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Abstract
The vast majority of small-molecule active pharmaceutical ingredients (APIs) are 

formulated in the crystalline state, for reasons including thermodynamic stability, ease 

of purification and characterisation, and better control over polymorphism. However, 

the selective crystallisation of polymorphic APIs provides a significant hurdle to 

overcome, especially in the case of API co-crystals. Herein we report a series of low-

molecular-weight organogels (LMWGs) which can be used to selectively crystallise 

APIs. In solution, these LMWGs (2-10 mg mL-1) self-assemble through hydrogen 

bonding to form stable gels which feature nano-structured morphologies. When utilised 

as crystallisation media, these LMWGs can influence crystal growth, as evidenced by 

the discovery of two novel 1:1 co-crystals of chlorzoxazone with nicotinamide and 

chlorzoxazone with isonicotinamide. This work highlights the potential of LMWGs as 

another means of controlling API crystallisation.

Keywords: organogel, urea, amide, drug, polymorph, crystallisation

Page 1 of 23 Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/1

8/
20

26
 1

1:
29

:2
6 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6TB00302H

mailto:w.c.hayes@reading.ac.uk
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6tb00302h


2

Introduction
The self-assembly of low-molecular-weight supramolecular materials via non-covalent 

interactions generates dynamic systems1, 2 capable of stimulus-response behaviour3 

triggerable upon exposure to light,4 temperature,5 pH,6  or chemical redox processes.7 

Low-molecular-weight gelators (LMWGs) are formed though hierarchical self-

assembly of  small molecules into one-dimensional structures in both organic and 

aqueous media.8, 9 These assemblies can then cross-link to generate various structural 

architectures, including three-dimensional (3D) networks that extend into fibrils at the 

nano- or microscale  yielding fibrous, tubular, or helical aggregates.9-11 

In 1997, Terech and Weiss described the generation of supramolecular gels9 , and 

reported a series of thermally reversible low-molecular-weight organogelators that 

feature urea or thiourea functional groups at chain ends or within the chains of n-

alkanes. Hydrogen bonds have been found to play a vital role in the development and 

assembly of numerous organogelators; a variety of functional groups such as 

alcohols,12 ureas13 and amides14-16 have been utilised successfully to afford low-

molecular-weight organogels.17 Urea and amide groups are effective at forming 

hydrogen-bonding motifs owing to the N-H donor and carbonyl acceptor groups.18-20 

The ability of these functional groups to form strongly-associating, self-complementary, 

and directional hydrogen bonds in tandem with other intermolecular interactions, such 

as van der Waals’ forces, affords stability to the LMWGs nanostructures in different 

bulk media.14, 21, 22 Notably, novel low-molecular-weight gelators have been reported 

by Feringa and co-workers comprising of bi-urea units joined via aliphatic and aromatic 

spacers; these materials have shown effective gelation behaviour in different organic 

solvents.23, 24 In subsequent studies, a series of light-controlled self-assembling 

supramolecular organogelators were developed focusing on light-triggered 

isomerisation between the inactive cis and active trans stiff-stilbene-type 

conformations, consequently resulting in reversible sol-gel photoswitching.25, 26 

The dynamic behaviour of low-molecular-weight supramolecular gels has been shown 

to affect the crystallisation of active pharmaceutical ingredients (APIs).27  For example, 

Steed and co-workers have used the thermal triggering of supramolecular organogels 

to direct the crystallisation of a range of APIs, including carbamazepine (CBZ), 

piroxicam, sparfloxacin, and metronidazole.28-30 In addition, the crystallisation of 

sulfathiazole was reported by Wang, Tao, and co-workers using linear 

heteropolysaccharide (agarose) as a hydrogels matrix.31 Sanchez and co-workers 

employed linear amide supramolecular organogelators, which cooperatively self-

assemble with biologically active molecules, to form fibrillar structures that in turn affect 
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the crystal morphologies of a library of common APIs, such as aspirin, caffeine, 

indomethacin, and carbamazepine.32  

In previous studies, we have developed hydro- and organo-gelators based upon the 

hydrogen-bonding capabilities of mono/bis-ureas which enable self-assembly in water 

and in a range of organic solvents.33-37 The use of ureas in gelator systems has also 

been widely reported in the literature.38-42 Low-molecular-weight urea-gelator systems 

have been developed via the reaction between bis aromatic ureas and alkyl amide 

spacers and these gelators show an ability to form gel phases in various organic 

solvents.43 Herein, we report the design and synthesis of a series of amide-urea 

LMWGs that form stable and responsive nanofiber-gels via hydrogen bonding in 

organic media at low concentrations (~2-10 mg mL-1). Furthermore, these LMWGs 

affect API polymorph crystallisation, with small structural modifications directing the 

generation of two novel 1:1 co-crystals i.e. chlorzoxazone (CHZ) and isonicotinamide 

(ISON) and chlorzoxazone and nicotinamide (NIC).

