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Soft-templating synthesis has been widely employed to fabricate ordered mesoporous polymer and
carbon materials with effectively tuneable pore sizes. However, the commonly used templating agents,
block copolymers, are normally decomposed during the process, thus are barely recyclable; this increases
the costs and hampers the scale-up feasibility. Therefore, it becomes imperative to seek promising
alternatives; amphiphilic ionic liquids (ILs) are excellent candidates due to their good recyclability. This
study explored the templating behaviour of IL templates for preparing mesoporous polymers and
carbons. In details, the self-assembly of ternary systems (comprising of IL templates, precursors and
solvent) were investigated by a combination of coarse-grained molecular dynamics (CGMD) simulations,
density function theory (DFT) calculations and experimental techniques. The results indicate that the mor-
phologies of IL templates are tuneable not only by the adjustment of water content in the mixture but
also by the selection of suitable precursors. Material precursors containing increasing numbers of
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hydroxyl moieties also induce various precursor-template spatial correlations, resulting in different topo-
logical structures of nanomaterials. This work presents a fundamental investigation into the mechanisms
of templating synthesis with amphiphilic ILs as recyclable templates and gives insight into the effective
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Introduction

In the burgeoning research area of nanoscience, porous
materials have gained growing attention; their applications
have expanded from catalysis and molecule separation in the
industry to cutting-edge research fields such as energy storage
and drug delivery."* Ordered mesoporous polymers are one of
the most attractive materials due to the uniformity and tune-
ability of their pore structures. Notably, they are also ideal pre-
cursors for mesoporous carbon materials via one additional
step of calcination. However, challenges still exist during their
preparation, as well as in the fabrication of other nano-
materials, especially on how to create and implement func-
tion-led design of nanostructures for specific applications.
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design of coveted carbon nanomaterials for targeted applications.

This can be achieved by precisely manipulating nanostructures
on a molecular level leading to the manifestation of desired
properties which can then be investigated regarding their pro-
cessability at industrial scale.

Templating synthesis is an essential technique to achieve
controlled structural manipulation of nanomaterials. Within
all the templating methodologies, soft-templating synthesis,
based on the self-assembly of amphiphiles, can effectively
tune the structure while eliminating the template easily thus is
one of the most adopted strategies to fabricate ordered meso-
porous polymer and carbon materials.*”” Commercial block
copolymers such as Pluronic F127 are typical soft templates
which are widely used. However, they are generally decom-
posed via thermal treatment during the pore structures gener-
ating process. The consumption of block copolymer templates
has heightened the barrier of scaling-up production of ordered
mesoporous polymers and carbons at industrial scale due to
the relatively costly nature of these templates. Therefore, there
is an imperative to seek for more promising alternatives that
have excellent recyclability without sacrificing templating
effectiveness.

A good option is long-chain ionic liquids (ILs) as they have
excellent amphiphilicity, which is one key criteria during the
selection of appropriate soft templates. Lyotropic liquid crys-
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tals (LLCs), micelles, and (micro) emulsions formed by ILs have
already drawn much attention in templating synthesis of nano-
materials. Hejazifar et al® reviewed three types of IL-based
microemulsions that are widely used for polymerisation and
material preparations. Kang et al.’ summarised recent explora-
tions on employing ILs as templates, as well as synthetic media
and precursors, to fabricate various dimensional nanomaterials,
including zero-dimensional nanoparticles, one-dimensional
nanowires/nanotubes/nanorods, two-dimensional nanosheets,
and three-dimensional porous materials. The utilisation of ILs
as templates (or structure-directing agents) for material prepa-
ration is still continuously growing.”™"” In general, the rationale
for achieving diverse structures lies in confining IL templates
during self-assembly into various morphologies, mainly: spheri-
cal, columnar, and lamellar.

The use of ILs as templates to prepare porous polymer and
carbon materials still remains at the initial stage, despite their
growing popularity. Nevertheless, one notable advantage of ILs
as the template is that they can be recycled.'"*®*! This makes
ILs more promising as the preparation costs can be potentially
reduced. So far, no highly ordered pore structures have been
reported as of yet. Xie et al.>* employed a reusable IL 1-butyl-3-
methylimidazolium tetrachloroferrate(m) to prepare hierarchi-
cal porous carbons via ionothermal carbonisation of carbo-
hydrates. The IL played a triple role: soft template, solvent,
and catalyst, although no obvious ordered mesoporosity was
obtained. Yang et al.** prepared porous resorcinol-formal-
dehyde polymer gels and carbon aerogels employing ILs with
various cation chain lengths (2-8 carbon atoms) as templates.
As the length of alkyl chains increased, resultant porous aero-
gels showed increased specific surface area. However, IL tem-
plates were decomposed during pyrolysis and the resultant
pore structures were disordered. Nagy et al.'* reported the use
of ILs as recyclable templates and metal-free catalyst for poly-
merisation to synthesise porous polymer gels from phenolic
compounds. The ILs were extracted out from polymer-ILs com-
posites using water and acetone in sequence. The influence of
different cations and anions on the porosity of the polymers
was studied. The ILs employed in their works were less amphi-
philic as the longest chain length of cation only reached 4
carbon atoms. Generally, ILs show noticeable amphiphilicity
when the alkyl side chain has over 6 carbon atoms,**™>°
though microphase separation could occur with shorter alkyl
chains.”” The absence of ordered pore structures in aforemen-
tioned explorations can be associated with: (1) the use of less
amphiphilic ILs as templates which are unable to form long
range ordered mesostructures, and (2) the lack of fundamental
understanding on how to effectively manipulate the mor-
phologies of templates in systems containing both IL tem-
plates and precursors.

