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ABSTRACT 

Structural determination is an essential component of the discovery of new compounds, and single-

crystal X-ray diffraction (SCXRD) is recognised as the most reliable technique. Since SCRXD 

requires high-quality single crystals for analysis, it does not apply to non-crystalline compounds. 

The crystalline sponge method (CSM) provides the opportunity to analyse target compounds 

(guest) without crystallisation by using a pre-crystallised porous coordination network (crystalline 

sponge), which absorbs guest molecules into their pores. The guests inside the pores of the 

crystalline sponge are organised through host-guest interactions and are then observable by 

SCXRD analysis. This review will discuss applications of CSM along with a brief history and 

provide an overview of the range of crystalline sponges developed to date. 

1. INTRODUCTION 

The analytical techniques used for structure determination of organic molecules other than single-

crystal X-ray diffraction (SCXRD) include nuclear magnetic resonance (NMR) spectroscopy, 

mass spectrometry (MS), and infrared (IR) spectroscopy that provides essential information on 

molecular formulae, bond connectivity, and functional groups. However, only SCXRD provides 

direct structural information at the atomic level, such as the unit cell parameters, bond length, bond 

angle, ordering information, and stereochemistry. Unfortunately, as the name implies, the 

limitation of this method is that it requires a high-quality crystal for analysis. Therefore, 
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amorphous solids, liquids, volatile or oily compounds are not suitable for this type of analysis. The 

crystalline sponge method (CSM) is a technique that would allow these states to be characterised 

by SCXRD. The CSM involves using a porous framework material such as metal-organic 

frameworks (MOFs), into which compounds in a solution can be soaked, allowing molecular 

structure determination of non-crystalline compounds along with the framework via SCXRD. This 

technique was first introduced by Fujita et al.1 in 2013 and since then has grown rapidly and proved 

helpful in the structure elucidation of non-crystalline compounds. The most successful and 

generally used crystalline sponge is {[(ZnI2)3(TPT)2 ]·x(solvent)}n (TPT = tris(4-pyridyl)-1,3,5-

triazine) (1), although several other porous networks have been used as a crystalline sponge for 

the analysis of a wide range of guests for their structure determination. The CSM provides the 

“crystallisation-free” crystallography for amorphous solids, liquids, and volatile materials and is 

also applicable at nanogram-to-microgram scale and absolute structures of the compounds can be 

determined by the Bijvoet method,2–4 without incorporating heavy atoms into the substrate since 

the host framework already includes heavy atoms. There have been several reviews published so 

far detailing the history, proof of concept, and developments in the field.5–8 However, the field is 

growing rapidly and hence an update on the progress is of interest, and all recent developments 

are documented in this review. 

2. BACKGROUND 

The concept of capturing guest molecules in a porous host dates back to 1990 when such 

compounds were termed clathrates.9–12 Clathrate compounds are polymeric and completely 

envelop the guest molecule, but in modern usage catharses are now categorised as host-guest 

complexes and inclusion compounds. Molecular containers are macromolecule hosts, based on a 

similar principle to clathrates. They have interior cavities large enough to accommodate guest 

molecules, examples being carcerands, cavitands, cyclodextrins, hemicarcerands, and 

curcurbiturils.13,14 Another such example are the  “molecular flasks”,15,16 which have closed-

surface spheres, and guest molecules are permanently incarcerated during synthesis. Initially, 

discrete hosts were used in encapsulation studies. Later, however, preferences shifted to self-

assembled molecular hosts.17,18 In the literature, a wide range of cage compounds have been 

reported and studied over the years and applied to molecular recognition, catalysis, and drug 

delivery.19,20 In addition, co-crystallization is another method to capture guest molecules in the 
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cavity of porous networks where guest molecules trapped in the cavity were mainly solvent and 

all the components were crystallized in situ.21,22 There are several reports in the literature where 

non-coordinated solvent molecules were observed in the pores of the network via SCXRD.23–26 In 

the late 1990’s metal-based three-dimensional porous networks were extensively studied and later 

termed as metal-organic frameworks (MOFs) by Yaghi et al.27 MOFs gained popularity in 1999 

when Yaghi et al.28 demonstrated permanent porosity in MOF-5. Permanent porosity was a 

breakthrough in the field of MOF chemistry and opened opportunities for applications in various 

fields, particularly for guest exchange and storage purposes.29–32  

3. FOUNDATION OF THE CSM 

In 2002, Fujita and co-workers33 reported a porous complex, synthesised with the ability to absorb 

and desorb guest molecules. The solvent-accessible voids were found filled with nitrobenzene, 

which could be exchanged with other solvent molecules without losing crystallinity. This takes 

place as a single-crystal-to-single-crystal transformation (SCSC). In further studies of complex 

