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Abstract: Developing the competency of molecular 
sorbents for energy-saving applications, such as C8 
separations, requires efficient, stable, scalable and easily 
recyclable materials that can readily transition to 
commercial implementation. Here, we report an 
azobenzene-based cage for the selective separation of p-
xylene isomer across a range of C8 isomers in both vapor 
and liquid states with selectivity that is higher than the 
reported all-organic sorbents. Interestingly, the crystal 
structure shows non-porous cages that are separated by p-
xylene molecules through selective CH...p interactions 
between the azo bonds and the methyl hydrogens of the 
xylene molecules. This cage is stable in solution and can 
be regenerated directly under vacuum to be used in multiple 
cycles. We envisage that this work will promote the 
investigation of the azo bond as well as guest induced 
crystal to crystal phase transition in non-porous organic 
solids for pivotal energy intensive separations. 
 
Molecular separations are critical for the production of 
specialty chemicals and fuels.[1-5]   C8 separation is one 
of the seven most valuable chemical separations that 
can change the world’s economy.[6] Separation 
techniques that do not require huge amounts of heat 
can lower the carbon footprint, emission and overall 
pollution.[7] C8 isomers separation (specifically xylene 
isomers and ethylbenzene) dictates the purity of the 
starting materials for multiple industries including 
polymers, plastics, pigments and resins.[8,9] Para-Xylene 
(pX), is the most valued among the C8 isomers for 
producing polymers such as polyethylene terephthalate 
(PET) and polyester.[10] Conventionally, C8 isomers are 
separated by different energy-demanding methods 
including fractional crystallization[11] and selective 
adsorption using inorganic and hybrid sorbents such as 
zeolite H-ZSM,[12] metal organic frameworks,[13-15] and 

metallocycles.[16]  More recently, a non-porous 
molecular complex[17], switching layered materials[18] 
and organic non-porous adaptive crystals (NACs) have 
shown excellent selectivity in the separation of 
xylenes[19] where the preferred guest molecules, 
entering these initially non-porous crystals, are 
accommodated by structural transformations. Although 
selective adsorption processes have showed superiority 
in molecular separations, long term stability and 
economic scale up of the molecular recognition entities 
have been the main hurdles towards the industrial 
translation of such platforms. 
 
Organic cages are a class of intrinsically porous 
materials (IPMs) made from discrete organic molecules 
with accessible windows.[20] These stable systems are 
easily prepared and scaled-up in addition to being 
solution processable,[20,21] which allows them to be 
combined in a modular way to generate porous co-
crystals[22] and porous liquids.[23] Organic cage crystals 
can be polymorphic[24,25]  which is a close analogy to 
zeolites[26] and metal–organic frameworks (MOFs)[27] 
where different crystalline polymorphs have different 
porosity, physical properties, and guest molecules 
selectivity. Here, a non-porous polymorphic 
azobenzene-based imine cage and its use for selective 
separation of p-xylenes from xylenes mixture and 
commercial C8 fractions is described. This selective 
separation takes place in both vapor and liquid states 
where the latter can potentially lower the energy bill of 
these separations as no heating is required (Scheme 
1).  
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Scheme 1. Packing of the AZO-Cage crystals in CHCl3/n-hexane and xylenes showing two polymorphs. 

 