Typically, during a soft-templating synthesis, the self-
assembly of soft templates separates the mixture into two
phases, hydrophobic cores of the micelles and hydrophilic
corona parts. The two key factors that eventually determine the
topological structures of mesoporous polymer and carbon
materials are the morphology of templates and the spatial cor-
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relation between precursor and the hydrophilic parts of the
template.>?® Therefore, when employing ILs as the template,
the successful implement requires the thorough understand-
ing of both the morphology evolutions of ILs in mixture and
the spatial distributions of precursors and IL templates.

Although there has been numerous research, both compu-
tational and experimental, which has investigated the phase
behaviour of amphiphilic ILs, most of the published work
focused on the micellization/aggregation of ILs in the presence
of another single component, especially IL aqueous binary
mixtures. Multiple factors were identified as being able to
facilitate the formation of IL micelle clusters, including:
the water concentration, the length cationic side chain, sol-
ability of the anion, and the influence of
temperature.'”?> 3?8732 However, in practical templating fab-
rication, three or more chemical species would inevitably be
encompassed in total, including, but not limited to: IL tem-
plates, material precursors and solvents. In such scenarios,
there is a lack of detailed theory whether the presence of
material precursors will influence the self-assembly of IL tem-
plates, particularly their morphologies, and the precursor-tem-
plate spatial correlations. Consequently, it adds to the chal-
lenge to effectively design polymer and carbon materials with
coveted structures aiming for specific applications.

This paper investigates the self-assembly behaviour of
ternary mixtures comprising of IL templates, material precur-
sors, and solvent through a combination of computational and
experimental techniques. The overall aim is to shed light on
the templating mechanism of long-chain IL templates in the
presence of material precursors and gives insight into the
effective design of coveted carbon nanomaterials for various
applications. To achieve this, two crucial factors during soft
templating synthesis were explored, (1) the morphology of the
IL templates and (2) the spatial correlation between precursor
and template. The morphological evolution process was
studied under varying water contents, different precursors, as
well as various temperatures, to understand how IL templates
assemble into certain morphologies. The influence of different
material precursors on the template-precursor spatial corre-
lation was investigated, which provided key information on pre-
cursors selection towards desired nanostructured materials.
Interestingly, the precursors were found to play a crucial role in
both the morphologies of IL templates and template-precursor
spatial correlations. This, to the best of our knowledge, has not
been reported before. More importantly, this study provides a
fundamental understanding on the mechanism of soft-templat-
ing synthesis of nano-structured polymer and carbon materials
by employing amphiphilic ILs as recyclable templates and gives
insight into how the structures of the resultant materials could
be manipulated aiming for various applications.

vation

Results and discussion

1-Alkyl-3-methylimidazolium-based ILs are the most studied
family for templating synthesis.”"”** We chose 1-decyl-3-
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methylimidazolium acetate ([C;,MIM][OAc]) due to the follow-
ing reasons: (1) [C;,MIM]" as cation has desired amphiphili-
city, and (2) the acetate anion not only has a strong dissolution
ability***” and is slightly basic, but also makes the process
greener by being halogen-free. Phenolic compounds such as
phenol, resorcinol, and phloroglucinol that have been used
extensively to prepare porous polymer/carbon materials were
selected as precursors and were added equimolarly as IL tem-
plates. The detailed methodology can be found in the ESL}

The morphological evolution process of amphiphilic IL
templates in ternary mixtures is first emphasised under
varying water content, precursors, and temperature. The tem-
plate-precursor spatial correlation is subsequentially high-
lighted, which together with template morphology determine
the resultant topological structures of nanomaterials. Finally,
potential consequences of this work are briefly discussed with
possible promising syntheses routes proposed for some nano-
materials targeting particular applications.

Influence of water content on the morphology of IL templates

The self-assembly process of [C;o,MIM][OAc]/water/phenol
ternary systems with varying water contents at 298.15 K was
first studied via coarse-grained molecular dynamics (CGMD)
simulations coupled with experimental techniques. CG models
in this study are available in ESI and depicted in Fig. S1.f

All ternary systems with corresponding morphologies
obtained from CGMD simulations are summarised in
Table S1.f Fig. 1 shows three typical morphologies formed by
[C1oMIM]" cations in the presence of phenol as the precursor.
With the decreasing water content (H,O wt% = m(H,0)/
(m(H,0) + m(ILs)), excluding phenolic precursor) in the
mixture, spherical, columnar, and lamellar phases formed
sequentially once the IL concentration exceeded the critical
micelle concentration (CMC). Fig. 1a presents a disordered
configuration of spherical micelle clusters formed when the
relative water content is 50.5 wt%. As the water content
decreases, spherical clusters slowly grow longer into rod-like
clusters. Eventually long rod-like clusters reorganise and evolve
into honeycomb-like hexagonal columnar phase with long-
range order (Fig. 1b); corresponding water content ranges from
29.3-44.0 wt%. After a short transition stage, lamellar sheet-
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like arrays as shown in Fig. 1c are formed as the water content
reaches smaller than 25.0 wt%.

