Crystal habit modification of metronidazole by supramolecular gels
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ABSTRACT: A series of bis(urea) compounds with complementary functional groups similar to pharmaceutical drug metronidazole,
and a structural isomer isometronidazole have been synthesized. The gelation properties of these compounds were studied in various
solvent/solvent mixtures. The mechanical strength of the isomeric gelators was compared using rheology and the morphologies of
the xerogels were analyzed by scanning electron microscopy. These gels were used as media for metronidazole crystallization result-
ing in marked habit modification of the metronidazole crystals in the drug mimicking gels. However, crystallization in the non-
mimetic isomeric gel resulted in similar morphologies to the solution state. These results indicate that the drug-mimetic gels interact

with the surface of the drug crystal giving rise to new morphologies.

INTRODUCTION

Supramolecular gels based on low molecular weight gelators
(LMWGS)*7 have become highly topical in the last two decades
owing to their intriguing potential applications in drug delivery,
separation techniques, as templates for inorganic and polymer
materials and as media for crystallization. Crystallization in gel
media dates back at least as far as the discovery of the well-
known ‘Liesegang rings,” which represent periodic precipita-
tion in gels.® Gel phase crystallization represents an example of
orthogonal self-assembly of the crystals and gel network.® The
gel medium limits convection and prevents sedimentation by
providing continuous, diffusion-limited growth, ! as well as
influencing the nucleation behavior of the crystals.’? LMWGs
have been used to crystallize inorganic substances, proteins, and
active pharmaceutical ingredients,**!8 and the gel environment
can influence factors such as crystal habit and polymorphism.®
LMWGs can provide various advantages as media for crystal
growth, such as facile synthesis, long shelf-life, and easy mod-
ification of functional groups. There have been a few recent re-
ports of crystallization within LMWG;® for example, calcite
crystallization in a bis(urea) gel*® and crystallization of aspirin,
caffeine, indomethacin and carbamazepine in toluene-based
tetraamide organogels.?® We have shown that LMWGs can be
used as a medium for crystallizing inorganic complexes and re-
ported the selective crystallization of one particular form (form-
1) of a copper(ll) isonicotinate—-N-oxide complex.?! We have
shown that designing gelators that mimic the crystallization
substrate can enable the gelator molecules to interact with the
substrate, offering the possibility of epitaxial crystal growth and
hence favoring metastable or hard-to-nucleate solid forms of
molecular crystals including pharmaceutically relevant com-
pounds_g-ll, 19-27

Previous work on gel phase crystallization using crystalliza-
tion substrate mimicking gelators has resulted in crystal habit
modification of isoniazid® and cisplatin.?® Crystallization in
bis(urea) LMWGs tagged with functional groups (Scheme 1)
similar to a highly polymorphic drug precursor, ROY, resulted

in the selective crystallization of the metastable R polymorph in
contrast to the Y form obtained in solution.’® Recently, drug
mimicking LMWGs have been used to prevent concomitant
crystallization.®® Thus, structural similarity between the crystal-
lization substrate and the gelator is potentially significant in gel
phase crystallization. In the present work, we have designed
bis(urea) compounds that mimic the antibiotic metronidazole as
well as isomeric control gelators in order to study the outcome
of the drug-mimetic gel phase crystallization of this drug sub-

stance.
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Scheme 1: Gel phase crystallization in drug-mimetic and non-
mimetic gels, red line represents drug mimicking functional
groups and green line indicates random functional groups. Spe-
cific interactions between gel fiber and drug in the mimetic case
can give rise to changes in morphology and polymorphic form.

Metronidazole, a nitroimidazole antibiotic, is used to treat
periodontal disease and shows activity against anaerobic proto-
zoa and bacteria.3** There are two polymorphs reported for this
drug in the Cambridge Structural Database® (form-I, CSD ref-
code MNIMET)®* and (form 11, CSD refcode MNIMETO01). The



solid forms of metronidazole are an area of interest as a result
of its poor tableting properties. Martino et al. have demon-
strated that the crystal habit of metronidazole is influenced by
both the solvent polarity index and the crystallization method.*’
This prompted us to study gel phase crystallization of metroni-
dazole using drug mimicking compounds as gelators. However,
designing LMWGs with specified properties and structure is
challenging and LMWGs are often discovered by serendipity.
This is due to the fact that the structure and properties of the
supramolecular gels rely primarily on the geometry and spatial
arrangement of the building blocks and also the nature of inter-
molecular interactions.®® ** The gel-solute interactions can po-
tentially affect both nucleation and crystal growth rates in a su-
pramolecular gel phase crystallization.*® Thus, the spatial ar-
rangement of the functional groups and gelator aggregation
mode are both of interest in supramolecular gel phase crystalli-
zation. We have designed gelators based on bis(urea) backbone
with a complementary functional group similar to metronida-
zole and isometronidazole. The urea motif chosen is well
known to form a-tapes resulting in fibrils that could align the
drug-derived functional groups as a locally ordered array on the
surface of the gel fibers (Scheme 1).* % %2 The resulting
LMWGs are anticipated to have a fibrous surface that chemi-
cally matches the crystallization substrate,’® which offers the
possibility of epitaxial crystal growth.® We have selected struc-
tural isomers as the complementary functional groups to ana-
lyze study the effect of positional isomers on gelation in
LMWSGs. In this work we report the gelation and gel phase crys-
tallization in LMWGs based on derivatives of both metronida-
zole and its structural isomer isometronidazole. Comparison of
the gelation abilities of metronidazole and isometronidazole
bis(urea) compounds will enable us to study the role of the po-
sition of functional groups on gelation and gel phase crystalli-
zation in LMWGs.

EXPERIMENTAL SECTION

Materials and methods

All the starting materials and reagents were commercially
available (Sigma Aldrich and TCI Europe) and used as supplied
except metronidazole, which was purchased from Accel
Pharmtech, USA. *H and **C NMR spectra (Figure S1-12, see
supporting information) were recorded on a Bruker AVANCE
400 spectrometer and SEM was performed on a Leo Supra 25
microscope. SCXRD and powder X-ray diffraction (PXRD)
was carried out using Bruker D8 venture and PANalytical in-
strument.

Synthesis

The bis(urea) compounds of metronidazole (1-3) and isometro-
nidazole (4-6) were synthesized following a general procedure
by reacting the amine precursors with the corresponding diiso-
cyanates. The amine precursors of metronidazole and isometro-
nidazole were synthesized as described below.

