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Abstract
Synthesizing new functional materials, instead of exploring minerals is one way of creating sustainable development and
reducing environmental impact due to irresponsible human exploitation on natural resources. For the last few decades,
coordination polymers (CPs) have been emerge as new functional materials with promising features, such as porosity,
magnetism, and catalytic activity, CPs have been developed for gas storage, adsorbents, catalysts, magnetic materials, etc.
Some common synthetic methods to prepare CPs includes solvo-thermal, bench-top, and melting method. These methods
sometimes are unique and the only option to get the targeted CPs. Meanwhile, gel method has been extensively used to grow
various crystalline organic and inorganic materials and yet less explored for obtaining CPs. Based on literature review, with
some examples from our previous research, this paper is exploring the potential used of gel method for growing crystalline
functional CPs, their limitation, as well as advantages and disadvantages. General information about CPs and gel techniques
are also presented. Upon discussion, although this method is not the most favourable techniques at this stage, it is suggested
that incorporating gel method for growing crystalline functional CPs might be useful and in some cases crucial, especially for
low-water soluble inorganic materials.
Keywords: Gel method, coordination polymers, crystal, green inorganic materials.

1. INTRODUCTION
Coordination polymers (CPs) has been widely
reported in the last three decades due to its
promising properties, such as magnetism, porosity,
catalysis, chirality, etc. [1], In certain aspect, it also
related to metal-organic framework (MOF), which
lead to the development of potential materials such
as gas storage, adsorbents, molecular sieves,
catalytic reaction vessels and even study on drug
delivery systems [2,3]. Research on functional
coordination polymers, particularly on MOF, is also
showing outstanding result. In 2012, two novel
coordination polymers, NU-109E and NU-110E,
were reported by Farha’s group which show a very
high surface area ( 7000 m2/g) [4]. Recently,
Farha’s group also reported what they call as the
“simulation-motivated synthesis” of MOF based on
trinuclear metal clusters, NU-1501-M (M = Al or Fe).
The Al species satisfies the four BET criteria
consistently with high gravimetric BET area of 7310
m2/g and high volumetric BET area of 2060 m2/cm3.
Thus, this new MOF is promising for hydrogen and
methane storage both gravimetrically and
volumetrically [5].
As highlighted by Batten et al. (2009), the total
number of hits for ‘coordination polymers’ or
‘metal-organic framework’, according to Science
Citation Index, were significantly increased nearly
ten times (more than 900 number of citations) from
2000 to 2008 alone [3]. This trend is continuing
since numerous new crystal structures of the
compound have been successfully determined,
especially with modern crystallography tools,

including neutron diffraction and synchrotron
beamline. Until the end of 2019, more than
1,000,000 crystal structures (43% organic
compounds and 57% metal-organic compounds)
have been curated by the Cambridge Structural
Database [6].
Consequently, the rising trend on coordination
polymers as a result of its promising values also
opens a new interest on the synthesis method.
There is no one major technique to obtain the
crystal of CPs since there are a vast variety of CPs.
Any possible technique or method to gain the best
crystalline product are available and can be used,
such as solvo-thermal, bench-top technique or
solution
method,
melting
method,
etc.
Nevertheless, gel method is under sighted based on
the number of published paper. Thus, this paper is
trying to explore and revisit the gel method for
promising growing media of CPs. The advantages
and disadvantages of the gel method related to CPs
are discussed. Hence, the potential use of gel
method can be re-introduced in wider scientific
communities.
2. METHODS
This paper is a review paper based on recent
literatures in gel method and coordination polymer
(particularly metal organic framework) which
published mostly after year 2000. Some examples
of author’s works are also presented, not only to
discuss and support the topic, but also to underline
author’s knowledge and experience in this topic.
Although this paper is based on author’s
perspective, but other scientists’ reports are also
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used either as comparison or as supporting
evidence. Acknowledgments and proper citation to
other people’s works are mentioned in the
paragraph, including in the references.
3. DISCUSSION
As recommended by the IUPAC, a coordination
polymer is “a coordination compound with
repeating coordination entities extending in 1, 2, or
3 dimensions” [7]. A coordination compound itself
consist of metal ions and ligands which connected
by a coordination bond. The structures of CPs are
varying from 1D chain, 2D layer, to 3D network. In
addition, interdigitating or interpenetration motifs
may also involve [2,3]. Examples of 1D and 2D
coordination polymers showing interdigitating and
interpenetration motifs are given in Figure 1 and 2
[8].

