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ABSTRACT

Hypothesis: Development of highly efficient low-molecular weight gelators (LMWGs) for safe energy
storage materials is of great demand. Energy storage materials as fuel gels are often achieved by construc-
tion of hybrid organic frameworks capable of multiple noncovalent interactions in self-assembly, which
allow tuning required properties at the molecular level by altering individual building blocks of the
LMWG. However, LMWGs have limited rechargeable capability due to their chemical instability.
Experiments: We designed, synthesized and characterized a novel, bio-inspired chiral gemini amphiphile
derivative 1 containing N-hexadecyl aliphatic tails from quaternized nicotinamide-based segment and
bromide anion showing supergelation ability in water, alcohols, aprotic polar and aromatic solvents, with
critical gel concentrations as low as 0.1 and 0.035 wt% in isopropanol and water, respectively.

Findings: Nanostructural architecture of the network depended on the solvent used and showed varia-
tions in size and shape of 1D nanofibers. Supergelation is attributed to a unique asymmetric NH- - -OC,
H.--Br~ hydrogen bonding pattern between H-2 hydrogens from nicotinamide-based segment, amide
functional groups from chiral trans-cyclohexane-1,2-diamide-based segment and bromide ions,
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supporting the intermolecular amide-amide interactions appearing across one strand of the self-
assembly. Gels formed from 1 exhibit high stiffness, self-healing, moldable and colorable properties. In
addition, isopropanol gels of 1 are attractive as reusable, shape-persistent non-toxic fuels maintaining
the chemical structure with gelation efficiency for at least five consecutive burning cycles.

© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

In everyday life, gels are widely utilized in the cosmetic, food
and bioengineering industries. Progressive and productive gel
applications have appeared in the fields of catalysis [1], medicine
[2-3], sensors [4] and nanoelectronics [5] as well as other
advanced applications [6-9]. Apart from these applications, gels
can be used as energy storage materials [6] or as fuel gels. The lat-
ter are commonly used for chafing dishes, emergency heating or
aesthetic and decorative purposes [8]. Such materials consist of
alcohol-based gelators, often limited to single-use only [10-11].
Recently, Bera and Haldar [12] developed rechargeable fuel gel
based on a multicomponent mixture comprising dimethyl dipicol-
inate, water, KOH and MeOH. Such gel, however, suffers from the
toxicity of methanol, the caustic property of hydroxide and its sta-
bility in multiple usage is limited due to hydrolysis of the gelator
after several burning cycles. A similar issue with hydrolysis of gel-
ling agent was also observed with carbohydrate-based fuel gels
[13].

Gels are frequently divided based on 3D network structure for-
mation into 1) chemical gels that comprise covalently cross-linked
polymer matrices such as polyacrylamide [14] and poly (2 hydrox-
yethyl methacrylate) (polyHEMA) gels [15] and 2) physical gels
that possess crosslinking based on physical interaction, such as
polysaccharides (alginate, gellan, agar) [16-17] and proteins (ge-
latin) [18]-based gels. Apart of biopolymer-based physical gels,
one of the most investigated are gels from low-molecular-weight
gelators (LMWGs). LMWGs as molecules form gel via non-
covalent interactions (such as hydrogen bonding, electrostatic
forces, m—m stacking, van der Waals and hydrophobic interactions)
that play a pivotal role in the unidirectional assembly of LMWGs
[19,9]. Self-assembled fibrous nanostructures of LMWGs are fur-
ther organized in liquid by non-covalent forces into entangled 3D
networks. Bioinspired LMWGs capable of gelating both polar and
nonpolar solvents include such biologically active units as choles-
terol [20-22], amino acids [23-28], surfactants [29-32] and carbo-
hydrates [33-36]. The major source of non-covalent interactions is
hydrogen bonding - the most important organizing element that
also stabilizes natural systems such as DNA, peptides and
enzymes — and van der Waals forces, usually associated with the
presence of urea/amide functional groups and long aliphatic
hydrocarbon chains, respectively [37-41]. In recent years, the
interaction between the anion and electron-poor aromatic ring
has also been recognized as a non-covalent bonding force, called
anion-7 interaction [42-44], thus playing an important role in
gelation phenomena as well [45].

