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ABSTRACT: The prediction, control, understanding and elucidation of phase transition from gel to crystal is in high demand for the 
development of various functional materials with macroscopic properties. Here, we show a detailed and systematic description of the 
self-assembly process of enantiopure trianglimine macrocyclic host from gel to single crystals. This proceeds via an unprecedented 
formation of capsule-like or right-handed helix superstructures as metastable products, depending on the nature of the guest molecule. 
Mesitylene promotes the formation of capsule-like superstructures; whereas, toluene results in the formation of helices as 
intermediates during the course of crystallization. Single crystal results demonstrate that the crystals obtained via the direct self-
assembly from the gel phase are different from the crystals obtained from the stepwise assembly of the intermediate superstructures. 
Hence, investigating the phase-transition superstructures that self-assemble through the process of crystallization can unravel new 
molecular ordering with unexplored host-guest interactions. Such understanding will provide further tools to control hierarchical 
assemblies at the molecular level and consequently design or dictate the properties of evolved materials. 

INTRODUCTION
Predicting the molecular self-assembly of the simplest 
crystalline structure represents a challenge of the highest 
scientific and technological importance. Crystals, under the 
right circumstances, could be thought of as the sum of a series 
of molecular recognition events, self-assembly, rather than the 
result of the need to “avoid a vacuum”.1 In this context, crystals 
might be regarded as being single chemical entities and as such 
are perhaps the ultimate examples of supramolecular 
assemblies.2,3 Self-organization through directional and 
complementary noncovalent interactions, such as hydrogen 
bonds and metal coordination, underlies crystal engineering to 
achieve the most favorable molecular arrangements during the 
course of crystallization.4 Moreover, solvent or guest dictated 
self-organization of the host molecules plays a pivotal role in 
the final crystal assembly using the molecular recognition 
approach.5-10 The visualization of the transiently trapped guest 
molecule in the crystalline nanochannel of ordered frameworks 
was recently demonstrated showcasing the effect of hydrogen 
bonding and π···π interactions on crystal packing.11,12 Other 
seminal work on porous molecular materials such as organic 
cages showed a critical correlation between the crystal structure 
and the nature of guest molecules.13-15 Engineering of 
nonporous crystalline materials such as nonporous adaptive 
crystals (NACs) showed that the crystal structure 
transformation is induced by a preferable guest molecule.16,17 
Furthermore, guest templated assembly promotes the formation 
of evolved superstructures as elegantly demonstrated in the 
construction of supramolecular nanotubes from the 
enantiomeric naphthalenediimide (NDI) macrocycles and the 

porous molecular 1D nanotubes and 3D networks from organic 
cages.18,19

The inclusion of liquid and gas molecules as guests into a 
solid matrix is well known, however the mechanism of such 
assembly leading to the corresponding crystals formation at the 
molecular level is poorly understood. Such insight can guide 
researchers to control assemblies with specific guests to make 
materials with superior properties. Molecular recognition of 
guest molecules has been extensively studied using different 
host macrocycles.16,20-21 The guest uptake can take place via two 
routes: (a) guest uptake into the pores by diffusion and (b) guest 
binding to the binding pocket of the inner pore via adsorption. 

Here, we studied the stepwise self-assembly process of 
enantiopure trianglimine macrocycles in the presence of 
different guests where metastable capsule-like or helical 
superstructures were obtained prior to the growth of the 
crystalline materials (Figure 1). As the energy-saving 
separation of benzene isomers is of prime industrial interest, we 
designed our imine macrocycle with an intrinsic pore that can 
host such guest molecules (Figure 2a).21,22 Intermolecular C-
H···π interactions between the host and guest facilitates the 
molecular recognition and the eventual binding. Furthermore, 
chirality plays a major role in dictating the final assembly as 
previously reported.18 The entire process takes place under 
thermodynamic control similar to host-guest complexation in 
solution where the geometry of the guests are well equilibrated 
and ordered like porous complexes.23 We envisage that this 
work will promote the exploration of other superstructures that 
assemble during crystallization, which can lead to uncharted 
molecular ordering and ultimately to unique materials with new 
properties.
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Figure 1. Stepwise guest-induced self-assembly of trianglimine macrocycle crystals.

