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The design, synthesis and photophysical properties of a Low Molecular Weight pH-responsive Gelator
(LMWG) based on alkoxy group functionalized DCDHF-Hydrazones (DCDHF-H) are described. A
straightforward synthesis of DCDHF-Hydrazone (DCDHF-H) chromophores was achieved via simple azo-
coupling starting from 2-(dicyanomethylene)-2,5-dihydro-4,5,5-trimethylfuran-3-carbonitrile and
alkoxy bearing aryl diazonium chloride derivatives. The DCDHF-H efficiently gelate selected organic
solvents and reversibly respond to pH stimuli with a gel-sol conversion and an associated color change
from yellow to purple. Self-assembly of these molecules, as indicated by X-ray crystallography, occurs via
cooperative m— stacking and van der Waals interactions producing gelation in some pure and mixed
organic solvents. Furthermore, the presence of acidic or alkaline gases leads to a dramatic change in the
rheological properties with potential applications in areas such as gas detection devices and drug release
systems. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) studies of the
xerogels obtained from n-propanol provide visual images revealing the formation of fibrous

nanostructures.

Published by Elsevier Ltd.

1. Introduction

The distinctive ability of small organic gelators to immobilize
organic solvents via the cooperative effects of weak non-covalent
interactions such as hydrogen bonding, m—= stacking and van der
Wiaals interactions, has received considerable interest. This interest
extends more recently to their tunable physical properties and
response to external stimuli [1-5]. This self-assembly in nanoscale
supramolecular structures is likely to have significant implications
in the creation of functional nanomaterials [6,7]. The types of su-
pramolecular structures generated by these self-assembled fibrillar
networks include nanofibers, nanorods, and nanoribbons. In order
to create these assemblies, it is important to control the intermo-
lecular interactions in such a way that the molecules can self-
organize into fibrous higher order supramolecular structures but
without conversion into a densified crystalline state [8—11].
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Recently, stimuli-responsive low molecular weight gelators have
been attracted attention due to their potential applications such as
soft materials for drug delivery in the pharmaceutical industry, in
the environmental area for capture and removal of pollutants and
in reconstructive medicine for tissue engineering [12—17]. Low
molecular weight pH-responsive gelators belong to a distinctive
class in which variation of pH modulates a sol—gel phase transition.
This behavior can be exploited to develop novel soft materials for
encapsulation and slow release of biologically important molecules
such as vitamins. Hence, it should be noted that development of
stimuli-responsive smart gels is very appealing [11—20].

Many structure prototypes of low molecular weight organic
gelators have been reported in the recent literature [6—10]. In
contrast, only scant attention has been applied to the structures
and properties of pH-responsive organogels. To the best of our
knowledge, there is no report of low molecular weight organic
gelators based on push—pull DCDHF chromophores. DCDHF de-
rivatives have played a significant role in a range of recent advances
of optoelectronic applications [21—25]. They have been intensively
developed as photo- and electroluminescent materials in many
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fields including electro-optics, photorefractives, single molecule
fluorophores, dye lasers, fluorescent sensors and logic memory and
organic light-emitting devices [26—30]. Therefore, the construction
of an organogel based on DCDHF-H will be significant not only in
the concept of designing new organogelators but also in extending
gel-phase materials with appealing photonic and electronic func-
tionality. We have found that long chain alkoxy substituted DCDHF-
H derivatives can self-organize into supramolecular assemblies.
Tuning the length of the alkoxy chain is instrumental for the
fabrication of functional gels. Herein, we report the first example of
pH-responsive low molecular weight organic gelator built from a
solvatochromic and pH-responsive DCDHF-H molecular switch.

