, the profiles display
shoulders or second maxima, with an approximate least
common multiple of 0.5 nm of distance. Although the
deposition of ions on silica prevails the deposition of ions on

= MCM-41 O MCM-NTf,-0.58
A MCMNTf1.02 & MCM-NTf-1.27
< MCMNTf1.30 % MCM-NTf-1.85
2.0 i : : :
18} . ]
‘e 16} /\. ]
c 14f J ]
‘o 12} 1
e 10f ]
2 o8l Ay ]
o osef J b ]
-o X
S 04} ’IA \o‘ \O i
T 02} m— ]
0.0 R/, ks

AR AR ko 5, RO
3 4 5 6

pore diameter distribution D/ nm
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ions, the deposition of ions on already deposited ions occurs
also to a certain degree. In the case of [Cgqmim][NTf,]-based
materials, the pore diameter distribution varies non-linearly, as
it firstly increases, then decreases upon addition of incremental
amounts of ionic liquid (see Fig. SI 5, ESI). This means that in
certain areas of the material, the pores are decisively narrowed,
while others remain virtually free of ionic liquid. In the light of
the highest density of the ionic liquid being determined for the
lowest loadings, this clearly shows that drop formation prevails,
before the surface is completely covered.

This view is complimented by '*Xe-NMR spectroscopy.
Nuclear magnetic resonance is a powerful tool for probing the
morphology of surfaces dependent on their chemical properties,
molecular structure and dynamics. Since direct surface NMR
signals are often not distinguishable from the bulk signals, gas
NMR provides an alternative approach. Adsorbed '*Xe gas is
frequently used to probe surfaces in terms of their chemical
nature and pore sizes.”” Due to the low number of spins
contributing to the surface signals, these NMR studies can be
improved by the introduction of hyperpolarisation techniques,
such as spin-exchange optical pumping (SEOP).”* Figure 8
shows the spectra for the materials MCM-NTf,-0.23 NMR, -
0.47_NMR and -0.78_NMR (for material characterisation, see
Fig. SI 8 and Table SI 4, ESI).

The spectra of materials with low loading (MCM-NTf,-
0.23 NMR and -0.47 NMR) show two very broad signals at
about 68 ppm and 74 ppm. For a material with a very narrow
pore diameter distribution such as the investigated MCM-41,
two separate signals are an indicator for at least two kinds of
surfaces with different chemical properties. The fact that these
two signals are broad (552 Hz FWHM) and only shifted by
approximately 6 ppm indicates a high exchange rate of xenon
between both chemical types of surfaces and supports the
interpretation droplets of ionic liquids in close distance to the
surface of MCM-41. At higher [Cemim][NTf,] loadings
(MCM-NTf,-0.78 NMR), only a single resonance at 73.2 ppm
is visible, suggesting that the ionic liquid droplets have merged
and that the surface of MCM-41 is covered with ionic liquid
completely, as the signal at 68 ppm has vanished.

In the literature, diverging evidence has been presented
regarding the behavior of [NTf,]-based ionic liquids on silicate
supports. AFM measurements suggested three-dimensional

growth of nano-droplets™ instead of layer formation.
m MCM-41
O MCM-OAc-0.34 A MCM-OAc-0.70
<& MCM-OAc-0.81 <4 MCM-OAc-1.16
% MCM-OAc-1.50 ® MCM-OAc-2.12
2.0 T
1.8+
'E 16F
S 14+f
‘o 12f
“c 10}
2 osf
o 06l
o
S 04}
T 02
0.0
1 2

pore diameter distribution D_ / nm

Figure 7: Pore diameter distribution of MCM-41-based materials with incrementally increasing amounts of [Csmim][NTT;] (left)

[Cemim][OACc] (right).
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Figure 8: 'Xe-NMR spectra of MCM-NT£,-0.23 NMR,

MCM-NTf;,-0.47_NMR, and MCM-NTf,-0.78_NMR.