During a typical morphology evolution process in IL/water
binary mixtures, the formation of LLCs or lyotropic gels indi-
cates that the mixture is in a lyotropic phase. Different texture
patterns from polarised optical microscopy (POM) can be
linked to certain morphologies, such as a hexagonal columnar
or smectic phase.*®*** POM was also performed to observe
[C1oMIM][OAc]/water/phenol ternary mixtures. Fig. S2at shows
a characteristic fan-like pattern of [C;,MIM][OAc]/water binary
gels with a water content around 18 wt%, indicating the pres-
ence of hexagonal liquid crystalline structures, while ternary
mixture containing phenol exhibited a clear liquid phase
(Fig. S2bf¥), although hexagonal columnar and smectic lamel-
lar morphologies are observable in CGMD simulations.

However, the absence of LLCs or lyotropic gels on a macro-
scopic aspect does not necessarily indicate that the IL tem-
plates in ternary mixtures are not confined in hexagonal or
lamellar arrays. In neat long-chain 1-alkyl-3-methyl-
imidazolium salts, the crystalline phase exhibited highly
ordered lamellar arrays at lower temperatures but could
directly turn into isotropic liquids after melting.*> Analogous
temperature-dependent mesophase behaviours were also seen
in IL/water binary mixtures.”>*® This is possibly because
heating could cause an increased kinetic energy and faster
molecule motion, which destabilises the periodic three-dimen-
sional H-bonding lattices. Although the liquid crystalline
phases disappeared after melting, the array of long-chain
cations still maintained a dynamic short-range structural
ordering.*® The disappear of LLCs or gels in ternary mixture is
likely due to the addition of phenol precursor.

Small-angle X-ray scattering (SAXS) measurements were
carried out to seek for experimental evidence of the mor-
phologies of both binary and ternary mixtures. As shown in
Fig. S3a,T the SAXS profiles of [C;,MIM][OAc]/water binary mix-
tures containing 18-50 wt% of water indicate the dominating
hexagonal phase, evidenced by the characteristic scattering
vector ratio g, : g, : g; = 1: /3 : 1/4.*** CGMD simulation also
pointed out an ordered hexagonal structure when the water
content reached 18 wt% (Fig. S3b?}). Moreover, with the rise of
these sharp characteristic scattering peaks

temperature,

Fig. 1 Snapshots of [C1oMIM][OAc]/water/phenol ternary systems at water contents around: (a) 50 wt%, (b) 34 wt%, and (c) 25 wt%. Red and cyan
beads represent imidazolium rings and alkyl chains of IL cations, respectively. Phenol, water, and anions are not shown for clarity.
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become less intense even unobservable due to higher kinetic
energy. Only a single broad g, peak was detected for
[C1oMIM][OAc]/water binary mixtures containing 34 wt% of
water when temperature reached to 358.15 K (Fig. S3ct). At
this point, the lyotropic mesophase reversibly melted into an
isotropic liquid phase and the long-range liquid crystallinity
was disturbed, resulting in a dynamic short-range structural
ordering of IL cations.

Fig. 2 shows SAXS spectra for ternary mixtures containing
phenol where only broad peaks were observed rather than
sharp intense peaks. The SAXS profile for ternary mixture con-
taining 18 wt% of water shows a single broad peak centred at
0.24 A7, which could be associated with the relative structural
ordering in short-range. With the increase in water content
from 30 wt%, the g, peak gets lower and shifts to lower g
range, while a second broad peak g, gets higher and centred
around 0.38 A™'. When the water content exceeds 50 wt%,
both peaks become weaker then merge into a much broader
peak for mixture containing 90 wt% of water. Owing to the
less intense nature of these scattering peaks, it is challenging
to interpret morphological information for IL templates in
ternary mixture. However, when the mixtures were quenched
down to 263.15 K, more recognisable scattering peaks are man-
ifested, which is probably because lower temperature results in
slower molecule motion due to lower kinetic energy. As shown
in Fig. S4,7 two scattering peaks at 0.22 and 0.44 A~ are
observed for a ternary mixture containing 18 wt% of water; the
ratio g, : g, = 1:2 indicates the formation of lamellar bilayer
array with a repeating distance d = 2n/q = 28.5 A. At 44 wt% of
water, a hexagonal phase is detected with a scattering vector
ratio of g;:q, = 1: \/ 3. The broad peak observed from ternary
mixture containing 90 wt% of water indicates that IL cations
are dominatingly assembled into spherical clusters.