2. Experimental details
2.1. Apparatus

Melting points were obtained by differential scanning calorim-
etry (TA instruments 2920). Thermal stability was recorded by
thermogravimetric analysis (TA instruments 2950). IR spectra were
recorded with a Bruker Vectra-33 IR-Spectrometer with ATR probe.
Elemental analyses (C, H, N) were performed on Perkin—Elmer
2400 analyzer (Perkin—Elmer, Norwalk, CT, USA) at the Microana-
lytical Center, Cairo University. UV—Vis absorption spectra were
measured on a HP-8453 (HEWLETT PACKARD) spectrophotometer.
Fluorescence spectra were measured on a VARIAN CARY ECLIPSE
fluorescence spectrophotometer. NMR spectra were recorded using
a BRUKER AVANCE 400 spectrometer at 400 MHz; chemical shifts
are given in ppm relative to internal standard TMS at 295 K. The pH
measurements were recorded with a BECKMAN COULTER digital
pHI340 pH meter, with a combined glass-calomel electrode. In case
of scanning electron microscopy SEM, the gel formed from 5 in n-
propanol was scooped up and placed on carbon tapes pasted on
aluminum stubs and allowed to dry at room temperature in a
desiccator connected to vacuum pump. The dried samples were
then annealed overnight in an oven at 45 °C, followed by applica-
tion of a 10 nm gold-coating before recording images. SEM images
were obtained using Hitachi S-2600N operating at 20 kV. For
Transmission electron microscopy TEM, a piece of gel 5 in n-
propanol (at its minimum gelation concentration) was placed on a
carbon-coated copper grid (200 mesh) and allowed to dry in vac-
uum at room temperature for two days. TEM was done on JEM-
1200EX at an accelerating voltage of 80 kV. All materials and re-
agents were obtained from commercial sources and were used
without further purification.

2.2. Materials and reagents

Solvents used in this study were obtained from Fluka and
Aldrich. All reactions were monitored by thin layer chromatog-
raphy (TLC) using Merck aluminum plates pre-coated with silica gel
PF254; 20-20, 0.25 mm, and detected by visualization of the plate
under UV lamp (1% 254 or 365 nm). Compounds were purified
through recrystallization or using flash column chromatography
which was performed on Scharlau silica gel, packed by the slurry
method. The DCDHF intermediate was prepared in a 68% yield ac-
cording to an early literature method [25]. The starting material 2-
amino-5-nitrophenol is commercially available and was treated
with K>CO3 and 1-iodoalkane in dimethylformamide at reflux to
afford the corresponding 2-alkyloxy-4-nitrobenzenamine in rela-
tively high yield range from 81 to 91% [31,32].

2.3. Gelation procedure

The gelation tests were performed by dissolution of compound 5

in n-propanol by heating at 85 °C and then cooling to room tem-
perature to form the gel. The gels formed in 10—25 min depending
on the gelator concentration. The gel melting temperature was
determined by the inverted test tube method [8]. The vials con-
taining the gels were kept upside down in a paraffin oil bath. The
temperature was increased at a rate of 2 °C/min and the temper-
ature at which the gel fell under gravity was recorded as the gel
melting temperature.

2.4. Measurements of pH control

A solution of trifluoroacetic acid in methanol (conc. ca.
2 x 10~% M) was added to either acetonitrile or ethanol solution of
chromophore 5 (conc. ca. 3 x 10~ M) to reduce the pH value. The
hydrazone anions were produced in situ by addition of a base to
solutions of their conjugate acids (DCDHF-H). For example, addition
of a 1 M methanolic solution of tetrabutylammonium hydroxide to
a solution of chromophore 5 in either acetonitrile or ethanol pro-
duced the corresponding hydrazone anion. The mixture was stirred
and the pH values were recorded with a digital pH meter equipped
with a combined glass-calomel electrode.

2.5. Procedure for concentration-dependent 'H NMR measurements

The concentration-dependent 'H NMR was carried out by
gradually increasing the concentration of the CDCl3 solution of
DCDHF-H 5. The initial concentration of 5 is 0.7 mM, the concen-
tration was then adjusted by direct addition of correct quantity of 5
into the CDCl3 solution.