Apart from the abovementioned biologically active fragments,
nicotinamide-based gelators are rather rare [46]. It is noteworthy
that nicotinamide (in literature often denoted also as niacinamide)
is a part of a variety of biological systems, including vitamin B3 and
the cofactor nicotinamide adenine dinucleotide (NADH/NAD") and
its phosphate (NADP") [47-49] — all being crucial to life and play-
ing a role in various enzymatic oxidation-reduction reactions. In
addition, this fragment undergoes facile N-alkylation reactions,
thus allowing formation of quaternary ionic compounds with fea-
sible anion-7 interactions along with van der Waals attractions
between long alkyl chains. In this regard, we were curious about
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gelation properties and fuel gel application of a new chiral gemini
amphiphilic nicotineamide-based derivative 1 (Fig. 1), the self-
assembly structure of which was anticipated to display an addi-
tional anion - electron-deficient heteroarene (HetAr) interaction
on top of traditional noncovalent bonding in neutral gemini
gelators.

2. Experimental
2.1. Materials

Acetonitrile (HPLC grade, 99.9%), 1 bromohexadecane (Sigma
Aldrich, 97%), diethylether (CentralChem, p.a. grade, 99.0%), hex-
ane (CentralChem, p.a. grade, 99%), trans-cyclohexane-1,2-
diamine (Acros Organics, 98%), isonicotinamide hydrochloride
(Acros Organics, 97%), toluene (CentralChem, p.a. grade, 99%), ben-
zene (CentralChem, p.a. grade, 99.8%), dimethylformamide (Sigma
Aldrich, HPLC grade, 99.9%), ethanol (CentralChem, p.a. grade,
99.9%), dichloromethane (DCM, CentralChem, p.a. grade, 99.8%),
isopropanol (>99.5%, Sigma-Aldrich), KPFg (Sigma-Aldrich, >99%).
Commercially available chemicals were used without further
purification, if not mentioned otherwise. Pyridine (CentralChem,
p.a. grade, 99.5%) was distilled prior to use from CaH, (Sigma-
Aldrich, 95%). Methanol (CentralChem, p.a. grade, 99.5%) was dried
by distillation from magnesium. Acetone (CentralChem, p.a. grade,
99.5%) was dried by distillation from sodium carbonate. Non-ionic
N,N’-[(1R,2R)-cyclohexane-1,2-diyl]dinicotinamide (4) was pre-
pared by reaction of enantiomerically pure (1R,2R)-cyclohexane-
1,2-diamine (Sigma-Aldrich, 98%) with nicotinoyl chloride
hydrochloride (Alfa-Aesar, 98%) in pyridine (Scheme S1, ESI) by
the procedure described previously [50].

2.2. Synthesis of gelator 1:

1 g (3.08 mmol) of N,N'-[(1R,2R)-cyclohexane-1,2-diyl]dinico
tin-amide (4) [50] was mixed in autoclave with 2.35 g of 1 bromo-
hexadecane (7.7 mmol, 2.5 eq) and 15 ml of acetonitrile. Reaction
mixture was heated at 150 °C for 48 h and then allowed to cool to
room temperature. The resulting solid material was suspended in a
mixture of diethylether : hexane (1:1, v/v, 100 ml) and filtered off
to give light brown powder. The white crystalline gelators were
obtained after three crystallizations from anhydrous acetone/
methanol mixture. Racemic derivative rac-1 was synthetized using
the same method from racemic trans-cyclohexane-1,2-diamine.

Gelator 1: White crystals, yield = 69%. M.p. = 175-176 °C.

'H NMR (CDCls) 6 9.84 (s, 2H), 9.27 (d, J = 5.9 Hz, 2H), 9.04 (d,
J = 8.1 Hz, 2H), 8.96 (d, J = 5.9 Hz, 2H), 8.14 (dd, J = 7.6 Hz,
7.6 Hz, 2H), 4.91 (t, ] = 7.26 Hz, 4H, N*-CH,), 4.11 (s, 2H), 1.81-
2.18 (m, 10H), 1.25-1.35 (m, 54H), 0.87 (t, ] = 7.0 Hz, 6H, 2 x CH3).