RESULTS AND DISCUSSION
Chiral trianglimine macrocycle 1 was synthesized according to 
previous reports24-30 by reacting (1R,2R)-diaminocyclohexane 
(0.275 g, 2.38 mmol) with 4,4'-diformylbiphenyl (0.5 g, 2.38 
mmol) in CHCl3/methanol (1:10) in the presence of 
triethylamine with 90% yield (Figure S1). 1H and 13C NMR 
confirm the formation of the [3+3] trianglimine as a pure 
product (Figure S2 and Figure S3). High resolution mass 
spectrometry showed a molecular ion peak at m/z 865.5091 for 
[M+H], which is in agreement with the molecular weight of the 
[3+3] condensation product (Figure S4). Macrocycle 1 is 
designed with an intrinsic pore diameter of 12 Å which can be 
ideal for the recognition of benzene isomers (Figure 2a). Unlike 
trianglamine, which consist of a flexible skeleton, trianglimine 
is generally shape persistent, and rarely display various types of 
conformations in the solid state because of its rigid skeleton. 
Although, the stability of the imine bond in aqueous solution is 
still an enigma to researchers, in our case, the stability of 
macrocycle 1 was confirmed in water as illustrated in Figure 
S5.

Attempts to crystalize 1 in ethyl acetate (EA) resulted in the 
formation of octahedron shaped crystals (1A) which is suitable 
for single crystal X-ray diffraction (Figure 2b and Figure S6). 
Whereas, it crystallizes in needle shaped guest-free crystals 
(1B) from chloroform (CHCl3) in EA (2:1) in hexane vapor 
(Figure 2c and Figure S6). Interestingly, we found that 1 in 
CHCl3/EA (4:2) resulted in the formation of a supramolecular 
organogel which consists of fibrous assembly as observed under 
SEM (Figure S6). The single crystal analysis of 1A reveals that 
it crystalizes in a triclinic crystal system with chiral P1 space 
group and the asymmetric unit contains four units of 
trianglimine and two units of EA (Figure 3a). Two trianglimine 
units at the center are eclipsed to each other and the other two 
trianglimine units are perpendicular to the two eclipsed units on 
either side when viewed along the crystallographic a axis. It 
possesses window to window arrangements in the c axis where 
the EA molecules sit perfectly inside the intrinsic cavity of the 

trianglimine and are stabilized by C-H···O interactions (2.535 
Å) between the O-C=O of EA with the biphenyl moieties 
(Figure 2b). The crystal packing shows that molecules form 
interconnected layered structure where the channels are being 
filled up with EA (Figure 3b). The host layers are 
interconnected with each other by π···π interactions (3.845 Å) 
between the biphenyl moieties (Figure 3c). The host 
trianglimines are arranged in a head to tail fashion to create the 
interconnected layers which are responsible for the channels 
(Figure 3b). 

Figure 2. (a) Space filling representation of the crystalline 
trianglimine 1 to host potential benzene derivatives. (b) Crystal 
structure of 1A shows window to window arrangement of 
trianglimines where EA sits inside the intrinsic cavity. (c) 
Crystal structure of 1B shows the perpendicular arrangements 
of trianglimines.
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The guest accessible volume per unit cell for 1A is 
approximately 810 Å3, which is close to 14.5% of the unit cell. 
SCXRD analysis of 1B reveals that it crystallizes in monoclinic 
system bearing the space group P21 and the asymmetric unit 
contains only one unit of trianglimine. The structural analysis 
also reveals that two trianglimines are nearly perpendicular to 
each other and this makes the arrangement window to vertex 
along b plane (Figure 2c). The triangles are stacked in an 
eclipsed manner through head-tail fashion in b plane. The 
interlayer distance between two trianglimine molecular interior 
is approx. 4.2 Å. Such type of arrangement contracts the unit 
cell creating less space for the guest molecules. The packing of 
the molecules shows that it has layered structure with channels 
(Figure 3d). The guest accessible volume per unit cell is 666 Å3, 
which is close to 25.6% of the unit cell volume.

Figure 3. Description of the crystal structure of 1A and 1B: (a) 
Single crystal structure depicts how the EA intercalates with host 
in the asymmetric unit. (b) Packing of the layered structure of 1A 
containing channels where EA molecules are occupied. (c) Two 
trianglimine macrocycles are extended by π···π interaction in 1A. 
(d) Packing of the layered structure of 1B containing empty 
channels.

   Since 1 accommodates EA solvent molecules inside its 
intrinsic cavity, we then resorted to crystalize it in the presence 
of mesitylene as an aromatic guest (best fit for the intrinsic 
pore). Initial attempts to crystalize 1 in CHCl3/EA/mesitylene 
(4:2:1) resulted in the formation of supramolecular organic gel 
(Figure S7). The organogel dissolved to a solution at room 
temperature after 14 days from which needle-shaped crystals 
1C were obtained. Addition of the mesitylene to the gel 
obtained from 1 in CHCl3/EA also resulted in the same 
observation. To understand the mechanism of the gel formation 
as well as the phase transition from gel to crystals, we first 