Figure 1. Interdigitating motif shown by the [Zn(L)Cl2]n,
shown without hydrogen atoms and viewed along the c
axis (L = 1,2-bis[3-(3’-pyridyl)pyrazol-1-yl]ethane) [8].

Figure 2. Interpenetration motif shown by the 2D (4,4)
{[Co(L)(dca)2].3H2O}n viewed in two different angles, H
atoms and H2O molecules are excluded for clarity (L = 1,2bis[3-(3’-pyridyl)pyrazol-1-yl]ethane; dca = dicyanamide)
[8].

The first step to determine the structure and
study the properties of CPs is by gaining a good
quality of single crystal. There are vast options to
grow single crystals of CPs since any crystallization
technique can be used to grow single crystals of
CPs, namely melting technique, bench-top
technique, solvo-thermal technique, gel technique,
etc. Each method is unique and has different
requirements. For example, solvo-thermal and
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melting methods must use high temperature and
requires certain instrumentation, whereas benchtop and gel technique, to some extent, are time
consuming [3,9]. However, regardless their
limitation, a particular method may be the only
suitable method for obtaining certain type of CPs.
Different chemical species within the system,
different reaction condition, or even different
techniques, could lead to variety of products and
crystal properties. Due to there are many aspects
influences the stable arrangements of crystal
packing of the CPs, i.e. moles ratio, solvents,
temperature, anions, metal salts, etc. [10–13],
obtaining good quality single crystals so that it can
structurally be determined using XRD, is likely to be
the most challenging part of studying CPs. Any
crystal grower should aware that small changes
during the reaction could lead to wide range of
success or even failure.
For a short-cut, it is much easier to simply follow
the synthesis route based on established method to
gain the crystals, for example polycarboxylate
based coordination polymer, such as benzene1,3,5-tricarboxylate [14], in which most of the
synthesis pathways were using solvo-thermal
reaction. However, for new types of coordination
polymers which less or have never been explored
before, the challenge of obtaining single crystals is
much greater.
Although the opportunities of using all
techniques are widely open, regardless time
consumption, not all techniques are suitable of
growing certain types of coordination polymers. For
example, for low or very low soluble compounds, a
bench top method by direct or layered mixed
reactions of metal and ligand solutions often lead
to precipitation of powder or microcrystalline
products which might have low quality for single
crystal X-ray analysis [15–18]. Therefore, for such
compounds, other method such as gel technique
might become a worthy solution to obtain the
targeted crystals. In another case, when the ligand
easily
decomposes
in
medium-to-high
temperature, solvo-thermal method may not the
best option. For such situation, even if crystalline
products are obtained, the yield would be
reasonably low. Nevertheless, obtaining single
crystals using bench top or solution method and/or
solvo-thermal reactions are frequently reported
methods in journals.
Meanwhile, gel method/technique has been
extensively used to grow various organic and
inorganic compounds single crystals, but less
explored for CPs. Utilizing gel as a growth media of
CPs remains possible. In the next sub-section, gel
technique will be discussed in detail.
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Gel Method
Growing crystal by gel method has been known
for decades. In late 20th century, Henisch (1970)
published his book “Crystal growth in gels” which
then leads to the massive use of gel technique [19].
In 1982, Patel and Rao publication on the
development of gel technique had shown some of
the achievement of this method. Their article
summarizes the advantage and disadvantage of
using gel technique, variations on gel composition,
type of diffusion, type of products, etc. [20]. Crystal
growth study using gel method was also introduced
in chemical education curriculum, as reported by
Suib (1985) [21]. After some development, Henisch
explained the topic in a more detail in his next book
“Crystal in Gels and Liesegang Rings” [22]. In other
words, the contribution of gel method in
crystallisation has been significant. This method has
been successfully developed as one promising way
of growing single crystals and gives many
interesting results, from simple metals salts to
complex compounds.
In a more general sense, the concept of gel is
identical to those in solution method, in which
crystallisation of the compounds can be achieved
due to saturated condition in the reaction system.
After the gel is formed, the level of saturation is
increased to such condition that crystal nuclei of
the compound started to grow systematically. The
levels of saturation are varying depends on gel
composition and concentration. This level also
influences the probability of getting good quality
single crystals because gel also acts as diffusion
media between the reactants. The diffusion rate of
reactants is affected by the gel’s density. If the
density of the gel is very high, indicated by deeper
colour of the gel, it is likely that crystal yield would
be lower and more growth time may be needed,
whereas if it is very light, indicated by clear colour
of the gel, it is less saturated hence crystal nuclei
may be difficult to grow to single crystal, indeed
direct precipitation of amorphous powder may
form easily. In other words, the gel’s density affects
the diffusion rates of reactants in the gel, which
eventually govern the crystal size, nucleation
density and quality of the crystals [20,22].
From many gel compositions, silica gel is the
most investigated type of gel since it could last for
months in controlled conditions compared to
organic based gel i.e. gelatine and agar gel [20].
Hence silica gel is also suitable for growing
compounds that require a very slow crystallization
rate. Generally, silica gel is prepared from sodium
metasilicate solution. There are several ways of
making sodium metasilicate, for example is by solid
state reaction of sodium carbonate with silicon