[{(ZnI2)3(TPT)2•x(solvent)n] (1), large molecules were successfully encapsulated in the pores such 

as triphenylene, anthracene, and perylene.34 In 2005, 

[{(ZnI2)3(TPT)2(triphenylene)]•x(nitrobenzene)y(methanol)}n] – a biporous interpenetrating 

coordination network – was reported by Fujita et al.35 where triphenylene was intercalated within 

the framework, which generated two distinct channels capable of selective uptake of a preferred 

guest in the particular channel. 

The above studies on complex 1 demonstrated that guest molecules were absorbed into the pores 

of 1 and showed host-guest interactions that rendered guests amenable for structural determination 

by SCXRD. As a result, in 2013 Fujita et al.1 proposed [{(ZnI2)3(TPT)2•6(solvent)}n] as a 

crystalline sponge for the structural determination of non-crystalline compounds by SCXRD. The 

crystalline sponge 1 was obtained by layering ZnI2 in methanol solution over a solution of TPT in 

nitrobenzene for 7 days at room temperature, followed by solvent exchange with cyclohexane for 

a further 7 days at 50 ˚C. However, in practice, this synthetic method resulted in crystal 

imperfections due to high temperature, solvent exchange, and long preparation time. Subsequently, 

Fujita et al.36,37 published guidelines and protocols to avoid problems with the methodology. Later, 

Clardy et al.38 reported the modified synthesis of sponge 1 where CHCl3 was used as the solvent 

instead of nitrobenzene, which produced improved quality of crystals and reduced the preparation 
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and encapsulation time from 14 to 3 days. This method avoided solvent interference in guest 

refinement after SCXRD since CHCl3 was easily identified within the pores owing to the larger 

electron density of Cl. Fig. 1 llustrates the packing diagram of sponge 1 with CHCl3 in the pores. 

In addition, Clardy et al.39 synthesised analogous sponge 1 by replacing ZnI2 with ZnBr2 or ZnCl2 

thus improving the visibility of guest molecules within the pores. The Cl congener of 1 proved 

helpful in resolving the structure of many natural products. The variants of sponge 1 were also 

used to trap neat guaiazulene, trans-anethole, and (1R)-(−)-menthyl acetate and were studied by 

using synchrotron radiation.40 Furthermore, Santarsiero et al.41 introduced a microwell droplet 

approach for the synthesis of sponge 1 where high quality crystals grew in just 10 h with a ≥90% 

yield, compared to Fujita’s methods with a ≥5% yield. 2,6-diisopropylaniline was soaked into 

1∙PhNO2 for 6 hours using the microwell droplet approach and was successfully identified by 

SCXRD.  

 

Fig. 1. Packing diagram of sponge 1 with CHCl3 in the pores viewed down the b axis. CCDC 
1007932. (reproduced with permission from reference 1) 
 

4. APPLICATIONS OF CSM 

The main application of the CSM is crystal-free crystallography of liquids, volatile materials, 

natural products, unstable reaction intermediates, and application at the nanogram-microgram 

scale. In addition, reaction mechanisms can be studied within the pores of the sponge, and it has 

also proved helpful in the absolute structure determination of chiral compounds. Furthermore, the 

CSM in combination with chromatographic techniques has been applied to components present in 
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trace amounts in natural products. These applications of CSM are discussed in this section using 

examples from the literature. 

4.1 Analysis of nanogram-microgram quantities in combination with spectroscopic and 

chromatographic techniques 

Fujita et al.1 in their original crystalline sponge paper demonstrated the use of the CSM for 

structure determination at the nano-microgram scale and successfully determined the structure of 

guaiazulene, an amorphous solid and isoprene, a volatile liquid by using nanograms of the sample. 