carried out a series of SEM studies. SEM images of the gel show 
that 1 assembles to form a fibrous material (Figure 4). After the 
addition of the mesitylene guest molecules, the fibers are 
converted to capsules- like superstructures in solution, which 
we believe is due to the inclusion of the guest molecules (Figure 
4, top). The dynamic light scattering (DLS) studies show that 
the average size of the capsule is 1 μm and they have a negative 
zeta potential. We hypothize that the capsule-like 
superstructures are formed as a metastable state under kinetic 
control and are subsequently converted to the 
thermodynamically stable needle-shaped crystals (Figure 
S8).The C3 symmetry of mesitylene also induces the 
crystallization in a high symmetry space group.31 Furthermore, 
we believe that the slow nucleation process is responsible for 
the formation of these capsule-like superstructures. This was 
further verified by heating the gel to 90°C, which resulted in the 
direct formation of a fibrous assembly prior to crystallization 
without the formation of the capsule-like superstructures 
(Figure S9). The phase change of the gel was verified by 
differential scanning calorimetry (DSC) where a clear phase 
transition was seen in the gel state (Figure S10). The crystal 
structure analysis of 1C reveals that it crystallizes in highly 
symmetric hexagonal crystal system with P61 space group and 
the asymmetric unit contains one unit of host trianglimine and 
two units of mesitylene guest where host/guest ratio is 1:2 
(Figure 5a). The structural analysis also reveals that it possesses 
window to vertex arrangement where trianglimines are 
perpendicular to each other. One mesitylene perfectly sits inside 
the intrinsic cavity of the trianglimine which is being stabilized 
by C-H···π interactions (2.690 Å) between methyl group of the 
guest and the centroid of the biphenyl systems in the host 
macrocycle (Figure 5b and Figure 5c). The other one is present 
in the interstitial position. When viewed along c axis, the crystal 
packing shows that the guest molecule between the three 
macrocyclic molecules (interstice) undergoing C-H···π 
interactions (2.875 Å) (Figure 5d and Figure S11). It is shown 
that the guest molecules present outside the cavity are also 
stabilized by C-H···π interactions (2.875 Å) which is actually 
responsible for the changes in the torsional angles of the 
biphenyl systems in the macrocycle. The cyclohexyl group also 
contributes in directing the inclusion of the guest molecule in 
the interstice between the three macrocyclic molecules through 
C-H···π interactions (Figure S11a). The macrocyclic molecules 
exist in form of layers when viewed along the b axis. Each layer 
is connected through C-H···π interactions to form a 2D-network 
(Figure 5e). In other words, the entire crystal network is built 
by a 2D-network of C-H···π interactions. Although these 
interactions are weak, their high directionality contributes 
immensely to the assembly of these molecules. Apart from C-
H···π interactions, two consecutive host bilayers are connected 
by weak π···π interaction of 4.338 Å. The guest accessible 
volume per unit cell is 2809 Å3, which means 28.5% of the 
volume is available for the inclusion of mesitylene.
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Figure 4. SEM images of the self-assembly process of 1 from gel (fibers) to solution to crystals depending on the guest molecules, mesitylene 
(top) and toluene (bottom).

Figure 5. Host-guest interactions from SCXRD. (a) Crystal 
structure of 1C shows mesitylene intercalating with host 1. (b) 
Mesitylene is stabilized in the macrocyclic host by C-H···π 
interaction. (c) Space filling structure shows how mesitylene fits in 
the intrinsic cavity of the host. (d) Mesitylene is occupying both 
internal cavity and interstitial space of the macrocycle via C-H···π 
interaction (1:2 ratio). (e) Two dimensional arrangements of the 
macrocycle layers where they are connected by weak π…π 
interactions when viewed along b axis.

      To better understand the role of guest molecules in the 
stepwise assembly, 1 was crystalized in the presence of toluene, 
another aromatic guest, in CHCl3/EA/toluene (4:2:1). As 
expected, a fibrous gel was obtained and went through a self-
assembly process. Interestingly, this guest-prompted assembly 