1. Synthesis of 1-(2-bromoethyl)-2-methyl-5-nitro-1H-imidaz-
ole (7): Compound 7 was synthesized by slightly modifying the
reported procedure.** Bromine solution (1.6 mL, 32.2 mmol)
was added to a stirred solution of triphenylphosphine (8.4 g,
32.1 mmol) in DCM (100 mL) at 0 °C , followed by the drop-
wise addition of triethylamine (4.5 mL, 32.0 mmol). Metroni-
dazole (5.0 g, 29.2 mmol) was added in portion to the above
solution and was equilibrated to room temperature after 10
minutes. The mixture was stirred for 30 minutes, and the excess

bromine was quenched with a saturated solution of aqueous so-
dium thiosulphate (10.0 mL). Water (50.0 mL) was added to the
mixture and the organic phase was separated and treated with
40.0 mL of 1.0 N-MHCI. The organic phase was discarded, and
the aqueous layer was extracted with DCM (3 x 30 mL) to re-
move the excess triphenylphosphine oxide impurities. The so-
lution was treated with 2.0 N-Msodium hydroxide solution to
precipitate the product, which was extracted with DCM (3 x 40
mL), dried over sodium sulfate and evaporated in a rotary vapor
to yield the product as a yellow solid. Yield: 78.0 %.'H NMR
(400 MHz, chloroform-d) 6 7.97 (s, 1H), 4.67 (t, J = 6.2 Hz,
2H), 3.69 (t, J = 6.2 Hz, 2H), 2.57 (s, 3H). *C{*H} NMR (100
MHz, chloroform-d) & 151.12, 138.24, 133.51, 47.40, 29.53,
14.81. HRMS (APCI): calcd for CgHgN3O.BrN [M + HI*,
233.9873; found, 233.9862.

2. Synthesis of 1-(2-azidoethyl)-2-methyl-5-nitro-1H-imidaz-
ole*® (8): Sodium azide (1.25 g, 19.8 mmol) was added in por-
tions to a solution of compound 7 (3.0 g, 12.8 mmol) in 40.0
mL DMF and the mixture was stirred at 60 °C for 22 h. The
solvent DMF was evaporated, and 40 mL water was added. The
mixture was extracted with DCM (3 x 40 mL) and the organic
parts were combined, dried over sodium sulfate, and evaporated
to get the product as a yellowish powder. Yield: 99.0 %. H
NMR (400 MHz, chloroform-d) & 7.98 (s, 1H), 4.44 (dd, J =
6.0, 5.0 Hz, 2H), 3.78 (t, J = 6.1 Hz, 2H), 2.54 (s, 3H). BC{'*H}
NMR (100 MHz, chloroform-d) & 151.33, 138.29, 133.42,
50.98, 45.57, 14.57. HRMS (APCI): calcd. for C¢HgNgO- [M +
H]*, 197.0781; found, 197.0776.

3. Synthesis of 2-(2-methyl-5-nitro-1H-imidazol-1-yl)ethan-1-
amine* (9): Compound 8 (5.8 g, 29.6 mmol) was dissolved in
a mixture of 60.0 mL of THF and 7.5 mL water and was treated
with triphenylphosphine (16.3 g, 62.2 mmol). The mixture was
stirred at room temperature for 15 h and was concentrated
(~10.0 mL). The mixture was treated with 2.0 N-M HCI (20.0
mL) and was washed with DCM (3 x 30 mL) to remove the
impurities. The aqueous layer was evaporated to obtain a white
powder, which was washed with methanol/DCM mixture (1:9,
v/v) to yield amine dihydrochloride (9.2HCI). The crude prod-
uct was recrystallized from acidic DMF solution. Yield: 73.0 %.
!H NMR (400 MHz, DMSO-ds) 6 8.57 (s, 3H), 8.37 (s, 1H),
4.62 (t, J = 6.6 Hz, 2H), 3.30 — 3.17 (m, 2H), 2.61 (s, 3H).
13C{*H} NMR (100 MHz, DMSO-de) § 150.43, 137.79, 129.16,
42.98, 37.28, 12.93. HRMS (APCI): calcd for C¢H10N4O-Na [M
+ H]*, 171.0877; found, 171.0876.

4. Synthesis of 1-(2-bromoethyl)-2-methyl-4-nitro-1H-imidaz-
ole*® (10): A solution of 2-methyl-4-nitro-1H-imidazole (5.0 g,
39.3 mmol), potassium carbonate (13.5 g, 97.6 mmol), 1,2-di-
bromoethane (17.0 mL, 196.5 mmol) was prepared in 50.0 mL
DMF and the mixture was stirred overnight at room tempera-
ture. The solution was evaporated, and 40.0 mL of water was
added and extracted with DCM (3 x 30 mL). The organic layers
were combined and evaporated to dryness. The crude product
was obtained as a yellow-white solid, which was purified by
column chromatography (eluent: DCM with methanol gradient,
0 - 0.5%). Yield: 65.0 %. *H NMR (chloroform-d, 400 MHz) §
7.77 (s, 1H), 4.36 (t, J = 6.1 Hz, 2H, 3.64 (t, J = 6.1 Hz, 2H),
2.47 (s, 3H). BC{*H} NMR (100 MHz, chloroform-d) 5 146.83,
144.97, 119.62, 48.32, 29.21, 13.33. HRMS (APCI): calcd for
CeHsN3O,BrNa [M + Na]*, 255.9692; found, 255.9693.

5. Synthesis of 1-(2-azidoethyl)-2-methyl-4-nitro-1H-imidazole
(11): The reaction procedure was similar to compound 8. Com-
pound 10 (3.2 g, 13.7 mmol), sodium azide (1.3 g, 20.5 mmol)



and 40.0 mL DMF. Yield: 98.0 %. *H NMR (400 MHz, chloro-
form-d) & 7.76 (s, 1H), 4.08 (t, J = 6.1 Hz, 2H), 3.73 (t, J=6.1
Hz, 2H), 2.45 (s, 3H). *C{*H} NMR (100 MHz, chloroform-d)
6 146.75, 145.04, 119.80, 50.86, 46.12, 13.16. HRMS (APCI):
calcd for CgHsNsO2Na [M + Na]*, 219.0601; found, 219.0598.
6. Synthesis of 2-(2-methyl-4-nitro-1H-imidazol-1-yl)ethan-1-
amine* (12): The reaction procedure was similar to compound
9. Compound 11 (2.25 g, 11.5 mmol), triphenylphosphine (6.17
g, 23.6 mmol) and THF/water (20/2.5 mL). The amine was re-
crystallized as a hydrochloride salt in acidic ethanol solution
(12.HCI). Yield: 73.0 %. *H NMR (400 MHz, DMSO-ds) 5 8.43
(s, 1H), 8.37 (s, 3H), 4.32 (t, J = 6.1 Hz, 2H), 3.25 (t, J = 6.1
Hz, 2H), 2.40 (s, 3H). ¥C{*H} NMR (100 MHz, DMSO-ds) &
145.59, 145.50, 122.36, 43.69, 38.28, 12.76. HRMS (APCI):
calcd for CeH10N4O2Na [M + Na]*, 193.0696; found, 193.0692.