The SAXS result implies that the introduction of phenol can
destabilise the H-bonding lattice between IL and water hence
the weakened scattering intensity of characteristic peaks for
ternary mixtures. This is likely attributed to the hydroxyl group

18wt%

25wt%

- 30wt%
s 34Wt%
Z 40wt%
3 44wt%
£ 50wt%
60Wt%
\’N\ 70Wt%
S 80Wt%
90Wt%

—
g T MR LR M L T T

00 01 02 03 04 05 06 07 08 09 10

Fig. 2 SAXS patterns of [C;0MIM][OAc]/water/phenol ternary mixtures
with varying water contents at 298.15 K.
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in phenol that enables phenol to interact with ILs and water
via H-bonding.

The detailed interaction energies for ternary systems are also
obtained from DFT calculations with a single ion pair and
varying water numbers (Fig. 3). The overall system interaction
energy shows a steady growth from 619.2 to 1439.8 k] mol™
when the number of water molecules increases in the system.
This growth is mostly contributed by the interactions of water-IL
pair (from 78.2 to 425.8 k] mol ") and water-water pair (from 0 to
566.2 kJ mol ). Noticeably, the interaction within [C;,MIM][OAc]
molecules becomes weaker, evidenced by the declining inter-
action energy from 430.9 to 315.4 kJ mol™". Since H-bonding is
the predominating interaction pathway between [C;oMIM][OAc]
and water, adding more water into the ternary system essentially
enlarges the H-bonding probability of IL with water and initiates
the morphological evolution of micelles during self-assembly. In
the presence of a precursor, phenol shows a significantly strong
H-bonding interaction with [C;,MIM]OAc], especially via
acetate---H-phenol bond. Consequently, the H-bonding lattices
between ILs and water are destroyed by the competitional inter-
action between IL with phenol, hence the disappear of the liquid
crystalline mesophase.

Influence of different precursors on the morphology of IL
templates

Beside of phenol, resorcinol and phloroglucinol are also exten-
sively used precursors for porous polymer and carbon
materials. CG-MD simulations were performed for ternary mix-
tures containing resorcinol and phloroglucinol individually to
reveal whether different precursor could influence the self-
assembly of ILs during templating synthesis. A benzene based
ternary mixture was studied for comparison. Due to their
accumulative hydroxyl groups from 0 to 3, these four aromatic
compounds possess increasing hydrophilicity and hydrogen
bonding ability in the order of benzene < phenol < resorcinol <
phloroglucinol. The mixing ratio in ternary systems remained
equal, so the only variable was the increasing hydroxyl func-
tionality and consequent H-bonding ability.

1600.0 phenol - IL

1400.0 4 @phenol - water _
5 IL-1L Ezd03
£ 12000 1 g yater - 1L —
< 1000.0  Bwater - water
&
5 Seasy 4258
5 el 3y
'% 600.0 1 110.0
ol
& 4000 A
= 430.9 _—

200.0 4

00 L EzaTs2 i
i 4 8 12 16

Number of water molecules

Fig. 3 Energy changes with increasing water concentration in ternary
systems.
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resorcinol

phloroglucinol

Fig. 4 Morphology evolution under increasing hydroxyl groups in precursors at the same mixing ratio (red: imidazolium ring, cyan: alkyl chain,

blue: acetate, yellow: phenolic compounds, white: water).

The eventual configurations of ternary mixtures at 18 wt%
of water are shown in Fig. 4. The benzene based ternary
mixture also presents a planar lamellar phase like their phenol
counterpart. In comparison with [C;,MIM][OAc]/water binary
mixture where dominating hexagonal columnar phase is obser-
vable, the addition of equimolar of phenol or benzene has
changed the morphology of [C;,MIM]" micelles. Most notice-
ably, when using resorcinol and phloroglucinol as precursors,
the morphology of the [C;(MIM][OAc] became hexagonal
columnar, which is expected to appear at higher water con-
tents for phenol-based cases. This indicates that the introduc-
tion of more hydroxyl functionalities also plays an analogous
role as increasing water ratio in mixture. One hydroxyl func-
tionality on a phenolic compound can act as one H-bond
donor and acceptor while per water molecule has double the
H-bonding capacity of phenol; phloroglucinol is able to form
H-bonds quantitively equal that of phenol “plus” water at
maximum. This may lead to the morphological transition
when using phloroglucinol to replace phenol.

The SAXS profiles of the ternary mixtures with the four
different precursors are shown in Fig. 5. Only broad peaks

benzene
phenol
resorcinol
—— phloroglucinol

_JJ&%/ :

JJ& o

T T T T T T T T T
0.0 01 02 03 04 05 06 07 0.8 09 1.0

q (7

Intensity (a.u.)
X
o

Fig. 5 SAXS pattern of ternary mixtures containing 18 wt% of water
with different precursors: (a—d) benzene, phenol, resorcinol, and
phloroglucinol, respectively.
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were observed for ternary mixtures, except that containing
benzene where its scattering vector ratio g, : g, = 1: 2 signifies
the presence of smectic lamellar phase. With the increase in
hydroxyl groups, the broad scattering g, peak gets stronger
from ternary mixture containing phenol. The absence of the
second scattering peak g, makes it more challenging to inter-
pret the morphological structures of [C;oMIM]" cations in a
ternary mixture containing resorcinol or phloroglucinol.
Unlike their phenol counterpart, lower temperatures do not
make the interpretation of SAXS profiles more straightforward
as there is still only one broad scattering peak observable
(Fig. S57).