2.6. X-ray crystal structure information

Single crystals of compound 5 suitable for X-ray diffraction
analysis were obtained by slow crystallization in a mixture of
(EtOH/Toluene, 3:1). Crystal data were collected by mounting a
crystal onto a thin glass fiber from a pool of Fluorolube™ and
immediately placing it under a liquid N; cooled stream, on a Bruker
AXS diffractometer upgraded with an APEX Il CCD detector. The
radiation used is graphite monochromatized Mo Ko radiation
(A = 0.7107 A). The lattice parameters are optimized from a least-
squares calculation on carefully centered reflections. Lattice
determination, data collection, structure refinement, scaling, and
data reduction were carried out using APEX2 Version 2014.11
software package. The data were corrected for absorption using the
SCALE program within the APEX2 software package. The structure
was solved using direct methods. This procedure yielded a number
of the C and N atoms. Subsequent Fourier synthesis yielded the
remaining atom positions. The hydrogen atoms are fixed in posi-
tions of ideal geometry (riding model) and refined within the
XSHELL software package. These idealized hydrogen atoms had
their isotropic temperature factors fixed at 1.2 or 1.5 times the
equivalent isotropic U of the C atoms to which they were bonded. A
few hydrogen atoms could not be adequately predicted via the
riding model within the XSHELL software. These hydrogen atoms
were located via difference-Fourier mapping and subsequently
refined. The final refinement of each compound included aniso-
tropic thermal parameters on all non-hydrogen atoms. Crystallo-
graphic data (excluding structure factors) for the structure in this
paper have been deposited with the Cambridge Crystallographic
Data Centre as supplementary publication nos. CCDC 1443921
Copies of the data can be obtained, free of charge, via http://pubs.
acs.org or on application to CCDC, 12 Union Road, Cambridge CB2
1EZ, UK, (Fax: +44 (0) 1223 336033 or e-mail: deposit@ccdc.cam.
ac.uk).
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2.7. Rheological measurements

Rheological examination was performed using a stress-
controlled rheometer (TA Instruments, ARG2) equipped with steel
parallel plate geometry (40 mm diameter), when the gap distance
was set at 750 mm. All experiments were performed at 283 K. To
determine the linear viscoelastic region (LVER) of the organogel
sample, strain sweep at a constant frequency (6.28 rad/s) was
achieved in the 0.05—200% range. The frequency sweep was con-
ducted at a range of 0.1—100 rad/s at a constant strain of 0.1%, well
within the linear regime determined by the strain sweep. In order
to study the recovery performance of the gel, a thixotropic exam-
ination was performed. Just after the strain sweep progress, the
recovery of the storage modulus G’ of the cracked organogel was
watched at a constant frequency (6.28 rad/s) under a low strain
(0.1%). The storage modulus G’ and the loss modulus G” were
recorded as functions of time in the recovery processes. To study
the cycle of deformation and recovery, initially, a constant oscilla-
tory strain (100%), that was enough to crack down the organogel,
was applied to freshly prepared organogel for 10 s when the fre-
quency of the measurement was 6.28 rad/s; then, the recovery of
the storage modulus G’ was observed at a constant frequency
(6.28 rad/s) under a low strain (0.1%) within 20 s. Both G’ and G”
were recorded as functions of time in each process.

3. Results and discussion
3.1. Synthesis and characterization

The simple synthetic approach utilized for the DCDHF-H chro-
mophores are shown in Scheme 1 in which R represents an alkyl
chain. The starting material 2-amino-5-nitrophenol is commer-
cially available and was treated with K;CO3 and 1-iodoalkane in
DMF at 130 °C to afford 2-alkyloxy-4-nitrobenzenamine in high
yield ranging from 81% to 91% [31,32]. The intermediate 2-(dicya-
nomethylene)-2,5-dihydro-4,5,5-trimethylfuran-3-carbonitrile 1
was prepared according to the literature method [25]. The

preparation of the DCDHF-H chromophores was simply performed
via azo-coupling starting from 2-(dicyanomethylene)-2,5-dihydro-
4,5,5-trimethylfuran-3-carbonitrile and diazonium salt derived
from the corresponding 2-alkyloxy-4-nitrobenzenamine [33]. The
molecular structures of the produced chromophores 3—5 were
characterized by 'H- and '3C-NMR spectroscopy, IR spectroscopy,
elemental analysis, and X-ray crystal structure.