7. Synthesis of bis(3,5-diethyl-4-isocyanatophenyl)methane
(13): The bis(isocyanate) was synthesized according to a re-
ported procedure.* Yield: 95.0 %. *H NMR (400 MHz, chloro-
form-d) & 6.87 (s, 4H), 3.85 (s, 2H), 2.65 (q, J = 7.6 Hz, 8H),
1.22 (t, J=7.6 Hz, 12H). **C{*H} NMR (100 MHz, chloroform-
d) 6 138.91, 138.49, 127.96, 126.94, 41.12, 25.70, 14.24.

General procedure for the synthesis of bis(urea) compounds:
The amine hydrochloride (2.1 equiv) was dissolved in chloro-
form by adding triethylamine (4.0 equiv) at room temperature.
A solution of the corresponding diisocyanate (1.0 equiv) was
added dropwise to the above mixture and was refluxed over-
night under a nitrogen atmosphere. The precipitate formed was
filtered and stirred with saturated sodium bicarbonate solution
for 24 h. The mixture was filtered, the residue was washed with
a copious amount of water and dried to isolate the product.

8. Synthesis of 1,1'-(hexane-1,6-diyl)bis(3-(2-(2-methyl-5-ni-
tro-1H-imidazol-1-yl)ethyl)urea) (1): The crude compound was
re-crystallized from ethanol. Yield: 75.0 %. 'H NMR (400
MHz, DMSO-ds) 5 8.00 (s, 2H), 6.01 —5.90 (m, 4H), 4.29 (t, J
= 5.7 Hz, 4H), 3.37 — 3.28 (m, 4H), 2.90 (q, J = 6.4 Hz, 4H),
2.38 (s, 6H), 1.29 (m, 4H), 1.24 — 1.15 (m, 4H). *C{*H} NMR
(100 MHz, DMSO-ds) 6 157.23, 150.88, 137.82, 132.50, 45.73,
38.55, 38.21, 29.31, 25.46, 13.12. HRMS (APCI): calcd for
CooH32N1cOgNa [M + Na]*, 531.2398; fOUﬂd, 531.24083.

9. Synthesis of 1,1'-(1,3-phenylenebis(propane-2,2-diyl))bis(3-
(2-(2-methyl-5-nitro-1H-imidazol-1-yl)ethyl)urea) (2): The
crude material was recrystallized from iso-propanol. Yield:
72.0 %. *H NMR (400 MHz, DMSO-ds) 6 8.00 (s, 2H), 7.27 (s,
1H), 7.24-7.14 (m, 1H), 7.08 (d, J = 7.7 Hz, 2H), 6.28 (s, 2H),
5.91 (t, J = 6.0 Hz, 2H), 4.27 (t, J = 5.4 Hz, 4H), 3.37-3.28 (m,
4H), 2.41 (s, 6H), 1.47 (s, 12H). “C{*H} NMR (100 MHz,
DMSO-dg) & 156.22, 150.91, 147.51, 137.84, 132.52, 126.69,
121.80, 120.63, 53.65, 45.84, 37.84, 29.26, 13.25. HRMS
(APCI): calcd for C2H3sN10OsNa [M + Na]*, 607.2711; found,
607.2712.

10. Synthesis of 1,1'-(methylenebis(2,6-diethyl-4,1-phe-
nylene))bis(3-(2-(2-methyl-5-nitro-1H-imidazol-1-
ylhethyl)urea) (3): The crude compound was re-crystallized in
ethanol. Yield: 75.0 %. *H NMR (400 MHz, DMSO-dg) & 7.98
(s, 2H), 7.39 (s, 2H), 6.91 (s, 4H), 6.26 (s, 2H), 4.32 (t, J=5.7
Hz, 4H), 3.78 (s, 2H), 3.45 (s, 4H), 2.44 (s, 6H), 2.39-2.32 (m,
8H), 1.03 (t, J = 7.5 Hz, 12H). *C{*H} NMR (100 MHz,
DMSO-dg) 8 156.62, 151.47, 141.99, 139.28, 138.55, 133.06,
132.24, 126.11, 46.52, 40.81, 38.72, 24.29, 14.65, 14.00.
HRMS (APCI): calcd for CasHasN10OsNa [M + Na] *, 725.3494;
found, 725.3473.

11. Synthesis of 1,1'-(hexane-1,6-diyl)bis(3-(2-(2-methyl-4-ni-
tro-1H-imidazol-1-yl)ethyl)urea) (4): The precipitate was then
washed with ethyl acetate to obtain the pure product as a white
powder. Yield: 79.0%. 'H NMR (400 MHz, DMSO-ds) 5 8.21
(s, 2H), 5.94 (t, J=5.8 Hz, 4H), 4.01 (t, J = 5.7 Hz, 4H), 3.37 -
3.29 (m, 4H), 2.92 (q, J = 6.5 Hz, 4H), 2.31 (s, 6H), 1.30 (m,
4H), 1.18 (m, 4H). BC{*H} NMR (100 MHz, DMSO-ds) &
157.85, 145.34, 145.30, 122.27, 46.78, 39.50, 39.08, 29.88,
2603, 12.45. HRMS (APC') calcd for C20H32N1005Na [M +
Na]*, 531.2398; found, 531.2400.