X-ray Photoelectron Spectroscopy (XPS) and AFM studies
showed that a complete monolayer is firstly deposited, before
droplets are formed.*” ** Molecular dynamics simulations of
[Cymim][NTf,] confined in highly hydroxylated silica with a
cylindrical pore diameter of 4.8 nm as function of loading
showed distinct layer formation.”® Hayes et al. speculate that
the structure of the ionic liquid on the support may depend on
whether it was obtained by vapor deposition or by other
methods, such as by incipient wetness impregnation,”* and
surely also the number of hydroxyl groups on the surface plays
a vital role. Furthermore, it is known that an increased surface
roughness of the surface can be responsible for a lower level of
interfacial order, and in some instances, surface irregularities
larger than monolayer thickness can completely eliminate layer
formation.” ”°

In Figure 7, left, the difference between the two maxima, i.e.
that of the free pore, or that of the material with low ionic liquid
loading MCM-NTf,-0.58, and that of higher ionic liquid
loadings, is 1.1 nm. This value is decisively lower than what
would be expected for the formation of a monolayer (2 x
0.9 nm, see Table 2). This indicates that either the cubic model
does not hold for [Csmim][NTf,], and the geometry of the ionic
liquid on the surface is expected to be rather cuboid (with larger
base dimensions) than cubic. Of course, another explanation
could be a monolayer formation at low loadings, which consists
of a checkerboard-type arrangement in which anions and
cations reside next to each other on the surface, rather than as a
cation-anion bilayer. Such an arrangement has been considered
for the related N-butyl-N-methylpyrrolidinium tris(pentafluoro-
ethyDtrifluorophosphate on a charged sapphire (0001) surface,
which would have a thickness of about 0.4 nm. However, this
type of arrangement was found to be energetically disfavored at
this negatively charged interface.*> Hence, further studies will
be necessary to explain the source of the slight shift of the pore
diameter distribution at low loadings. In summary, due to the
homogeneity of MCM-41 regarding the narrow pore diameter
distribution, it is possible to study the behaviour of ionic liquids

This journal is © The Royal Society of Chemistry 2013
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Figure 9: Schematic representation of the pore filling mode for
the three ionic liquids confined in MCM-41.

on silica-type materials. The analysis of the sorption isotherms
has shown that ionic liquids behave very differently when
impregnated on MCM-41. Beside underlying steric packing
effects arising from geometrical aspects of the anions, the
differences must be due to the specific properties of the
respective ionic liquid anion, and in particular its tendency to
either preferentially interact with the silica surface or with other
ions. Hence, while [Cymim][OTf] is successively evenly
distributed on the surface, [C¢mim][OAc] shows some
heterogeneities, which could be due to some intermediate states
of preferred ion-ion interaction. The  hydrophobic
[Cemim][NTHT;] appears to exhibit very low interaction strength
with silica, and hence the formation of drops is preferred,
before higher amounts of ionic liquids lead to layer formation.
This is corroborated by the '**Xe-NMR studies. Figure 9 shows
schematically the corresponding pore filling mode for the three
ionic liquids investigated in MCM-41. More detailed
spectroscopic studies will shed light on the specific interactions
occurring in the future.

Ionic liquids confined within silica gel (MB)

Silica gel-based materials are the most frequently used SIL-systems
reported in catalytic studies, because silica gel is widely available at
low costs. Commonly used loadings range between 0.1 and
50 vol.%,'* ** and some authors investigated the catalytic activity as
function of ionic liquid loading, which was found to play a major
role.> # For example, the CO conversion in the water-gas shift
reaction was found to be dependent on the amount of ionic liquid
confined, with optimum results at about 14 vol.% loading,"* while in
the gas phase hydroformylation, a decreasing activity with
increasing ionic liquid loading was observed.”® Also for SIL-type
materials not based on silicate, the amount of ionic liquid on the
support was found to influence the reaction: When SIL-type
materials in which the ionic liquid [Cymim][CgH;,SO,] was confined
directly in porous Raney nickel were used in the hydrogenation of
cyclooctadiene to cyclooctene, the selectivity increased with
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increasing amounts of ionic liquid, while the rate of reaction
decreased.'®