3.2. Photophysical properties of chromophores 3—5 in solution

The three colorants 3—5 are soluble in a range of both non-polar
and polar organic solvents. All of the hydrazone chromophores
show fluorescence emission in both polar and nonpolar solvents.
Since the molecular frameworks of the chromophores 3—5 are very
similar, they likewise have nearly identical absorption and emission
behavior in solution. The UV—Vis absorption and fluorescence
spectra of the hydrazone (H) and its corresponding hydrazone
anion (HA) formed in some selected solvents are shown in Table 1.
The colors of these DCDHF-H 3—5 in various pure solvents range
from yellow to purple. In general, the main absorption peak un-
dergoes a bathochromic shift (positive solvatochromism) with
increasing solvent polarity (ca. 27 nm shift value for the hydrazone
form and ca. 16 nm shift value for the hydrazone anion form on
going from dichloromethane to dimethylsulfoxide); with diverse
intensities. This indicates a strongly allowed w—=* transition with
charge transfer character. The DCDHF-H form showed interesting
solvatofluorochromic property in various solvents as indicated in
Table 1. The emission maximum of the neutral DCDHF-H dyes is
shifted bathochromically as much as 25 nm while, in contrast, the
DCDHF-H anion form did not show any fluorescence emission.
When deprotonated, the entire hydrazone group can function as a
bridge between donor and acceptor fragments in a push—pull
system or function itself as a donor fragment when in conjugation
with strong electron withdrawing group [34]. The 4-
nitrophenylhydrazones possess an acidic N—H group, able to pro-
duce anions with an improved electron donating capability. Hence,
distinct solvatochromic, solvatofluorochromic, and pH responsive

OH OR
Rl > O,N NH
O2N NH2 "~ DMF / K,CO, /130 °C 2 2
2a-c
OR OR
ON NH NaNO,/HCI + o
2 2 TH5o0 N=N
2a-c OR
CN \ CN
_ CN  CH3CN/CH;COONa _ *NS\%&_{N
— 0-5°C o O,N =
o N + - 2 o
C O,N N=N ClI CN
1 OR
NH N
OR \Ngfg—(m
O,N o
2 d CN
R = -CH2CH3 3

R = -(CH2)6CH3 4
R =-(CHy)12CH3 §

Scheme 1. Synthesis of chromophores 3—5.
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Table 1

Optical properties in some selected solvents of the neutral hydrazone 5 (H form) and its corresponding deprotonated hydrazone anion (HA form) created in basic medium.

Solvent (H form) Amax, abs. (NM); € (molar absorbativity) (H form) Amax, em. (HA form) Amax, abs. (nm); € (molar absorbativity) (HA form) Amax, em.
Lmol~! cm™! (nm) Lmol~! cm™! (nm)
Ethanol 487 (59,793) 534 560 (54,436) -
n-Propanol 489 (55,326) 536 561 (61,589) -
Acetonitrile 477 (55,509) 537 571 (66,124) -
Dimethylsulfoxide 498 (40,574) 557 574 (73,678) —
Dichloromethane 471 (67,255) 538 558 (64,678) —
1,4-Dioxane 478 (67,255) 532 570 (48,378) -

(—) No fluorescence activity noted.

activities were observed in polar protic and aprotic solvents.

3.3. pH-responsive molecular switching

The reversible sensing potential of the nitro-substituted DCDHF-
H chromophores to undergo molecular switching imparted by pH
stimulus was established by sequential addition of base and acid to
a 3.0 x 10°% M solution of DCDHF-H in either acetonitrile or
ethanol. The reversible UV—Vis electronic absorption spectra and
color switching changes of DCDHF-H 5 are shown in Fig. 1. The color
evolves gradually from yellow, orange, orange-red, wine-red, violet,
and purple at pH 5.38, 5.87, 6.21, 6.56, 6.78, and 7.04 respectively.
Upon the addition of tetrabutylammonium hydroxide base to a
solution of compund 5 in acetonitrile, the Apax at 477 nm decreased
and a new peak at 571 nm appeared. The addition of trifluoroacetic
acid produced reappearance of the absorption peak at 477 nm.
Likewise, fluorescence emission intensity was varied, reversibly, at
537 nm in acetonitrile solution by the alternate addition of tetra-
butylammonium hydroxide and trifluoroacetic acid as shown in
Fig. 2 (excitation wavelength at 477 nm). Upon the addition of
tetrabutylammonium hydroxide the fluorescence emission peak at
537 nm progressively decreases, while, in contrast, the intensity of
the same peak increases with the addition of trifluoroacetic acid.