12.  Synthesis  of  1,1'-(1,3-phenylenebis(propane-2,2-
diyl))bis(3-(2-(2-methyl-4-nitro-1H-imidazol-1-yl)ethyl)urea)
(5): The crude compound was purified by washing with diethyl
ether and ethyl acetate. Yield: 79.0 %. *H NMR (400 MHz,
DMSO-dg) 6 8.20 (s, 2H), 7.27 (s, 1H), 7.22 — 7.09 (m, 1H),
7.11-6.89 (m, 2H), 6.28 (s, 2H), 5.91 (t, J = 6.0 Hz, 2H), 3.98
(t, J =5.8 Hz, 4H), 3.34 — 3.27 (m, 4H), 2.32 (s, 6H), 1.47 (s,
12H). BC{*H} NMR (100 MHz, DMSO-ds) § 156.84, 148.16,
145.33, 145.30, 127.22, 122.30, 122.23, 121.19, 54.23, 46.81,
39.08, 29.85, 12.52. HRMS (APCI): calcd for CzsH3sN100sNa
[M + Na]*, 607.2711; found, 607.2711.

13. Synthesis of 1,1'-(methylenebis(2,6-diethyl-4,1-phe-
nylene))bis(3-(2-(2-methyl-4-nitro-1H-imidazol-1-yl)ethyl)-
urea) (6): Purification was performed by washing the crude
compound with dichloromethane to yield a white powder.
Yield: 80.0 %. 'H NMR (400 MHz, DMSO-de) & 8.18 (s, 2H),
7.39 (s, 2H), 6.92 (s, 4H), 6.26 (m, 2H), 4.04 (t, J = 5.8 Hz, 4H),
3.78 (s, 2H), 3.48 — 3.37 (m, 4H), 2.44 — 2.36 (m, 8H), 2.35 (s,
6H), 1.02 (t, J = 7.5 Hz, 12H). ¥*C{*H} NMR (100 MHz,
DMSO-dg) 8 157.07, 145.75, 145.68, 142.46, 139.50, 132.91,
126.63, 122.98, 47.35, 41.28, 24.76, 24.30, 15.05, 13.10.
HRMS (APCI): calcd for CssHasN1gOsNa [M + Na]*, 725.3494;
found, 725.3459.

14. Synthesis of isometronidazole (2-(2-methyl-4-nitro-1H-im-
idazol-1-yl)ethan-1-ol) (14): A solution of 2-methyl-4-nitro-
1H-imidazole (0.30 g, 2.4 mmol), potassium carbonate (0.97 g,
7.9 mmol), bromoethanol (830 pL, 11.8 mmol) and potassium
iodide (0.39 g, 2.4 mmol) was added to DMF (20.0 mL) in a
round bottomed flask and the mixture was stirred overnight at
room temperature. The solvent was evaporated, dried and the
mixture was purified by column chromatography in DCM using
methanol gradient (0.0-0.5 %) and the product was recrystal-
lized from ethanol/diethyl ether. Yield: 81.0 %. *H NMR (400
MHz, Methanol-ds) & 8.08 (s, 1H), 4.15 — 4.08 (m, 2H), 3.87 —
3.80 (m, 2H), 2.45 (s, 3H). BC{*H} NMR (100 MHz, Methanol-
ds) & 145.96, 145.48, 121.00, 60.32, 49.17, 11.48. HRMS
(APCI): calcd for Ce¢HgN3OsNa [M + H]*, 194.0536; found,
194.0537.

Gelation Details

Gelation Test. In a standard 7.0 mL vaial (ID =15.0 mm), an
appropriate amount of the gelator and 1.0 mL of suitable solvent
were added, and the vial was sealed. The mixture was then soni-
cated and heated until a clear solution was obtained. The solu-
tion was left undisturbed for gelation and a vial-inversion test
was performed to confirm gelation.

Minimum Gel Concentration (MGC). The gel was prepared fol-
lowing the above procedure by dissolving the compounds in 1.0
mL of solvent. An additional amount of the solvent was added
in portions, and the gelation process was repeated until a trace
amount of the solvent was observed on the top of the gel. The
excess solvent was removed, and MGC of the gelator was de-
termined by calculating the weight percent of the compound.



Tge Experiment. The appropriate amount of the gelator was
taken in a standard 7.0 mL vial, and 1.0 mL of solvent was
added. The mixture was sonicated and heated to dissolve and
left undisturbed. A tiny spherical glass ball was carefully put on
the top of the gel after 24 h and was heated in an oil bath fitted
with a thermosensor and magnetic stirrer. The temperature of
the oil bath was steadily raised by 10.0 °C per minute. The tem-
perature at which the glass ball touched the bottom of the vial
was recorded as Tgel.

Rheology: Rheological experiments were performed in nitro-
benzene. The mechanical strength of the gelators was measured
using MCR 102 Anton Paar modular compact rheometer with a
2.5 cm stainless steel parallel plate geometry. Gels were pre-
pared by dissolving 30.0 mg of the corresponding gelator in 1.0
mL nitrobenzene. Experiments were carried out carefully by
scoping a ~1.0 mL portion of gel on the plate. A Peltier tem-
perature control hood was used to avoid the solvent evaporation
and to maintain a temperature of 25.0 °C for frequency and am-
plitude sweeps. Amplitude sweeps were performed with a con-
stant frequency of 1.0 Hz and log ramp strain (y) = 0.01-100%,
while the frequency sweeps were carried out between 0.1 and
10.0 Hz within the linear viscoelasticity domain (0.02% strain).

Scanning Electron Microscopy (SEM): The surface morphol-
ogies of the xerogels were examined using SEM. Gels of com-
pounds (1-6) were prepared in nitrobenzene at 3.0 wt/v% and
the gel was filtered after 24 hrs, dried in air to obtain the xero-
gel. A small portion of the xerogel was placed on a pin mount
with the carbon tab on top, which was coated with gold for 5-6
min and was loaded on a Leo Supra 25 microscope at an oper-
ating voltage of 3.0 kV, and a working distance 3-4 mm. An in-
lens detector was used to record the SEM images. We have also
performed the SEM of dried gel of gelator 3 from DMSO/water
(7:3, viv, 3.0 wt/v%), ethanol (0.3 wt/v%) and 1,4-dioxane (0.5
wt/v%). The SEM of gelators 2 and 4 were performed on the
xerogels from DMSO/water (1:1, v/v) at 5.0 wt/v%.