dioxide [23] or by melting a mixture of sodium
hydroxide with silicon dioxide [24].
The silica gel is then prepared by directly mixing
a sodium metasilicate solution with an acid solution
to reach certain pH as needed, mostly in acid
condition. After several hours or days (depends on
the concentration and pH of the gel), this gel forms
3D flexible networks of tetrahedral ≡Si–O–Si≡
(Figure 3) and provides voids in its structure which
acts as place for the crystal nuclei to grow. This
framework is relatively stable and inert at room
temperature for weeks. Moreover, the component
of gel is rarely found as impurities in the final
product [22,25].

Figure 3. Illustrated polymeric structure of 3D networks silica
[26]

The formed silica gels are easily dissolved in hot
water, dilute acid or basic solution. To some extent,
it is reusable after some treatment of purification,
therefore the crystals can be easily separated from
the gel. However, the use of basic solution is very
rarely due to high possibility of direct precipitation
of unreacted metal ions from previous reaction in
the gel as metal hydroxide and mixed with the
targeted crystals. The variety source of silica and
the high reusability of the gel after chemical
treatments can be considered as an advantage of
this technique.
Silica gel
The silica gel is chosen as a prime example in this
paper since it is not only the most frequently used
type of gel, but also it is not incorporated in the final
product of the crystal (compared to agar) [20, 27].
Preparation of silica gel includes sodium
metasilicate solution as gel ingredient, supernatant
solutions, and acid or basic solution for pH
conditioner. A supernatant solution in this context
is a solution that is added once the gel is formed. In
some reactions, the acid is also act as the reactants.
There are numerous ways of growing single crystals
in silica gels, it varies based on type of diffusion and
reaction scheme.
In terms of diffusion type, there are two main
types that commonly used, which are single
diffusion and double diffusion, illustrated in Figure
4 [18,28]. The different between these two types is
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distinctive, not only in reactions mechanisms but
also in crystals quality and yields. In a double
diffusion, both reactants act as the supernatants
and another chemical is used to control the pH of
the solution. In contrast, only one reactant in a
single diffusion is used as the supernatant and
another reactant, which also act as the pH
conditioner, is already mixed in the gel.

Figure 4. Comparison of single diffusion (left) and double
diffusion (right) in the synthesis of cobalt(II) oxalate [18].

Due to different type of diffusion, the reaction
rate in both types is different. This difference will
affect the nucleation process, crystal quality, and
yields. Higher rate of reaction will lead to direct
precipitation (amorphous or microcrystalline
products). Single diffusion reaction is usually having
higher rate than double diffusion reaction, hence
the crystals grown using double diffusion is
considerably bigger and has better quality than
those grown in a single diffusion. However, longer
growth time is needed for double diffusion rate (it
may take weeks or months depends on the
concentration of supernatant and gel), and this
situation may be considered as a disadvantage due
to time consumption and effectiveness [18].
Regarding the reaction scheme, there are three
frequently used reactions in this technique, which
are metathesis or substitution reaction, reduction
reaction, and complexation reaction [27]. Each
reaction requires different reactants and/or
chemicals for pH conditioner. However, in general,
those three reactions have similarity, in which one
of the reactant is acting as the supernatant.
Example of each reaction is given below (the crystal
is written in bold):
- Substitution reaction [29]
CaCl2(aq) + NaF(aq) → CaF2(s) + 2NaCl(aq)
- Reduction reaction [30]
[AuCl3]-(aq) + C2O42-(aq) → Au(s) + 2CO2(g) + 3Cl- (aq)