1.0+ OH

0.8

1 ®
1 K — pH538
09 ~ pH558
pH 5.87

0.7 1
0.6

0.5

0.4+

Absorbance (au)

0.3
0.2

014

0.0

T T T T T T T T T T T T 1

35 400 450 500 550 600 650 700 750
Wavelength (nm)

The stepwise addition of the tetrabutylammonium hydroxide
base to a solution of 5 and subsequent recording of the corre-
sponding absorption maxima Amax in acetonitrile led to a series of
spectra with one isosbestic point at 516 nm (Fig. 1a). As a result of
hydrazone anion formation, the intensity of the absorption at
shorter wavelength (ca. 477 nm) decreased while simultaneous
longer wavelength (ca. 571 nm) absorption appeared and grew in
intensity. These results suggest that a strong quinoid-type inter-
action exists between the 4-nitrophenyl group and the lone-pair
electrons on the secondary amine nitrogen atom in the hydra-
zone fragment, while such an extra resonance effect is depressed in
the hydrazone anion presumably because the negative charge in-
teracts instead more strongly to the strong DCDHF acceptor frag-
ment (Scheme 2). Interestingly, UV—Vis absorption spectra of 5 in
protic solvents (such as ethanol) display a series of spectra with two
isosbestic points at 391 nm and 521 nm (Fig. 1b). One explanation
for this additional isosbestic point appearing in protic solvents in-
volves hydrogen bonding between the hydrazone anion and
ethanol as the band at 273 nm increases with increasing the cor-
responding hydrazone anion band at 560 nm. The hydrogen
bonding between the produced hydrazone anion and ethanol leads
to a new species in equilibrium with other two species; the
hydrazone dye and its corresponding hydrazone anion form

1.0+ l
] ——pH5.41
09 i —— pH 5.66
08 pH5.77
] ——pH6.28
’(:'? 0.7 \ A pH 6.63
~ l ——pH6.94
g %7 pH7.02
§ o5l ~ pH7.23
£ ]
§ 04
034 \
024 W/
0.1
00 _- T T T T T T T T T T T T T T T T T IV ' :ic:" ‘I‘y-"“ AI
200 250 300 350 400 450 500 550 600 650 700 750 800

Wavelength (nm)

Fig. 1. The pH dependent absorption spectra of DCDHF-H 5 in acetonitrile (a) or ethanol (b) solutions (conc. 3.0 x 10-® mol L~!) at different pH values at ambient temperature.
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I ApH 7.13
B pH 7.04
I CpH6.78
D pH 6.56
I E pH 6.21
F pH 6.09
I GpH 5.87
I H pH 5.58
I | pH 5.38

Fig. 2. Fluorescence emission of compound 5 in acetonitrile solution (conc.
3.0 x 107® mol L") at different pH values (ambient temperature, excitation wave-
length at 477 nm).

(Scheme 2).

3.4. Gelation properties

The gelation properties of 3—5 were tested in various solvents
by means of the “stable to inversion” technique [8]. It was found
that both 3 and 4 did not form a gel following typical heating-
cooling processes in any of the tested solvents which included
cyclohexane, hexane, chloroform, tetrahydrofuran, ethanol, tert-
butanol as well as some mixed solvents. Likewise, 5 did not form a
gel in tetrahydrofuran, acetonitrile, chloroform, ethylacetate or
dimethylsulfoxide in which the solubility was too high. Likewise, 5
could not gel in hexane or cyclohexane due to poor solubility.

N e

S) Hydrazone anion

form

Table 2
Gelation properties of DCDHF-H 3—5 in different solvents.
Solvent 3and 4 5
Ethanol P P
n-Propanol P G (2.24 mM)
iso-Propanol P P
tert-Butanol P P
n-Octanol P G (2.71 mM)
1,2-Dihydroxyethane P G (3.68 mM)
1,3-Dihydroxypropane P G (2.07 mM)
1,6-Dihydroxyhexane P G (1.94 mM)
Benzyl alcohol P P
Benzene I I
Toluene P P
Hexane I I
Cyclohexane I I
Cyclohexane/chloroform (v/v = 2/3) P G (5.18 mM)
Chloroform S S
Acetone S S
Ethylacetate S S
Acetonitrile S S
THF S S
Dimethylformamide S S
Dimethylsulfoxide S S
Dimethylsulfoxide/cyclohexane (v/v = 1/2) P G (7.42 mM)

G: gel; S: soluble; I: insoluble; P: precipitation. The critical gelation concentration
(mM) is shown in parenthesis.

