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ABSTRACT
Ionothermal synthesis, the use of ionic liquids as both solvent and
template (structure-directing agent), has been used to prepare
zeolites and inorganic–organic hybrids such as metal–organic
frameworks. The underlying properties of the ionothermal method
are discussed, and it is compared with traditional hydrothermal
preparative methods. The materials resulting from ionothermal
synthesis are described, and any structural features that can be
related to the ionic liquid used as the solvent are discussed. Future
areas of potential interest are also considered.

Introduction
The search for new porous solids remains at the forefront
of synthetic materials science as their architectures con-
tinue to be of interest for many established and emerging
applications.1–3 Until relatively recently, the field of crys-
talline porous solids was dominated by aluminosilicate
zeolites, but since the 1980s, many other fascinating
materials have been produced, ranging from alumino-
phosphates4 to metal–organic frameworks5,6 and other
inorganic–organic hybrids.7,8 In general, these materials
are made in a so-called solvothermal synthesis, often in
sealed autoclaves under autogenous pressure. By far the
most common solvent used is water, giving rise to
hydrothermal synthesis,9 but many other solvents have
been tried.10 This Account details the recent developments
in ionothermal synthesis of open framework structures,
where the solvent used is predominantly an ionic liquid
or eutectic mixture, which also acts, in many cases, as the
template provider.

In the 1940s, Barrer11 and Milton12 hydrothermally
synthesized the first zeolites. Synthetic hydrothermal

zeolite formation involves mixing the reagents, usually the
tetrahedral atom source or sources, an organic structure-
directing agent (SDA, often called the template), a min-
eralizer, and the solvent. The mixture is then heated (<220
°C) in a polytetrafluoroethylene (PTFE)-lined steel auto-
clave at high autogeneous pressure for a period of time.
To date, approximately 40 natural zeolite structures13 and
more than 130 synthetic frameworks14 have been identified.

The first class of molecular sieves synthesized that
contained no silica consisted of the aluminophosphates
(AlPOs), synthesized by Flanigen and co-workers in the
early 1980s.4 The search for more exotic structures led
swiftly to the exploration of materials such as berylo- and
zincophosphates.15 Today a wide range of elements have
been incorporated into phosphates and many new zeolite
analogues synthesized.

An alternative route to hydrothermal synthesis uses
nonaqueous solvents rather than water. The role of the
solvent in, for example, a zeolite synthesis is to ensure
efficient transport of reactants but without interacting too
strongly with any of the individual components of the
mixture. Since the inorganic precursors of zeolites and
most inorganic–organic hybrid materials are ionic, the best
solvents tend to be relatively polar in nature. To find
suitable organic solvents for zeolite synthesis, their ten-
dency to form hydrogen bonds must be considered. If the
solvent forms hydrogen bonds which are too strong, this
will prevent the framework species and template from
interacting, thus preventing nucleation. Intermediate
hydrogen bonding organic solvents, such as hexanol,
propanol, glycol, glycerol, and pyridine, are therefore
preferred.10

Ionic liquids16 are a class of organic solvents with high
polarity and a preorganized solvent structure. Room-
temperature (or near-room-temperature) ionic liquids are
classically defined as liquids at ambient temperatures (or
<100 °C) that consist only of ions.17 They have excellent
solvating properties, little measurable vapor pressure, and
high thermal stability. In the area of materials science,
there have been several reports of ionic liquids being used
as solvents with very little or controlled amounts of water
involved in the synthesis.18 Most of these studies concen-
trated on amorphous materials and nanomaterials.

In 2004, Cooper et al.19 reported a new type of solvo-
thermal synthesis in which an ionic liquid20 or eutectic
mixture21 was used as both the solvent and the SDA in
the synthesis of zeolites. This new synthesis methodology
has been termed ionothermal synthesis and is currently
receiving a growing amount of interest within the zeolite
community. Recent publications using ionothermal syn-
thesis have reported the formation of aluminophos-
phates,19,22–27 cobalt aluminophosphates,28 gallium phos-
phates,23 and organic–inorganic hybrid materials.29–35

Many of these structures are new, demonstrating the
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potential of ionothermal synthesis in the discovery of
novel materials. This Account will concentrate on sum-
marizing the work to date in this area.

The Idea behind Ionothermal Synthesis
The unique feature of ionothermal synthesis is that the
ionic liquid acts as both the solvent and the template
provider. Many ionic liquid cations are chemically very
similar to species that are already known as good tem-
plates (alkylimidazolium-based, pyridinium-based ionic
liquids). Many are relatively polar solvents, making them
suitable for the dissolution of the inorganic components
required for the synthesis. One of the defining properties
of ionic liquids is their lack of a detectable vapor pressure
which effectively results in the elimination of the safety
concerns associated with high hydrothermal pressures and
has also led to their use in microwave synthesis.

For the purpose of ionothermal synthesis, a broader
definition of an ionic liquid is used: a salt that melts below
the temperatures used in the synthesis of zeolites, typically
150–220 °C. Since there are no other solvents added to
the reaction mixture, the theory holds that there are no
other molecules present to act as space fillers during
zeolite synthesis. This means that ionothermal synthesis
ideally removes the competition between template–frame-
work and solvent–framework interactions that are present
in hydrothermal preparations (Figure 1). This, however,
is the idealistic scenario, which is not always attainable
due to the possible decomposition of a small fraction of
the ionic liquid cations, resulting in smaller template
cations which may preferentially act as the SDA in the
ionic liquid solvent.25

Recent molecular modeling studies indicate that the
structures of ionic liquids are characterized by long range
correlations and distributions that reflect the asymmetric
structures of the cations.16 Long-range asymmetric effects
of this kind potentially increase the likelihood of transfer-
ring chemical information from the template cation to the
framework, a situation that is desirable if full control over
the templating process is to be achieved.