13C NMR (CDCl5) 5 161.0, 146.0, 144.4, 144.3, 134.3, 128.3, 62.6,
54.5, 31.9, 31.7, 31.2, 29.7 (2C), 29.6 (2C), 29.5, 29.4, 29.3, 29.1,
26.2,24.7,22.7, 14.1.

HRMS: Calculated for CsoHggN403" , m/z
387.3383.

387.3350, found
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Fig. 1. Molecular structures of N-alkyl quaternized nicotinamide gelator (1), its congener with PFg anion (2) and regioisomer containing isonicotinamide-based segment with
bromide anion (3). Image of gels from 0.5% w/v of 1 in a) water, b) isopropanol, c) toluene, d) benzene, e) octanol and f) glycerol.

2.3. Gelation ability test

In each study, certain amount of 1 with 1 - 2 ml of solvent was
added, sealed and heated. Subsequently, the sample was cooled to
RT and then sample was inverted for 1 h and samples were classi-
fied as a transparent gel (G), an opaque gel (OG), a clear solution (S)
or a precipitate (P). Critical gelation concentration (cgc) is defined
as a concentration of the gelator, at which the gel is stable to inver-
sion over 1 h in test tube. Tg was determined by dropping-ball
method and each experiment was performed in duplicate. The
small ball (250 mg) was placed on the top of the gels in vials placed
in oil bath, which was slowly heated (1 °C per minute). The tem-
perature at which a ball reached a bottom of vials was recognized
as a Tgel.

2.4. Fuel gel testing

In order to prove reusability of gelator, a burning experiment
was done. An amount 2 ml of 0.5 wt% isopropanol gel was prepared
in small glass container and then ignited. After all isopropanol was
burnt, another 2 ml of isopropanol was added into the container
and gelled again. This was repeated five times. Burning time was
measured by stopwatch. Gelation ability was checked by rheology
strain sweep test after each burning cycle. This examination was
done in triplicate for each.

2.5. Characterizations and spectroscopic details

H, 3c{'H}, '°F and 3'P NMR, 2D NMR and VT experiments were
recorded on a Varian Mercury 300 MHz spectrometer equipped
with a 5 mm ASW 4 NUC ('H/'F/'®C/*'P) probe, or Varian
MR400 spectrometer equipped with a 5 mm AutoX ID PFG 'H
{'>N-3'P}probe or 5 mm AutoX DB PFG ('H-'°F/'>N-3'P)probe.
The chemical shifts of 'H and '3C were referenced by using the
TMS standard peak (in CDCl3) or residual solvent peaks (D,0/
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H,0). Unified chemical shifts scale was used for 3'P and '°F. High
resolution mass specrometry (HRMS) measurements were per-
formed on Thermo Scientific Orbitrap LTQ XL with resolution
100,000 and range 50 - 1000 m/z. CD and UV-vis spectra were per-
formed on Jasco-815 spectrometer in various solvents as stated in
the figure captions. UV/VIS spectroscopy was used to investigate
gelation process using SEC 2000-UV/VIS Spectrometer- ALS (ALS,
Japan). The Fourier transform infrared (FTIR) spectra of xerogels
were collected using a attenuated total reflection ATR FT-IR Spec-
trometer Frontier (Perkin Elmer, Waltham, MA, USA). Rheology
examination was performed to investigate viscoelastic properties
of the formed gels. The rheological characteristics of composites
were measured utilizing Anton Paar Rheometer Model MCR 302
(Anton Paar, Austria) connected to cone-and-plate plate geometry
(CP25). Firstly, the linear viscoelastic region was investigated. Then
to avoid the sample slippage, the constant shear strain 0.5% was
applied. Then the frequency sweep in the range from 10! to 10"
Hz was done. In order to study self-healing properties of prepared
gels, the thixotropy sweep was measured using low strain (0.5% for
600 s) followed by high strain (100% for 50 s) repeatedly. The struc-
ture of xerogel fibers was observed by Scanning electron micro-
scope Nova Nano SEM 450 (FEI, Oregon, USA) and confirmed by
transmission electron microscope TECNAI G2 TEM TF20 (FEI, Ore-
gon, USA). The samples for SEM analysis were prepared by
freeze-drying to xerogels. Melting points were determined on
Kofler hot bench and are uncorrected.