POM was performed for ternary mixtures containing resor-
cinol and phloroglucinol. No lyotropic gels or LLCs were
observed, although a hexagonal array was predicted by the
CGMD simulation. The absence of a lyotropic gel phase did
not apply to the [C;oMIM][OAc]/water/benzene system, the
cross pattern of which could be associated with the formation
of a lamellar phase (Fig. S6at).*""**** Liquid crystalline phases
were also reported observable in [C;sMIM][Br]/water/p-xylene
ternary mixtures.”’ This is because neither benzene nor
pxylene has functional moieties containing hetero-atoms to
serve as H-bond donors and acceptors, therefore benzene and
pxylene are chemically stable in mixtures and unlikely to
destabilise the H-bonding interactions between IL and water.
However, when resorcinol or phloroglucinol were added in
molar quantities than the concentration of
[C1oMIM][OAC], lyotropic gels were observed for ternary mix-
tures; the representative fan-like pattern exhibits the character-
istics of hexagonal liquid crystalline lattice*"**>** (Fig. S6bt).
This phenomenon confirmed that phenolic compounds
compete with water to form H-bonds with ILs, particularly
acetate anion. When the molar concentration of the ILs is
higher than that of the precursors, phenolic compounds are
likely confined in dynamic hexagonal arrays via H-bonds with
[C1oMIM][OAc] and water, and excessive concentrations of
[C1oMIM][OAc] form liquid-crystalline H-bonding interactions
with water generating lyotropic gels on a macroscopic aspect.
When resorcinol or phloroglucinol was added equimolarly

lower

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2nr02875a

Open Access Article. Published on 15 zai 2022. Downloaded on 31.01.2026 21:39:31.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

with [C;oMIM][OAc], the strong scattering g; peak in their
SAXS profiles could be resulted from the formation of hexag-
onal columnar arrays.

To reveal how hydroxyl moieties on polymer precursors influ-
ence the morphology of IL templates, DFT calculations were per-
formed for ternary systems containing different precursors at the
same mixing ratio ([C;oMIM]OAc]: water : phenolic compound =
1:1:4, at which the weighted content of water is approximately
18 wt%). Fig. 6a shows the overall interaction energies of four
ternary mixtures. It was found that non-hydrogen bonding is the
major interaction for the benzene-based ternary system, within
which the van der Waals forces and hydrophobic interactions
likely dominate the self-assembly. Upon the addition of phenolic
compounds containing hydroxyl groups, H-bonding interactions
become the major driving force for self-assembly. The increase in
the number of hydroxyl groups leads to a steady growth in
H-bonding energies from 329.2 to 539.5 k] mol . Conversely, the
non-hydrogen bonding interaction energy declines gradually
from 383.9 to 252.8 k] mol™". This trend becomes more evident
in a ternary system containing phloroglucinol, within which the
H-bonding energy is more than twice that of non-H-bonding
interactions.

To further investigate the role of increasing numbers of
hydroxyl groups, H-bonds were classified in two types: the
H-bonds associated with phenolic compounds (ie.
phenolic---H-acetate, phenolic:--H-water, phenolic:--H-cation,
water---H-phenolic, and acetate---H-phenolic), the H-bonds
involving the [C,oMIM]" cation, acetate anion, and water. As
shown in Fig. 6b, benzene barely forms H-bonds with the
other two species and the only H-bonds exist between ILs and
water, mainly acetate---H-water. Detailed H-bonding inter-
action energy and individual significant H-bond within four
different ternary systems can be found in Tables S2, 3 and
Fig. S7.7 In the presence of a growing number of hydroxyl
groups, the H-bonding energy associated with phenolic com-
pound sees a steady rise from 145.7 k] mol™' in ternary
mixture containing phenol to 241.0 k] mol™" in that with

a)
900.0

B H-bonding
Enon H-bonding

800.0

700.0

600.0 1341.0

500.0
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Fig. 6
orbital (NBO) analysis.
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phloroglucinol. An obvious diminishing effect in acetate---H-
water interactions is shown as the hydroxyl group triples. This
is because the acetate---H-phenolic bond and water---H-pheno-
lic bond are two dominating H-bonds, contributing to over
92% of total H-bonding energy involving phenolic precursors,
especially the former. When phenolic compounds compete in
their interactions with water, the number of H-bonds formed
between acetate and water becomes less. Consequently, more
water molecules tend to form H-bonds with themselves via
O---H-O bond, whose energy value climbs from 39.5 (in
phenol case) to 72.2 k] mol™* (in phloroglucinol case) with an
increment around 16.3 kJ per mol per hydroxyl group. This
also elucidates how phenolic compounds could destabilise the
periodic H-bonds lattice between ILs and water, hence the dis-
appear of lyotropic gels.