Deep Eutectic Mixtures
Eutectic mixtures have been used in ionothermal synthesis
as an alternative to ionic liquids. A eutectic mixture is a
mixture of two or more compounds which has a melting
point lower than that of either of its constituents.21

Eutectic mixtures exhibit unusual solvent properties that
are very similar to those exhibited by the ionic liquids.
High solubility can be observed (depending on the eu-
tectic mixture used) for inorganic salts, salts that are
sparingly soluble in water, aromatic acids, amino acids,
and several metal oxides. Advantages of eutectic mixtures
over ionic liquids are their ease of preparation in the pure
state and their relative nonreactivity with water. Many are
biodegradable, and the toxicology of the components may
be well-characterized. Eutectic mixtures based on urea
and choline chloride are also far less costly than ionic
liquids.

Role of Water and Fluoride in Ionic Liquids
In ionothermal synthesis, the reaction takes place in an
ionic environment, which differentiates it from hydro-
thermal or solvothermal techniques, where the solvent is
predominantly molecular. It should be noted, however,
that this does not preclude the presence of small amounts
of water since many ionic liquids are hygroscopic and can
absorb significant amounts of water from the atmos-
phere.36 Dialkylimidazolium bis[(trifluoromethyl)sulfon-
yl]amides (Tf2N-) are reported to be hydrophobic,37 but
they still contain some water, even after a vigorous drying
process. Rogers et al.38 carried out studies on the water
content of dried hydrophobic and hygroscopic ionic
liquids. As an example, 1-butyl-3-methylimidazolium
(BMIm) Tf2N is classified as a hydrophobic ionic liquid
but after drying contains 474 ppm water; BMImCl is
hygroscopic and after drying contains 2200 ppm water.
This water content is possibly beneficial to zeolite forma-
tion as water can act as a mineralizer when present in
only reactant quantities. Recent work in the structure and
chemistry of “wet” ionic liquids also indicates some other
very interesting potential applications of ionothermal
synthesis for the preparation of unusual solids. Particularly
interesting is the deactivation of water through strong
interaction with the anions in the IL.36,39 It is now
relatively well known that wet ionic liquids (containing
as much as 7 M water depending on the actual ionic
liquid) behave as if the water is less reactive than one
would expect it to be. Yasaka et al. showed, using H–D
exchange reactions, that water is significantly deactivated
in ionic liquids,40 and Hardacre and co-workers showed
that highly sensitive molecules like PCl3 can be stored for
extended periods in various ionic liquids without hydroly-
sis.41 The reason for this deactivation of water is that even
at significant concentrations the water is molecularly
dispersed or present only as small clusters, and the strong
water–anion interactions reduce the nucleophilicity of the
water and decrease its hydrolysis activity. In contrast,
water in organic solvents often phase segregates on a
microscopic scale to form hydrophilic regions that exhibit

FIGURE 1. Schematic comparison between (a) hydrothermal and
(b) ionothermal synthesis. In panel a, interactions between the
excess solvent (water) and the template or framework dominate,
while in panel b, the template–framework interactions dominate.22
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normal water reactivity. As the water content is increased
in an ionic liquid, the water tends to form larger hydrogen-
bonded clusters and networks and behaves much more
like other wet solvents. The amount of water present is
therefore of great importance in determining the outcome
of a synthesis.

Mineralizers, such as fluoride or hydroxide ions, added
to the reaction mixtures in the correct quantities are often
vital for crystallization of the desired molecular sieve
products. Fluoride in particular has recently been an
extremely useful mineralizer in aluminophosphates42 and
silicate synthesis.43 In addition to helping solubilize the
starting materials under the reaction conditions, fluoride
itself can play a structure-directing role44,45 and is inti-
mately involved in template ordering in certain materi-
als.46

In ionothermal synthesis, the addition of water or
fluoride seems to be important in determining the phase
selectivity of the reaction (see below). The ability to add
either of these two important additives to the synthesis
allows a level of control in ionothermal synthesis that is
often absent in other methods.

Ionothermal Synthesis of Aluminophosphates,
Cobalt Aluminophosphates (CoAlPOs), and
Silicates
The first report of zeotype materials synthesized iono-
thermally used the ionic liquid 1-ethyl-3-methylimidazo-
lium bromide (EMImBr), which is a relatively polar solvent
that solubilizes the starting materials almost completely
at the reaction temperatures.19 This indicates that the
synthesis mechanism is a crystallization from solution
rather than a solid-to-solid transformation. SIZ-1 (St
Andrews Ionothermal Zeolite-1) and SIZ-6 (Figure 2) are
new zeotype structures and were produced without the
addition of fluoride. Both structures have hanging P–O
bonds and aluminium coordinated to more than four
oxygens.19,24 SIZ-3 (AEL) and SIZ-4 (CHA) were produced
with the addition of HF and consist of fully condensed
frameworks. SIZ-5 (AFO) was produced with the addition
of water and can be classified as hydrothermal synthesis
due to the quantity of water used being greater in molar
terms than the quantity of ionic liquid.