In addition, the application of CSM was extended to samples that are only available in minute 

quantities, such as some naturally occurring trace compounds. Since the amount of sample is 

limited, conventional crystal growth cannot be attempted and hence their characterisation is 

challenging. Therefore, Fujita et al. proposed structural determination in combination with 

chromatography where trace components present as a mixture in the sample and can be separated 

by chromatographic techniques and then be directly subjected to the CSM without any 

crystallisation. For example, polymethoxyflavones that are trace components in orange peel Citrus 

unshiu were separated by high-performance liquid chromatography (HPLC) and their structure 

determination was carried out via the CSM, which revealed their structures unambiguously using 

sponge 1. HPLC in combination with CSM (LC-CSD) was further applied for analysis of volatile 

compounds42,43, intermediates44 and metabolites.51,52 

Nevertheless, chromatographic techniques were not enough for full characterisation of some 

samples of interest and therefore, CSM was further coupled with other spectroscopic 

methodologies (HPLC-NMR and HPLC-MS), which proved helpful in the structure confirmation 

of several guest compounds. Weng and Fujita et al.45 determined the structure of prespatane, a 

sesquiterpene synthetase, extracted from red macroalga Laurencia pacific via CSM. However, to 

resolve the ambiguity in the degree of unsaturation in the structure, 13C NMR was used. Similarly, 

NMR studies contributed to the absolute structure determination of six more sesquiterpenes 

extracted from the same macroalga,46 natural products such as collimonins A−D,47 tenebrathin,48 

and fuliginone extracted from an australian plant.49 Yamaguchi et al.50 introduced Laser 

Desorption Ionisation-Mass spectroscopy (LDI-MS) in combination with CSM (CS-LDI-MS) to 

explore the use of crystalline sponge 1 as a matrix to understand the ionisation mechanism of 
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matrix-assisted laser desorption ionization (MALDI). The analyte encapsulated sponge 1 was 

ionised by laser desorption and analyte orientation in the pore, as well as interaction with the 

framework, was studied by CSM. Subsequent studies revealed that the ionisation efficiency was 

highly dependent on π-π interactions between the analyte and the framework.51 This method was 

also applied to 1,3-benzodioxole derivatives52 for structure determination via CS-LDI-MS. 

The CSM is developing rapidly and has been combined with other analytical techniques for 

successful structure confirmations but optimising the soaking conditions is a time-consuming task. 

In this regard, Badalo et al.53 combined the CSM with ultra-high performance liquid 

chromatography and tandem mass spectroscopy (UPLC-MS) for crystalline sponge affinity 

screening. They optimised various soaking conditions dependent on the highest amount of analyte 

to crystal size (affinity factor) before the SCXRD analysis and hence, soaking parameters were 

optimised in a short period of time. In addition, Kitada et al.54 coupled supercritical fluid 

chromatography (SFC) with the CSM for fast isolation and characterization of regio- and 

stereoisomers. 

 
4.2 Reaction mechanistic study of organic compounds 

The study of reaction mechanisms in the crystalline state has fascinated chemists because of their 

unusual reaction pathways, high product selectivity, reactions between crystalline reagents that 

have led to enhanced reactivity, and the stabilisation of labile species. However, it is challenging 

to design reactions during which crystallinity is retained and any structural changes can be directly 

observed by SCXRD at any stage of the reaction. In this regard, crystalline “molecular flasks”, 

such as discrete molecular cages55 and capsules56 with a robust framework and the presence of 

voids that can trap guest molecules, gained attention for in situ transformation observations.15,16 

However, in the past two decades the focus shifted to porous coordination networks and MOFs 

because they provide high-quality single crystals and the ability to alter the pore size and 

functionality to match the guest molecules. With the introduction of the crystalline sponge method, 

the in situ studies of chemical transformations,58–62 unisolable intermediates,63,64 and short-lived 

transient species are made possible. An example is the observation of the short-lived hemiaminal 

transient species by SCXRD trapped in the pores of complex 1.57 The in situ chemical 

transformations of an amine into an aldehyde was studied which normally forms a very short-lived 

hemiaminal intermediate and has only rarely been observed, but with the help of the porous 
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complex, it was kinetically trapped at the reaction temperature of 215K within the pores and thus 

amenable to X-ray analysis and structure determination. Another example of an unisolable 

intermediate is [Ar-Pd(Br)(CH3CN)] formed during Pd-mediated bromination of an aromatic 

compound. The crystallographic studies revealed the structure of the intermediate in the pores of 

sponge 1 with the help of time-resolved X-ray diffraction, as shown in Fig. 2. The mechanism was 

confirmed by the appearance and/or disappearance of electron density associated with Pd-Br and 