The three ionic liquids under investigation were immobilised on
non-ordered silica gel (MB). The nitrogen sorption isotherms as well
as a table detailing the materials’ structural parameters are shown in
the Supplementary Information (see Fig. SI 9-11 and Table SI 2,
ESI). The pore diameter distribution profiles obtained for the three
material types resemble each other strikingly (Figure 10). The broad
pore diameter distribution of the pristine material is narrowed and
shifted to smaller values with increasing amounts of ionic liquid
present. This indicates that smaller pore areas are filled first (in
accordance with findings of for SIL-type materials based on Raney
nickel 7 and silica gel 100 '*), leading to a narrower distribution. As
in the case of the MCM-41-based materials, the densities of the ionic
liquids in completely filled pores were calculated by linear
extrapolation (R? > 0.96; see Fig. SI 12 and Table 2). They are much
lower than the bulk densities, but quite similar to those obtained for
MCM-41. Similar to the MCM-41-based materials, the density of
[Cemim][NTf;] decreases with increasing amount of ionic liquid
added to the support, while those of both the acetate- and
trifluoromethanesulfonate-based derivatives increase, before leveling
off. However, for a given available surface area, the density of
[Cemim][NTf;] confined in MB is higher than when confined in
MCM-41, indicating a more bulk-like state, which means that the
coverage of the surface is somewhat less preferred on MB than on
MCM-41 (see Fig. SI 13 and Table SI 1-2, ESI). This may be due to
space restrictions in the smaller pores of the MCM-41 material.
Overall, these findings suggest similar pore filling modes as those
found for MCM-41 (surface coverage with
trifluoromethanesulfonate, aggregate-/drop-formation with bis-
(trifluoromethanesulfonyl)imide). However, due to the broad pore
diameter distribution in disordered MB-type materials, these pore
filling effects cannot be observed in the nitrogen sorption isotherms.
Figure 11 gives a schematic representation of the pore filling mode
observed for disordered silica gel.

increasingIL Loading
Figure 11: Schematic representation of the pore filling mode for
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Ionic liquids confined in SBA-15

The behavior of [Cemim][OTf], [Cemim][OAc] and
[Cemim][NTT;] was investigated after immobilisation on SBA-
15, a highly ordered material consisting of meso- and
micropores. The nitrogen sorption isotherms as well as a table
detailing the materials’ structural parameters are shown in the
Supplementary Information (see Fig. SI 14-16 and Table SI 3,
ESI). The isotherms, which can be classified according to
IUPAC as type IV, featuring a hysteresis loop (type H1), show
a steep increase in the hysteresis, as expected for materials with
a narrow pore diameter distribution. With increasing ionic
liquid loading, the position of the hysteresis shifts to lower
relative pressures.

[Cemim][OTf] supported on SBA-15. Figure 12 shows the
preferred filling of the micropores with increasing amounts of
[Cemim][OTf] added as observed for other SIL materials in the
literature.”® Once the micropores are filled, the successive
filling of the mesopores starts, very similar to what has been
found for this ionic liquid on MCM-41. The analysis of the
nitrogen sorption data was used to determine the average
density of the ionic liquid in the pores for a state of complete
pore filling by linear extrapolation (R?> = 0.85) of the pore
volume vs. loading (see Table 2, and Fig. SI 17, ESI). The
calculated density at complete filling is slightly lower than
when confined in either MCM-41 or MB, which is probably
due to the different geometries of the micro- and mesopores
affecting the arrangement of the ions. However, with increasing
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Figure 12: Pore volume vs. loading of [Cemim][OTf] on
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Figure 13: Pore diameter distribution of SBA-15-based materials impregnated with incrementally increasing amounts of
[Cemim][OTH] (left), [Cemim][NTE,] (middle) and [Csmim][OAc] (right).

amounts of ionic liquid present in the pores, the density
increases continuously. Again, a homogenous layer of ions is
deposited on the surface of the silicate with increasing amounts
of ionic liquid, accompanied by an uniform decrease of the
BET surface area as found on MCM-41 for this ionic liquid
(see Table SI 3 and Fig. SI 19, ESI). The pore diameter
distributions (Figure 13, left) show a constant shift of the
maximum to lower values, while the pore diameter distribution
becomes wider by about 1.4 nm, i.e. slightly less than the
theoretical monolayer thickness (2x0.89 nm, see Table 2).