The non-porous organic cage was synthesized by the 
well-known dynamic covalent chemistry, (3+2) imine 
condensation reaction (Figure S1). The (E)-4,4'-
(diazene-1,2-diyl) dibenzaldehyde was reacted with 
tris(2-aminoethyl) amine (TREN) in a mixture of ethanol 
and chloroform to form exclusively an azobenzene 
based imine cage (AZO-Cage) as an insoluble orange 
solid in a relatively excellent yield 72%. The synthesized 
cage was characterized by different techniques to 
confirm the structure and the self-assembly (Figure S2 
& S3). An imine bond is seen in 1H NMR at 8.30 ppm 
and it appears as a singlet peak (Figure S2). Two types 
of aromatic peaks are shown as two doublets at 7.37 
and 7.44 ppm respectively representing the aromatic 
protons of the azobenzene moiety.  At the aliphatic 
region, a relatively two broad singlet peaks appeared at 
3.86 and 2.87 ppm that are assigned to the methylene 
protons of the AZO-Cage.  13C NMR shows two peaks 
at the aliphatic region 57.8 and 52.5 ppm which are 
assigned to the cage carbons, while the five aromatic 
peaks representing the imine bond are seen at 161.4 
ppm and 153-123 (Figure S2). Initially, other than being 
an excellent recognition unit, including the azo group in 
the cage was intended to control the pore cavity with 
light/heat. Exposing the AZO-Cage in solution (in 
CDCl3) to UV (365 nm) for 5 mins showed minor 
changes (NMR) to the confirmation while a complete 
degradation happened after 30 min of exposure (Figure 
S4). The AZO-Cage was crystallized in chloroform/n-
hexane solvent mixture to obtain orange rhombic prisms 

of crystals AZO-Cage 1 suitable for X-ray diffraction 
analysis (Scheme 1). The single crystal X-ray diffraction 
(SCXRD) study showed that the compound crystallizes 
in trigonal R-3c space group with 1/6th of the AZO-Cage 
1 in the asymmetric unit (Figure S5 and Table S1). The 
molecular packing of AZO-Cage 1 suggests that the 
cage is non-porous to the solvent (Figure S6). Notably, 
irradiation of the AZO-Cage in the crystalline state 
(AZO-Cage 1) did not change the original non-porous 
conformation or affect the stability even after long 
exposure times (Figure S7). We hypothesize that the 
less flexible imine bond is making this cage more rigid 
preventing the isomerization process.  
 
In an attempt to investigate the porosity of the AZO-
Cage to aromatic guest molecules, we crystallized the 
compound using xylene isomers (oX, mX and pX). The 
AZO-Cage was therefore dissolved in a boiling xylene 
mixture solution and then allowed to cool/evaporate for 
one day at room temperature to give needle-like orange 
crystals that selectively entrap pX (AZO-Cage 2, 
Scheme 1 and Table S1). All efforts to get single 
crystals from oX and mX proved abortive, which 
suggests that the AZO-Cage is selective to the pX 
isomer. The SCXRD of AZO-Cage 2 revealed that the 
compound crystallizes in monoclinic C2/c space group 
with half molecule of the cage and half of the pX 
molecule in the asymmetric unit (Figure 1 and Figure 
S5). 
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Figure 1. Packing arrangements of rhombic prisms of crystals (a) along [010] and (b) along [100]. (c) Intramolecular p-p 
stacking and host-guest C–H···p interactions and (d) host-host C-H∙∙∙𝜋 interactions between cages. 

 

In the crystal structure, two of the three azobenzene 
moieties in AZO-Cage 2 are arranged parallel to one 
another while the third azobenzene is perpendicular to 
these two forming a boat-like configuration (Figure 1). 
The crystal structure shows that the pX molecules lie 
between the cages but not inside the cage (Figure 2). 
The C–H moiety of the methyl group of the pX molecule 
participate in weak host-guest C–H···pN=N (4.130 Å) 
interactions with the centroid of one of the azo bonds 
(Figure 2 and Table S2). Each cage is also connected 
to the neighboring cage through the aliphatic C–H···p 
interactions involving the C–H moiety of the AZO-Cage 
2 and the centroid of four neighboring phenyl rings 
sandwiching the pX guest molecule (Figure 2b and 

Table S3). Moreover, the crystal structure shows some 
C–H···p interactions (Figure 2 and Table S4) and face 
to face p-p intramolecular interactions. These p-p 
intramolecular interactions keep the two azobenzene of 
the cage in a parallel position to each other (Figure S8 
and Table S5). From the crystal structure, we can 
conclude that the enculturation of pX by the AZO-Cage 
2 is influenced or favored by the host-guest C–H···p 
interactions. Thermogravimetric analysis (TGA) of the 
AZO-Cage 2 was also determined. The thermogram 
indicates a loss of solvent around 120 °C which 
corresponds to the loss of pX (Figure S9). 
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Figure 2. a) C–H···π interactions with the azo bond. b) 
Packing arrangement showing the C-Hᐧᐧᐧp intermolecular 
interactions connecting the AZO-Cage 2.  