C-Br bonds.65 Similarly, the in situ reversible Michael addition reaction between thiol nucleophiles 

and drug cyanoenones was crystallographically observed. The reversible Michael adducts have 

been previously detected in solution by spectroscopic methods, however, they have not been 

isolated and structurally characterized because of the rapid reversible reaction.66 Recently, the 

CSM was used to study the mechanism of biosynthesis involving biologically active compounds. 

For example, using the Cl congener of 1 the structure solution of the 6/5/8 tricycle fuse product 

formed by the C-S intramolecular bond formation with biocatalyst TleB (cytochrome P450 from 

Streptomyces blastmyceticus NBRC 12747) was demonstrated via the CSM.67,68 

 

Figure 1. [Ar-Pd(Br)(CH3CN)] formed during Pd-mediated 
bromination of an aromatic compound. CCDC. 967380. 
(reproduced with permission from reference 65) 
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4.3 Absolute structure determination of chiral compounds 

Anomalous scattering in X-ray diffraction makes it possible to distinguish a non-centrosymmetric 

crystal structure from its inverted image and hence the absolute structure determination of the 

studied compound. Fujita et al.1 applied the CSM to determine the absolute structure of chiral 

compounds. The Bijvoet method2 can be used directly on inclusion complexes due to the presence 

of heavy elements (Zn and I) in sponge 1. The authors first applied the CSM to santonin, an 

anthelminthic drug bearing four chiral centres. Since sponge 1 crystallises in the achiral space 

group C2/c under normal circumstances, if a chiral guest was encapsulated in 1, it would be 

expected that the space group would change to a chiral one, hence the absolute structure would be 

determined unambiguously. As expected after the encapsulation of santonin, the space group of 1 

changed to P21 and the absolute structure was determined unambiguously. In addition, absolute 

structure determination of chiral molecules with axial and planar chirality, which do not have 

stereogenic centres, was demonstrated by the CSM.69 The absolute configuration of the natural 

compounds astellifadiene,70 elatenyne,71 cycloelatanene A and B,72 using the Cl congener of 1 

were successfully determined. In 2017 Gelder et al.73 used sponge 1 to determine the absolute 

structures of chiral compounds camphene, α-pinene, and β-pinene. Interestingly, they observed 

that upon uptake of enantiopure (+)-camphene into sponge 1, that the space group remain 

unchanged. Therefore, it was argued that (−)-camphene was present as an impurity in the 

commercial 90% pure (+)-camphene resulting in the centrosymmetric space group. A similar 

phenomenon was observed in the structure determination of the chiral fungicide Metalaxyl-M and 

herbicide S-Metolachlor.74 Recently, Fujita et al.75 determined the absolute configuration of low 

ee compounds (non-enantiopure compounds), and an unusual enantiomerically pure composite in 

the asymmetric unit was observed.   

Several other studies using 1 in the CSM have been published.76–84 While most focus solely on 

identifying the guest some have analysed host-guest interactions in more detail. In 2016, Carmalt 

et al.87 studied the uptake of a series of chemically related simple functionalized aromatic guest 

molecules into the pores of 1 together with an analysis of possible guest-host interactions. This 

study of guest-host interaction was then expanded and the effect of systematic changes in guest 

size and functionality was observed as the change in orientation and ordering of guests within the 

framework.88 In 2020, Carmalt et al.89 determined the structures of terpenes, such as β-damascone 
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where CH-π and π-π interactions were mainly responsible for the ordering of the guest molecule 

as shown in Fig. 3.  