Results and Discussion 

Molecular design and synthesis of amide-urea LMWGs
Aliphatic urea-amide end-groups have previously been found to enhance the self-

assembly and phase separation of supramolecular polyurethanes via hydrogen 

bonding.44, 45 Therefore, application of these functional groups as gelator systems to 

provide robust nanostructures upon solvation in different organic solvents was 

targeted. To this end, a library of aliphatic amino groups with amide functionalities has 

thus been designed and synthesised. The synthetic protocols used to afford these 

groups and the associated characterisation data are provided in the Supporting 

Information (SI) file. The library of LMWGs (1-3 a-f) was accessed directly via reactions 

between the aliphatic amino-amides and the corresponding alkyl isocyanate (see 

Table 1 and Scheme S1). The reactions were monitored by FTIR spectroscopy to 

observe the consumption of the isocyanate and formation of the corresponding urea 

bands. All of the materials were isolated and characterised by NMR, FTIR, and mass 

spectrometry (see Figure S1-S76). 
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Table 1 Chemical structures of LMWGs with different functional groups.

Derivatives
LMWGs chemical 

structure
Functional amine (RNH2)

a

1 a-f
b

c
2 a-f

d

e

3 a-f
f

The gel-formation behaviour for bis-urea compounds (1a-1f) and mono-urea 

compounds (2a-2f and 3a-3f) was determined using a vial inversion protocol (see 

Figure 1). A selection of apolar and polar solvents was investigated, dissolution of the 

gelators at various concentrations, between 0.1 wt% and 10 wt%, was achieved via 

heating, then the resulting sol was allowed to cool to room temperature. The critical 

gelation concentration (cgc) values were determined in those cases where gelation 

was observed.  The cgc observations for the organogels are listed in Tables 2 and S1.

Figure 1: Photographs showing gels obtained from the bis-urea and mono-urea LMWGs in various 
solvents (left to right): 1d (nitrobenzene), 2f (1,2,4-trichlorobenzene), 3a (DMSO), 3b (1,2,4-
trichlorobenzene), 3d (1,2,4-trichlorobenzene), and 3e (DMSO) all at a concentration of 10 mg mL-1. 

N
O

H2N

N
H4N

H
N
H

OO
R

N
H

R

N
O

N
H

O
H2N

N
O

N
H

OH
N

O
H2N

N
H4

O

N
H

R

H2N

N
H

O
H2N

N
H16

O

N
H

R

N
H

OH
N

O
H2N

Page 4 of 23Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/1

8/
20

26
 1

1:
29

:2
6 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6TB00302H

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6tb00302h


5

Table 2: Gel screening results of the bis-urea and mono-urea gelators.

Solvent LMWG1d LMWG2f LMWG3a LMWG3b LMWG3d LMWG3e

Hexane IS P P P G0 P

Cyclohexane IS P PG S PG PG

1,2,4-Trichlorobenzene IS GC (5mg) PG GC (5mg) GC GT (30mg)

Toluene P P P PG G0 PG

Benzene IS GC (1mg) P GT PG G0

THF PG GT P P GT PG

CHCl3 IS VL S S S S

Nitrobenzene GT(2mg) S GC GC S GC

Dioxane PG GT PG PG PG PG

DMSO VL S G0 PG PG G0

MeOH IS S VL P S PG

EtOH IS IS P P IS PG

Water IS VL IS IS IS IS
[a] Abbreviations used: (IS = insoluble in the solvent under reflux, G= gel (concentration of 10 mg mL-1, 
unless specified), P = precipitate, VL = viscous liquid, S= solution PG = partial gel, G⁰= opaque gel, GT= 
translucent gel, GC= transparent/clear gel).