3. Results and discussion

In this study, nicotinamide was chosen as the electron-deficient
heteroaromatic moiety due to its ubiquity in nature, non-toxic
character, ready availability as well as the possibility to form ionic
compounds via quaternization reactions. This segment was linked
to the chiral unit of (1R,2R)-cyclohexane-1,2-diamine, while
quaternization to corresponding N-hexadecyl pyridinium bromide
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segments with long aliphatic tails was utilized as a promotor of
van der Waals interactions commonly used in LMWGs.

Overall, the synthesis of 1 consists of two simple steps. Enan-
tiomerically pure (1R,2R)- cyclohexane-1,2-diamine reacted with
nicotinoyl chloride hydrochloride in the presence of pyridine as a
base and subsequently quaternization of both pyridine moieties
was carried out with hexadecylbromide under high pressure con-
ditions to obtain good yields of 1. Control compounds rac-1, hex-
afluorophosphate salt 2 (congener of 1 with PFg anion instead of
Br~) and bromide 3 containing regioisomeric isonicotinamide-
based segment instead of nicotinamide one were also synthesized
(see Fig. 1 for structures and ESIt for details) in order to get a better
understanding of the relationship between the molecular structure
and the gelation properties. Ability to form gels was studied for a
range of solvents, and the results are summarized in Table S1, ESI.

Generally, precipitation or impossibility to dissolve 1 was
observed in highly non-polar aliphatic solvents, such as hexane,
hexadecane and aprotic solvents, such as acetone, acetonitrile,
ethyl acetate and diethyl ether. Apart from these cases, 1 was
found to serve as a supergelator, the critical gelator concentration
(cgc) of which was high below 1 wt% for very non-polar aromatic
solvents such as benzene (0.2%) or toluene (0.1%), for polar aprotic
solvents such as DMF (0.5%) as well as for polar protic solvents
such as isopropanol (0.1%) and glycerol (0.05%). In water, cgc
reached 0.035 wt% (Fig S18, ESI), corresponding to the concentra-
tion 0.371 mM (or 0.35 mg.ml~!), at which one molecule of 1
immobilizes by visible rigidification almost 150,000 water mole-
cules, which is close to the highest value obtained among low-
molecular-weight hydrogelators. It is noteworthy that in rheologi-
cal study, gel-like behavior with higher G* over G* was observed up
to 0.02 wt%; however, this gel was not considered with the lowest
cgc since it was not stable for 1 h as described in section about
gelation ability (see Fig. S19 and ESIj for details). 1 clearly also out-
performs structurally related LMWGs derived from cyclohexane-
1,2-diamine or cyclohexane-1,2-dicarboxylic acid (with cgc of 3-
50 mg.ml~') in various non-polar and polar solvents [51-52].

Racemic derivative rac-1 showed generally somewhat lower
gelation ability as evident from Fig. S20 and Table S1 in ESI. AH val-
ues derived from Schroder-van Laar analysis for the melting pro-
cess of 1 and rac- 1 hydrogel are 86.9 + 3 and 94.4 + 3 kj.mol ',
respectively (Fig. S21 in ESI). Positive values indicate that melting
process is endothermic and leads to a system with higher entropy.