[Comim][OAc] and [Csmim][NTHf;], respectively, supported
on SBA-15. For the acetate- and bis(trifluoromethanesulfonyl)-
imide-based materials, micropores are also filled preferentially
(see Fig. SI 18, ESI). While the data is smooth for
[Cemim][NTH£,], a larger scatter is observed for [Csmim][OAc].
In this case, the micropore filling is less predominant than for
the other ionic liquids since stronger interactions with the
surface cause micropore filling to compete with ionic liquid
layer formation. The extrapolated density (see Table 2, and Fig.
SI 17, ESI) for complete pore filling (R> = 0.98) for the [NTf,] -
based ionic liquid is slightly higher than when confined in
MCM-41-materials. The apparent density decreases with
increasing loading for the [NTf,]-based ionic liquid, while it
increases for the acetate, in agreement with the observations
made for MCM-41 and MB. Compared to the MB material, the
density of [Cemim][NTf,] on SBA-15 is higher at a given
available surface area, indicating more bulk-like properties,
possibly due to the larger available space for droplet formation.
The pore diameter distribution analysis of the [Cqmim][NTHf]-
based materials (Figure 13, middle) shows a slight shift of the
maximum to lower diameters, starting from materials with
loading higher than for SBA-NTf,-0.16, which can be
explained by accompanying micropore filling. More important,
however, is the fact that for the materials with high loading, the
maximum remains constant at about 7.5 nm, before shifting by
1.1 nm to smaller values. Additionally, only a slight decrease of
the BET surface with increasing loading for those materials
where the micropore filling is completed (SBA-NT,-0.60 to
SBA-NTf,-1.01) is observed, which can be interpreted in terms

This journal is © The Royal Society of Chemistry 2013

of droplet formation (see Table SI 3 and Fig. SI 19, ESI). This
is in fact reminiscent of the behavior found for this ionic liquid
confined on MCM-41-materials. Also in accordance, the
distribution remains constant (compare materials SBA-15 with
SBA-NTf,-1.56). As pointed out above, increased surface
roughness is known to disturb interfacial order,”* which could
be caused in the case of SBA-15 by the micropores present. In
addition to the discussion on the hydrophobicity of the [NTf,] -
based ionic liquid and the larger available space in SBA-15,
this may be another aspect disturbing the formation of a
monolayer. For the acetate-based ionic liquid (Figure 13, right),
the maximum pore diameter remains constant (when
disregarding the initial slight shift to lower values due to
micropore filling), and the pore diameter distribution becomes
broad.

Furthermore, the formation of a distinct second maximum
appears, corresponding to a pore diameter which is 1.2 nm
smaller than the initial one. Considering the theoretical layer
thickness of 0.84, this pore diameter corresponds to pores
where a monolayer has formed. It appears hence that the
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Figure 14: Schematic representation of the pore filling mode for
the three ionic liquids confined in SBA-15.
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acetate-based ionic liquid is deposited on the surface to give a
monolayer, and for the second layer, the ions are not deposited
randomly, but rather successively growing from one point
onwards. Figure 14 shows the corresponding pore filling mode
for the three ionic liquids confined in SBA-15.

