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Supramolecular organogels are soft materials comprised of low-molecular-mass organic gelators (LMOGs)
and organic liquids. Owning to their unique supramolecular structures and potential applications, LMOGs
have attracted wide attention from chemists and biochemists. A new “superorganogel” system based on
dicarboxylic acids and primary alkyl amines (R-NH;) from the formation of organogels is achieved in
various organic media including strong and weak polar solvents. The gelation properties of these
gelators strongly rely on the molecular structure. Their aggregation morphology in the as-obtained
organogels can be controlled by the solvent polarity and the tail chain length of R—NH. Interestingly,
flower-like self-assemblies can be obtained in organic solvents with medium polarity, such as
tetrahydrofuran, pyridine and dichloromethane, when the gelators possess a suitable length of carbon

chain. Moreover, further analyses of Fourier transformation infrared spectroscopy and ‘H nuclear
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Accepted 24th July 2020 magnetic resonance spectroscopy reveal that the intermolecular acid—base interaction and van der
Waals interaction are critical driving forces in the process of organogelation. In addition, this kind of

DOI: 10.1039/d0ra05072e organogel system displays excellent mechanical properties and thermo-reversibility, and its forming
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1. Introduction

Since molecularly-ordered states often possess more remark-
able optical, chemical and physical properties compared to
molecular free states, much endeavor has been made to fabri-
cate functional supramolecular structures via self-assembly of
small organic molecules. When subjected to special self-
assembly conditions, individual molecules can undergo an
aggregation process to form various nano/microshapes, such as
fibers, tubes, sheet, micelles, vesicles, helixes, hollow spheres
etc., displaying fascinating functional properties.*” Although
numerous functional supramolecular structures have been re-
ported during the last few decades, the design and preparation
of them will continue to be a focus for future research.®
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As a typical molecularly-ordered state, supramolecular
organogels comprised of low-molecular-mass organic gelators
(LMOGs) and organic liquids have gained considerable atten-
tion due to their rapid development in supramolecular chem-
istry and potential application in pollutant removal,” oil
recovery,'® sensors' and catalysis*? etc. They are driven by weak
intermolecular non-covalent interactions, such as hydrogen
bonds, -7 stacking interactions, electrostatic interactions, van
der Waals and hydrophobic interactions. The dynamic and
reversible nature of the weak non-covalent interactions endows
supramolecular organogels unique ability to create a variety of
nano/microstructures with significant characteristics. For
example, Hao and co-workers reported a series of serine-based
organogelators, which could gel various petroleum products
and self-assemble into fibrous nanostructures.*® Further studies
demonstrated that the oils could be separated and collected by
acids and distillation, respectively, providing a potential effec-
tive treatment of oil-containing water. Liu's group synthesized
two enantiomeric - or p-glutamic acid based lipids at first, and
the pure enantiomers could self-assemble into helical nano-
tubes through organogel formation in ethanol.* Subsequently,
they designed two types of pyrene-containing gelator molecules.
Amazingly, the gelator in which the pyrene group was directly
bonded to the glutamide moiety self-assembled into nanotubes
in DMSO, the other bearing three methylene spacers only
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yielded nanorod structures.” Kim's team described some
stimulus-responsive supramolecular structures in the form of
fibers, gels and spheres, derived from an azobenzene-
containing  benzenetricarboxamide derivative. Their

photoinduced, reversible self-assembly process is of great
significance in the context of potential applications to supra-
molecular memory systems.’ Bag and Dash investigated the
gelling properties of betulin in different organic liquids for the
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Complexes ( Acid:Amine =1:2)

DPA-R;, = DPA + Ry,
DPA-Ry, = DPA + Ry,
DPA-Ry = DPA + Ryg
DPA-R;3 = DPA + Rqg

EDA-R;; = DPA + Ry,
EDA-Ry, = DPA + Ry,
EDA-Rys = DPA + Rqg
EDA-R;g = DPA + Rqg

TPA-R;, = DPA + Ry,
TPA-Rq; = DPA + Ry,
TPA-Rqs = DPA + Ryg
TPA-Rqg = DPA + Ryg

PDA-Rq, = DPA + Ry,
PDA-Ry; = DPA + Ry,
PDA-Rqs = DPA + Rqg
PDA-Rqs = DPA + Ryg
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TBA-R;; = DPA + Ry,
TBA-Ry, = DPA + Ry,
TBA-Rys = DPA + Ryg
TBA-Ryg = DPA + Ryg

IDA-R;, = DPA + Ry,
IDA-Ry4 = DPA + Ry4
IDA-Rqs = DPA + Rqg
IDA-Rqg = DPA + Rqg

Scheme 1 Structures and abbreviations of different acids and alkylamines.