Furthermore, data show that the chiral segment influences the
self-assembly process, which is more favorable for chiral sample
1. Attempts for gel formation from derivatives 2 and 3 at concen-
tration 1 wt% were unsuccessful for all attempted solvents. More-
over, both control derivatives (2, 3) were sparingly soluble in water
and well soluble in numerous organic solvents. Inspection of 0.5 wt
% 1 xerogels made from water, toluene and isopropanol by scan-
ning electron microscopy (SEM) and transmission electron micro-
scopy (TEM) revealed the corresponding 1D nanofiber structures
(Fig. 2), which differ in shape and size based on the solvent used.
In water, we observed helical fiber sheets (Fig. 2; A, D) with thick-
ness of 20 nm and width of 10 nm, while 1 in toluene formed fibrils
with diameters of 50-80 nm entangled into large bundles (Fig. 2; B,
E). Images of xerogels from isopropanol showed fibrous structures
with diameter of ca. 20 nm (Fig. 2; C, F). UV-vis spectra of 0.2 wt%
hydrogel of 1 in hot deionized water showed that the intensity of
the absorption peak at 275 nm slightly decreases upon sample
cooling, but a new peak at about 330 nm appears at the same time
(Fig. 3A). Similar dramatic changes were observed in circular
dichroism (CD) spectra (Fig. 3B). Namely, a peak at 220 nm with
a positive value and signal maxima at 235 and 275 nm with nega-
tive values changed to peaks at 224, 260 and 336 nm with positive
values and a signal at 313 nm with negative value upon sample
cooling. This effect was even more pronounced in isopropanol
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(Fig. 3A inset, Fig. S24 and S25 ESI) and was present already at
higher temperatures in toluene (Fig. S26 and S27 in ESI), indicating
that the polar part of 1 is responsible for the spectroscopic change
due to its mitigation upon interaction with protic solvent mole-
cules. On the contrary, 2 and 3 showed no changes in UV-vis or
CD spectra upon temperature sweep (Fig. S30 and S31 in ESI).
Additionally, we performed detailed 'H, '>C NMR analysis
(Figs. S1-S8 in ESI) and temperature dependent (VT) 'H NMR
experiments (Fig. 3C). 'H NMR peaks from the aromatic
nicotinamide-based segment of 1 were seen in 10% H,0/D,0 solu-
tion at 90 °C as a singlet at 9.60 (H-2), two doublets at 9.52 (H-6)
and 9.27 (H-4) and a doublet of the doublet at 8.66 (H-5) ppm, in
agreement with C; symmetric structure of monomeric 1 with
cation-anion separation (similar '"H NMR shifts were also observed
in CDCls; see Figs. S1 and S6 in ESI). Upon cooling, intensities of the
aromatic signals were lowered, and the peak for H-2 practically
disappeared. Simultaneously, '"H NMR resonances were shifted
upfield and became very broadened with decreasing temperature.
The most pronounced change appeared between 40 and 30 °C, in
accordance with the gelation process (Fig. 3C). The absence of H-
2 resonance in D,0 indicates the acidic nature of this hydrogen
atom and its possible involvement in the self-assembly process.
Similar behavior is observed for amidic hydrogen, which can be
seen in the H,0/D,0 solution as a broad singlet at 9.14 ppm
(Fig. S6 in ESI). Contribution of different H bonding motives was
supported by FTIR spectra of xerogels, where two distinct C=0
stretching vibrations were observed at 1624 and 1645 cm™! for
hydrogel of 1 in water (Fig. 3D). This indicated a strong hydrogen
bonding that corresponds to band at 1624 cm~! and band at
1645 cm 'with no or weak hydrogen bonding. The band at
1624 cm™~! remained at the same position in all samples that indi-
cate a similar and stable strong hydrogen bonding in self-assembly
(Fig. 3D). The later one was shifted to higher wavenumber for iso-
propanol and toluene to 1646 and 1647 cm™!, respectively, indicat-
ing weaker degree of hydrogen bonding by decreasing the solvent
polarity and thus it is expected that this carbonyl is exposed more
to environment. On the other hand, the FTIR spectrum of 3 showed
only one absorption peak for C=0 at 1633 cm™! (Fig. S23 in ESI).
Since attempts to obtain suitable single crystals for X-ray
diffraction analysis were not successful, we performed DFT compu-
tational studies of 1 and its assemblies to understand key interac-
tions in the gelation process at the molecular level. Akin to non-
ionic bisamide gelators derived from cyclohexane-1,2-
dicarboxylic acid or cyclohexane-1,2-diamines, self-assemblies of
1 prefer anti arrangement of two vicinal amidic groups over syn dis-
position (Fig. S33 in ESI). Surprisingly, apart from structures with
amide-amide (CO---HN) hydrogen bonding across two polar
strands of the self-assembly (Fig. 4, A), we found another lower-
lying minima (Fig. 4, B and Figs. S33-S35 in ESI). Here, the self-
assembly is held by amide-amide H-bonds, d(CO- - -HN),yrgq = 1.82
A, across one strand of the polar domain, while CO---HN interac-
tions are superseded by bromide-mediated hydrogen bonds
between amide and nicotine-based moieties across the second par-
allel strand, with averaged short C,-H- - -Br (2.56 A) and CONH- - -Br
(2.42 A) contacts. In addition to these interactions and van der
Waals attraction between long alkyl chains, this structure is further
supported by an electrostatic interaction between carbonyl oxy-
gens and the strongly polarized H-4 atoms from nicotinamide-
based segment, as evident from their distance (2.19 A) and
non-covalent interaction (NCI) [53-54] plot (Fig. 4 and Figs. S33
and S39 in ESI). The formation of a hybrid NH---OC and H.--Br~
bonding pattern is facilitated by the electron deficient amidic and
H-2 hydrogen atoms from nicotinamide-based segments (see
NMR section above), which interact with excessive electron densi-
ties on both oxygen atoms and bromide anions, as also confirmed
by NCI plots in Fig. 4, D and E. These donor-acceptor interactions
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Fig. 2. SEM (A,B,C) and TEM (D,EF) images for xerogels of 1 in water (A,D), toluene (B,E) and isopropanol (CF). Concentration of gelation agent 1 is 0.5 wt% for all tests.
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Fig. 3. A) UV-vis and B) circular dichroism (CD) spectra of gelation process for 0.2 wt% 1 in water; inset UV-vis spectra for 0.2 wt% 1 in propanol; C) VT '"H NMR experiment of