H-bonding in systems incorporating ions is likely to corre-
late with charge transfer between ion pairs; this brings difficul-
ties in estimating the H-bond energy.*® We studied the charge
transfer from acetate to [C,oMIM]" cation within ternary
systems with a single isolated ion-pair; corresponding values
are 0.228e, 0.229¢, 0.257¢, and 0.230e for mixtures containing
benzene, phenol, resorcinol, and phloroglucinol, respectively.
Considering that the values for individual per anion in bulk
systems are expected to be slightly smaller,*® the charge trans-
fer values within ternary systems with different phenolic pre-
cursors are quite comparable. Therefore, the increase in
H-bonding interaction energy values is attributed primarily to
the growing hydroxyl group number.

Influence of temperature on the morphology of IL templates

Temperature is also a typical factor that influences the phase
behaviour of amphiphiles in binary mixture.*® During templat-
ing synthesis, the cross-linking of phenolic precursors is nor-
mally carried out above 343.15 K, where morphology evolution
might be different with that at lower temperatures.

As shown in Table S1 and Fig. S8,f CGMD simulation
results indicate that the morphology evolution at 358.15 K, a

b ;
) 600.0 Elphenolic related acetate ... H-cation
Elacetate ... H-water Bwater ... H-cation
500.0 A W water ... H-acetate @water ... H-water
=
= 55A9
£ 2 3
S 4000 A 39-5 Y372
5 Y302
o 3
2 3000 {1 NNN397
v 220.6
c
Re]
@ 200.0 -
9]
= 1244.3 6.0
100.0 A
161.8
125.3
0.0 6.2
benzene phenol resorcinol phloroglucinol

(a) Total interaction energy and (b) H-bonding interaction energy changes with increasing hydroxyl group numbers obtained by natural bond
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typical temperature for cross-linking, follows the same trend
with that at lower temperature, but the phase transition points
(or CMCs) varies slightly. For IL/water/phenol ternary mixture
with 44 wt% of water, IL templates present spherical structures
at higher temperature which then evolve into ordered hexag-
onal columnar phases after temperature quenching.
Morphological evolution has not taken place at higher temp-
erature. Similarly, the third CMC with morphology transiting
from hexagonal columnar to smectic lamellar happens at a
higher water content at 358.15 K than that at 298.15 K. This is
possibly because the larger kinetic energy at a higher tempera-
ture is accelerating the molecule motions, which makes it
easier to cross the energy barrier to form a more stable
structure.

Polymer precursor - IL template spatial correlation analysis

In a practical templating synthesis of mesoporous polymer
and carbon materials, precursors are expected to be first
attached and subsequently being cross-linked in the amphi-
philic part of the templates.>>® Therefore, it is important to
understand the spatial correlations between precursors and IL
templates.

In Fig. 4, the distribution difference of various phenolic
precursors in mixtures can be observed. For ternary mixtures
containing 18 wt% of water, phenol (yellow particles), as well
as benzene, mostly resides in the hydrophobic cores formed by
the aggregation of alkyl chain of [C;,MIM]" cations (cyan par-
ticles); resorcinol and phloroglucinol are dispersed toward the
outer layer, the aqueous phase. The increasing number of
hydroxyl groups in phenolic precursors are likely to not only
influence the morphology of IL templates, also the distribution
of phenolic precursors within the multiple-species systems.

To acquire a more detailed distributional preference, centre
of mass (COM) radial distribution functions (RDF) were
extracted from the simulation. The anion-water pair is the
most prominent correlation throughout four ternary systems
(Fig. S97). This might be attributed to the strong H-bonding
ability between acetate and water, where RCOO™ is expected to
form 6 H-bonds with water molecules on average.*” For ternary
mixtures containing benzene or phenol, the subsequent stron-
gest correlations are cation-anion and cation-water pairs while
the weakest correlation is found between the precursor with
the ILs and water (Fig. S9a and b¥). As the number of hydroxyl
groups increases in the precursor, the peaks for the resorcinol-
anion correlation and resorcinol-water correlation grow higher,
leaving the cation-resorcinol correlation as the weakest
(Fig. S9ct). The correlation of the phloroglucinol-acetate pair
becomes the second strongest, followed by the phloroglucinol-
water pair. The presence of more hydroxyl groups to polymer
precursors seemingly favours the interaction between precur-
sor and aqueous phase.

Fig. 7 shows the detailed site-site RDFs between phenolic
precursors and [C;oMIM]" cation, which plays the role of a
template (beads cation 1-3 and 4-6 represent the imidazolium
ring and alkyl chain, respectively; see Fig. S1t). Phenol, as well
as benzene, has the strongest correlation with bead cation 4,
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Fig. 7 Site—site RDFs of IL templates and various precursors (a)
benzene, (b) phenol, (c) resorcinol, and (d) phloroglucinol, respectively.

followed by cation 5 and 6 (Fig. 7b). This indicates phenol has
a distributional preference towards the area where the alkyl
chain attaches to the imidazolium ring. The interactions
between resorcinol and the imidazolium ring of the cation
become stronger, whereas the correlation for cation 4-resorci-
nol pair remains the strongest (Fig. 7c). Compared with
phenol, the two hydroxyl groups in resorcinol double its
H-bonding ability. Consequently, resorcinol is dispersed
towards the imidazolium ring where there is a higher possi-
bility to interact with acetate and water via H-bonds. In ternary
mixture containing phloroglucinol, the strongest site-site cor-
relations are found in phloroglucinol with cation 1 and cation
2, as opposed to cation 4 as witnessed previously. Since phloro-
glucinol has mostly dispersed into the hydrophilic phase, the
outer layer of template clusters, its correlations with alkyl
chain become the weakest.