TDA-R;, = DPA + Ry,
TDA-Ry, = DPA + Ry,
TDA-Ryg = DPA + Ryg
TDA-R;g = DPA + Ryg

ODA-Ry, = DPA + Ry,
ODA-Rq; = DPA + Ry4
ODA-Rqs = DPA + Ryg
ODA-Rqg = DPA + Ryg
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first time, and found that it could self-assemble hierarchically
to 3D flower-like architectures of nano to micrometer diameters
via the formation of fibrillar networks.” Moreover, the porous
self-assemblies of betulin could be utilized for the entrapment
of fluorophores including the anticancer drug doxorubicin and
the selective removal of toxic dyes such as rhodamine 6G, crystal
violet and methylene blue from aqueous solutions.

In contrast with single-component supramolecular organo-
gels, the controllability of microstructure, aggregation
morphology and functionalization for multi-component
supramolecular organogels is more complicated.”® Edwards
and Smith reported a two-component acid-amine gelation
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system based on G2-Lys (a second generation lysine dendron)
and monoamines, which could form instant organogels after
simple mixing." They noticed that complex formation and
nanofiber assembly existed in the hierarchical assembly
process, and both steps played a significant role in component
selection. Zhang and co-workers described a multi-function
two-component organogel system formed from b-gluconic
acetal-based derivatives and aliphatic acids, which not only
exhibited high-efficiency self-healing with enhanced viscoelas-
ticity and phase selective properties, but also showed potential
applications in the fields of flexible optical device fabrication
and waste water treatment.*® Song's team prepared a smart two-

Fig. 1 FE-SEM images of xerogels correlated with (a and b) DPA-Ryg, (c and d) DPA-R;¢ and (e and f) DPA-Ry4.

This journal is © The Royal Society of Chemistry 2020
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component organogel system by the combination of two gela-
tors based on sorbitol-appended compounds. The obtained
supramolecular organogels exhibited intelligent thermochro-
mic properties and had potential application in sensor devices,
novel electronic or optical materials, etc.* Inspired by the
excellent achievements, our group previously reported an
unprecedented two-component organogel system based on
succinamic acid derivatives and primary alkyl amines, which
could be utilized for constructing different types of supramo-
lecular organogels, including heat-set gels, conventional gels
and irreversible heat-set gels.”” Although multi-component
supramolecular gels with various self-assembly structures and
functions have been reported, the controllable preparation is
still full of challenges. Therefore, we tried to further enrich the
two-component organogel system and investigate its
morphology, microstructure and self-assembly mechanism to
provide more guidance for designing new functionalized
supramolecular self-assembly materials.

In this paper, we present the gelation performance for a new
series of two-component gelators based on dicarboxylic acid
and primary alkyl amines. The relationship between gelation
behavior and molecular structure was then investigated.
Moreover, the morphology and microstructure of the corre-
sponding xerogels were also characterized. Thermo-stability
and thermo-reversible behavior were further explored. In addi-
tion, the mechanical performances of this kind of organogel
system were analyzed, and the relevant self-assembly mecha-
nism was finally proposed.

2. Experimental section
2.1 Materials

All organic solvents were obtained from Tianjin Damao
Chemical Reagent Factory (Tianjin, China). Analytical grade
2,2'-oxydiacetic acid (ODA), iminodiacetic acid (IDA), 1,5-pen-
tanedioic acid (PDA), 2,2'-thiodiacetic acid (TDA), 2,2-thio-
bisacetamide (TBA), 3,3'-thiodipropionic acid (TPA), 3,3'-
dithiodipropionic acid (DPA) and 2,2'-(ethylenedithio)diacetic
acid (EDA) were purchased from J&K Scientific Co., Ltd.
(Shanghai, China). Analytical grade 1-octadecylamine, 1-hex-
adecylamine, 1-aminotetradecane and 1-dodecylamine were
supplied by Adamas Reagent Co., Ltd. (Shanghai, China) and
used without further purification.