The dynamic viscoelastic properties of the self-assembled LMWGs were assessed at 

a constant concentration of 10 mg mL-1 in 1,2,4-trichlorobenzene, nitrobenzene, and 

DMSO. Oscillatory measurements (shear-stress, shear-strain amplitude sweep, and 

frequency sweep) were employed to investigate the dynamic behaviour, deformation 

properties, and flow of the corresponding viscoelastic LMWGs.46 To identify the linear 

viscoelastic region (LVER), amplitude sweep experiments (stress and strain) were 

performed. The values of the storage and loss moduli, G’ and G’’, respectively, are 

independent and when plotted as a function of applied strain or stress provided 

information about the gel formation (strong/weak gels and viscous sols).30 

Furthermore, to investigate the stability of the LMWGs, frequency-sweep experiments 

were carried out and the values of G’ and G’’ were investigated as a function of the 

range of the applied angular frequency under a constant strain.47 Each gelator sample 

was prepared by dissolving the LMWG in hot solvent then pouring it into a glass mould, 

which was placed onto the Peltier plate cartridge of the rheometer, obtaining a uniform 

disk with  diameter and thickness of 10 mm and 1 mm, respectively, see Figure S77. 

All the rheological experiments were performed at 25 °C.  

Stress-amplitude sweep experiments were conducted from 0.001 to 100 Pa at 

constant frequency (1.0 Hz), see Figure 2 (A, B, and C) and Figure S78. Initially, all 

the LMWGs displayed viscoelastic characteristics with G’>G’’ (by ca. one order of 

magnitude), indicating the presence of a stable gel state from the strong non-covalent 

interactions. LMWG1d-3b and LMWG3e showed an extended LVER from ca. 0.001 
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to 1.5 Pa, while LMWG3d exhibited a narrower LVER from 0.001 to 0.15 Pa. Gel–sol 

phase transitions occurred after the LVER region, as evident from the crossover of G’ 

and G’’ (where G’<G’’), resulting from the dissociation of the supramolecular networks. 

The strength of the gels formed from LMWG1d-3e can be inferred from the G’ values, 

which decrease in the order:1d>3a>3b>3d>2f>3e. In the case of LMWG1d, a yield 

stress of ca. 1.7 × 104 Pa suggests the formation of strong gel networks when 

compared to that of LMWG3e, where the yield stress is 2 orders of magnitude lower 

at 1.3 × 102 Pa. The enhanced strength of the self-assembled gel of LMWG1d can be 

attributed to the strong hydrogen-bonding interactions present in the bis-ureas, when 

compared to those in the mono-urea LMWG systems.

To demonstrate the dynamic behaviour of the LMWGs, oscillatory shear-strain sweep 

experiments were conducted from 0.001 to 1000% strain at constant frequency (1.0 

Hz), see Figure 2 (D, E, and F) and Figure S79. The trend in the G’ magnitude values 

is consistent with the results from the stress-amplitude sweep experiments, with gel-

to-sol phase transitions occurring from 0.4 to 40% strain. Extended LVERs were 

observed from 0.001 to 0.5% strain. In contrast, LMWG2f displays an LVER up to 40% 

strain owing to the strength of the hydrogen-bonding interactions between LMWG 

molecules. Frequency sweep experiments were carried out for LMWGs under a 

constant strain of 0.1 %, and values of G’ and G’’ were plotted as a function of applied 

frequency from 0.01 to 10 Hz, see Figure S80-S81. All the gelators displayed a solid-

like nature (gel behaviour), where G’ dominates G’’ (by almost one order of magnitude) 

and continues linearly without crossover representing high mechanical strength as a 

result of strong association between gelator molecules. 
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Figure 2: Dynamic rheological property (G’ and G’’) evaluation of LMWG1d-LMWG3e: (A), (B), and (C) 
as a function of the applied shear stress, (D), (E), and (F) as a function of the applied shear strain; standard 

deviation error bars were calculated from three separate measurements. 

The rheoreversibility of a gel is an important characteristic used to measure the 

mechanical strength of gelators and can be demonstrated by thixotropic experiments, 

see Figure 3 and Figure 82.48, 49 A rheoreversible gel has the ability to present 

reversible phase transitions over several cycles, whereby a gel-to-sol transition occurs 

upon the application of high strain with fast reversion back to the gel state (indicating 

the dynamically viscoelastic nature of  the gelator) when the high strain is removed.48, 

50 The thixotropic behaviour of the LMWG1d-LMWG3e was evaluated by applying a 

constant low shear strain (γ = 0.1%, frequency = 1 Hz, for 250 s) and revealed that 

G’>G’’, indicating that gel nature is observed in all cases. On increasing the shear 

strain (γ = 250%, frequency = 1 Hz, for 250 s) the state changed from gel to sol with 