The apparent dependence of the products on water and
HF gives some clues about the possible mechanism of the
reaction; however, further clarification is required with the
need for additional experimental studies. With little water
and no HF to act as mineralizers, targeting of interrupted
framework structures such as SIZ-1 and SIZ-6 appears to
be possible. Upon addition of HF or water, condensed
structures, for example, SIZ-3, SIZ-4, and SIZ-5, are formed
with no hanging P–O bonds. The ionic liquids are good
solvents on their own, but the addition of fluoride or water
as a mineralizer appears to increase their solvating power
and leads to the possible targeting of condensed frame-
works. It also appears that the addition of water or fluoride
increases the efficiency of formation of the Al–O–P bond

as suggested for mineralizer function in hydrothermal
synthesis.47

An obvious way to control phase selectivity is to change
the template. By changing the ionic liquid cation, for
instance, altering the chain on the alkylmethylimidazo-
lium, one hopes that different framework topologies would
result, as demonstrated by Zones in his hydrothermal
synthesis, where templates of similar chemistry were
used.48 However, the SIZ-4 (CHA) and SIZ-6 structures
appear to be default structures that form when the cation
is altered slightly (Figure 3 summarizes the results).25 The
single-crystal XRD and NMR results showed that the
templates occluded in the AlPO–CHA materials were not
the original cations from the ionic liquid, but the 1,3-
dimethylimidazolium cation formed at some point in situ
during the reaction process. It also appeared that the
addition of fluoride as a mineralizer seemed to aid in the
decomposition to this cation. The stability of ionic liquids
is currently of great interest as it impacts their potential
applications. Chowdhury et al.49 showed that heating
several ionic liquids to 435 °C leads to the breakage of
the N-alkyl bonds in these materials and that this reaction
is susceptible to catalytic enhancement. It seems likely
that in the presence of fluoride some of the N-alkyl bonds
in the imidazolium cations are broken and re-formed
under ionothermal synthesis conditions and that the 1,3-
dimethylimidazolium cations are formed via a metathesis
of the alkyl groups.

FIGURE 2. Ball-and-stick diagrams of the ionothermally synthesized
aluminophosphates SIZ-1, SIZ-3, SIZ-4, and SIZ-6. The SDAs have
bee omitted for clarity.25
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Interestingly, the metathesis seems not to occur during
microwave heating or when open vessels are used. Xu et
al. report the use of BMImBr as a solvent and template in
the microwave-enhanced synthesis of a mixture of AlPO-5
(AFI) and AlPO-11 (AEL) at ambient pressure.27 Microwave
heating has several advantages over conventional heating
such as fast crystal growth and higher selectivity.50 These
results have also been produced on the benchtop in a
round bottom flask using an oil bath to heat the reaction
mixture.51 The template in both structures is confirmed
by 13C MAS NMR to be the BMIm cation. In an open
vessel, any methyl bromide (boiling point of 4 °C) or butyl
bromide (boiling point of 102 °C) produced upon N-alkyl
bond cleavage would evaporate quickly under the reaction
conditions, so the metathesis is unlikely to take place. Also
reported is the possible structure directing role of several
amines added to the ionothermal synthesis.51 While the
addition of the amine appears to affect the crystallization
process and result in better selectivity, it does not how-
ever, become occluded into the framework pores. This
work adds another interesting variable to be considered
in ionothermal synthesis.

It is apparent that despite the large number of ionic
liquids that are available, they will not all necessarily
produce new zeotype structures. The synthesis of zeolites
is, in general, very sensitive to the various reaction
conditions, including the type of reaction vessel used, the
nature of the heat source, the addition of HF, and the
addition of organics. The SIZ-4 and SIZ-10 (CHA) frame-
works have different templates, indicating that the organic
is acting more as a space filler than a structure-directing
agent according to the definition by Davis and Lobo.13

The same is true of SIZ-6 or SIZ-11, where the organic
cation can be EMIm or 1-isopropyl-3-methylimidazolium,
respectively. The AlPO-11 (AEL) structure can also occlude
either the EMIm or BMIm cation. To date, the AlPO-5
structure has only been produced ionothermally occluding
the BMIm cation; this, however, may change as the
research into other ionic liquids continues.

The cobalt aluminophosphates SIZ-7 (SIV), SIZ-8 (AEI),
and SIZ-9 (SOD) were all synthesized ionothermally using

EMImBr.28 All have framework topologies different from
those of the aluminophosphates previously reported by
the ionothermal method. This indicates that the cobalt
hydroxide added to the synthesis mixture may contribute
an additional structure directing effect on top of that
supplied by the organic cation of the ionic liquid. The
addition of cobalt hydroxide will also have altered the pH
and water content. The hydroxide may react with the
phosphoric acid or the acidic hydrogen on the imidazo-
lium ring between the two nitrogen atoms to produce
water. Subtle changes in reaction conditions can alter the
product selectivity markedly.

The synthesis of the three Co-AlPOs is an indication
that the ionothermal synthesis method is suitable for the
preparation of transition metal-functionalized frameworks
that may be useful for applications such as catalysis or
gas adsorption. The preparation of the novel framework
topology, SIZ-7, is a further indication of the potential of
ionothermal synthesis in the production of new zeotype
materials, and it has been given the code SIV by the
International Zeolite Association. SIZ-7 can be described
as consisting of double-crankshaft chains which run
parallel to the crystallographic a-axis. This same double-
crankshaft chain is found in the frameworks of PHI, GIS,
and MER, and how the chains are connected defines the
type of framework that is formed (Figure 4).