Crystallography

Single-crystal X-ray Diffraction: Single crystals of metronida-
zole and isometronidazole amine hydrochlorides were obtained
by the slow evaporation of the acidic solution of the compounds
in DMF/water (1:1 v/v) and ethanol/water (1:1 v/v), respec-
tively. X-ray quality crystals of compound 2 were obtained by
the slow evaporation of a nitromethane solution of the com-
pound. X-ray analysis was performed on a Bruker D8 Venture
(Photon100 CMOS detector) diffractometer equipped with a
Cryostream (Oxford Cryosystems) open-flow nitrogen cryo-
stats. The data for the crystals of metronidazole (9.2HCI) and
isometronidazole (12.HCI) based amines were collected using
CuK, radiation (A = 1.542 A) at 295(2) K, and MoK, radiation
(A =0.71073 A) at 150(2) K was used for gelator 2. Apex-IIl
software (Bruker AXS: Madison, WI, 2015) was used for the
unit cell determination, data collection, data reduction, structure
solution/refinement and empirical absorption correction. All
structures were solved by direct method and refined by the full-
matrix least squares on F2 for all data using SHELXTL.*" The
disordered imidazole moieties and the solvent molecule of gela-
tor 2 were modeled using free variable (FVAR) instructions and
were refined isotropically. All other non-disordered non-hydro-
gen atoms were refined anisotropically. All the hydrogen atoms
were placed in the calculated positions and refined using a rid-
ing model. Crystallographic data for the structures have been
deposited to Cambridge Crystallographic Data Centre as sup-
plementary publication (CCDC no: 2088742-2088744).

Powder X-ray Diffraction (PXRD): The PXRD of the isolated
metronidazole crystals from gel phase crystallization and solu-
tion phase were recorded on a PANalytical instrument with 26
ranging from 4.0-60.0°. The crystals were isolated from the
crystallizing medium, washed with hexane, dried and ground to
fine powder and PXRD was recorded. We have also performed
the PXRD of the synthesized metronidazole and isometronida-
zole based amine hydrochlorides to ensure the purity of bulk
products. Xerogels of 2 were prepared by filtering the gels from
the corresponding solvents and the PXRD was performed after
drying the xerogels in the fume hood for 16 hrs.

Gel phase crystallization: The gel phase crystallization was
performed in nitrobenzene and aqueous solution (1:1, v/v) of
DMSO and DMF. The experiments were performed in a stand-
ard 7.0 mL vial with the gelator and the drug molecule in 1.0
mL of the solvent. Experiments were performed at various con-
centrations of the gelator and the drug moiety to study the effect
on the gel phase crystallization. The gels were removed after 24
h and analyzed under a Leica MC190 HD digital microscope.
We have repeated several batches of gel phase crystallization
experiments and the gels were analyzed at different time inter-
vals (up to 3 weeks).

RESULTS AND DISCUSSION

metronldazole m|m|ck|ng bls(urea) compounds (Scheme 2)
were synthesized by reacting the corresponding amine precur-
sors of these compounds with different diisocyanates (Scheme
3).
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Scheme 2: Metronidazole and isometronidazole mimicking
bis(urea) compounds.

We have selected diisocyanates with different linkers,
namely hexylene, sterically hindered m-dipropylenephenylene
and tetraethyl diphenylmethane derivatives, which have been
previously used as effective linkers for LMWGs.2® The prepa-
ration of the amine precursors of metronidazole and isometro-
nidazole is outlined in Scheme 3.
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Scheme 23: Synthesis of metronidazole and isometronidazole
bis(urea) compounds.

The hydroxyl group of metronidazole was converted to the
bromo derivative via bromination, while the bromo derivative
of isometronidazole was synthesized from 2-methyl-4(5)-ni-
troimidazole via substitution reaction with 1,2-diethyl bromide
(Scheme S2, see supporting information).1%48 The bromo deriv-
atives were converted to azide and then reduced to the corre-
sponding amines in presence of triphenylphosphine (Scheme
34). The products were then converted to the hydrochloride
salts by treatment with dilute HCI.
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Scheme 34: Synthesis of metronidazole and isometronidazole
based amine precursors.

The molecular structure of these two isomeric amine hydro-
chloride salts was confirmed by single-crystal X-ray diffraction
(Table S1, S2 and Figure S13, see supporting information). The
reaction of the metronidazole amine derivative in presence of
EtsN with the diisocyanates outlined in Scheme 2 in chloroform
yielded compounds 1, 2 and 3, respectively. Similarly, the reac-
tion of the isometronidazole amine derivative with these diiso-
cyanates yielded 4, 5 and 6.

Figure 1: Gels of bis(urea) compounds (1-6) obtained from nitro-
benzene.

Gelation studies: The gelation properties of the bis(urea)
compounds were tested in a wide range of solvents (Table S3,
see supporting information). The gelation tests were carried out
by heating the gelator (10 mg) in a suitable solvent (1.0 mL) in
asealed vial (1.0 wt/v%) to give a transparent solution. The vial
was left undisturbed, and the gel formation was confirmed by a
vial inversion test. Metronidazole mimicking compounds (1-3)
formed gels in nitrobenzene at 1.0 wt/v% (Figure 1) and gel for-
mation was confirmed by a simple inversion test in all cases.
Compound 2 formed gel in 1,2-dibromoethane, chlorobenzene
and 1,4-dioxane at 2.0 wt/v%. The metronidazole mimicking
diphenylmethane derivative (3) formed gel in cyclopentanone
and cyclohexanone at 1.0 wt/v% and in ethylene glycol at 2.0
wt/v%. The insolubility of compound 3 at 1.0 wt/v% in alcohols
and non-polar solvents prompted us to check the gelation prop-
erties at lower concentration (< 0.5 wt/v%) and gelation was

observed in ethanol, n-propanol, n-butanol, n-pentanol, 1,4-di-
oxane and nitromethane.

Table 1: Minimum gel concentration and Tge at 3.0 wt/v% of
the gelators in nitrobenzene.

Compound MGC (wt/v%o) Teel (°C)
1 0.8 103.7
2 0.9 84.3
3 0.5 1514
4 2.8 145.4
5 25 118.8
6 2.8 153.8

The gelation studies of isometronidazole mimicking com-
pounds (4-6) revealed that gelation was observed at higher con-
centration (3.0 wt/v%) in nitrobenzene compared to metronida-
zole derivatives 1-3. In the case of compound 5, sonication was
required to induce gelation in nitrobenzene prior to cooling. The
diphenylmethane derived isometronidazole analog (6) gelled
ethylene glycol at 3.0 wt/v% and DMF at 4.0 wt/v%. We have
also studied the gelation properties of these compounds in aque-
ous solution (1:1, v/v) of DMF and DMSO. Compound 6
formed gel in DMF/water at 3.0 wt/v% and compound 4 formed
gels in DMSO/water and DMF/water at 4.0 and 5.0 wt/v%, re-
spectively. Compound 3 formed gels in DMF/water and
DMSO/water mixture at 3.0 wt/v% when the solvent combina-
tion was changed to 7:3 (v/v).