2.2 Gelation tests

Gelation tests for dicarboxylic acids and alkyl amines (R-NH,)
in organic solutions were investigated by a typical tube inver-
sion method.*** The xerogel was prepared by freeze-drying. The
organogel was transferred into a freeze drying vessel (FD-1-50,
Beijing BoYiKang Experimental Instrument Co., Ltd.) and
dried at —50 °C for 48 h under vacuum condition (<100 Pa) and
the xerogel was obtained.

2.3 Characterization

The morphology of xerogels was observed in a field-emission
scanning electron microscope (FE-SEM, FEI Quanta 450)
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coupled with an energy-dispersive X-ray (EDX) detector. The
thermo-stability of supramolecular organogels was conducted
on a differential scanning calorimeter (DSC, Setaram uDSC7-
Evo) at a heating rate of 1.0 °C min". Nuclear magnetic reso-
nance (NMR) spectra were acquired by a "H NMR spectrometer
(Bruker AV400). X-ray powder diffraction (XRD) patterns of
xerogels were investigated with a X-ray diffractometer (Bruker
D8 Focus) by using the Cu-Ka. radiation (A = 1.5418 A). Fourier
transform infrared (FT-IR) spectra were recorded with a FT-IR
spectrometer (Nicolet Avatar 360) in the 4000 to 400 cm '
region at a resolution of 4 cm ™. The mechanical properties of
organogels were performed using a stress-controlled rheometer
(HAAKE RheoStress 6000) with parallel plate type geometry
(plate diameter, 3.5 cm).

3. Results and discussion
3.1 Gel formation and phase transformation

Organic liquids with various polarities were used for gelation
experiments. Gelation tests for the single component of the
selected dicarboxylic acids (ODA, IDA, PDA, TDA, TBA, TPA, DPA
and EDA) or alkyl amines (R-NH,, denoted by R,,, n = 12, 14, 16
and 18, Scheme 1), as well as the complexes formed from the
selected dicarboxylic acids and R-NH, were carried out. It has

Table 1 Gelation data of DPA-R1g, DPA-Ry6, DPA-Ry4 and DPA-Ry; in
various organic solvents®

Solvents Complexes (DPA-R,)

Name Polarity DPA-R;; DPA-R;, DPA-R,; DPARj,
DMSO SP G (1.50) G(1.98) G(2.55) S
Ethylene glycol SP G (1.07) G(3.47) S S
Ethanol SP G (3.74) S S S
Aminobenzene SP G (1.07) G(6.37) G(6.93) S
DMF SP G (1.07) G(1.73) G(3.19) S
o0-Xylene MP G (2.49) S S S
m-Xylene MP G (2.49) S S S
Mesitylene MP G (2.49) S S S
Nitrobenzene MP G (1.67) G(3.47) G(6.37) S
Tetralin MP G (3.00) S S S
n-Butyl methacrylate MP G (1.00) G (2.31) G (2.55) S
CH,Cl, MP G (2.49) G(6.93) S S
Pyridine MP G (0.94) G(2.77) S S
CHCI, MP G (1.67) G(3.47) G(4.25) S
Ethyl acetate MP G (1.50) G (2.31) G (6.37) S
o-Dichlorobenzene =~ MP G (2.49) G(2.77) S S
Tetrahydrofuran MP G (6.37) G(6.93) G(7.49) S
Chlorobenzene MP G (2.49) S S S
Aether MP G(2.14) G(2.31) P P
Benzene MP G (1.87) S S S
Isopropyl ether MP G (3.000 G(3.47) G((4.25) S
p-Xylene MP G (1.50) S S S
Toluene MP G (1.87) S S S
Triethylamine MP G (2.14) G(2.31) S S
Cyclohexane WP G (1.67) G(2.31) G(4.25) S
Petroleum ether WP G (6.37) G(6.93) G(7.49) P
“G = gel, S = solution, P = precipitate. The numbers within