Mercury Intrusion Analysis

Mercury intrusion measurements were performed on selected
examples of [C¢qmim][OTf] supported on SBA-15 and MB
(Figure 15). Comparison to Figure 10, left, shows that the data of the
MB-based materials is much less resolved than that obtained by
nitrogen sorption measurements. Due to the general, lower accuracy
of mercury intrusion measurements for small mesopores,
quantitative analysis is not possible. Nevertheless, it can be stated
that the accessible pore volume decreases with increasing amount of
ionic liquid present and that small mesopores are filled first. The
data of the SBA-15-based materials, on the other hand, shows a
distinct pore diameter distribution, with the maximum of the pristine
material at about 5.5 nm. Comparison to Figure 13, left, shows that
the mercury intrusion experiments result in somewhat lower values
than nitrogen adsorption experiments. However, as opposed to the
nitrogen adsorption experiments, the maximum of the pore diameter
distribution is shifted slightly to a higher value of 6.0 nm with
increasing ionic liquid loading, while the pore volume decreases.
These findings suggest that when the dense mercury is pressed into
the materials pores, the ionic liquid is pushed together and hence
removed from the larger pores, leaving only the ionic liquid
deposited in smaller pores on the support (see Fig. SI 20, ESI for a
model representation). This overall leads to a lower number of pores
with smaller pore diameters. It can hence be concluded that high
pressure mercury intrusion cannot be used to investigate the
resulting mesoporosity in SIL-type materials, making nitrogen
sorption the method of choice. Further investigations need to explore
the limiting applicable pressure in dependence of pore size for this
method.

Thermogravimetric Analysis of the Materials

Several of the materials were analysed by thermogravimetric
analysis (see Fig. SI 21-24 and Table SI 5-7, ESI) and
compared to the bulk ionic liquids’ decomposition profiles. The
decomposition point (defined as the point of inversion of the
TGA curve) of the bulk ionic liquids decreases in the series

Physical Chemistry Chemical Physics

[Cemim][OAc] (519 K); i.e. with increasing nucleophilicity of
the anion, which catalyses Hoffmann degradation.”’

The thermal stability of [Cemim][OTf] in confinement
essentially remains the same (maximum deviation about 10 K)
as for the bulk, and is independent of the type of silica support.
The different porous silica supports hence do not appear to
affect the decomposition. Furthermore, in none of the
confinements does the ionic liquid loading influence the
thermal stability.

The thermal stability of confined [Csmim][NTf;] is decreased
on all silica supports by a maximum of about 45 K when
compared to the bulk, indicating that the surface is involved in
the decomposition of the ionic liquid. This has also been
reported for 1-octyl-3-methylimidazolium hexafluorophosphate
([Csmim][PF¢]).”® For similar loadings, the stability differs
slightly for the different supports, with a decrease in stability in
the order of SBA-15 > MB > MCM-41. Interestingly, as
pointed out in the discussion above, [Csmim][NTf,] shows a
higher tendency to form aggregates (i.e. less ionic liquid-
surface interaction) following the order SBA-15 > MB >
MCM-41. Hence, a lower degree of interfacial contact appears
to be beneficial for the stability of this ionic liquid. This is
further supported by the fact that in loading-dependent studies
of [Cemim][NTf;] on SBA-15 and MB, the decomposition
temperature is not affected for the former, while it increases for
the latter (Table SI 7, ESI). The more bulk-like the state of this
ionic liquid is, the higher is its thermal stability.

Surprisingly, the thermal stability of [Csmim][OAc] increases
when confined in the silica support pores by a maximum of
60 K. Taking into account the known role of this nucleophilic
anion in the decomposition of the cation,”’ this effect may be
explained by a reduction of the acetate’s activity, e.g. by strong
interactions with the silicate’s surface (e.g. by hydrogen
bonding’™). This explanation is supported by the relative
stability of [Cemim][OAc], which increases in the order of
SBA-15 < MB < MCM-41 (Table SI 5, ESI). This trend follows
the reversed order of that observed for [Csmim][NTT;].
Unfortunately, to the best of our knowledge, no evidence exists
that demonstrates strong silica-anion interactions. Furthermore,
only few studies investigate the interface properties of acetate-
based ionic liquids, and the molecular arrangement on silicates
does not appear to deviate tremendously when compared to
ionic liquids containing an anion of lower hydrogen-bonding
ability.

[Cemim][NTH] (739 K) > [Cemim][OTf] (693 K) >
m MB O MB-0OTf-0.83
A MB-OTf-1.22 <& MB-OT-1.90
0.10 L e T T

m SBA

O SBA-OTf-0.10 SBA-OTf-0.36
< SBA-OTf-0.48 SBA-OTf-0.75
% SBA-OTf-1.38 SBA-OTf-1.88

3 -1 -1
dv/dD,/cm” g nm
o
?