The minimum gel concentration (MGC) is the minimum
amount of the compound required to form a self-supporting gel.
The MGC of the gelators was evaluated in various solvents (Ta-
ble S4, see supporting information). The MGC measurements
of metronidazole-based gelators 1-3 in nitrobenzene (Table 1)
establish that compound 3 has lower MGC values. Comparing
the MGCs of mimetic and non-mimetic gels in nitrobenzene the
MGCs of the non-mimetic compounds 4-6 are higher. Com-
pound 3 can be considered as a supergelator in 1-propanol, eth-
anol, 1-butanol, nitromethane, 1,4-dioxane and 1-pentanol be-
cause the MGC is less than 0.5 wt/v% (Table S4, see supporting
information). The MGC in DMSO/water for gelator 2 (1:1, v/v)
and 3 (7:3, v/v) is 2.5 wt/v% and 3.0 wt/v%, respectively.

Thermal Stability: The thermal stability of the gels was evalu-
ated by recording the transition temperature (Tge) at which the
gel converts to the solution phase. Tg experiments were per-
formed for all gels at 3.0 wt/v% in nitrobenzene and the results
indicate that gelator 2 has the lowest Tqe value (Table 1). The
Tgel experiments performed at lower concentration (1.0 wt/v%)
for compounds 1-3 in nitrobenzene revealed the highest ther-
mal stability for gels of 3 (Table S5, see supporting infor-
mation), and the thermal stability increases with concentration.
The thermal stability of the diphenylmethane derived gelator is
higher than the other gelators in most cases (Table S5, see sup-
porting information). The Tge of the mimetic and the non-mi-
metic gelators in nitrobenzene were compared to see the effect
of the spatial arrangement of the functional groups, which indi-
cates that the thermal stability of the mimetic gels (1-3) is lower
than non-mimetic gelators (4-6).

Mechanical strength: Rheology has been used to evaluate the
solid-like properties and the stiffness of the gels.*>*° Rheology
is used to quantify the deformation and flow characteristics of
supramolecular gels, and rheological experiments provide in-
formation about the gel structural characteristics.>® The me-
chanical properties of the bis(urea) gelators were measured at



3.0 wt/v% in nitrobenzene. A strain sweep was performed to
determine the linear viscoelastic region (LVR), at a constant
frequency of 1.0 Hz, and the elastic modulus (G) was independ-
ent of the applied strain. Most of the gelators displayed a con-
stant G’ up to 0.1% strain, except for the compound 1, where
the G’ value decreased after 0.02%. (Figure S14). The cross
over point for gelators 2 and 5 were found to be around 0.5-
3.0% strain, while the cross over point for gelators 1, 3, 4 and 6
is around 5.0-15.0% strain.
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Figure 2: Amplitude sweep experiments of bis-(urea) gels (3.0
wt/v%) in nitrobenzene at 25.0 °C with a constant frequency of 1.0
Hz. Color codes: (a) gelator-1 G’ (m) and G*’ (o). gelator-2 G’ (e)
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Frequency sweep experiments were performed within a range
of 0.1- 10 Hz at a constant strain of 0.02 %. A constant elastic
(G") and viscous (G") moduli under varying frequency establish
that these materials are true gels (Figure 2). Interestingly, the
mimetic gelator 2 displays higher G’ and G" compared to all the
other gelators, indicating a comparatively stronger network in
nitrobenzene. Gels of compounds 2 and 5 are stiffer (>200 kPa)
compared to other bis(urea) gelators in nitrobenzene and the
elastic modulus (G') is around twofold higher than the other

bis(urea) gels. Comparison of the mimetic gelators (1-3) re-
vealed that gelator 2 displayed higher G’ and G values indicat-
ing a strong gel network. The mechanical strength of the gel
network in 3 was more robust than gelator 1. For the non-mi-
metic gelators (4-6), the gel of 5 was found to be a stiffer gel,
and the G’ and G” values of gels of 4 and 6 were comparable
and low, suggesting a weaker gel-network in these gels. The
difference in mechanical strength for 2 and 5 may be attributed
to the favorable network formation in nitrobenzene compared
to others.
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Figure 3: SEM images of the xerogel of (a) 1 (b) 2 (c) 4 and (d) 6
from nitrobenzene at 3.0 wt/v%.

Gel Morphology: The morphology of the dried gel fibrils was
analyzed by scanning electron microscopy (SEM). SEM per-
formed on the dried gels of all the gelators from nitrobenzene
(3.0 wt/v%) revealed a fibrous network in most cases. Gelator
1 displayed needle-shaped morphology (Figure 3a) with a thick-
ness ranging from 1.0-3.0 um. Gelator 2, 3 and 5 displayed an
entangled fibrous network (Figure 3b & Figure S15-16, see sup-
porting information) and the diameter of the fibers ranged from
200-400 nm. The gelator 4 displayed a plate-shaped morphol-
ogy with a diameter of around 1.0-4.0 um (Figure 3c). The
dibenzyl linker-based gelator 6 displayed long needle-shaped
morphology (Figure 3d).
a —

Figure 4: SEM images of gelator 3: from (a) DMSO/water (7:3,
v/v) at 3.0 wt/v% and (b) 1-4 dioxane (0.5 wt/v%).

SEM images recorded for gelator 3 at 3.0 wt/v% in
DMSO/water (7:3, v/v) displayed needle-shaped morphology
(Figure 4a).54%¢ Similarly, the SEM images of gelator 4 from
DMSO/water (1:1, v/v) at 4.0 wt/v% displayed thicker needles
(Figure S17, see supporting information). We have also per-
formed the SEM of gelator 3 xerogel obtained from 1,4-dioxane
(0.5 wt/v%, Figure 4b) and ethanol (0.33 wt/v%, Figure S18,
see supporting information) and the images displayed helical fi-
brous aggregates with fiber thickness ranging from 20-40 nm.
Single crystal X-ray diffraction: X-ray quality single crystals
of 2 were obtained via slow cooling of the nitromethane solu-
tion and characterized by X-ray crystallography (Figure S19
and Table S4 and S5, see supporting information). The com-