parentheses represent corresponding MGCs (£0.1%, wt%). SP =
strong polarity; MP = medium polarity; WP = weakly polarity.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 DSC thermograms of the gels formed from (a) DPA-Rg in
DMSO (7.49 wt%), (b) DPA-R;g in DMSO with different gelator
concentrations (wt%) and (c) DPA-Rys, DPA-Rig and DPA-Rig in
cyclohexane (3.75 wt%).
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been found that none of the single component used in the
experiment exhibits gelation ability in all tested solvents (Table
S1-S3 in ESIt). However, part of the complexes formed from the
selected dicarboxylic acid and R-NH, in molar ratio of 1/2
(denoted by ODA-R,, IDA-R,,, PDA-R,,, TDA-R,,, TBA-R,,, TPA-R,,
DPA-R, and EDA-R,) display excellent gelation ability to organic
liquids (Table 1 and S4-S10 in ESIt). Previous report® revealed
that the complexes of stearic acid or eicosanoic acid and some
of oligomeric amines exhibited excellent gelling ability to water.
While in our experiments, no hydrogel could be formed from
the complexes comprised of selected dicarboxylic acids and
alkyl amines. These results imply that the gelling abilities of the
complexes to organic liquids or water strongly depend on their
molecular structures.

The supramolecular organogels obtained in the experiments
are thermally reversible and stable at room temperature for
more than 90 days. Upon heating, with increasing temperature
over the critical transition temperature, the gels dissolve grad-
ually and finally become clear solutions; while the solutions are
cooled down to room temperature, gels are obtained again
(Fig. 1). The result of gelation tests for DPA-R,, is summarized in
Table 1. It can be found that DPA-R;g can gelatinize almost all
organic liquids including strong and weak polar solvents, and
most of the minimum gelator concentrations (MGCs) are very
low, suggesting that the formation of “superorganogels”. With
the tail chain length of the alkyl amines shortening (from DPA-
R,g, DPA-R;4 to DPA-Ry,), the kind of the organic liquids which
can be gelatinized decreases. When the tail chain length of the
alkyl amines is shorten to 12 (DPA-R;,), the complex cannot
gelatinize any of organic liquids selected in the experiments.

(0]
Ho)vs/s\/Hb\[(OH H, H,
- N/\/\/\/v\/\/\/\/\
Ha 0 2 Hd Hf
Ha Hc Hb He Hf
Hd
80 °C
70 °C
Y
50 °C
40 °C
A 30 °C
N 20 °C
DMSO-dg
T T T T T T T T T T T
3.0 25 2.0 15 1.0 0.5

o (ppm)

Fig. 3 Variable-temperature *H NMR spectra of the gel formed from
DPA-R1g in DMSO-d.
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Fig.4 Rheological behaviors of the organogels formed from DPA-R;g in DMF, chlorobenzene and isopropyl ether, respectively: (a, c and e) strain
sweep results and (b, d and f) frequency sweep results at a constant strain of 5 Pa.

Moreover, the values of MGCs decrease as the tail chain length  respectively (Table 1). Similar results were also obtained from
of gelators increases. For example, the MGCs of DPA-R;, DPA- the gelation studies of the other gelators (PDA-R,,, TDA-R,,, TPA-
Ry, and DPA-R;g in DMSO are 2.55, 1.98 and 1.50 (wt%), R, and EDA-R,) in various organic mediums (Table S7-S10 in
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ESIT). These results demonstrate that the primary alkyl amine
with suitable length of tail chain is necessary for the formation
of stable organogels. In addition, some of the complexes, such
as TBA-R,, ODA-R,, and IDA-R,, present no gelatinizing ability in
any of the tested organic liquids (Table S4-S6 in ESIY), indi-
cating that the gelation abilities of the complexes to organic
liquids also depend on their molecular structures of dicarbox-
ylic acids. Therefore, the suitable length of alkyl chain and the
structure of dicarboxylic acid in two-component gelators are
very important for their gelation ability.