- Complexation reaction [18]
Co+2(aq) + C2O4-2(aq) + 2H2O(aq) → [Co(C2O4)(H2O)2]n(s)
There is, however, another less common
reaction, which is solubility reduction reaction. This
reaction is based on the solubility properties of the
compound in different solvents. In this technique, a
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metal salt is firstly added into the gel and then
another solvent (i.e. alcohol) is added onto the gel.
Then, solubility of the salts is reduced by the alcohol
and caused the initiation of crystal nuclei, which
eventually grow into big crystals. The early reported
crystals which successfully grown using this
technique were monobasic ammonium phosphate
crystals [31] and potassium dihydrogen phosphate
[32].
Synthesis of CPs
The synthesis is started by formation of the gel,
which takes hours to few days depends on the
concentration and pH of the gel. The lower the pH
and/or the lower concentration of sodium
metasilicate used, the more time needed to get
homogenous gel. In addition, the polymerization
reaction of the gel becomes faster if strong acid is
used. In a single diffusion type, the sodium
metasilicate solution is mixed with acid and other
reactant (non-supernatant) to form the gel, while
for double diffusion type, the sodium metasilicate
solution is mixed only with the acid. After the gels
are formed, the supernatants solution is then
added on top of the gel. The formation of crystals is
also varied from hours to weeks, depends on the
concentration of the reactants, temperature,
diffusion type, solubility of the product, etc. In the
end, the gels dissolved in hot water or dilute acid to
separate the crystals from the gel. Manual isolation
by hand (tweezers) may also possible if the crystals
are big and robust.
Gel Method Assessments
The publish work on the synthesis of CPs using
(silica) gel method are limited. This is reasonable
since the synthesis are mostly conducted by other
methods, such as solution or solvo-thermal
methods. Regardless the targeted CPs, non-gel
methods are favourable due to its simple procedure
and less time consuming compared to the gel
method. The products may also easier to isolate.
Moreover, due to gel method is influenced by many
factors, i.e. concentration of reactants and gel, pH
of gel, type of gel, [22], to gain immediate results
for optimum growth conditions of new-targeted
compounds is effortful.
However, this does not mean that the gel
method is unsuitable to grow the CP crystals. The
real concern lies on the complexity of the method,
not the possibility of using gel method as a good
media to grow good quality single crystals of CP.
This complexity is likely become the first barrier for
some scientist to explore gel method intensely.
Therefore, re-introduction of gel method to
university students and wider scientific community
is needed in order to raise the potential used of gel
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method. In the end, students or scientist who
dealing with crystal growing of new material must
consider any possible way to obtain good quality
single crystals with reasonably high yield.
In a closer look, the complexity of the
procedures is also questionable because it is
relative among scientists. Indeed, gel method
remains as one of many favourable technique for
growing biomolecules compounds. Several
proteins, nucleic acids, and viruses have been
successfully growth in gels recently and help
scientists to understand the behaviour and
properties of some biological macromolecules [33].
In term of complexity, solvo-thermal method can
also have its own adversity. Although require less
physical effort due to most of the works are
automatically done by the vessel, the optimum
reaction condition (i.e. reaction temperature,
temperature rates, reactions compositions, etc.)
can be achieved after numerous trial and errors. In
short, with proper and adequate practises,
complexity of any crystallisation method can be
overcome. All the hard work would be equal to the
successful of gaining good quality of crystals.
For certain compounds, gel technique might
come as the best method because all other non-gel
technique does not give any good result. In 1995
and 1997, Yaghi and co-workers, one of the wellrecognised international research groups in
coordination polymers and metal organic
frameworks, reported that two of their synthesized
compounds, [Cu(C 4 O 4 )(H 2 O) 4 (1,4-C 4 H 4 N 2 )] n and
{[Zn(Hbtc)(NC5H5)2].EtOH} n (Hbtc = 1,3,5C6H3(CO2)2-(CO2H), were grown using gel technique.
They consider using this technique because most of
their attempts on the targeted compound only
resulting microcrystalline products. Therefore,
structure determination of the product by X-ray
diffraction was difficult [15,16]. By employing gel
method, the size of the crystals was getting bigger
and at the same time, the quality of the crystals was
getting better than the previous method (Figure 5
and 6). This is because gel media can control the
diffusion of the ions, thus the convection during the
growth process can be minimized, in which in
solution method this is hard to achieve. Meanwhile,
compared to melting method, the gel could
minimize the thermal strain and at the same time
acts as self-purifying process [19,22].