 
These promising results prompted us to investigate the 
vapor and liquid absorption behavior of the AZO-Cage. 
The as-synthesized AZO-Cage 2 was activated at 70 °C 
under vacuum for 24 h to obtain the activated AZO-
Cage 2 (Figure S9), which is non-porous (Figure S10). 
The experimental PXRD patterns of the as-synthesized 
AZO-Cage 1 and AZO-Cage 2 were measured and 
compared to the simulated PXRD (Figure S11). 
Furthermore, we measured the PXRD patterns of the 
activated AZO-Cage 2 and compared it to the as-
synthesized AZO-Cage 2 to confirm that there is a no 
phase transition as a result of the loss of the pX (Figure 
S12). Xylene selectivity towards the AZO-Cage was first 
investigated by vapor-solid sorption experiments using 
the empty AZO-Cage 1 with all C-8 isomers and a 
mixture of 1:1:1 volumetric ratio of oX:mX:pX (Figure 
3). Following the PXRD pattern of AZO-Cage 1 with the 
above-mentioned combinations, we concluded that the 
final obtained PXRD pattern was that of the calculated 
AZO-Cage 2 meaning that a crystal to crystal phase 
transition is occurring in the presence of xylene guest 
molecules (Figure 3 & Figure S13). The PXRD patterns 
for oX, mX and pX were very similar and so a time-
dependent solid-vapor sorption study was conducted 
and analyzed showing that the uptake of pX was much 
faster than oX and mX. This further supports that AZO-
cage1 can selectively absorb p-xylene (Figure S14). It’s 
noteworthy to state that all of these experiments were 
performed at 298 K, which supports that the amount of 
vapor produced is similar in all trials as all isomers have 
very close boiling points and that this selective 
separation can take place without any intensive energy 
requirement. We also noticed that the kinetics for 
adsorption is relatively slow which would hinder the 
industrial translations of these system (Figure S15). 
Consequently, we are currently working with engineers 

to find the best conditions to increase the uptake and 
decrease the activation temperature to achieve an 
efficient separation process with the least energy 
footprint possible.    
 

 

Figure 3. PXRD patterns showing the conversion of 
AZO-Cage 1 to AZO-Cage 2 in the presence of  pX 
vapor, and the effect of  oX vapor,  mX vapor, EB and  
1:1:1 mixture of oX, mX, and pX on AZO-Cage 1 after 
24 hrs. 

 
Further insight into the SCXRD results showed that the 
pX isomer can best fit in between the AZO-Cage 
molecules facilitated by the interaction of the azo-p 
bonds and the methyl protons of pX, which to the best 
of our knowledge has not been reported thus far. 
Moreover, m-, o-xylene and Ethylbenzene isomers 
cannot fit due to the shape and symmetry of the 
molecules in the presence of pX so the interaction does 
not take place which was verified by DFT calculations 
(Figure S16) However, the vapor adsorption trials in the 
absence of pX showed that mX , oX and EB can be 
adsorbed over time and gave a new phase of PXRD 
patterns (Figure 3 & Figure S13). Most importantly, the 
same studies were done using xylene isomers in the 
liquid phase, where AZO-Cage 1 was incubated in 1 ml 
of pX. This produced the final PXRD pattern of AZO-
Cage 2 taking into consideration that the cage is not 
soluble at all in xylenes (Figure 4). Moreover, repeating 
the same experiment with xylenes mixture (1:1:1 
volumetric ratio of oX:mX:pX) showed the same pX 
selectivity in the liquid phase.  Selectivity values were 
determined using solid-vapor and solid-liquid 
experiments using different combination of xylene 
isomers. 1H NMR spectral measurements showed pX 
isomer selectively adsorped with a selectivity coefficient 
for pX/oX, pX/mX and pX/EB of 15.60, 10.90 and 9.70 
for the vapor C-8 isomers and 12.10, 7.30 and 6.60 for 
the liquid C-8 isomers, respectively (Figure S17 &S18 
and Table S6). This is the highest reported selectivity 
for an all-organic sorbent, to the best of our knowledge. 