3.2 Morphology-controllable self-assembly

FE-SEM is a powerful tool to obtain the aggregate information
of gelators in organo-/hydro-gels. In order to investigate the
microstructure of organogels, the morphologies of various
xerogels were observed by FE-SEM. Interestingly, the aggregate
of DPA-Ry; in tetrahydrofuran presented a rosette-like structure,
which was fabricated with many flakes (thickness: ~200 nm)
(Fig. 1a and b). However, bouquet-like structures were obtained
from the organogels of DPA-R;¢ (Fig. 1c and d) and DPA-Ry,
(Fig. 1e and f) in tetrahydrofuran, indicating that the aggrega-
tion morphologies of gelators in organogels could be controlled
by the tail chain length. Gelator molecules create complex three
dimensional structures by entangling numerous flakes and
entrapping abundant solvents in the interspace via surface
tension and capillary forces, leading to the formation of orga-
nogels. Nano-flowers formed from some inorganics including
Sn0,, ZnO, TiO,, Fe,O; and In,0; have been reported previ-
ously,* but such rosette-like aggregates self-assembled by
organic compounds are rare.”

Generally speaking, solvent properties play a key role in
mediating the self-assembly of molecular.”® As a consequence,
the influence of solvent polarity on gel morphology was also
explored. As shown in Fig. S1,} the aggregates of DPA-R;5 in
organogels prepared by different solvents display a variety of
forms. In strong polar solvents, such as DMSO, methanol and
ethanol, DPA-R,; self-assembles into fiber-like structure (Fig. S1
in ESIf). In medium polar solvents, such as THF, CH,Cl,,
pyridine and CHCl;, it self-assembles into flower-like structure
(Fig. S2 in ESIf). In weakly polar solvents, such as cyclohexane
and petroleum ether, the aggregates display sheet-shaped
structure (Fig. S3 in ESI}). It clearly indicates that the
morphologies of aggregates for the organogels could be regu-
lated by solvent polarity.

3.3 Thermo-stability and thermo-reversibility

To gain further insights into the thermal stability of the as-
prepared gels, DSC analyses were performed. Fig. 2a shows
the DSC result of the gel formed from DPA-R;g in DMSO
(7.49 wt%). It can be found that a peak at 75.5 °C corresponding
to the transition from gel to sol is observed (heating scan) upon
increasing temperature from 25 to 90 °C. When the sol is
cooled, a peak at 50.1 °C correlated to the transition from sol to
gel (cooling scan) is exhibited. Similar phenomena are also
presented for the gels formed from DPA-R,g in cyclohexane and
EDA-R;s in DMF (Fig. S4 in ESIt), indicating the thermo-

This journal is © The Royal Society of Chemistry 2020
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reversible characteristics of the self-assembly process. More-
over, the melting temperatures (T},) for gel-sol transition are
higher than the forming temperatures (7f) for sol-gel transition,
which is the typical feature of many LMWGs-based gels.”
Furthermore, the T, is rising with increasing the gelator
concentration (Fig. 2b). Similar results are also obtained from
the DSC studies on the gel formed from DPA-R;; in cyclohexane
and EDA-R, 5 in DMSO (Fig. S5 in ESIT), implying that the gelator
concentration plays a significant role to the thermal stability of
the gel. Fig. 2c illustrates the variation of T, upon increasing
the alkyl chain length of the gelator from 14 to 18 carbon atoms.
With increasing the alkyl chain length, London dispersion
forces in stabilizing the aggregates of organogels gradually
increase, which is beneficial for gelation.”® Therefore, an
uptrend about the T}, is observed. Similar trends are also ob-
tained from the DSC studies on the gel formed from EDA and
amines in DMF (Fig. S6 in ESIf}).

3.4 Variable-temperature '"H NMR spectral studies

Generally, NMR techniques can provide some information in
relation to the self-assembly process of the gelator in gel state.
In most cases reported in previous literatures, the gelator's
NMR signals completely disappear in gel state but present in
liquid state.? Thus, temperature dependent "H NMR spectra
of the gels formed separately from DPA-R;g and EDA-R;g in
DMSO were recorded. As shown in Fig. 3 and S7,} the proton
signals of the alkyl amine and dicarboxylic acid moieties have
low sensitivity at 20 °C, which might be attributed to the long
correlation time and slow tumbling rate in gel state, implying
that there is a strong intermolecular aggregation of gelators.*®
By increasing temperature from 20 to 80 °C, the interaction
between gelator and solvent molecules gradually increases,
and the significantly-enhanced proton signals are also
observed, indicating the gel-sol transformation. This

Transmittance (a.u.)