It is clear that AlPOs and CoAlPOs are accessible using
ionothermal techniques, but what about silicates? Most
of the industrially relevant zeolite materials are based on
silicon, but it is a much more difficult problem for
synthetic chemistry as the solubility of silicon species is
much trickier to control than that of Al or P. However,
the production of a new silicate polymorph framework
has been reported as isolated crystals among amorphous
material.52 This result shows that it is possible to iono-
thermally synthesise pure silicates. The SIZ-12 structure
is made up of distorted double-crankshaft chains il-
lustrated in bold in Figure 5. These chains form a layer
with each chain being a mirror image of the next. The
layers are joined together in an ABAB sequence to give a
three-dimensional structure. SIZ-12 has a framework
density of 23.92 Si/1000 Å3 which is comparable to that
of quartz, cristobalite, and tridymite which have frame-
work densities of 26.52, 23.33, and 22.61 Si/1000 Å3,
respectively.47

Initially, ionothermal synthesis of zeotype materials was
investigated using ionic liquids with a bromide anion.
Investigations carried out involving the replacement of the
bromide anion with PF6

- resulted in the formation of
�-NH4AlF4.53 This was only formed with the addition of
phosphoric acid (85 wt % in H2O), indicating that the
water was required for the PF6

- to undergo hydrolysis to
produce HF and PO4

3- before crystallization could take
place. The template in this reaction was ammonium.
Again, this illustrates how the HF may catalyze the
decomposition of the ionic liquid over time.

In an attempt to overcome the effect of HF on the ionic
liquid, the anion was changed to TF2N-.26 To date, TF2N-

has been found to be one of the anions which produces

FIGURE 3. Summary of the ionic liquid solvent, AlPO product, and
final template incorporated into the structure.
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the more thermally stable ionic liquids, with many being
stable to well over 500 °C.54 The chain structure produced,
Al(H2PO4)2F, however, did not contain any template. This
may be due to the ionic liquid being a relatively less polar
solvent than the ionic liquid formed using the Br- anion,
reducing the solubility of the starting materials.

Aluminophosphates Synthesized in Eutectic
Mixtures
The replacement of the ionic liquid solvent with a eutectic
mixture provides a new mechanism by which the solvent
also acts as a template delivery agent. The urea derivative
slowly decomposes under the reaction conditions to yield
a cationic species that acts as the SDA. There are only a
few examples in the literature of zeotypes and zeolite
analogues synthesized by the in situ generation of a
template within the reaction vessel.55–58 The use of
eutectic mixtures allows the control of mineralizer con-
centration, e.g., water and HF, to be retained while also

providing a new mechanism by which the template is
delivered to the reaction mixture.

This synthesis technique has been shown to be very
versatile, delivering a number of different templates to aid
in the preparation of both AlPOs and GaPOs.23 Figure 6
illustrates just a small selection of the structures that are
formed. Several hundred functionalized ureas are com-
mercially available, and many of these will probably be
suitable for this type of work, illustrating the scope of this
methodology. The ease of preparation of eutectic mixtures
and the different chemistry involved, as evidenced by, for
example the first non-fluoride preparation of gallium
phosphate Zeolite-A,23 indicate that this route may be
particularly useful for targeting materials that are difficult
to prepare in traditional hydrothermal synthesis.

The use of eutectic mixtures in the ionothermal syn-
thesis of aluminophosphates also leads to phases that have
been postulated but never isolated in hydrothermal syn-
thesis.23 Ozin and co-workers59 postulated that such
phases (termed “parent chains”) are important in the

FIGURE 4. Structure of SIZ-7 (a). The crankshaft chains (b) run into the plane of the paper, and the red arrows indicate the relative orientations
of the chains in the various related structures (c). For clarity, only the tetrahedral nodes in the structures are shown in panel c.28

FIGURE 5. Line diagrams of SIZ-12 where each line represents a Si–O–Si linkage: (a) a layer through the structure illustrating the distorted
double-crankshaft chain in bold and (b) the three-dimensional structure.52
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mechanism of AlPO formation and suggested that their
nonisolation was due to them being hydrolytically un-
stable. The isolation of several parent chain structures
when a eutectic mixture is used as both the solvent and
the template provider points to hydrolysis conditions
rather milder than those in hydrothermal or solvothermal
synthesis, probably a result of water deactivation as
described above. The addition of mineralizers such as
water and HF can again be carefully controlled, with more
water leading to the formation of two- and three-
dimensional structures.

Ionothermal Synthesis of Organic–Inorganic
Hybrids and Metal–Organic Frameworks
In recent years, the all-inorganic framework solids have
been augmented by a vast array of organic–inorganic
materials, of which metal–organic frameworks (MOFs) are
the most famous. Organic–inorganic hybrids are usually
coordination polymers of multifunctional oxygen- or
nitrogen-based ligands. Such ligands range from organo-
phosphonates and carboxylates to 2,2′-bipyridine and
mixed ligands. The nomenclature of such organic–inor-
ganic hybrid solids has not yet been standardized. How-
ever, common usage seems to be that all such materials

are coordination polymers and that MOFs constitute a
subset of such materials where the polymerization pro-
duces three-dimensional connectivity. Some metal organic
frameworks can be made porous by removal of any guest
molecules in the voids inside the three-dimensional
frameworks.

The first organic–inorganic hybrid material synthesized
ionothermally used BMImBF4 as the solvent to synthesize
Cu(bpp)BF4 [bpp ) 1,3-bis(4-pyridyl)propane].30 The BF4

-

anions were incorporated into the extended one-dimen-
sional coordination polymer as charge-compensating
species, and the BMIm+ remained in solution. The first
three-dimensional MOF organic–inorganic hybrid material
was synthesized with the same ionic liquid as the solvent
and provider of the charge-compensating species, BF4

-.
The structure, Cu3(tpt)4(BF4)3·(tpt)2/3·5H2O [tpt ) 2,4,6-
tris(4-pyridyl)-1,3,5-triazine], has large channels (∼5 Å in
diameter) which are filled with noncoordinating free tpt,
H2O, and BF4

-.31 Figure 7 illustrates both of these
structures.