1 in D,0; D) FTIR for xerogel form 1 in water, toluene and isopropanol.

are also seen in the natural bond orbital (NBO) analysis as couplings
between the occupied “lone-pair” (LP) orbitals on oxygen or bro-
mide and antibonding ¢*(N — H) and ¢*(Cy pyridine — H) orbitals,
respectively. According to NBO second-order perturbation energy
analysis for the structure given in Fig. 4, B, the averaged interaction
energies for LP(0) - o*(N — H), LP(Br) -» ¢*(N — H) and LP(Br) —
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G*(Cy,pyridine — H) are 16.3, 11.5 and 6.3 kcal.mol !, respectively,
hinting at the somewhat larger stabilization of mutual hydrogen
bonds between bromide anion and “acidic” NH and CH groups than
of single amide-amide interaction. In the case of trimers, tetramers
and hexamers, the motif with a hybrid NH- - -OC and H- - -Br~ bond-
ing pattern is stabilized over the corresponding aggregates with
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Fig. 4. DFT optimized structures of the tetrameric aggregates of 1 with only amide-amide H-bonds across the polar domain (A) and with a hybrid/asymmetric hydrogen
bonding NH- - -OC and H- - -Br~ pattern (B). Truncated model with CH3 groups instead of n-hexadecyl used for clarity. C) Three-dimensional NCI reduced density gradient (RDG)
plot (isosurface value + 0.3 au) of the non-covalent interaction regions in dimeric 1 with asymmetric hydrogen bonding. Regions with attractive forces in green and blue; D)
Inset view at RDG plot (isosurface + 0.4 au) with an apparent NH- - -CO interaction; E) View at RDG plot (isosurface + 0.8 au) showing Br~---HN and Br™- - -HC interactions. See
also Fig. S39 in ESI for selected individual NCI interactions. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

two parallel amide-amide strands by 11.4, 36.7 and 65.0 k].mol !,
respectively. Note that the energetically preferred architecture
(Fig. 4B) is supposed to display-two inequivalent CO groups, in
accordance with two distinct carbonyl stretch vibrations observed
experimentally (calculated bands are at 1630 and 1653 cm™! for
NH- and CH-interacting CO groups, respectively), and it also pro-
vides a better match between observed and DFT simulated CD spec-
tra (Fig. 3B vs Figs. S41 and S42 in ESI). Close ion-pair contact
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between Br~ and amide moieties from nicotinamide-based seg-
ment in self-assemblies is also reflected in the appearance of the
charge-transfer band at 330 nm, as assigned in computed TD-DFT
spectra and upfield 'H NMR shifts of the nicotine-based segment
upon gelation (see Figs. S42- S44 in ESI). In keeping with expecta-
tions, the asymmetric NH---OC and C—H---X~ bonding pattern
was not observed in our simulations when Br~ in 1 was replaced
by a bulky and weakly-coordinating PFg anion. At the same time,
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CO- - -HN interactions were elongated (to 1.84 A) when compared to
the analogous structure in Fig. 4, A due to repulsion between insuf-
ficiently shielded, positively-charged nicotine-based moieties. This
along with steric demands of the PFg anion leads to the tilting of
nicotine-based rings from their mutual parallel alignment
(Fig. S36 in ESI) and thus hampers efficient interaction between
long alkyl chains in the self-assembly. Replacement of the nicoti-
namide segments by regioisomeric isonicotinamide ones, while
keeping bromide as a counterion, destabilized the structure with
a hybrid (asymmetric) NH---OC and H---Br bonding pattern and
led to the energetic preference of structure with only amide-amide
H-bonds across the polar domain (Fig. S37 in ESI). These findings
along with the fact that 2 and 3 possess no supergelation properties
suggest that mutual presence of a nicotinamide-based segment and
bromide ion is crucial in the mechanism of self-assembly and gel
formation of these ionic compounds.