G’’>G’ (disruption of the gelators network). In the following cycle, the shear strain was 

decreased from 250 to 0.1% and rapid phase transitions were observed from sol to gel 

phases with near complete recovery of the G’ and G’’ values. The thixotropic 

experiments showed that all the LMWGs in their respective solvents exhibit 

rheoreversibility (i.e. self-healing), which proves the robust and dynamically reversible 

nature of the supramolecular networks. 
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8

 

Figure 3: Continuous step-strain measurements (thixotropic recovery) of LMWG1d (A), LMWG2f (B), 
LMWG3a (C), and LMWG4d (D) at 25 °C (high-amplitude oscillatory parameters: strain γ = 250%, 
frequency = 1 Hz, low-amplitude oscillatory parameters: strain γ = 0.1%, frequency = 1 Hz). The shaded 
regions correspond to standard deviation error bars calculated from three separate measurements.

Atomic force microscopy (AFM), scanning electron microscopy (SEM), and 

transmission electron microscopy (TEM) were used to visualise the surface and bulk 

morphologies of the LMWGs networks. Initial probing of the macromolecular self-

assembly of the gelator networks utilised AFM in height topography-tapping mode at 

scale bars 5 μm, 2 μm, and 500 nm. All the xerogels of the LMWGs were prepared by 

drop casting from their respective solutions (0.5 mg mL-1) onto freshly cleaved mica 

discs. The AFM images of LMWG1a and LMWG3a reveal long nano-fibrous networks, 

which are highly entangled, and nearly uniform in nature with numerous junction and 

twisted regions. In contrast, LMWG2f has irregular fibrillar networks but LMWG3d and 

LMWG3e possess well-defined 1D nano-rod-like morphologies without junctions which 

are uniform in nature with dimensions of ca. 265 and 286 nm (diameter), respectively. 

Well-developed 2D sheet morphology (big belt or lamella aggregates51) was evident 

for LMWG3a with dimensions of ca. 170 nm (height) and ca. 3.9 μm (diameter), see 

Figure 4 and Figures S83 - S88. The variation of the surface morphology of the 

resulting xerogels network LMWGs may be attributed to the chemical structure,52 self-
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assembly,53 fiber aggregation,51 intermolecular hydrophobic force,54 and strength of 

the association between the gelator molecules via hydrogen bonds.55 

Figure 4: AFM tapping mode height images of xerogels LMWG1d (A) and LMWG3d (B) at scale bars 5 
μm, TEM images of LMWG1d (C) and LMWG3d (D) at scale bars 4 μm, and SEM images of LMWG1d 
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(E) and LMWG3d (F) at scale bars 5 μm. The xerogel samples were drop cast from nitrobenzene for 
xerogel LMWG1d and 1,2,4-trichlorobenzene for xerogel LMWG3d. 

To further ascertain how the structures of the LMWGs affect the self-assembled 

network, scanning electron microscopy (SEM) was performed to investigate surface 

morphology. The macromolecular morphologies of the LMWG1d-LMWG3e samples 

were analysed from their corresponding dried xerogels (0.5 mg mL-1) by SEM. As 

shown in Figure 4 and Figures S89-S94, various morphologies were observed in the 

gelators; LMWG1d possesses uniform nanofibers with diameters of ca. 136 nm and 

entanglement zones. In contrast, long, thin nano-fibers with diameters of ca. 78 nm 

were observed in the case of LMWG2f with a significant number of junctions. This 

morphology explains how this gelator is able to form stable gels at low concentrations. 

LMWG3a, LMWG3d, and LMWG3e all exhibit a high density of short nano-fibers (1D 

nano-rod-like structures),53 with diameters of ca. 68, 136 and 120 nm, respectively. 

The morphology of these gelators (short nano-fibers) can be directly related to the 

strength of the interactions between the gelator molecules in the corresponding 

solvents, leading to isotropic self-assembled aggregates.56  

In addition, transmission electron microscopy (TEM) investigations were carried out on 

the xerogels, which further confirmed the results obtained by AFM and SEM, see 

Figure 4 and Figures S95-S100. Well-developed fibrous structures with highly 

entangled and dense networks were observed in LMWG1d and LMWG3b. The lengths 

of these fibers ranged from several hundred nanometers to micrometers and have 

comparable forms with a high number of junctions and twists and diameters of ca. 80 

nm and ca. 116 nm, respectively. LMWG2f showed uniform self-assembled, 

elongated, rod-like structures that appear to be intertwined and interconnected to 

generate a star-shape aggregation, diameter ca. of 100 nm. These observations of the 

self-assembled fibers (LMWG1d and LMWG3b) or rods (LMWG2f) can be related to 

the mechanical and rheological properties of the organogels through immobilising the 

solvent between the gelator networks and percolating the system.9 Furthermore, the 

entanglement and interactions between these fibers or rods (shorter fragments) 

provide the structural framework responsible for each gel’s solid-like behaviour.57 