However, 5 does act as a gelator in pure alcoholic solvents. A series
of mixed non-alcoholic solvents were also examined. It was found
that an organogel of 5 could be generated in some mixed solvents
such as chloroform/cyclohexane (v/v = 2/3) and dimethylsulfoxide/
cyclohexane (v/v = 1/2). The results of the gelation studies are
summarized in Table 2. The critical gelation concentration values
were solvent dependent and in the range of 1.9 and 7.4 mM.
Moreover, we found that the n-propanol gel and 1,3-propanediol
gel formed from the DCDHF-H gelator 5 was stable for several
weeks at room temperature, while under similar conditions the
chloroform/cyclohexane gel could be preserved for only several
days. The above results demonstrate the important role of the side
chain in the gelation ability. The alkoxy side chain of 5 increases its
solubility in a variety of solvents. Thus, the strong solvation of the
alkoxy chain probably reduces any intermolecular affinity required

‘fthanol (Protic Solvent)
HsCx,

Hydrogen Bonding

/ CN
Nz A CN
o CN

o-0
/T
5

ZunnI

Q

O,N

Scheme 2. The pH of the environment has a dramatic influence on the electronic properties of the dyes and their respective absorption wavelengths. The hydrogen bonding
between the hydrazone anion and ethanol leads to a new species in equilibrium with the other two species; namely, the hydrazone dye and its corresponding hydrazone anion

form.
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| Heating

@vaporl

blue sol

red gel

/s

orange-red sol

Fig. 3. Illustration of acid stability and base instability of the organogel of 5 in n-propanol.

for self-assembly. As compared with the gelation properties of 3
and 4, the long alkoxy chains are necessary features on the aromatic
core for creating a good gelator. Indeed, decreasing the length of the
alkoxy chain eliminates the gelation ability from 5 as indicated by
compounds 3 and 4.

Interestingly, it is only the neutral hydrazone form that has any
propensity for organogelation. Compound 5 was found to be a non-
gelator in its hydrazone anion form in all solvents examined,
whereas when it is used as its hydrazone form it formed strong gels
in a subset of the solvents as discussed above. To illustrate the acid/
base switching of this gel, a simple experiment was devised to
show the reversible switching from gel — sol — gel of 5 in n-

NH =C-H
OR /
L
l\/l | CN
SO CN
O2N o CN
Ha/'H R=CqoHzs
=C-H
NH
Ha L(c)
ll )
=C-H
Ha
NH
A b
=C-H
NH l-IIa
J B @
I
9.5 9.0 8.5 8.0 7.5 7.0

Fig. 4. Partial 1H NMR spectra of DCDHF-H 5 in CDCl; at different concentrations (a)

1.74 mM; (b) 8.54 mM; and (c) 16.43 mM.

propanol. Upon exposure to ammonia vapor, the initial gel of 5
(Fig. 3) formed a solution (this solution did not form a gel on sub-
sequent heating or cooling) with a concomitant color change from
orange to purple. When this purple solution was exposed to, the
less toxic and volatile hydroiodic acid, hydrogen iodide vapor (long
exposure), the gel was reformed (heating is required to re-produce
the hydrazone form and the gel formed upon cooling to room
temperature); with the color turning back to orange. Moreover,
DCDHF-H 5 cannot gelate any of the organic solvents examined at/
below pH 5.86. From the photophysical properties explained above,
it is important to note that chromophore 5 turns orange in n-
propanol at/below pH 5.77 and purple at/above pH 6.94.

From these results, we conclude that the gel is highly stable
around the pH range 5.77—6.94. When the pH is lowered below
5.77 or higher above 6.94, the gel starts breaking slowly and
completely breaks at pH 7.12 and at that pH the DCDHF-H 5 is

SEl  10kV WD18mm  SS51 x1,500 10um
a. Sample 0005

13 Jun 2013

b.

Fig. 5. SEM (a) and TEM (b) images for the dried xerogel of 5 obtained from n-propanol
(2.24 mM).
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C.

Fig. 6. (a) Crystal structure (ORTEP view) of 5 as derives from the X-ray analysis
(thermal ellipsoid plots are drawn at the 30% probability level); (b) Face-to-face
intermolecular m—x stacking interactions of the aromatic core; (c) Tail-to-tail van
der Waals interactions between the alkoxy chains.

entirely precipitated out into two phases, the solid phase and the
solution phase. At the higher pH > 6.94; the acidic hydrazone NH
group is ionized inducing the gel to sol switch. However, at the
lower pH < 6.94 (but higher than pH 5.77) the hydrazone group are
protonated and this reduces the solubility and the gel-formation
tendency of the DCDHF-H gelator 5 increases to a great extent.
On the other hand, the same explanation can be applied when the
pH is lowered below 5.77; as this leads to higher solubility of
DCDHF-H 5 resulting in gel instability.