According to the RDF analyses, involving more hydroxyl
moieties in the precursor favours the interaction with the
amphiphilic part of template, leaving the hydrophobic part as
potential pore structures. To confirm this, the structures of
ternary mixtures containing a single ion pair were optimised
by DFT calculations to manifest the dominant configurations
within the dynamic systems. As shown in Fig. 8, reference dis-
tances between terminal carbon (C10) and the projection point
of precursor geometric centre onto the alkyl chain were calcu-
lated based on Table S4t to show the degree of dispersion. A
clear trend is found that the reference distance becomes larger
from benzene to phloroglucinol as the hydroxyl groups
increase. Benzene and phenol have the least distance with C5-
C7, C2-C5 of the alkyl chain, respectively. Resorcinol is distrib-
uted around C1 and C2, and phloroglucinol around N atom
linked to the methyl side group of the cation. This result
coincides well with the strongest pair spatial correlations in
CGMD simulations.

Experimental evidence was acquired by 2D NOESY NMR
spectroscopy. Protons close to each other in space (with a dis-

This journal is © The Royal Society of Chemistry 2022
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Fig. 8 Structures optimised by DFT for ternary mixtures containing (a)
benzene, (b) phenol, (c) resorcinol, and (d) phloroglucinol, respectively.

tance less than 3.5 A) are likely to show stable cross peaks in
the 2D spectra. A NOESY experiment for ternary mixture con-
taining benzene was performed with deuterated oxide as
internal reference due to the formation of lyotropic gels. From
Fig. 9, the protons on benzene (7.0 ppm) only show cross
peaks with H atoms linked to C3-C9 in the alkyl chain (broad
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peak from 0.9 to 1.0 ppm), therefore benzene is mostly distrib-
uted near the alkyl chain. As aforementioned, benzene barely
interacts with [C;oMIM][OAc] and water so non-H-bonding
interactions such as the van der Waals force and hydrophobic
interaction play major roles in the distribution of benzene. H
atoms on phenol (6.5, 6.3, and 6.1 ppm) also present weak
cross peaks with methyl group linked to the imidazolium ring,
which infers that a small proportion of phenol remains in the
aqueous phase. The cross peaks between protons on resorcinol
(6.2, 5.8, and 5.7 ppm) and the imidazolium ring (6.7 and
6.6 ppm) confirm that some resorcinol molecules have started
to disperse into the aqueous phase. When the hydroxyl groups
are tripled, cross peaks resulting from the interactions
between phloroglucinol (5.0 ppm) and the aqueous phase
(mainly water at 6.0 ppm and acetate at 1.1 ppm) become more
evident due to their strong interaction with the hydrophilic
aqueous phase. Moreover, the peak for water shifts to high
field with a growing number of hydroxyl group, from 5.5 ppm
in the case of phenol to 6.0 ppm in the case of phloroglucinol,
which can be attributed to the growing H-bonding interactions
between precursor and water.

The results above also provide explanations on why pheno-
lic compounds with different hydroxyl groups present different

alkyl chain
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Fig. 9 2D NOESY experiments for ternary mixtures containing (a) benzene, (b) phenol, (c) resorcinol, and (d) phloroglucinol, respectively.
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Table 1 Potential applications for nanomaterial preparation
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Water content”

Morphologies of [C;,MIM][OAc]

Representative down-stream

Precursor (Wt%) templates Potential nanomaterials applications
Phenol 50-90 Spherical Carbon nanoparticles/ Catalysis, oxygen reduction
nanosphere reactions
30-45 Hexagonal columnar Carbon nanowires/fibres Energy storage, electrocatalysis
18-25 Lamellar bilayer Nanoplates, nanosheets Photocatalysis, energy storage
Resorcinol >34 Spherical Hollow spheres, porous carbons/ ~ Water treatment, heterogeneous
polymers catalysis
18-25 Hexagonal columnar Ordered mesoporous polymer/ Energy storage, drug delivery,

Phloroglucinol  >25

<18

Spherical

Hexagonal columnar

carbon

Hollow spheres, porous carbons/
polymers

Ordered mesoporous polymer/

catalysis

Separation, water treatment,
catalysis

Biosensor, energy storage, drug

carbon delivery

“Means relative water content: m(H,0)/(m(H,0) + m(ILs)), excluding the precursor.

extraction efficiencies during extraction from waste water by
employing imidazolium-based ILs.***° The extraction percen-
tage for phenol generally exceeds 90%, while that for resorci-
nol is smaller than 60%."® Phenol resides mostly in the hydro-
phobic phase of the IL cation, but its H-bonding ability via
-OH results in a small ratio of phenol remaining in the
aqueous phase. Resorcinol, due to the doubled hydroxyl
groups, is observed mostly near the C1 atom of the IL alkyl
chain thus has a poorer extraction efficiency.