10.1002/anie.202007782

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.



COMMUNICATION          
 
Since we have established that the AZO-Cage is 
selective to pX, we opted to confirm its performance on 
commercially relevant samples such as the C8 aromatic 
fraction obtained by conventional distillation of Pygas 
(from light arabia crude oil). The AZO-Cage was 
activated under vacuum at a relatively low temperature 
of 70 0C for 24 hr before running the incubation 
experiment with the C8 aromatic fraction. We also 
tested the recyclability of the AZO-Cage by putting it 
under vacuum at 70 0C. The PXRD patterns for the 
number of cycles examined show that the material is 
reusable and remains efficient for the separation of pX 
without decrease in performance under the conditions 
of the investigation (Figure S19). This was repeated up 
to five cycles without losing the adsorption or the 
selectivity as confirmed by Gas-Chromatography 
analysis (Figure S20). An attempt to remove pX from 
AZO-Cage was performed using n-hexane as a soaking 
solvent trying to avoid heating as an activating factor 
which lead to unsuccessful attempt (Figure S21). 
Finally, we tested the stability of AZO-Cage in 0.1 M 
hydrochloric acid as well as in water trying to have an 
adsorbent that can tolerate acidic and humid 
environment. Incubation of AZO-Cage in acidic 
conditions degrade the cage as most of the 
characteristic peaks in PXRD are disappeared, however 
in water the cage stays stable as it shows the PXRD 
peaks of AZO-Cage 1 (Figure S22). 
 

Figure 4. PXRD patterns showing the conversion of 
AZO-Cage 1 to AZO-Cage 2 in the presence of p-
xylene vapor or liquid.  
 
Conclusion 
In this work, we have prepared a non-porous imine-
based organic cage (AZO-Cage) that undergoes a 
crystal (AZO-Cage 1) to crystal (AZO-Cage 2) phase 
transition selectively in the presence of pX in the liquid 
and vapor phase. This preferential host-guest behavior 
is attributed to the interaction between the azo-p bonds 
and pX molecules in between the cage molecules that 
is well suited for the size, and shape of pX over other 
C8 isomers. The separation selectivity for pX was 
higher than the published organic-based sorbents and 
comparable to the hybrid frameworks, taking into 

account the relatively mild energy demands for the 
recycled use of this platform. We believe that the 
application of non-porous organic sorbents, although 
relatively new, can potentially revolutionize energy 
intensive separations as they are quite stable (even in 
liquid phase), readily scalable, cost-efficient and most 
importantly can be tailored to target specific molecular 
separations, which the inorganic zeolites cannot 
address efficiently.  

Keywords: Organic cage • host-guest interactions • 
C8 separations • azobenzene • intrinsically porous 
materials 
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A non-porous azobenzene-based molecular cage (AZO-Cage) can selectively separate p-xylene from vapor and liquid 
C8 mixture. The cage shows two polymorphs in the absence (AZO-Cage 1) and presence (AZO-Cage 2) of p-xylene 
guest molecules. This is attributed to the host-guest interaction between the azo-p bonds and pX molecules that are well 
suited in terms of size and shape over the rest of the C8 isomers to be intercalated between the cages evoking structural 
transformations.	
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