pound displays the characteristic one-dimensional (1-D) hydro-
gen bonded urea a-tape motif resulting from the complemen-
tary crisscross urea hydrogen bonding from one of the urea moi-
eties (Figure 5a). These 1-D zig-zag tapes interact with adjacent
tapes via N-H--O hydrogen bonding interaction arising from
the second urea motif to form a 2-D hydrogen bonded sheet ar-
chitecture Figure 5b). The nitrogen and oxygen atoms of the
imidazole moiety of adjacent 2-D networks interact each other
to form voids with entrapped nitromethane (Figure S19, see
supporting information). The comparison of the powder X-ray
diffraction pattern (PXRD) of the bulk crystal with the simu-
lated pattern obtained from the crystal structure: 568 con-
firmed the phase purity of the crystals (Figure S20, see support-
ing information). The comparison of the powder diffraction pat-
tern of either the native gel or the dried gel with the calculated
pattern from the crystal structure can provide information about
the structure of xerogels.?: 559 Although, the drying process
can result in artefacts,® this approach may provide useful infor-
mation about the self-assembly process in LMWGs.* 7+ 2L 5659
The comparison of the PXRD pattern of the dried gel from ni-
trobenzene with the crystal structure indicated that the two ma-
terials are different solid forms. However, the PXRD pattern of
the xerogel of 2 from nitrobenzene and chlorobenzene matched
with the pattern of bulk crystals of a second solid form of 2 ob-
tained from isopropanol. The PXRD pattern of the
DMSO/water (1:1, v/v) xerogels proved to be more similar to
the pattern calculated from the single crystal structure (Figure
S21, see supporting information). These results indicate that
there are at least two types of the gelator structure obtained de-
pending on the crystallising or gelling solvent.
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Figure 5: Illustration of crystal structure in 2 (a) 1- D hydrogen
bonded zig-zag chains via complementary urea hydrogen bonding
(The purple sphere represents the metronidazole mimetic fragment)
and (b) adjacent 1-D chains interact with each other (broken black
lines) to form a 2-D hydrogen bonded network.

Gel phase crystallization: The ability of the gelators to gel
nitrobenzene prompted us to select nitrobenzene as a solvent for
gel phase crystallization of the target drug material. The metro-
nidazole was purified by recrystallization from DMSO/water
(2:1, v/v) prior to crystallization studies. Initially we performed
the solution phase crystallization of metronidazole from nitro-
benzene to optimize the crystallization conditions. This gave
plate-shaped crystals of metronidazole in a herringbone fashion
(Figure 6a) was observed in nitrobenzene (30 mg/mL) after a
day (Table S6, see supporting information). Experiments per-
formed at higher concentrations also resulted in crystals with
similar morphology after 2-3 hrs.

Gel phase crystallization was performed by dissolving met-
ronidazole and the gelators in 1.0 mL nitrobenzene, and the

mixture was sonicated and heated to yield a transparent solu-
tion. The solution was left undisturbed at ambient temperature,
and gelation was observed in 5-10 minutes. The gels were ana-
lyzed by polarized light microscopy after 24 hours, which indi-
cated the formation of crystals within the gels in most cases (Ta-
ble S7, see supporting information). The optimized concentra-
tion of metronidazole was found to be 50 mg/mL and the exper-
iments performed with 30 mg/mL did not result in any crystals
after 2-3 weeks. The experiments were performed at 2.0 wt/v%
for gelator 1 because the gels were not stable at lower concen-
trations in the presence of crystallization substrate. Analysis of
the crystals obtained from gelator 1 indicated that needle-
shaped crystals were formed (Figure 6b). The experiments per-
formed in gelators 2 at 1.0 wt/v% yielded transparent gels and
crystal growth was observed after 24 hours (Figure S22, see
supporting information). The morphology of the crystals was
found to be similar to the crystals from gelator 1 (Figure 6c).

Figure 6. Comparison of crystals of metronidazole from solution
and gel phase crystallization (GPC) in nitrobenzene. (a) Solution
phase and (b) gel phase crystallization in 1, (c) 2, (d) 3, (e) 4, (f) 5,
() 6 and (h) alanine gelator, respectively.

Gel phase crystallization in gelator 3 at 1.0 wt/v% resulted in
a herringbone pattern of needle-shaped crystals clumped to-
gether (Figure 6d). Gel phase crystallization experiments were
performed in several batches, and the crystals were analyzed at
different time intervals over 2—3 weeks, which indicated that
the morphologies of the crystals were consistent batch-to-batch
and over time. The crystallization experiments were repeated
with increasing concentration of metronidazole (75 and 100
mg/mL) and the morphologies were similar to the 50 mg/mL
experiments. The experiments performed at 3.0 wt/v% of the
gelators 1-3 also resulted in morphologies similar to 1.0 wt/v%
of the corresponding gelators.



For comparison gel phase crystallization was also carried out
with the non-metronidazole-mimetic gelators 4-6. A gelator
concentration of 6.0 wt/v% (Table S8, see supporting infor-
mation) was used to avoid dissolution of gels in the presence of
crystallization substrate. The experimental procedure was sim-
ilar to the mimetic gels and partial gels was observed for gelator
5 in the presence of metronidazole. Plate shaped crystals in a
herringbone morphology were observed for gels of gelator 4,
and similar results were observed at higher concentration of
metronidazole (Figure 6e). Gel phase crystallization experi-
ments in gelator 5 was achieved by sonicating the mixture prior
to cooling, but crystals were not formed even at higher concen-
tration of metronidazole after a month. Analysis of the partial
gels of gelator 5 obtained by normal gel phase crystallization
procedure indicated the formation of micro-needle crystals of
metronidazole (Figure 6f). The experiments performed with
gelator 6 resulted in clusters of crystals arranged in a herring-
bone fashion (Figure 6g). Crystallization of metronidazole was
also undertaken in an unrelated (non-metronidazole-mimetic)
bis(urea) gelator based on L-phenyl alanine methyl ester at 2.0
wt/v% (Figure S23, see supporting information) which resulted
in plate shaped crystals clumped in a herringbone pattern (Fig-
ure 6h)._The needle shape morphology obtained in the case of

drug additives, expect for 4 and 5 (Figure S36535-S39S36, see
supporting information). This prompted us to check whether the
discrepancy in the stabilities is related to the Kinetic trapping of
the self-assembled structures by annealing the gels.5*  This
was achieved by performing a gel-to-sol transition by heating
the gels after 12 hours and the solution thus obtained was left
undisturbed for gelation. The mechanical strength of mimetic
and non-mimetic gels did not show any drastic change com-
pared to the corresponding non-annealed gels (Figure S37-40,
see supporting information). The mechanical strength of the mi-
metic gels (1-5) in the presence of the metronidazole displayed
similar results compared to the corresponding non-annealed
gels but the mechanical strength of 6 decreased after annealing
(Figure S38-39, see supporting information). However, the
thermal stabilities of the gels were found to be lower in the pres-
ence of the additives (Table S9—S31S10). The enhanced me-
chanical properties of the mimicking gelators (1-3) in the pres-
ence of crystallization substrate indicate a favorable interaction
of the gelator molecules with the substrates presumably due to
the similarity in the functional group. However, a reverse phe-
nomenon was observed for the non-mimetic gelators (4-6),
which clearly indicate the importance of structural similar func-
tional groups in LMWGs and the crystallization substrates.