 

 

 

 

 

 

 

 

 

 

5. LIMITATIONS OF SPONGE 1 

Although sponge 1 is the most versatile and frequently used crystalline sponge so far, it has some 

limitations. Firstly, the small pore size of 8×5Å only permits the encapsulation of small guest 

molecules. Secondly, the pore environment is hydrophobic and electron-deficient, therefore the 

framework is incompatible with polar solvents, hydrophilic and nucleophilic guest molecules. To 

overcome these limitations, a few modifications were made, such as using the Cl congener of 1 for 

nucleophilic guests, however, this was not entirely successful for all the guest encapsulations. In 

addition, several new sponges were proposed with appropriate pore size and a more compatible 

framework for a range of solvents and functionalities of guest molecules. Moreover, several 

sponges were reported particularly to determine absolute configurations of the guest compounds. 

Examples of reported alternate sponges are discussed in the next section. 

6. ALTERNATIVE CRYSTALLINE SPONGES 

Alternative crystalline sponges were often found in the existing literature, although some were 

redesigned to recognise target molecules. Fujita et al.90 reported a guideline for identifying new 

crystalline sponge materials from the Cambridge crystallographic database.  

Figure 2. Host-guest interaction between β-damascone and framework of 1. CCDC 
1991538. (adapted with permission from reference 89). 
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6.1 Porous organic materials 

Porous organic materials (POMs) demonstrated advantages as an alternative crystalline sponge 

over the MOFs based sponges. POMs are assembled from molecular components by weak 

intermolecular forces, but lack coordination bonding and heavy metals hence the X-ray scattering 

from the framework would be reduced and guest visibility increased i.e., guest contribution to the 

diffraction pattern is more significant.  In this regard, Costa et al.91 reported the first POM as a 

crystalline sponge, assembled from a semirigid macrocyclic tetraimine and ethyl acetate, as shown 

in Fig. 4. A range of guests including S-(-)-nicotine, were successfully encapsulated and 

characterised by SCXRD making it compatible with nucleophilic guests. In addition, this POM 

was used to encapsulate diethyl phthalate92 and a pair of CCl3F molecules with a rare 

C(sp3)−F···F−C(sp3) interaction being observed.93 However, being an organic framework, 

absolute structure determination was not possible. Yamaguchi et al.94 reported a cyclophane-based 

POM synthesised by one-pot SNAr reaction of disubstituted adamantanes having halophenol units 

and 3,6-dichlorotetrazine. After 24 hours of soaking the structures of green leaf volatiles, cis-3-

hexen-1-ol and trans-2-hexenal were elucidated by X-ray analysis. In 2021 Hong et al.95 reported 

a 9,9’-(5’-(4-(anthracene-9-yl)phenyl)-[1,1’:3,1”-terphenyl]-4,4”-diyl)dianthracene based 

ultrastable π–π stacked porous organic molecular framework exhibiting permanent porosity, high 

thermal stability, and good chemical resistance and also, demonstrated rapid structure 

determination within three hours. Small organic molecules were encapsulated with various 

functionalities, however larger molecules were unable to penetrate the pore. 

 

 

 

 

 

 
Fig. 3. Structure of POM assembled with 
macrocyclic tetraimine and ethyl acetate. CCDC 
1012389. (reproduced with permission from 
reference 91). 
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4.2 Chiral metal-organic materials 

Sponge 1 and the Cl congener of 1 was successful in absolute configuration determination up to 

an extent, however, the incorrect stereochemistry assigned at C14 of miyakosyne A has been 

criticized. Therefore, the determination of chiral metal-organic materials as crystalline sponges 

was a significant development for the absolute configuration of organic molecules. In this method, 

the guest chirality can be analysed by comparing the relative stereochemistry to the known 

chirality pre-installed in the host framework. Zaworotko et al.91 reported a pair of enantiomeric 

chiral metal−organic materials (CMOMs) based upon mandelate (man) and 4,4′-bipyridine (bpy) 

ligands with Co(NO3)2·6H2O, [Co2(man)2(bpy)3](NO3)2]. Crystallographic studies revealed the 

enantioselectivity of the host framework with the racemic guest 1-phenyl-1-propanol (PP) such 

that the S form of the framework with solvents, (dichloromethane, water, methanol) present in the 

pores, prefer S-PP while the desolvated form of the S framework preferentially takes up R-PP. The 

guest chirality was relatively determined concerning the known chirality of the (S)-mandelates 

pre-installed in the host frameworks. This chiral MOF was further developed to produce variants 

with substituted mandelates for the chiral discrimination of the absorbed guests and was used as a 

chiral stationary phase in chromatographic separation.96,97 Pardo et al.98 reported a novel chiral 3D 

calcium(II)–copper(II) network with the formula {CaIICu6II [(S,S)-serimox]3(OH)2(H2O)}∙39H2O 