1.2

— Gel

1.0 —— Solution

0.8

0.6+

Absorbance (au)

0.4+

0.2+

0.0+

T T T T T T T T T T T T T T T T T T T 1
250 300 350 400 450 500 550 600 650 700 750
Wavelength (nm)

Fig. 7. Normalized UV/Vis absorption spectra of 5 in solution (red, 3.0 x 10~ M) and in
gel (black) in n-propanol. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

3.5. Morphology and structure of assemblies

It was observed that the long alkoxy chain of the DCDHF-H
gelator 5 improves its solubility in organic solvents but also sup-
ports association between the fibers, via van der Waals forces, and
eventual organogel formation. Therefore, of all the DCDHF-H
gelators 3, 4, and 5, only the DCDHF-H 5 forms organogels with
thixotropic property. It indicated that the long chain alkoxy group
played an important role in the thixotropy of organogels. In the
concentration-dependent 'H NMR as shown in Fig. 4, the N—H
resonance signals showed apparent downfield shifts as the con-
centration of 5 increased. These results revealed that the N—H
groups formed hydrogen bonds in the gelation process. Similar
behavior was monitored for the aliphatic = C—H resonance signals
displayed apparent downfield shifts as the concentration of 5
increased. Furthermore, with the regular increase of concentration,
the 'H NMR signal of aryl rings (Ha) showed slight upfield shift,
suggesting that the 7—m stacking interactions among the aryl rings
were involved in the gelation process.
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Fig. 8. Gel melting profile of gelator 5 in n-propanol at fixed pH 6.5.
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The morphology of the n-propanol xerogel of compound 5 (after
complete evaporation of the solvent) was studied by scanning
electron microscopy and transmission electron microscopy. From
the SEM and TEM images, we find a three-dimensional network
consisting of many entangled fine fibers with diameters ranging
from 220 nm to 1.2 um as indicated by Fig. 5. This structure of the
xerogel clearly shows the three-dimensional networks formed by
the intertwined fibers that become swollen with immobilized
organic solvent and results in the formation of the gels. Interest-
ingly, the xerogel film responds reversibly to alkaline vapors with a
concomitant color change from orange to blue. Therefore, these
nanofibers may exhibit higher sensitivity in the detection of alka-
line analytes due to the higher ratio of surface-to-volume, and the
larger interspaces in the networks facilitates the convenient
diffusion of guest gas molecules across the matrix. Therefore, the
three dimensional networks based on xerogel from DCDHF-H 5
exhibit an efficient sensing ability (see video abstract). It is antici-
pated that the xerogel detection film can be employed for detection
of toxic and invisible industrial gases such as ammonia used in
industry especially refrigeration.

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.dyepig.2016.03.044.

To understand the molecular structure and crystal packing, we
obtained a single crystal of compound 5 from a mixture of ethanol/
toluene (3:1) and subjected it to X-ray crystallography. The mo-
lecular structure in the crystal and the crystal packing structures of
5 are illustrated in Fig. 6. The crystal structure reveals two
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molecules packed into H-aggregate in each unit cell, which was
confirmed by the blue shift of the absorption of DCDHF-H 5 gel
phase compared with that in dilute solution as shown in Fig. 7. In
the crystal, each molecule interacts with the adjacent molecules in
face-to-face intermolecular 7—m stacking interactions of the aro-
matic core in cooperation with tail-to-tail van der Waals in-
teractions between the alkoxy chains. The investigation of the
crystal structure of 5 suggests that molecules should have the
tendency to aggregate into two dimensional nanostructures.