LMWG3a exhibits different self-assembly: big belt or lamella aggregates (diameter of 

ca. 553 nm) string together to construct the matrices. The self-assembled chains in 

LMWG3d (see Figure 4D) showed different length fragments (nano-rod-like 

structures) with dimensions ranging from nanometer to micrometers that were 

potentially crystalline in nature, suggesting directional assembly.58 The observed form 

of LMWG3d was likely a consequence of the sample preparation method used for TEM 
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analysis. LMWG3e possesses high-density nano-fibers with many junction points 

(diameter of ca. 125 nm).

Small-angle X-ray scattering (SAXS) and wide-angle X-ray scattering (WAXS) were 

utilised to further the understanding of the packing, assembly, and arrangement of the 

molecules within the LMWG network structures in the xerogel state, see Figure S101. 

SAXS measurements of LMWG1d-LMWG3e were fitted to a two-Lorentzian model, 

indicating large-scale segment aggregation with a high packing density of the 

molecules, see Figure S102-S103, and Table S2. WAXS analysis of the LMWGs 

(Figure S104) exhibited three prominent reflections at q ~ 8.0, 11.8, and 13.7 nm-1 

which correspond to d-spacings of ca. 0.7, 0.5, and 0.4 nm, respectively. Low q 

reflections are typical of nanoscale assemblies within supramolecular gels,59  and the 

reflections at ca. 11.8 nm-1  and 13.7 nm-1 have previously been attributed to the 

hydrogen-bonded ureas and amide60, 61 within fibrillar structures. LMWG1d and 
LMWG2f show small additional reflections at high q ≈ 28.7, 30.3, 33.3, and 35.1 nm-1  

corresponding to d-spacings of ≈ 0.21 nm, ≈ 0.20 nm, ≈ 0.18 nm, and ≈ 0.17 nm, 

respectively, which could be correlated to alkyl chains packing. 

The crystallisation of polymorphic APIs and the selection of suitable solid-state forms 

are very important in pharmaceutical development.62, 63 Using LMWGs as 

crystallisation media has shown potential to direct and promote the growth of specific 

polymorphic forms of APIs.27 Therefore, a range of different APIs (see Table 3 and 

Figure S105) was investigated to assess the ability of the gelators LMWG1d-LMWG3e 
to act as crystal-growth matrices for polymorphic APIs. The morphology, type, and size 

of the APIs crystals can be modulated by adjusting the gelator types (composition), 

crystallisation period, type of solvent, and mass ratio of gelator/API. The crystallisation 

process of APIs in the LMWGs is presented in Scheme 1.
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Scheme 1: Schematic representation of the sol–gel phase transition with the crystallisation of the 
polymorphic APIs occurring in the gelator matrix.

All the gelators (at a constant concentration 10 mg mL-1 in the corresponding solvents) 

were prepared by dissolving the LMWG in the solvents to generate the sol phase. The 

APIs (10 mg mL-1, 1:1 molar ratio for the mixed APIs) were then dissolved in their 

respective sol–gelators/solvent mixtures and stored at room. To monitor API crystals 

growth, the samples were inspected after 3, 24, and 48 hours using a stereo 

microscope (Figure 5 and Figures S106-S111). Any crystals recovered were then 

analysed using single-crystal X-ray diffraction, see Table S3.

Table 3. Crystallisation of APIs in LMWG1d-LMWG3e matrixes from the respective solvents.

APIa LMWG1d LMWG2f LMWG3a LMWG3b LMWG3d LMWG3e

Carbamazepine 

[CBZ]

C (III &/or 

II)
C (III)

C (III &/or 

II)

Isoniazid C (I) C (I) C (I) C (I & II)

Chlorzoxazone

[CHZ]
C (I) C (I) C (I) C (I & II) C (I & II)

Nicotinamide

[NIC]
C (I) C (I & II) C (I) C (I)

Isonicotinamide

[ISON]
C (I) C (I & II) C (I) C (II)

CHZ:ISON (1:1) *C C

CHZ:NIC (1:1) *C

Crystallisations were carried out at a constant concentration of LMWG (10 mg mL-1). Heating and cooling 
rates for samples of LMWG and APIs were consistent. C indicates instances where API crystals were 
observed, with specific polymorphic forms in brackets a CBZ crystals (blocks) and (needles), Isoniazid 
crystals (needles) and (plates), CHZ crystals (needles) and (rods), NIC crystals (needles) and (rods), 
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ISON crystals (needles) and (very thin plates), * novel co-crystal CHZ:ISON (1:1), * novel co-crystal 
CHZ:NIC (1:1). 