Recent work by Liao et al.34 reports the ionothermal
synthesis of the anionic metal–organic framework EMIm-
Cd(BTC) (BTC ) 1,3,5-benzenetricarboxylate), using mi-
crowave heating. The ionic liquid used as the solvent was
EMImBr. Lin et al.29 similarly synthesized (EMIm)2Ni3-
(TMA)2(OAc)2 using EMImBr as the solvent. In contrast
to the previously mentioned examples of organic–inor-
ganic hybrids synthesized in ionic liquids, these examples
incorporate the ionic liquid cation as the SDA and charge-
balancing species. This could possibly be due to the
different characteristics of the ionic liquids based upon
the different anions. It seems that, as with the alumino-
phosphate solids described above, the more hydrophobic
the ionic liquid (those with BF4

- and Tf2N-), the less likely
the organic cation is to be incorporated as a template in
the final material.

Organic–Inorganic Hybrids and Metal–Organic
Frameworks Synthesized in Eutectic Mixtures
Liao et al.33 reported the synthesis of a novel coordination
polymer, Zn(O3PCH2CO2)·NH3, where the solvent was the
eutectic choline chloride/urea mixture. The urea partially
decomposes and acts as the template delivery agent to
produce the structure-directing ammonium ions. Work
has also been carried out by Lii et al. using a eutectic
choline chloride/malonic acid mixture as the solvent to
produce two new open-framework iron oxalatophos-
phates, Cs2Fe(C2O4)0.5(HPO4)2 and CsFe(C2O4)0.5(H2PO4)-
(HPO4),35 and two new metal oxalatophosphonates,
Na2M3(C2O4)3(CH3PO3H)2 (M ) FeII and MnII).60 In these
syntheses, the eutectic mixture did not form part of the
organic–inorganic hybrid material. Both the work by Liao
et al. and the work by Lii et al. demonstrate again the
versatility and ease of using eutectic mixtures as solvents
for the synthesis of open-framework structures.

FIGURE 6. Examples of urea derivatives and the products formed
by ionothermal synthesis. Highlighted in red is the section of the
urea derivative which acts as the SDA; however, the SDAs have
been omitted from the final structures for clarity.19,23
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Conclusions and Future
The production of zeotype structures with hanging P–O
bonds (e.g., SIZ-1, SIZ-2, and SIZ-6) and one-dimensional
chains suggests that ionothermal synthesis may have a
slower rate of hydrolysis than in other methods. This may
make ionothermal synthesis of zeotypes an ideal meth-
odology for “lego chemistry”, i.e., taking a secondary
building unit such as a gallophosphate double-4-ring
(D4R)61 as a starting material for the production of three-
dimensional zeotype structures. Perhaps under these
milder conditions the D4R building units will stay intact
and join together to form three-dimensional zeotype
structures. This would lead to an attractive mechanistic
idea for the design and preparation of molecular sieves
that has thus far appeared to be unsuccessful in hydro-
thermal/solvothermal synthesis.44

Another interesting idea is the use of a mixture of
different ionic liquids62 as the solvent and template in
zeolite synthesis. As described earlier, changing anions
(e.g., from Br- to Tf2N-) leads to great differences in the
properties of the ionic liquids. Mixed anion ionic liquids
have intermediate properties, which might lead to further
control over the products in ionothermal synthesis. Like
mixed anion ionic liquid systems, the cations can also be
mixed. This would be an interesting study to carry out to
see if two products were formed using the different cation
templates or if competition of templates leads to just one
product being formed.

Perhaps one of the more potentially important areas
for future work in ionothermal synthesis is the possibility
of synthesizing chiral materials using chiral ionic liquids.
Currently, many chiral zeolite frameworks have been
hypothetically modeled, but none have been synthesized
or found naturally as homochiral materials. If a chiral ionic
liquid is used as a solvent and template, is there the
possibility of inducing chirality into the zeolite framework
or the inorganic–organic hybrid material? Recently, it has
been shown that the use of a chiral ionic liquid can induce

chirality in the resulting solid (in this case, a coordination
polymer), opening a great many possibilities in this area.63

At present, ionothermal synthesis has concentrated on
the synthesis of porous materials. In principle, ionother-
mal methods could be used in any of the situations where
hydrothermal or solvothermal methods have been used
successfully in the past. The range of properties of ionic
liquids is very wide indeed, and there should be an ionic
liquid that suits almost every possible synthesis, especially
when combined with different possible mineralizers.
Already, some workers are using ionothermal-like meth-
ods to produce interesting new materials, such as unusual
germanium semiconducting clathrates.64

In conclusion, ionothermal synthesis is a novel meth-
odology for the synthesis of zeotype materials and inor-
ganic–organic hybrid materials. The scope of the synthesis
has been demonstrated in this Account with examples,
including the synthesis of novel AlPOs, CoAlPOs, GaPOs,
MOF, and coordination polymers. Interest in this meth-
odology is growing, and it can be expected that in the near
future there will be further publications reporting new and
exciting structures and developments.

References
(1) Davis, M. E. Ordered porous materials for emerging applications.

Nature 2002, 417, 813–821.
(2) Cheetham, A. K.; Rao, C. N. R.; Feller, R. K. Structural diversity and

chemical trends in hybrid inorganic-organic framework materials.
Chem. Commun. 2006, 4780–4795.