Figure 5. Different crystal size and quality of
[Cu(C 4 O 4 )(H 2 O) 4 (1,4-C 4 H 4 N 2 )]n produced without (top) and
within silica gel (bottom) [15].

Figure 6. Different crystal size and quality of
{[Zn(Hbtc)(NC5H5)2].EtOH}n, produced without (top) and with
PEO gel (bottom) [16].

Furthermore, several studies also reported that
single crystal of metal bicarboxylate compounds
had been successfully grown in silica gel, such as
oxalate, malonate, and tartrate [17,34-37]. These
bicarboxylate ligands are insoluble in water and
decompose before melting. Therefore, direct
solution or melting method is not an option [38].
When transition metals are used with tartrate
ligand, polynuclear coordination polymers may also
forms, i.e. {[Cd2(C4H4O6)2(H2O)].3H2O}n [39] and
{[Mn2(C4H4O6)2(H2O)].3H2O}n [40].
In another case, structure of polymeric
[Co(C2O4)(H2O)2]n that obtained from solution
method was able to be determined [41], however
the gel provides more convenient way for getting
bigger and better quality single crystals. The gel
method is not only making the crystal easy to
isolate and to determine its structure [18], but also
increase the feasibility of mass production of the
pure compound for further applications.
Furthermore, the gel allows crystallographers to
study the crystallisation behaviour related to
thermodynamics and kinetics, including gelinduced structural and morphology diversity of
coordination polymers [42].
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Although only limited number of papers
reported the synthesis of CPs using gel, but it is
expected that the trend will changed positively.
This is possible since various types of gel are
available. Using tetramethoxysilane (TMS), two
new Gd(III) complexes of trideprotonated
1,2,3,4,5,6-cyclohexane hexacarboxylic acid were
successfully grown in a gel and the crystal
structures were resolved by single crystal XRD [43].
Some articles on crystal growing in gel are available
in the Elsevier’s Journal of Crystal Growth and ACS’s
Crystal Growth and Design.
Furthermore, there are more papers reported
the growing of coordination polymers, including
metal organic frameworks, or other functional
materials by utilising gel method. For example,
poly-barium tetrakis(maleate) dihydrate [44] and
poly-distrontiumdimalate pentahydrate [45]
were yielded using silica gel, in which the latter
display porous 2D metal organic frameworks. A 3D
porous
coordination
polymer
of
[Zr(OH)2(C2O4)·0.5H2O] was also grown in silica gel
upon controlled diffusion of zirconium(IV)
oxynitrate and oxalic acid. This material is not only
shown a reversible sorption properties but also
exhibit a single crystal to single crystal transition
upon guest release and sorption [46]. In addition,
luminescent hybrid materials based CPs were
successfully synthesized using gel technique [4750].
4. CONCLUSION
Although it may reluctant to use gel as growing
media of new materials due to its complexity, the
potential result can overcome its difficulties. Silica
gel remains the most favourable type of gel to grow
good quality single crystals of many type of CPs,
especially for materials with low solubility and easy
to decompose before its melting point. Expectation
on the positive trend on using silica gel as growing
media for other purposes (i.e. for biomolecules or
luminescent materials) suggests that this technique
is a good option for specific purposes. Therefore,
regardless whether the gel technique will take an
important role or not in the future study of CPs, any
possible option of crystal growth techniques should
be considered for greater advantages of CPs
applications.
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