did not yield a capsule-like superstructure but rather a 
metastable right-handed helix before forming the stable crystals 
1D (Figure 4, down). Similar to mesitylene, addition of the 
toluene directly to the gel obtained from 1 in CHCl3/EA also 
resulted in the same observation yielding crystals 1D. The size 
of the helices is 500-700 nm in diameter and they are few 
micrometers long with a uniform helical pitch of approximately 
1 µm (Figure 4 and Figure S12). PXRD studies were conducted 
to verify the phase purity of the obtained crystals (Figure S13). 
To confirm the helical nature of the ribbons, circular dichroism 
(CD) spectra of the host macrocycle 1 with toluene and 1 in 
CHCl3 were measured at room temperature. CD spectra confirm 
that the helical ribbons are formed with right handedness in case 
of toluene at that particular concentration and state. The CD 
spectrum of 1 in CHCl3 exhibits positive signals at around 323 
nm which can be assigned to the imine n-π* transition. On the 
other hand, CD of toluene included host exhibits both positive 
and negative signals at 319 and 268 nm respectively with zero 
crossing close to 290 nm, which indicates the transfer of chiral 
information of the self-assembled product in a helical sense 
(Figure S14). The single crystal structural analysis revealed that 
it crystallizes in triclinic P1 space group and contains four units 
of trianglimine and four units of toluene (Figure 6a). This 
indicates that host/guest ratio is maintained 1:1 in the crystal 
lattice. In this scenario, toluene perfectly fits into the host 
trianglimine where host-guest interaction is being stabilized by 
C-H···π interactions of the methyl group (Figure 6b and Figure 
6c). Two trianglimines are in overlapping position, whereas the 
other two are placed sidewise in head-to-tail fashion. This type 
of arrangement makes them window to vertex, where guest 
molecules are placed in the intrinsic cavity created by this 
arrangement. The packing diagram suggests that it has a layered 
structure where toluene is present inside the connecting 
channels (Figure 6d). The diffusion of guest molecules also 
influences the changes in torsional angle in the biphenyl 
systems present in the macrocycle. PLATON analysis reveals 
the solvent accessible volume per unit cell is 1665 Å3, which 
means 30.3% of the volume is available for the inclusion of 
toluene.
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Figure 6. (a) Crystal structure of 1D shows toluene intercalating 
with host 1 in 1:1 ratio. (b) Toluene is stabilized in the host by C-
H···π interactions. (c) Space filling structure shows how the guest 
fits in the intrinsic cavity. (d) Overall packing of the host-guest 
structure. 

     We propose that studying the self-assembly process and 
identifying the intermediate superstructures, which are formed 
through the crystallization process, may lead to new molecular 
ordering and consequently allows the re-engineering of 

materials properties. To best test this hypothesis, we collected 
two crystals separately: one obtained directly from the fibrous 
gel (after 24 days) (1C) (Figure 7a) and the other obtained from 
the isolated metastable capsule-like superstructures upon 
further addition of dichloromethane/acetonitrile (2:1) (1E) 
(Figure 7b and S15). Single crystal analysis revealed that the 
host/guest ratio of the crystal obtained from the kinetic capsule-
like superstructures was different from the thermodynamically 
stable needle-shaped crystal obtained directly from the gel 
(1:0.5 vs 1:2). DFT calculations were performed to estimate the 
host-guest interaction energy for a possible kinetic versus 
thermodynamic pathway to form the final crystals. A 
unimolecular interaction results in 2 (considered as 
intermediate assembly), which is -4.5 kcal/mol lower in energy 
compared to the free molecular form (Figure 7c). The 
interaction of a second mesitylene molecule with 2 leads to 3, 
an exergonic step by 3.7 kcal/mol (Figure 7c). This supports the 
thermodynamic feasibility to host two guest molecules by one 
trianglimine macrocycle. Analysis of the electron density32 
calculations confirms the expected C-H··· π interactions 
occurring between 1 and mesitylene (Figure 7d and Figure 
S16). Moreover, PXRD analysis of the gel and the capsule-like 
superstructures confirmed the phase purity and the structural 
resemblance to the simulated patterns of the crystal structures 
(Figure S17). 

Figure 7. (a) Crystal obtained from gel via direct self-assembly (1C) vs (b) crystal obtained from the capsule-like superstructures via 
stepwise self-assembly (1E) at the same conditions. (c) Energy values (∆H298

S/∆G298
S) are in kcal/mol at ωB97xD (SMD-

mesitylene)/Def2-TZVP//PBE0-D3/Def2-SVP level of theory. (d) Non-covalent interactions analysis of 2: large green areas between 
1 and mesitylene indicate regions of weak noncovalent interactions.
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Conclusions
We have demonstrated that enantiopure trianglimine 
macrocycles undergo a guest-driven self-assembly process 
going from a gel to capsule-like or right-handed helix 
superstructures in solution before reassembling further to the 
thermodynamically stable crystalline products. The capsule-
like superstructures were formed with mesitylene guest 
molecules, while the right-handed helices were obtained with 
toluene guest molecules. Host-guest ratio and C-H···π 
interactions are found to play the major role in the 
superstructure formation and phase transition. An alteration is 
observed in the host-guest ratio of the crystals obtained from 
the isolated metastable capsule-like superstructures (kinetic 
pathway) compared to the crystals obtained directly from the 
gel (thermodynamic pathway). This implies that a different 
structural arrangement can be achieved starting from the 
intermediate superstructures versus the original direct assembly 
under similar conditions. The thermodynamic feasibility of this 
process was further supported by DFT calculations.  We believe 
that this work capitalizes on the importance of understanding 
the self-assembly process during crystallization as a plethora of 
kinetic superstructures can be isolated, which can be further 
manipulated in the presence of guest molecules to produce the 
next generation of unconventional hierarchical smart materials. 
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