The thermal stability of the organogel 5 in n-propanol was
investigated by measuring the concentration dependent gel — sol
transition temperature at constant pH 6.5; as shown in Fig. 8. The
results indicate that cooled organogel melting temperature in-
creases within the temperature range 46—66 °C with increasing the
gelator concentration from 2.24 to 3.30 mM. However, the orga-
nogel melting temperature was found to decrease with further
increase of the gelator concentration (gelator concentration
>3.30 mM). The reason for the decrease of thermal stability at
gelator concentration >3.30 mM is not clearly understood. The
increasing thermal stability at the gelator concentration range from
2.24 to 3.30 mM; can be attributed to the incorporation of a higher
number of gelator molecules in the aggregate. In other words,
increasing the gel — sol transition temperature is associated with
the growth of one-dimensional aggregates (nanofibers), which
makes them more flexible, causing more entanglement of the fi-
bers, and thereby increasing the transition temperature value.
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Fig. 9. Storage modulus G’ and loss modulus G”values of the organogel of 5 (2.24 mM) in n-propanol on the rheological experiments of (a) strain sweep; (b) Frequency sweep; (c)

time sweep; and (d) three cycles of deformation and recovery processes.
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3.6. Examination of thixotropic properties via rheological
techniques

Of all the gels from homologous DCDHF-H gelators, only
DCDHF-H 5 organogels exhibited the thixotropic property (Table 2).
We found that the organogel of 5 in n-propanol exhibites thixo-
tropic properties (Fig. 3). The organogel of 5 in n-propanol was
changed to a solution by exposing to ammonia (alkaline) gas, and
then regenerated rapidly with acidic (HClI) vapor. This reversible
gel-sol phase transition could be repeated many times. To the best
of our knowledge, there is no reported example of a thixotropic
DCDHF-Hydrazone organogel. Rheological characterizations of
organogels were additionally achieved in dynamic manner to
examine this pH-responsive behavior in detail. Although the alka-
line ammonia gas broke the well-established assemblies, the acidic
vapors lead to reformation of organogel while it retained the
thixotropic properties. The rheological experiments on the orga-
nogel of 5 in n-propanol were then conducted. The variations in
storage modulus (G) and loss modulus (G”) under shear strain were
recorded (Fig. 9a). At low strain values, the G’values are one order
of magnitude larger than those of G”, suggesting the dominant
elastic nature of the organogel. Both G’ and G” continue roughly
constant below the critical strain value (ca. 1.0%). When the strain
value is above 1.0%, both G’ and G” regularly reduced, indicating a
partial breakup of the organogel. The changes of storage modulus
(G and loss modulus (G”) as a function of angular frequency were
also determined as shown in Fig. 9b. The frequency sweep results
also show that at low.

frequency values (ca. below 1.0 rad/s), the G’ values are one
order of magnitude larger than the values of G”, suggesting the
performance of a “true gel”. However, both G’ and G” demonstrate
apparent frequency dependency in the 1.0—100 rad/s frequency
range, which indicates that the organogel has poor tolerance to
external forces in the 1.0—100 rad/s frequency range. The recovery
property of the organogel of 5 in n-propanol was further studied. As
shown in Fig. 9c, after the gel is continually deformed at 100%
deformation for 30 s, its G’ and G” are monitored over 5000 s to
follow the structural recovery of the gel. The gel recovers its elastic
character rapidly and proceeds as a gel-like material once the
external force is removed. Furthermore, the thixotropic process of
the gel is completely reproducible for at least three cycles as shown
in Fig. 9d. Generally, the rheological measurements demonstrate
that the organogel of 5 is a robust thixotropic gel with a fast-
recovery ability, which might be attributed to the rapid reorgani-
zation of these molecules via cooperative 7— stacking and van der
Waals interactions.

4. Conclusions

Three pH-responsive DCDHF dyes containing a hydrazone unit
as part of the m-system have been successfully designed, synthe-
sized and characterized. We have demonstrated an interesting
protonation and deprotonation induced gelation of a DCDHF-H
gelator. It was possible to demonstrate the acid stability and base
instability of the obtained organogel. It was also found that the
organogels showed high thermal stability and their morphology
was fibers of diameters ranging from 220 nm to 1.2 pm. This low
molecular weight gelator, that can gelate organic solvents, repre-
sents a new class of gelators that have the ability to respond to acid/
base stimuli and are potentially valuable in emerging fields. Com-
pound 5 can assemble to form the molecular stacks in solution;
however, further stacking to generate the supramolecular
morphology needs the support of van der Waals interactions of the
long alkoxy chain. Although the organogel is quite stable in the
presence of alcohol, the gelation properties can be modulated by

changing the pH value. These organogels in different pH media
have melting temperatures higher than the physiological temper-
ature. Thus the DCDHF-H organogel may have potential application
in drug delivery.
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