(3) Wheatley, P. S.; Butler, A. R.; Crane, M. S.; Fox, S.; Xiao, B.; Rossi,
A. G.; Megson, I. L.; Morris, R. E. NO-releasing zeolites and their
antithrombotic properties. J. Am. Chem. Soc. 2006, 128, 502–509.

(4) Wilson, S. T.; Lok, B. M.; Messina, C. A.; Cannan, T. R.; Flanigen,
E. M. Aluminophosphate molecular sieves: A new class of mi-
croporous crystalline inorganic solids. J. Am. Chem. Soc. 1982,
104, 1146–1147.

(5) Férey, G.; Mellot-Draznieks, C.; Serre, C.; Milange, F.; Dutour, J.;
Surble, S.; Margiolaki, I. A Chromium Terephthalae-Based Solid
with Unusually Large Pore Volumes and Surface Area. Science
2005, 309, 2040–2042.

(6) Li, H.; Eddaoudi, M.; O’Keeffe, M.; Yaghi, O. M. Design and
synthesis of an exceptionally stable and highly porous metal-
organic framework. Nature 1999, 402, 276–279.

FIGURE 7. Ball-and-stick diagrams for illustrating the two-dimensional and three-dimensional cationic MOF formed using an ionic liquid as
the solvent. The guest molecules and charge-compensating molecules have been omitted for clarity.30,31

Ionothermal Synthesis Parnham and Morris

VOL. 40, NO. 10, 2007 / ACCOUNTS OF CHEMICAL RESEARCH 1011



(7) Hix, G. B.; Carter, V. J.; Wragg, D. S.; Morris, R. E.; Wright, P. A.
The synthesis and modification of aluminium phosphates. J. Mater.
Chem. 1999, 9, 179–185.

(8) Carter, V. J.; Wright, P. A.; Gale, J. D.; Morris, R. E.; Sastre, E.;
Perez-Pariente, J. AlMePO-�: Inclusion and thermal removal of
structure directing agent and the topotactic reconstructive trans-
formation to its polymorph AlMePo-R. J. Mater. Chem. 1997, 7,
2287–2292.

(9) Cundy, C. S.; Cox, P. A. The hydrothermal synthesis of zeolites:
History and development from the earliest days to the present time.
Chem. Rev. 2003, 103, 663–701.

(10) Morris, R. E.; Weigel, S. J. The synthesis of molecular sieves from
non-aqueous solvents. Chem. Soc. Rev. 1997, 26, 309–317.

(11) Barrer, R. M. Synthesis of a zeolitic mineral with chabazite-like
sorptive properties. J. Chem. Soc. 1948, 127–132.

(12) Breck, D. W.; Eversole, W. G.; Milton, R. M.; Reed, T. B.; Thomas,
T. L. Crystalline Zeolites. I. The properties of a new synthetic zeolite,
Type A. Phys. Inorg. Chem. 1956, 78, 5963–5971.

(13) Davis, M. E.; Lobo, R. F. Zeolite and molecular-sieve synthesis.
Chem. Mater. 1992, 4, 756–768.

(14) Tagliabue, M.; Carluccio, L. C.; Ghisletti, D.; Perego, C. Multivariate
approach to zeolite synthesis. Catal. Today 2003, 81, 405–412.

(15) Gier, T. E.; Stucky, G. D. Low-temperature synthesis of hydrated
zinco (beryllo) phosphate and arsenate molecular sieves. Nature
1991, 349, 508–510.

(16) Del Popolo, M. G.; Voth, G. A. On the structure and dynamics of
ionic liquids. J. Phys. Chem. B 2004, 108, 1744–1752.

(17) Wasserscheid, P.; Keim, W. Ionic liquids: New ”solutions” for
transition metal catalysis. Angew. Chem., Int. Ed. 2000, 39, 3773–
3789.

(18) Antonietti, M.; Kuang, D.; Smarsly, B.; Zhou, Y. Ionic liquids for
the convenient synthesis of functional nanoparticles and other
inorganic nanostructures. Angew. Chem., Int. Ed. 2004, 43, 4988–
4992.

(19) Cooper, E. R.; Andrews, C. D.; Wheatley, P. S.; Webb, P. B.;
Wormald, P.; Morris, R. E. Ionic liquids and eutectic mixtures as
solvent and template in synthesis of zeolite analogues. Nature
2004, 430, 1012–1016.

(20) Wasserscheid, P.; Welton, T. Ionic Liquids in Synthesis; Wiley-VCH:
Weinheim, Germany, 2003; Chapter 2.

(21) Abbott, A. P.; Capper, G.; Davies, D. L.; Rasheed, R. K.; Tambyrajah,
V. Novel solvent properties of choline chloride/urea mixtures.
Chem. Commun. 2003, 70–71.

(22) Cooper, E. R.; Andrews, C. D.; Wheatley, P. S.; Webb, P. B.;
Wormald, P.; Morris, R. E. A new methodology for zeolite analogue
synthesis using ionic liquids as solvent and template. Stud. Surf.
Sci. Catal., A 2005, 158, 247–254.

(23) Parnham, E. R.; Drylie, E. A.; Wheatley, P. S.; Slawin, A. M. Z.;
Morris, R. E. Ionothermal materials synthesis using unstable deep-
eutectic solvents as template-delivery agents. Angew. Chem., Int.
Ed. 2006, 45, 4962–4966.