Firstly, an initial screening of crystallisation was conducted for all the APIs in LMWG1d-

LMWG3e and in non-gel solutions for reference. No crystallization of carbamazepine 

(CBZ) was observed in the reference samples. CBZ of polymorphic form III was 

produced which crystallised in either block or needle morphologies in LMWG2f and 

LMWG3d, while in the LMWG3b matrix only block-shape crystals were formed. It was 

noted that with LMWG2f, increases in CBZ concentration (≥40 mg mL-1) promoted the 

growth of needle-shaped crystals, whilst the growth of block-shaped crystals was 

suppressed.64 In contrast, increasing the CBZ concentration enhanced the growth and 

size of block-shaped crystals in LMWG3b, which could be used as a selective 

crystallisation matrix for CBZ form III. LMWG3d produced a mixture of form II and III 

crystals irrespective of the concentration of CBZ.

Needle-like morphology crystals of isonicotinic acid hydrazide (Isoniazid) form I were 

observed65 in LMWG1d, LMWG2f, LMWG3b, LMWG3d, and in the reference 

samples. Highly dense and large sized needle-like crystals were generated after 

increasing the concentration of the Isoniazid in the LMWG matrices. Furthermore, 

clusters of needles of CHZ appeared66 in LMWG2f-LMWG3e after 3 hours. Crystals 

of similar morphology were still present at room temperature after 24 hours, but 

crystallisation was not observed in the non-gel samples. The crystallisation of NIC and 

ISON was observed in the same type of gelator media (LMWG1d, LMWG2f, 
LMWG3b, and LMWG3d) and in the non-gel samples (1,2,4-trichlorobenzene). NIC 

crystals were obtained as needles67 in LMWG3b and LMWG3d, while use of LMWG2f 
as the matrix afforded thin plate-like crystals and needles which were larger in size 

than those obtained from LMWG3b and LMWG3d. Interestingly, many junctions 

between trees of needle-like crystals NIC were observed in LMWG1d. The nature of 

the nucleation of ISON crystals in LMWG1d resulted in needle-shaped crystals. 

Remarkably, branched needle-like crystals appeared consistently when crystallised in 

LMWG2f and LMWG3b, LMWG3d. 
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Figure 5: Morphology of the API crystals in 1 wt% LMWGs, (A,B) CBZ in LMWG3b (1,2,4-
trichlorobenzene) ×7.5 and ×12 magnification, respectively, (C) Isoniazid in LMWG3b (1,2,4-
trichlorobenzene) ×7.5 magnification, (D) CHZ in LMWG3e (1,2,4-trichlorobenzene) ×24 magnification, 
(E) NIC in LMWG1d (nitrobenzene) ×7.5 magnification, (F) ISON (1:1 mole) in LMWG3b (1,2,4-
trichlorobenzene) ×12 magnification after 3 hours, (G) CHZ:ISON (1:1)  in LMWG1d (nitrobenzene) ×15 
magnification, and (H) CHZ:NIC (1:1) in LMWG3d (1,2,4-trichlorobenzene)  30 magnification. 

A novel CHZ:ISON (1:1) co-crystal was obtained within the LMWG1d matrix (see 

Figure 6A), forming large rod-like crystals alongside smaller grains after 3 hours. No 

co-crystal formation was observed in the corresponding non-gel reference. The initial 

grains developed into large rod- and plate-like crystals after 24 hours within the 

LMWG1d matrix at room temperature. Additionally, large co-crystals with the same 

lattice parameters as CHZ:ISON (1:1), but with a plate-like morphology was observed 

in the LMWG3e matrix after both 3 and 24 hours. 
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Figure 6 (A) There are four molecules in the asymmetric unit of CHZ:ISON (1:1) (B) View along the c axis 
showing the hydrogen-bonding interactions (pale-blue lines) between the four molecules in the 
asymmetric unit. The R2,2,(8) motif formed by the two isonicotinamides of the asymmetric unit is clearly 
visible, (C) There are four molecules in the asymmetric unit of CHZ:NIC (1:1), and (D) view showing the 
hydrogen-bonding interactions (pale-blue lines) between the four molecules in the asymmetric unit.