(where serimox = bis[(S)-serine]oxalyl diamide) for absolute configuration determination of 

vitamin C, vitamin B6, one anti-depressant; bupropion and the primary female sex hormone; 17-

β-estradiol. In addition, chiral metal-peptide porous complex [(Ag∙2-aminoisobutylic 

acid)2(OH)(PF6)(EtOH)m(H2O)l]n was reported99 to crystallographically analyse chiral alcohols 

and ketones and also chiral transformation events within the pore such as fixed conformations or 

an unstable hemiacetal formation. 

4.3 Coordinative Alignment 

The host-guest interactions responsible for guest alignment in the pores observed in sponge 1 are 

mainly non-bonding weak interactions that readily induce guest disorders. To overcome this 

problem the coordinative alignment (CAL) method was developed where guest molecules were 

covalently bonded to the metal centres of the MOFs thereby experiencing a lower motional degree 
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of freedom and thus preventing orientational disorders. In 2016 Yaghi et al.100 demonstrated usage 

of a chiral MOF, MOF-520, ([Al8(OH)8(BTB)4(HCO2)4]) (BTB = 1,3,5-benzentribenzoate) as a 

crystalline sponge. However, the relative method for the chirality analysis of guests was not used 

with MOF-520, as described in Section 4.2. The guest molecules with functional groups including 

alcohol, carboxylic acid, azolates, sulfur oxoacids, and phosphorus oxoacids101 were encapsulated 

and found covalently bonded to the Al via a bridging mode. Fig. 5 illustrates the binding of one of 

the azolates, 4-bromo-3-methyl-1H-pyrazole, to Al via bridging mode. The X-ray data collection 

required synchrotron radiation, and guests without binding groups were not suitable for the CAL. 

In contrast, Cohen et. al. reported a Mn-based coordination porous framework – 5 (CPF-5) 

(Mn21(HCOO)18(H2O)12(4-tetrazolate-benzoate)12)102 as a crystalline sponge that binds several 

Lewis basic guests to the Mn centre by coordinative alignment and also utilised H-bonding for the 

guests ordering within the pore. Moreover, all X-ray data was collected with an in-house 

diffractometer with Mo-Kα radiation. The CAL method was further utilised by Pelagatti et al.103 

for trapping and analysing nicotine in mesoporous Cu-MOFs by coordinative alignment without 

damaging the crystals, in contrast to sponge 1 where crystals were severely damaged and could 

not be analysed upon soaking with nicotine.81 Zhou et al.104 also explored the potential of the CAL 

method by encapsulating a series of linear organic dicarboxylate compounds into a flexible 

Figure 5. Structure of 4-bromo-3-methyl-1H- pyrazole 
coordinated to the metal centre of MOF-520. CCDC 1938285 
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zirconium MOF via different chelating modes.  

 
Fig. 5. Structure of 4-bromo-3-methyl-1H- pyrazole coordinated to the metal centre of MOF-
520. CCDC 1938285. (reproduced with permission from reference 101). 

 

4.5 Hydrophilic MOFs  

One of the major limitations of sponge 1 is the hydrophobic pore environment. To overcome this, 

Fujita et al.106 reported a saccharide-based-crystalline sponge with hydrophilic pores to target 

hydrophilic guest encapsulations. However, only small molecules were encapsulated and the pore 

size was too small to extend this sponge to a further range of guests. Another limitation of sponge 

1 was incompatibility with protic or nucleophilic solvents. In this regard, Gelder et al.107 reported 

three Gd-based MOFs, constructed from 1,3,5-benzenetribenzoic acid (H3BTB) and 4,4',4''-(1,3,5-

triazine-2,4,6-triyl)tribenzoic acid (H3TATB). The stability of these hosts in comparison with 

sponge 1 was investigated and it was observed that the Gd-based MOFs remained stable when 

exposed to solvents such as methanol, water, N, N-dimethylformamide, acetonitrile, and pyridine 

whereas sponge 1 was degraded. In addition, both hydrophobic and hydrophilic guests were 

encapsulated into the host frameworks; one of the MOFs shows only van der Waals interactions 

with the guest molecules while the other two also have guest molecules coordinated to the metal 

centre. For example, the structure of 1-methyl-2-pyrrolidone was observed in the pores of Gd-

H3BTB MOF, as well being coordinated to the Gd, as shown in Fig. 6. With one of the Gd-based 

MOF, the guest range was further expanded by Carmalt et al.108 which demonstrated the capability 
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of the host to encapsulate aromatic guests and a non-aromatic herbicide.  