T T — T T T T T "
3000 2800800 1600 1400 1200 1000

Wavenumber (cm™)

Fig. 5 FT-IR spectra of DPA and the xerogels formed from DPA-Rj4
(4.25 wt%), DPA-Rie (2.31 wt%) or DPA-Rig (1.67 wt%) in DMSO,
respectively.
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phenomenon illustrates a remarkable temperature dependent
behavior and suggests that the gelatinous structure collapses
at a higher temperature, which is in accordance with the
results of the DSC analyses.

3.5 Mechanical properties

The mechanical property of a material is extremely important
for its practical applications, so rheological measurements of
organogels formed from DPA-R;; in various organic mediums
(DMF, chlorobenzene and isopropyl ether) were performed.
When the shear stress is over the critical shear stress, supra-
molecular organogels start to flow. As shown in Fig. 4a, c and e,
the storage modulus (G') and loss modulus (G”) are indepen-
dent of the stress below a critical strain region, and the defor-
mation is always close to 0, implying that the gel structure keeps
completely intact. When the stress is applied beyond a certain

View Article Online
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level, a catastrophic disruption of the gels occurs, as indicated
by a steep drop in the values of both moduli and the reversal of
the viscoelastic signal. Moreover, the frequency sweep analyses
illustrate that both moduli exhibit less frequency dependence
from 0.1-100 rad s~ (Fig. 4b, d and f). All values of G’ show an
obvious elastic response, which are larger than that of G” over
the entire range of frequencies, indicating that these organogels
formed in both strong polar (DMF) and medium polar (iso-
propyl ether) solvent are typical elastic materials.

Additionally, the rheological behaviors of organogels formed
from DPA or EDA with various primary alkyl amines (R4, Ry,
and R;g) in DMSO were also studied. As exhibited in Fig. S8 and
S9,1 all values of G’ decrease rapidly and fall below G” after the
shear stress is higher than the critical shear stress. The
frequency sweep results show that both moduli exhibit less
frequency dependence, and the value of G’ gradually increases
with increasing alkyl chain length from 14 to 18 carbon atoms,

a b+
D =4.3434 nm
e EEIP e
- L, = 2.4250nm ; L, .nsm“ L, = 2.4250r HSE Hsy Hsr: H3§ H3§
5 =y REro i K - el
a N g}o gﬁo g}o 3,90 3,90
z‘ 2.1978 nm
= ) 0, o O;
z ¥waus
g ) ) ) ) )
£ 1.4738 nm " NH; NH; (NH; (NH; (NH;
J / 1.1008 nm
L L_L / e | . e
e
T T T T T T T \\
0 5 10 15 20 25 30 _—== =+ = i A==t
26 (deg.)
C —— G

- \
€ — =
o Heatil -
"H-‘e "5%!" eating »:
]
= =
Gel S
:
O,
04’)
6)
o~e g
@
L o—e
o—e b o
o
e Oe o
== ~—

Fig. 6

(a) XRD pattern of DPA-Rg xerogel (7.49 wt%, solvent: DMSO; inset: CPK space-filling models of DPA and R;g—NH>); (b) local micro-

structure of aggregates in DPA-R;g organogel; (c) schematic representation of self-assembly mechanism.
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implying that the mechanical properties of the as-prepared
organogels increase upon increasing alkyl chain length in
gelators.