There are two molecules of isonicotinamide and two molecules of chlorzoxazone in 

the asymmetric unit (Figure 6A) of the new cocrystal CHZ:ISON (1:1). The molecules 

pack together to form a 3-D structure that features an extensive network of hydrogen 

bonding (Figure 6B); a full graph set analysis of the structure is given in Table S4-S7.

The co-crystallisation of chlorzoxazone and nicotinamide in LMWGs resulted in the 

formation of a novel CHZ:NIC (1:1) co-crystal. Formed in LMWG3d, presenting as 

rods-like crystals after 24 hours inside the gelator matrix, the molecules pack together 

to form a 3-D structure held together by a network of hydrogen bonding interactions, a 

full graph set analysis of the structure is given in Table S8-S11. Additionally, co-

crystals were not observed in the reference samples, with only crystals of nicotinamide 

present. 
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Conclusions 
This study demonstrates how the design of LMWGs can be exploited to tune self-

assembled nanostructured gel morphologies to enable the selective crystallisation of 

APIs of specific polymorphic forms. Self-assembly via hydrogen-bonding interactions 

of the LMWGs form mechanically robust gels at 0.1-10 wt.% in a range of organic 

solvents, with fibers, big belt or lamella sheets, and 1D rod-like nanostructured 

morphologies. Utilisation of the LMWGs as crystallisation matrices for a library of 

polymorphic APIs was explored, ultimately enabling the selective isolation of specific 

forms. The co-crystallization of APIs was also achieved using the LMWG matrices 

enabling the isolation of novel CHZ:NIC (1:1) and CHZ:ISON (1:1) co-crystals. These 

results underscore the ability for these LMWG to influence and direct polymorph and 

co-crystal generation through the design of self-assembled nanostructured gelators. 

Currently, these gels are best viewed as tools for crystallisation screens, as bulk 

retrieval of crystals from the gel matrices remains an issue.

Experimental Section

Materials
All the starting materials and reagents were purchased from Sigma Aldrich, Tokyo 

Chemical Industry (TCI), and Fisher Chemical and used as received. Tetrahydrofuran 

(THF) was dried by using an MBRAUN SP7 system fitted with activated alumina 

columns. CHZ was identified by powder X-ray diffraction as being the triclinic form (e.g. 

CSD refcode NEWKOP); NIC was similarly identified as being monoclinic Form I (e.g. 

CSD refcode NICOAM01) and ISON was monoclinic Form II (CSD refcode 

EHOWIH02).

Characterisation
1H NMR and 13C NMR spectra were both measured using either a Bruker Nanobay 

400 or a Bruker DPX 400 spectrometer operating at 400 MHz (1H NMR) or 100 MHz 

(13C NMR). Chemical shifts (δ) are reported in ppm relative to the residual solvent 

resonance for CDCl3 (δ 7.26 ppm) or DMSO-d6 (δ 2.50 ppm). Fourier-Transform 

Infrared (FTIR) spectroscopic analysis was carried out at room temperature using a 

Perkin Elmer 100 FTIR instrument equipped with a diamond-ATR sampling accessory. 

Mass spectrometry (MS) was conducted using a Thermo Fisher Scientific Orbitrap XL 

LCMS. The sample was introduced by liquid chromatography (LC) and sample 

ionisation achieved by electrospray ionisation (ESI). Gel-state rheological 

measurements were performed on a Malvern Panalytical Kinexus Lab+ instrument 
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fitted with a Peltier plate cartridge and 20 mm parallel plate geometry and analysed 

using rSpace Kinexus v1.76.2398 software. Optical microscopy images of the 

crystallised APIs were taken using a Leica M80 stereo microscope with magnification 

range from ×7.5 to ×60 when equipped with a ×1 objective, ×10 eyepieces and Leica 

IC80 camera. 

Single-crystal X-ray diffraction data were collected using a Rigaku XtaLAB Synergy 

diffractometer (Cu Kα radiation, λ = 1.54184 Å). API crystals were mounted in 

Paratone-N oil and cooled to 100 K by an Oxford Cryosystems Cryostream. X-ray data 

were reduced using CrysAlisPro software68 and the structures solved using the 

Superflip69; all non-hydrogen atoms were located. Least-squares refinement against 

F2 was carried out using the CRYSTALS suite 70 with all non-hydrogen atoms refined 

anisotropically and hydrogen atoms located in difference Fourier maps. The positions 

of the hydrogen atoms attached to nitrogen were refined with a Uiso of ~1.2-1.5 times 

the value of Ueq of the parent N atom. Hydrogen atoms attached to carbon were placed 

geometrically with a C-H distance of 0.95 Å and a Uiso of ~1.2-1.5 times the value of 

Ueq of the parent C atom, and the positions refined with riding constraints. 