the mimetic gels may be attributed to the epitaxial growth of
metronidazole crystals on gel fibers due to their favorable inter-
actions with structurally similar functional groups of the
LMWGs.
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Figure 7: Face-indexed morphology of metronidazole crystals (a)
grown from nitrobenzene solution, (b) wedge-shaped crystal from
a nitrobenzene gel of metronidazole-mimetic gelator 3 expressing
higher order faces.

Face indexing of representative crystals grown from solution
and from gels of compounds 1 — 6 revealed complex and varied
influence of all the gels on morphology. The solution grown
crystals have a relatively simple morphology and express faces
with mainly low indices, namely (100), (010) and (001) as well
as a large (115) face, the morphology of gel-grown crystals
proved much more complex and unique to each gel with multi-
ple high -index faces being expressed. For example, crystals ob-
tained from nitrobenzene gels of 3 exhibit a wedge shape ex-
pressing a large (097) face, Figure 7. Other gel-grown samples
all expressed a wide variety of faces and asymmetric morphol-
ogy (supplementary information Figures S27—-S33, see support-
ing information). This implies a variety of specific adsorption
modes of the gel fibers to the growing crystals.

We have performed the rheology experiments of the gels in
the presence of metronidazole (50 mg/mL) in nitrobenzene at
3.0 wt/v%, and isometronidazole mimicking gels formed partial
gels. The mechanical strength of the mimetic gels (1-3) was in-
creased in the presence of the drug additive (Figure S34-&-S35,
see supporting information). At higher gelator concentration
(6.0 wt/v%) gels were observed in all cases with increased me-
chanical strength compared to the corresponding gels without

In contrast to nitrobenzene, solution phase crystallization of
metronidazole in aqueous DMF and DMSO (1:1 and 7:3, v/v)
resulted in long needle-shaped crystals (Figure S24, see sup-
porting information). The gel phase crystallization with gelator
2 in DMSO/water (1:1, v/v) resulted in needle-shaped crystals,
while micro-needle shaped crystals were obtained with gelator
3 in DMSO/water (7:3, v/v) and gelator 4 in DMSO/water (1:1,
vlv, (Figure S25, see supporting information). The gel phase
crystallization in DMF/water (1:1, v/v) with gelator 4 and 6 re-
sulted in micro-needle crystals, respectively. Thus, unlike nitro-
benzene, gel phase crystallization in aqueous DMF and DMSO
does not show crystal habit modification with any gelator, pre-
sumably due to the interaction of LMWGs with hydrogen bond-
ing solvents, which prevents the drug from interacting with the
complimentary sites in the gelators.

The role of LMWGs in tuning crystallization was analyzed
by performing solution phase crystallization in the presence of
dissolved gelators 3, 4, 5 and 6, which resulted in plate-shaped
crystals clumped in a herringbone pattern similar to the solution
phase crystal morphology (Figure S26, see supporting infor-
mation). However, the experiments with 1 and 2 displayed a
mixture of plate-shaped crystals with herringbone patterns and
needle-shaped crystals. These results suggest that the gel me-
dium plays a vital role in inducing crystal habit modification
rather than just the gelator molecule itself in solution. The solu-
tion/gel phase crystallization of isometronidazole did not yield
any crystals.
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Figure 8: Comparison of PXRD pattern of metronidazole: simu-
lated from single crystal data, bulk crystals obtained from
DMSO/water, crystals from solution phase and gel phase crystalli-
zation from gelator 1 in nitrobenzene.

X-ray analysis performed on all the crystals revealed no dif-
ference in polymorphic form with the known form-1%¢ produced
in all cases. The phase purity of the bulk crystal was analyzed
by comparing the PXRD of the bulk crystal with the simulated
pattern obtained from the crystal structure reported.?! %8 This
data was obtained using bulk crystals isolated from the gel
phase and solution phase crystallization experiments. The com-
parison of the PXRD pattern of the metronidazole crystals from
the solution and gel phase crystallization with the simulated pat-
tern of the crystal structure revealed super-imposable patterns
(Figure 8 & Figure S401, see supporting information), indicat-
ing phase purity of the bulk solid.

CONCLUSIONS

We have synthesized six bis(urea) compounds with func-
tional groups mimicking either metronidazole (1-3) or its iso-
mer isometronidazole (4-6). The gelation studies revealed that
metronidazole-mimetic compound 3 gels various solvents com-
pared to the isomeric gelator 6. The Ty experiments suggested
that gels based on the isometronidazole gelators 4-6 have
higher thermal stability than the mimetic gels 1-3. The compar-
ison of the mechanical strength of the gelators in nitrobenzene
revealed that the metronidazole-mimetic gelators 2 and 3 are
more mechanically robust compared to the isomeric analogues
5 and 6, but the hexylene-linker based gelator 4 forms a stronger
gel compared with that of gelator 1. The morphologies of the
gelators were analyzed by SEM, which showed the presence of
the entangled networks in most cases. Gel phase crystallization
was performed in nitrobenzene since all the compounds formed
gels in this solvent. The morphology of metronidazole crystals
obtained from solution phase and gel phase crystallization were
analyzed by polarized light microscopy. Plate-shaped crystals
aggregated in a herringbone fashion were observed from solu-
tion phase crystallization. Crystallization from the isometroni-
dazole based gels displayed different morphologies such as
plate-shaped (4), microcrystals (5), and thicker needles (6). The
morphologies of the crystals obtained from the mimetic metro-
nidazole gel (1-3) were consistent, displaying needle-shaped

crystals, and the needle-shaped crystals in 3 were clumped to-
gether in a herringbone fashion. The results indicate that crystal
habit modification (plate to needle morphology) arises selec-
tively from gels based on the mimetic gelators. This crystal
habit modification can be attributed to adsorption of the grow-
ing crystals on to the surface of the gel fibers and potentially
epitaxial crystal growth in the case of the mimetic gels.
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