(24) Parnham, E. R.; Wheatley, P. S.; Morris, R. E. The ionothermal
synthesis of SIZ-6: A layered aluminophosphates. Chem. Commun.
2006, 380–382.

(25) Parnham, E. R.; Morris, R. E. 1-Alkyl-3-methylimidazolium bromide
ionic liquids in the ionothermal synthesis of aluminium phosphate
molecular sieves. Chem. Mater. 2006, 18, 4882–4887.

(26) Parnham, E. R.; Morris, R. E. Ionothermal synthesis using a
hydrophobic ionic liquid as solvent in the preparation of a novel
aluminophosphate chain structure. J. Mater. Chem. 2006, 16, 3682–
3684.

(27) Xu, Y. P.; Tian, Z. J.; Wang, S. J.; Hu, Y.; Wang, L.; Wang, B. C.;
Ma, Y. C.; Hou, L.; Yu, J. Y.; Lin, L. W. Microwave-enhanced
ionothermal synthesis of aluminophosphates molecular sieves.
Angew. Chem., Int. Ed. 2006, 45, 3965–3970.

(28) Parnham, E. R.; Morris, R. E. The ionothermal synthesis of cobalt
aluminophosphate zeolite frameworks. J. Am. Chem. Soc. 2006,
128, 2204–2205.

(29) Lin, Z.; Wragg, D. S.; Morris, R. E. Microwave-assisted synthesis
of anionic metal-organic frameworks under ionothermal condi-
tions. Chem. Commun. 2006, 2021–2023.

(30) Jin, K.; Huang, X.; Pang, L.; Li, J.; Appel, A.; Wherland, S.
[Cu(I)(bpp)]BF4: The first extended coordination network prepared
solvothermally in an ionic liquid solvent. Chem. Commun. 2002,
2872–2873.

(31) Dybtsev, D. N.; Chun, H.; Kim, K. Three-dimensional metal-organic
framework with (3,4)-connected net, synthesized from an ionic
liquid medium. Chem. Commun. 2004, 1594–1595.

(32) Jacob, D. S.; Kahlenberg, V.; Wurst, K.; Solovyov, L. A.; Felner, I.;
Shimon, L.; Gottlieb, H. E.; Gedanken, A. Sonochemical reaction
of [Fe(CO)5] with 1-methylimidazole in an ionic liquid: Formation

of [(1-Methylimidazole)6FeII](PF6)2. Eur. J. Inorg. Chem. 2005, 3,
522–528.

(33) Liao, J.-H.; Wu, P.-C.; Bai, Y. H. Eutectic mixture of choline chloride/
urea as a green solvent in synthesis of a coordination polymer:
[Zn(O3PCH2CO2]·NH4. Inorg. Chem. Commun. 2005, 8, 390–392.

(34) Liao, J.-H.; Wu, P.-C.; Huang, W.-C. Ionic liquid as solvent for the
synthesis and crystallization of a coordination polymer: (EMI)Cd(BTC)
(EMI ) 1-ethyl-3-methylimidazolium, BTC ) 1,3,5,-benzenetricar-
boxylate). Cryst. Growth Des. 2006, 6, 1062–1063.

(35) Sheu, C. Y.; Lee, S. F.; Lii, K. H. Ionic liquid of choline chloride/
malonic acid as a solvent in the synthesis of open-framework iron
oxalatophophates. Inorg. Chem. 2006, 45, 1891–1893.

(36) Cammarata, L.; Kazarian, S. G.; Salter, P. A.; Welton, T. Molecular
states of water in room temperature ionic liquids. Phys. Chem.
Chem. Phys. 2001, 3, 5192–5200.

(37) Bonhote, P.; Dias, A. P.; Armand, M.; Papageorgiou, N.; Kalyana-
sundaram, K.; Gratzel, M. Hydrophobic, highly conductive ambient-
temperature molten salts. Inorg. Chem. 1996, 35, 1168–1178.

(38) Huddleston, J. G.; Visser, A. E.; Reichert, W. M.; Willauer, E. D.;
Broker, G. A.; Rogers, R. D. Characterization and comparison of
hydrophilic and hydrophobic room temperature ionic liquids
incorporating the imidazolium cation. Green Chem. 2001, 3, 156–
164.

(39) Hanke, C. G.; Lynden-Bell, R. M. A simulation study of water-
dialkylimidazolium ionic liquid mixtures. J. Phys. Chem. B 2003,
107, 10873–10878.

(40) Yasaka, Y.; Wakai, C.; Matubayasi, N.; Nakahara, M. Slowdown of
H/D exchange reaction rate and water dynamics in ionic liquids:
Deactivation of solitary water solvated by small anions in 1-butyl-
3-methyl-imidazolium chloride. J. Phys. Chem. A 2007, 111, 541–
543.

(41) Amigues, E.; Hardacre, C.; Keane, G.; Migaud, M.; O’Neil, M. Ionic
liquids: Media for unique phosphorus chemistry. Chem. Commun.
2006, 72–74.

(42) Morris, R. E.; Burton, A.; Bull, L. M.; Zones, S. I. SSZ-51—A new
aluminophosphate zeotype: Synthesis, crystal structure, NMR, and
dehydration properties. Chem. Mater. 2004, 16, 2844–2851.

(43) Zones, S. I.; Darton, R. J.; Morris, R.; Hwang, S. J. Studies on the
role of fluoride ion vs reaction concentration in zeolite synthesis.
J. Phys. Chem. B 2005, 109, 652–661.

(44) Morris, R. E. Modular materials from zeolite-like building blocks.
J. Mater. Chem. 2005, 15, 931–938.