4.6 Coordination Cages 

Coordination cages are well known to act as molecular containers that can bind small-molecule 

guests in their cavities. Such cavity binding is associated with the interactions of the guests with 

the surfaces inside the cavity. Coordination cages have recently been used for host-guest studies 

consistent with the crystalline sponge method, when trapping the guest within the cavity via 

cocrystallisation was unsuccessful. In 2015 Ward et al.109 used one of their series of cages 

[Co8L12](BF4)16 as a crystalline sponge for the structure determination of cycloundecanone and 

di(isopropyl)methyl phosphonate. The host cage is based on chelating bidentate pyrazolyl-pyridine 

termini, connected to naphthalene-1,5-diyl spacer via flexible methylene units. The successful 

result led to other studies using the same cage such as for the structure determination of 

adamantane-1-carboxylic acid110 and alkyl-phosphonate chemical warfare agent simulants.111 In 

2020 Ward et al.112 performed a crystallographic investigation of a series of bicyclic compounds 

Figure 6.  Structure of 1-methyl-2-pyrrolidone in the pores and coordinated to Gd 
centre of the Gd-H3BTB MOF. CCDC. 188074. (reproduced with permission 
from reference 107). 
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including coumarins using this cage and also demonstrated the guest binding ability to the internal 

as well as external surfaces of this cage via the CSM.113 

4.7 Biological frameworks  

The biologically based frameworks are a new type of crystalline sponge, inspired by the 

macromolecules binding abilities and only a few examples have been reported in the literature. 

The biological frameworks provide an affinity to a wide variety of organic compounds, including 

anionic, cationic, zwitterionic, and neutral compounds. Matsumoto et al.114 demonstrated structure 

determination of organic compounds by using RamR, a multidrug-resistance regulator protein as 

the crystalline sponge. It can capture a wide variety of compounds because of the flexible and large 

binding pockets consisting of charged, polar, and hydrophobic residues. The crystal structure of 

intermediate complexes such as RamR-ethidium, RamR-echolic acid, and RamR-egefitinib were 

successfully determined. In addition, Snow et al.115 selected a polyisoprenoid-binding protein from 

Campylobacter jejuni (CJ) as a crystalline sponge. It has 13 nm large channels with cysteine 

mutated binding sites available for guest binding via chemical conjugation. Crystal structures of 

hydroxymercuribenzoate, monobromobimane, selenocysteine, and 5-mercapto-2-nitrobenzoic 

acid were determined in the pore. Further, Yan et al.116 designed and crystallized a 3D DNA array 

with a layered hexagonal lattice, which possesses a relatively large cavity that can be used as a 

crystalline sponge for organic structure elucidation. 

 

5. CONCLUSION AND PERSPECTIVES 

The CSM has expanded rapidly in the last eight years and has been applied in various fields such 

as pharmaceuticals in drug discovery, agrochemicals, perfume, and chemical companies for 

analyses of active ingredients, impurities, or metabolites. The CSM in combination with 

spectroscopic and chromatographic techniques helped researchers to carry out microgram to 

nanogram analyses of trace compounds present in natural products. To expand CSM for a wider 

range of guest molecules development of new sponges is essential, therefore, researchers have 

developed a variety of crystalline sponges such as POMs, CMOM, coordination cages, and 

biological frameworks. It is clear that there is not one perfect sponge that is suitable for all types 

of guest molecules, therefore the development of the new sponges remains highly desirable. Even 
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with the tremendous success in application to various fields, the CSM is still in its early stage and 

needs further development. Various new applications should be explored, and the development of 

alternative crystalline sponges is constantly needed to widen the scope of included guests. Various 

new applications should be explored, and the development of alternative crystalline sponges is 

constantly needed to widen the scope of included guests. 
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