Encouraged by the supergelation ability of 1, we investigated
viscoelastic properties of corresponding gels. First, the strain
sweep was scrutinized for 0.5 wt% 1 gels at constant frequency
sweep (1 Hz) and temperature (25 °C). The experiments showed
the condition where storage (G’) and loss modulus (G”) are inde-
pendent from the applied strain and determine linear viscoelastic
region. In water, this gel shows reversible network properties up
to 0.5% strain (Fig. 5A). The crossover point is the indication of
the strain tolerance for materials and shows fluid-like behavior
at high strain amplitudes. The value for this irreversible network
deformation is at 90% of applied strain, showing that 1 tolerates
high mechanical force. Comparison of rheology of 1 and rac-1
derivatives showed similar profiles for strain sweep, but stiffness
was dramatically reduced by almost an order of magnitude in

A
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the former. This indicates that the chiral unit reduces stiffness,
even though overall viscoelastic characteristics of gels are similar,
in accordance with the gelation ability study (Fig. 5A). Isopropanol
and toluene 1 gels are stiffer than 1 hydrogel, as indicated in reach-
ing storage modulus at 0.1% strain at 100 and 200 kPa, respectively
(Fig. 5B). Additionally, we performed thixotropic testing of 1
hydrogel (Fig. 5 C). Behavior of storage modulus (G’) and loss mod-
ulus (G”) was monitored for 0.5 wt% 1 hydrogel at constant fre-
quency (1 Hz) and constant temperature (25 °C) using low strain
(0.5%) altered by high strain (100%) for a duration of 50 s. Rela-
tively slow recovery was observed, which indicates that observed
changes require rearrangement in the hydrogel structure. Besides
the thixotropic rheological test, hydrogel showed macroscopic
recovery. After agitation with a bar gel, the solution became
liquid-like, while after standing for a period of 5 h, stable hydrogel
was recovered (Fig. 5 D upper). Moreover, samples of 1 are col-
orable, moldable and shape-persistent as indicated in Fig. 5D
lower. After cutting to two types of cylinders —undoped (white)
and doped (emerald green)— and pressing combined cylinders,
the object fused to a large cylinder enabled a self-standing bridge
formation, where light green color in the white part also indicates
a diffusion of dye during a self-healing network process of hydro-
gel. Isopropanol gel showed similar behavior after fusion by press-
ing of undoped and doped (crystal violet) cylinders for an hour.
Higher volatility of isopropanol showed continual evaporation of
solvent that led to dry of gel within 240 mins (Fig. S32 ESI).
Since alcohols possess high octane number, environmental as
well as economic advantages over petrol and diesel, they are
frequently used as fuels for internal combustion engines or heat
production. In this regard, we exploited isopropanol gel of 1 as a