3.6 FT-IR spectral analysis

In order to further explore the gelation mechanism, FT-IR
analyses were carried out. Commonly, supramolecular organo-
gels are formed by van der Waals forces and hydrophobic
interactions, etc.”® The formation of salt between the dicar-
boxylic acid and the primary alkyl amine can be sensitively
detected by FT-IR spectroscopy owing to the dicarboxylic acid
has a characteristic stretching band of carbonyl in infrared
region. Fig. 5 shows the FT-IR spectra of DPA and xerogels
formed from DPA-R;;, DPA-R;¢ or DPA-R;s in DMSO, respec-
tively. Compared with the spectrum of DPA, the strong peaks of
the xerogels observed at 2917 and 2850 cm ™' could be ascribed
to the stretching vibration of -CH, in the alkyl amine moiety.
Moreover, the peak of the C=Ocoon stretching vibration
(1696 cm™") in the dicarboxylic acid moiety shifts to lower
wavenumbers (1643, 1641 and 1642 cm ‘). Meanwhile, new
absorption bands appear in the range of 1521-1526 cm *,
indicating that all -COOH groups of DPA have been reacted with
R-NH, by acid-base interaction.* Similar results are obtained
in the gels formed in CHCl; and cyclohexane (Fig. S10 in ESIT).
Additionally, the FT-IR spectra of the gels formed from EDA-R;g,
EDA-R;¢ or EDA-R;, in DMSO/THF also demonstrate the
formation of the corresponding salts (Fig. S11 in ESIt). There-
fore, van der Waals forces and hydrophobic interactions are not
the only mechanism for gelation, and acid-base interaction is
also beneficial for the gel assembly.

3.7 X-ray diffraction studies

It has been established that the self-assembled structure of
gelators in organogels can be well evaluated by that in xerogels
or crystals, and much structural information could be obtained
from the XRD spectrum.® In order to gain further insight into
structures of self-assemblies, the XRD analyses of the xerogels
formed from DPA-R;5, DPA-R;s or DPA-Ry, in various organic
solvents were performed. As displayed in Fig. 6a, periodic
diffraction peaks (26 = 2.03°, 4.08°, 6.11° and 8.13°) for the
xerogel formed from DPA-R;g (7.49 wt%) in DMSO are observed
in the small-angle region. Moreover, the corresponding d-
spacings calculated by the Bragg equation are 4.3434, 2.1978,
1.4738 and 1.1008 nm, respectively, almost at a ratio of 1: 1/
2:1/3:1/4, indicating that the organogelator molecules self-
assemble in a layered manner. Additionally, the long d-
spacing (D) (4.3434 nm) is larger than the molecular length of L,
+ L, (3.6851 nm) evaluated via the Corey-Pauling-Koltun (CPK)
space-filling model,** but smaller than that of L, + 2L, (6.1101
nm), implying that the aggregate unit consists of one deproto-
nated DPA molecule and two protonated alkyl amine moieties
and self-assembles in a non-perpendicular manner. Based on
literatures,* the calculated tilt angle is 45.3° (Fig. 6b). Similar
results are also obtained for the gels formed in other organic
solvents, such as THF, chlorobenzene, toluene, cyclohexane and
CHCI, (Fig. S12 in ESIY).

This journal is © The Royal Society of Chemistry 2020
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Finally, the following self-assembly mechanism is proposed
according to above analyses. As indicated in Fig. 6c, each
deprotonated DPA molecule connects with two protonated alkyl
amine moieties via electrostatic interactions, forming a one-
dimensional (1D) chain structure. Subsequently, the 1D-chain
is linked through van der Waals interactions to form a two-
dimensional (2D) lamellar structure. These 2D-layers are
further stacked with the adjacent layers, generating three-
dimensional (3D) supramolecular structures. Organogelator
molecules create complex 3D-networks by entangling numerous
supramolecular structures and immobilize abundant organic
liquid in the interspaces, resulting in the formation of supra-
molecular organogels.

4. Conclusions

In summary, a novel two-component supramolecular organogel
system based on dicarboxylic acids and primary alkyl amines
(R-NH,) has been achieved in various organic media. The
gelation ability is influenced by the alkyl chain length and the
structure of dicarboxylic acid moieties in two-component gela-
tors. The aggregation morphology of gelators could be effi-
ciently adjusted by the solvent polarity and tail alkyl chain
length. Interestingly, flower-like self-assemblies could be ob-
tained in organic solvents with medium polarity, such as
tetrahydrofuran, pyridine and dichloromethane, when the
gelators possess a suitable length of carbon chain (Ry4, Ry6 and
Ryg). Moreover, this kind of supramolecular organogel system
with controllable self-assembled structures displays excellent
thermo-reversibility and mechanical properties. In addition, the
intermolecular acid-base interaction and van der Waals inter-
action are critical driving forces in the process of gelation. This
work can provide a novel strategy for constructing the tunable
supramolecular nano-architectures with potential applications
in functional soft materials.
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