(45) Villaescusa, L. A.; Lightfoot, P.; Morris, R. E. Synthesis and structure
of fluoride-containing GeO2 analogues of zeolite double four-ring
building units. Chem. Commun. 2002, 2220–2221.

(46) Bull, I.; Villaescusa, L. A.; Teat, S. J.; Camblor, M. A.; Wright, P. A.;
Lightfoot, P.; Morris, R. E. Imposition of polarity on a centrosym-
metric zeolite host: The effect of fluoride ions on template ordering
in zeolite IFR. J. Am. Chem. Soc. 2000, 122, 7128–7129.

(47) Camblor, M. A.; Villaescusa, L. A.; Diaz-Cabanas, M. J. Synthesis
of all-silica and high-silica molecular sieves in fluoride media. Top.
Catal. 1999, 9, 59–76.

(48) Zones, S. I. Synthesis of pentasil zeolites from sodium-silicate
solutions in the presence of quaternary imidazole compounds.
Zeolites 1989, 9, 458–467.

(49) Chowdhury, A.; Thynell, S. T. Confined rapid thermolysis/FTIR/ToF
studies of imidazolium-based ionic liquids. Thermochim. Acta 2006,
443, 159–172.

(50) Arafat, A.; Jansen, J. C.; Ebaid, A. R.; Bekkum, H. Microwave
preparation of Zeolite-Y and ZSM-5. Zeolites 1993, 13, 162–165.

(51) Wang, L.; Xu, Y.; Wei, Y.; Duan, J.; Chen, A.; Wang, B.; Ma, H.;
Tian, Z.; Lin, L. Structure directing role of amines in the ionothermal
synthesis. J. Am. Chem. Soc. 2006, 128, 7432–7433.

(52) Parnham, E. R. Ionothermal Synthesis: A new synthesis methodol-
ogy using ionic liquids and eutectic mixtures as both solvent and
template in zeotype synthesis. Ph.D. Thesis, University of St
Andrews, St Andrews, U.K., 2006, Chapter 10.

(53) Parnham, E. R.; Slawin, A. M. Z.; Morris, R. E. Ionothermal synthesis
of �-NH4AlF4 and the determination by single crystal X-ray dif-
fraction of its room temperature and low temperature phases. J.
Solid State Chem. 2007, 1, 49–53.

(54) Crosthwaite, J. M.; Muldoon, M. J.; Dixon, J. K.; Anderson, J. L.;
Brennecke, J. F. Phase transition and decomposition temperatures,
heat capacities and viscosities of pyridinium ionic liquids. J. Chem.
Thermodyn. 2005, 37, 559–568.

(55) Vidal, L.; Pray, C.; Patarin, J. AlPO4-41 aluminophosphate molecular
sieve: A new reproducible synthesis route involving diisopropyl-
formamide as template precursor. Microporous Mesoporous Mat-
er. 2000, 39, 113–116.

(56) Lakiss, L.; Simon-Masseron, A.; Gramlich, V.; Patarin, J. Synthesis
of a new microporous gallophosphate obtained by in situ genera-
tion of cyclohexylamine. Solid State Sci. 2005, 7, 141–148.

Ionothermal Synthesis Parnham and Morris

1012 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 40, NO. 10, 2007



(57) Paillaud, J. L.; Marler, B.; Kessler, H. Synthesis and characterisation
of the novel GIS-type AlPO4: NH2Me2 Al2P2O8F. Chem. Commun.
1996, 1293–1294.

(58) Paulet, C.; Loiseau, T.; Férey, G. Hydrothermal synthesis (in water-
dimethylformamide) and crystal structure of MIL-30, a new layered
fluorinated gallium phosphate with 1,3-diaminopropane and di-
methylamine as templates. J. Mater. Chem. 2000, 10, 1225–1229.

(59) Oliver, S.; Kuperman, A.; Ozin, G. A. A new model for alumino-
phosphate formation: Transformation of a linear chain alumino-
phosphate to chain, layer, and framework structures. Angew.
Chem., Int. Ed. 1998, 37, 46–62.

(60) Tsao, C.-P.; Sheu, C.-Y.; Nguyen, N.; Lii, K.-H. Ionothermal synthesis
of metal oxalatophosphonates with a three-dimensional framework
structure: Na2M3(C2O4)3(CH3PO3H)2 (M ) FeII and MnII). Inorg.
Chem. 2006, 45, 6361–6364.

(61) Wragg, D. S.; Morris, R. E. Synthesis and structure determination
from an extremely small single crystal of a new layered gallium
phosphate. J. Phys. Chem. Solids 2001, 62, 1493–1497.

(62) Hayamizu, K.; Aihara, Y.; Nakagawa, H.; Nukuda, T.; Price, W. S.
Ionic conduction and ion diffusion in binary room-temperature
ionic liquids composed of EMImBF4 and LiBF4. J. Phys. Chem. B
2004, 108, 19527–19532.

(63) Lin, Z.; Slawin, A. M. Z.; Morris, R. E. Chiral induction in the
ionothermal synthesis of a 3-D coordination polymer. J. Am. Chem.
Soc. 2007, 129, 4880–4881.

(64) Guloy, A. M.; Ramlau, R.; Tang, Z.; Schnelle, W.; Baitinger, M.; Grin,
Y. A guest-free germanium clathrate. Nature 2006, 443, 320–323.

AR700025K

Ionothermal Synthesis Parnham and Morris

VOL. 40, NO. 10, 2007 / ACCOUNTS OF CHEMICAL RESEARCH 1013