Small-angle X-ray scattering (SAXS) and Wide-angle X-ray scattering (WAXS) 

experiments were performed on a Bruker SAXS Nanostar at University of Reading, 

with Incoatec Microfocus Source IµS with an energy of 8.04 keV corresponding to a 

wavelength of 1.54 Å. Data were collected using a photon counting Vantec 500 

detector with sample to detector length of 66 cm. The beam size was 0.5 mm in 

diameter on the sample. Silver behenate (layer spacing, d = 58.38 Å) was used to 

calibrate the SAXS data, LMWGs samples were cast onto Kapton™ films and SAXS 

patterns were measured for 4 hours. The SAXS images were analysed using DAWN 

software and SAXS fitting was achieved using SasView Version 5.0.6 

(https://www.sasview.org) using a shape-independent category two-Lorentzian 

function.

The scattering intensity (I) in a shape-independent two-Lorentzian model is calculated 

as:

 I(q) =
A

1 + (Qξ1)n +
C

1 + (Qξ2)m +B

where: A = Lorentzian scale factor #1, C = Lorentzian scale #2, ξ1 and ξ2 are the 

corresponding correlation lengths, and n and m are the respective power-law 

exponents (set n = m = 2 for Ornstein-Zernicke behaviour).
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d-spacings were calculated using the following equation:

d=
2π
q0

Atomic force microscopy (AFM) images were obtained using a Cypher S AFM (Oxford 

Instruments-Asylum Research, Santa Barbara, USA) at University of Reading. The 

AFM stage movements within the x, y and z directions were controlled using 

piezoelectric stacks. The scans were recorded through the user interface, Igor Pro 

(Version 16.33.234), using the standard Alternating Contact (AC) Topography mode 

(tapping mode) operating in air using a silicon tip with a resonant frequency set at 

approximately 70 kHz and a spring constant of approximately 2.0 Nm-1 (AC240TS-R3, 

Oxford Instruments). Each sample was drop cast onto a 10 mm diameter AFM mica 

disc, which had been first cleaved with Sellotape. Each disc was then mounted onto 

15 mm diameter magnetic stainless steel AFM specimen disc using 9 mm diameter 

carbon adhesive tabs and secured onto the microscope scanner stage magnetically. 

Then, through the user interface, the objective focus was adjusted and set to focus on 

the tip and on each sample in turn. The cantilever was autotuned at its resonance 

which automatically determined the drive amplitude and drive frequency. The 

resolution, scan rate, integral gain and scan size were entered into the user interface 

before starting the scan. The software Gwyddion (version 2.63, https://gwyddion.net)) 

was used for data analysis and editing. 

Scanning electron microscopy (SEM) images were taken using a Thermo Helios 5 CX 

FIB-SEM. Samples were examined under high vacuum conditions with an accelerating 

voltage of  5 kV and a working distance of approximately 4 mm. Each sample was drop 

cast from their corresponding solvent (sol phase) onto a glass slide and dried over five 

days at room temperature. The dried xerogel samples were carefully placed onto 

carbon adhesive discs (12.5 mm diameter) that were mounted onto aluminium SEM 

pin stubs of 12.5 mm diameter. A thin layer of gold particles was then sputtered onto 

the surface using an Edwards S150B sputter coater (1.5 minutes coat with the stub 

placed angled on its side, then rotated 180° and coated for another 1.5 minutes). The 

average diameter of the fibers/sheets/rods was calculated using an image analysis 

tool, ImageJ (version 1.5, https://imagej.net).

Transmission electron microscopy (TEM) images were obtained using a JEOL JEM-

2100Plus at an accelerating voltage of 200 kV. The gelators were dissolved in their 

corresponding solvents at a concentration of 0.5 mg mL-1 via heating and drop cast 
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onto pure carbon films on 300 mesh copper grids, samples were then allowed to dry 

under vacuum at room temperature for two days. The grids were observed without any 

staining and ImageJ 1.5v. was used to measure the diameters of the fibers, sheets/and 

rods. 
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