Furthermore, template-precursor spatial correlations may
also influence the morphological evolution of IL templates. At
around 18 wt% of water, [C;oMIM][OAc]/water binary mixture
shows a hexagonal columnar phase. When phenol or benzene
is added, the precursors enrich the hydrophobic phase by a
space-occupying effect due to their spatial preference to the IL
alkyl chains. The morphology of [C;(MIM]" cations has trans-
formed into lamellar bilayer array, which tends to appear at
more reduced water contents, i.e. the reduced hydrophilic
phase. Phloroglucinol and resorcinol tend to strongly correlate
with the aqueous phase thus could enrich the hydrophilic
phase by a space-occupying effect. Consequently, spherical
clusters are observed at 33.8 wt% of water for a ternary mixture
containing resorcinol, and at 25.0 wt% for their phloroglucinol
counterpart (Table S1}), where the binary mixtures based on
Fig. S3af still remain in the hexagonal phase.

Proposed synthesis routes for nanomaterials and applications

This work systematically investigated the morphological evol-
utions of ILs as the recyclable template and the spatial corre-
lation between IL templates and precursors; the use of recycl-
able IL templates delivers increasing sustainability to the
preparation process of nanomaterials by potentially lowering
economic cost. The findings from this study provide signifi-
cant guidance on seeking promising synthetic routes of tai-
lored porous nanomaterials aimed for specific applications.
Based on the difference in spatial distribution, the selection
of precursors could lead to diverse nanostructures for various
applications (Table 1). For example, the correlation preference
of phenol to hydrophobic phase of IL templates enables them

14220 | Nanoscale, 2022, 14, 14212-14222

for preparing 0-D carbon nanospheres, 1-D nanowires, and 2-D
nanoplates/nanosheets when the morphologies of the IL tem-
plates are spherical, columnar, and lamellar, respectively.
Resorcinol and phloroglucinol preferentially reside in the
hydrophilic aqueous phase, leaving the hydrophobic alkyl
chain phase to generate pores after removal of the IL tem-
plates. Therefore, they could be promising candidates for
hollow spheres or porous materials, ordered mesoporous
polymer/carbon materials when spherical, hexagonal colum-
nar micelle clusters form, especially when using phloro-
glucinol as a precursor.

However, the influence of cross-linkers on the self-assembly
needs to be stressed. Phenolic precursors are expected to be
cross-linked suitably after the self-assembly process to obtain a
stable polymer structure. But commonly used cross-linkers
such as formaldehyde, glyoxal and glyoxylic acid, may intro-
duce hydroxyl groups into mixture, which can potentially affect
both the template morphologies and precursor-template
spatial correlations. Different precursor/template mixing ratios
and chain lengths of IL cations may also lead to different
results. These could be further investigated in the future by
performing CGMD simulations, which in this work presented
great reliability as confirmed by the experimental results.
Nevertheless, the current version of Martini models typically
underestimates the stacking distance of ring structures, result-
ing in lower densities than found as experimental values.”™>*
Therefore, CGMD simulations might be more competent to
emphasise the mesoscopic self-assembly behaviour rather
than quantifying statistic properties such as density and ato-
mistic interaction energies.

Conclusions

The self-assembly process in a soft-templating synthesis of
nano-structured polymers and carbon materials was systemati-
cally investigated, whereby long-chain imidazolium-based ILs
were employed as recyclable templates. The two crucial factors
that determine the eventual structure of nanomaterials were

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2nr02875a

Open Access Article. Published on 15 zai 2022. Downloaded on 31.01.2026 21:39:31.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

highlighted particularly as (1) the morphology of IL templates
and (2) the precursor-template spatial correlations.

The morphologies of amphiphilic IL templates are not only
tuneable through the adjustment of water content in mixture
but also by the selection of the precursors. With the increase
of water content in the mixture, the morphology of IL tem-
plates undergoes smectic lamellar bilayer, hexagonal columnar
and spherical structures. At the same mixing ratio, introducing
more hydroxyl groups to the material precursor also changes
the morphology of IL templates, such as from a lamellar
bilayer to a hexagonal columnar phase. The rationale of both
approaches lies in adjusting the H-bonding probability of IL
templates in the mixture.

Material precursors with different hydroxyl moieties lead to
different precursor-template spatial correlations. More
hydroxyl groups in the polymer precursor could increase the
H-bonding ability and disperse precursors from a hydrophobic
phase to a hydrophilic phase.

This work presents a theoretical basis on the mechanism of
soft-templating synthesis with amphiphilic ILs as recyclable
templates and gives insight into how to design coveted nano-
materials for targeting applications. Consequently, special
attention is expected to be paid to the precise manipulation of
templates into desired morphologies by adjusting mixing
ratios and the rational selection of material precursors based
on template-precursor spatial correlations.
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