0.00

34 56
pore diameter distribution D/ nm
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dv/dD, /cm’g" nm”

11

pore diameter distribution D/ nm

Figure 15: Pore diameter distribution profiles determined from Hg-intrusion of MB (left) and SBA-15 (right) with increasing loads of
[Csmim][OTf]. Note that the number of data points displayed is reduced for clarity. Complete data can be found in Fig. SI 27.
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Hence, AFM studies show that the cation of [C,mim][OAc] is
in closest vicinity to the surface, with the ethyl group oriented
perpendicularly to the surface.”® In the same way, for ionic
liquids containing anions with little hydrogen-bonding ability,
Sum-Frequency Vibrational Spectroscopy (SFVS) showed that
the imidazolium ring interacts with fused silica via hydrogen
bonding of the acidic C2-H. The methyl group on the
imidazolium cation is directed toward the silica surface, while
the alkyl chain of the 1-alkyl-3-methylimidazolium cation
protrudes almost perpendicularly relative to the surface.

While this angle was found to be dependent on the size of the
anion, the HCCH tilt angle is independent on the anion size, but
affected by the alkyl chain length. The cation head group
orients more parallel to the surface when its alkyl substituent is
shorter.”” ® These findings are supported by molecular
dynamics simulations.®?’ Overall, it can be stated that these
studies place a strong focus on the elucidation of the structural
orientation of the cation, and little is known about the
arrangement of the anion.

Hence, whether or not the increased stability of the acetate-
based ionic liquid is due to surface-acetate interactions, which
might well be more prevalent in materials of smaller pore
diameter (and hence larger available surface area at constant
ionic liquid loading) remains speculative, and must be the topic
of further studies.

Conclusions

The present study has shown that surface-coverage of porous
silicates with ionic liquid is highly dependent on both, the type
of ionic liquid and the support material. A strong anion-
dependent effect was observed. Hence, acetate- and
trifluoromethanesulfonate-based ionic liquids exhibit
preferential interactions with the surface leading to the
formation of homogeneous layers. While for the
trifluoromethanesulfonate-based ionic liquid, ion deposition on
the surface appears to be rather random, the acetate-based ionic
liquid shows a peculiar behaviour pointing to a side-by-side
deposition of the ions, hence completing the monolayer.
However, non-coordinating anions such as
bis(trifluoromethanesulfonyl)imide may lead to aggregate
formation rather than homogeneous distribution of ionic liquid
on the surface.

It can be therefore stated that the model presented in the
literature (Figure 1) represents an oversimplified picture, which
is only correct for certain combinations of ionic liquid and
support materials. On ordered mesoporous silica supports such
as MCM-41 or SBA-15, homogeneous layers of ionic liquid are
formed, if the ionic liquid is not too hydrophobic and hence
tends to rather form aggregates than wet the surface. For
disordered supports, such as silica gel (MB), the regions of
smaller pores are filled first, before the surface is completely
covered. While it cannot be stated whether initially layer- or
aggregate-formation occurs on the disordered MB support, it is
clear that at low to medium loadings of ionic liquid, free silica
surface may still be present, and the layer thickness of the ionic
liquid is not uniform.

This journal is © The Royal Society of Chemistry 2013
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The support itself not only exhibits an effect on the materials
physicochemical properties (density, viscosity, melting point,
diffusivity, compressibility, etc.)***19%8285 byt thermo-
gravimetric analysis of materials obtained in dependence of the
type of silica support, and ionic liquid loading has shown that
the thermal stability is also strongly affected. Hence, SIL-type
materials are highly tuneable regarding their specific properties,
a benefit in process optimisation. Nevertheless, it can be stated
that the predictability of properties of the ionic liquids in
confinement from bulk properties is not necessarily possible. In
addition, this study has demonstrated that as opposed to
mercury intrusion, nitrogen sorption isotherm measurement is
the method of choice to investigate the textual properties of
SIL-type materials.
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