-
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Fig. 5. Strain sweep A) for 0.5 wt% 1 and rac-1 hydrogel and B) for isopropanol and toluene 0.5 wt% 1 gel; C) thixotropy-loop test for 0.5 wt% 1 hydrogels with alternating
strain amplitudes of 100% (50 s, grey region) and 0.5% (300 s, yellow region) with constant frequency of 1 Hz; D) images showing moldable, colorable (emerald green) and
shape-persistent hydrogel segments cut from a larger cylinder (left side) and a bridge over vials (right side) fabricated from five hydrogel cylinder blocks put together with
and without dopped dye (emerald green). All tests were performed at 25 °C. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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quasi-solid fuel (Fig. 6A and Video S1 in ESI). Isopropanol was cho-
sen due to its high gelation performance, low toxicity, low cost (ca.
0.8 $/kg), easy accessibility on the market and high combustion
heat (2020 k].mol~!). Moreover, transformation of liquid to gel
suppresses issues with volatility, liquidity and spillage. Interest-
ingly and importantly, the burning process of 0.5 wt% 1 iso-
propanol gel does not influence additional gelation process
(Fig. 6B), and the molecular structure of 1 remains intact even after
five consecutive burning cycles, with no signs of hydrolysis of ami-
dic moiety or other chemical degradation (Fig. 6C). Fully repeatable
gelation, low toxicity of isopropanol together with high flame
resistance of 1, attributable to bromide activity fire resistance dur-
ing finalization of the burning process [55] and is advantageous
over methanol-based fuel gels [ 12-13]. Previous reports show con-
tinous degradation from hydrolysis of ester group that limited
application of such fuel gels in recyclability and up to our knowl-
edge this is the first report on fully repeatable gemini gelator-
based fuel gel. Furthermore, isopropanol gels of 1 are mechanically
strong, self-healable, shape-modulated and colorable, which
makes this application even more attractive. This gel is also non-
explosive and not carcinogenic, so it can be applied as a fuel for
interior as well as exterior heating.

4. Conclusions

In summary, an easily accessible nicotinamide-based gemini
amphiphilic derivative 1 containing chiral cyclohexane-1,2-
diamine-based segment shows supergelation ability in water and
numerous polar protic, aprotic and non-polar solvents. Critical
gelation concentration in water is as low as 0.035 wt% that leads

Fuel gel

Isopropanol
refill

gelation
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to visible rigidification of almost 150,000 water molecules, which
is close to the highest value obtained among low-molecular-
weight hydrogelators. Unique combinations of dynamic hydrogen
bonds between H-2 hydrogens from nicotinamide-based segment,
amide functional groups and bromide ions were identified as a key
parameter in the supergelation process, supporting classical inter-
molecular amide-amide interactions appearing across one strand
of the self-assembly. Such self-assembly distinguishes 1 from its
congener with hexafluorophosphate counterion (2) and regioiso-
meric analogue (3), which possess no such architecture of the polar
domain or supergelation properties. 1 clearly also outperforms
structurally related LMWGs derived from chiral cyclohexane-1,2-
diamine or cyclohexane-1,2-dicarboxylic acid (with cgc of 3-
50 mg.ml ") in various non-polar and polar solvents [51-52]. Addi-
tionally, eco-friendly isopropanol gel of 1 showed excellent perfor-
mance as a safe, non-explosive, not carcinogenic, non-toxic and
reusable fuel with self-healable, shape-modulated and colorable
properties, making this system attractive also for interior and exte-
rior decorative purposes, retaining its strong memory (supergela-
tion ability) even after numerous burning cycles. To the best our
knowledge, this is the first report on stable, non-degraded, repeat-
able organogelator for fuel gels since previously showed degrada-
tion due to hydrolysis and/or usage of methanol [12-13]. In the
case of gel production upscaling, we expect no biocontamination
due to large amount of isopropanol that is used in medical antibac-
terials swabs. Moreover, economic perspective and large produc-
tion of 1 can be optimized due to renewable bioresource of
nicotinamide segment from niacin (nicotinic acid) as vitamin B3.
The modular structure of 1 allows further study on the influence
of chirality unit to form novel supramolecular architecture. Addi-
tionally, tunability of structure proposed modification of length
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Fig. 6. A) Schematic representation of isopropanol gel of 1 as a quasi-solid and reusable non-toxic fuel; B) normalized burning time and gel formation efficiency in five
repeated consecutive cycles; C) 'H NMR of 1 after preparation and after five burning cycles. All tests were performed with 0.5 wt% isopropanol gel of 1.
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of alkyl aliphatic tail link to nicotine-based segment and exchange
bromide to counterion with biologically active anions to control
antibacterial and drug release properties, which are currently
underway in our laboratories.
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