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A convenient and straightforward method for the visual
recognition of chloride anion has been established through a
chloride-responsive dendritic organogel. The specificity was
largely attributed to the higher binding affinity of the dendritic
gelator for chloride than other anions through halogen bonding
interactions.

Recognition and sensing of biological anions such as chloride has
been a topic of interest for years on account of their important role
in clinical diagnosis, environmental monitoring and industrial
applications.1 During the past decade, significant progress in
chloride anion recognition and detection has been achieved by
means of spectroscopic instruments, such as NMR, UV/Vis and
fluorescence spectroscopy.2 The development of straightforward
and convenient visual detection protocol for chloride detection,
however, is still a major challenge. Only very limited examples of
chloride detection via color changing and precipitate
formation have been achieved to date.’ In recent years, the
responsive gel systems have been regarded as intriguing visual
sensor platforms for a variety of analytes via gel formation and
collapsing.4 Despite advances in application of gels in visual
detection of molecules, anions, metal ions, and chiral compounds,‘r’
the visual detection of chloride has remained unsuccessful to date.®
Herein, we wish to report the first example of employing
supramolecular gel systems for visual specific detection of chloride.

Halogen bonding (XB) is a specific non-covalent interaction
occurring between a Lewis-acidic halogen atom and a neutral or
negatively charged Lewis base, which has been exploited
successfully in the crystal engineering, liquid crystals, nanomaterials
catalysis, structural biology and medicinal chemistry.7 Importantly,
halogen bonding has recently emerged as a useful method for
selective anion recognition processes.g'lo For example, Taylor and
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coworkers recently reported a series of bi- and tridentate receptors
based on ortho-substituted iodoperfluoroarenes that were able to
bind halogen anions through XB interactions.’ Beer et al. designed a
bidentate bromoimidazoliophane receptor and found its selectivity
for bromide recognition.10

Following our continuing pursuit of developing efficient
functional dendritic organogels,”'12 in this work, we present the
construction of new dendritic organogels based on poly(aryl ether)
dendrons 1-2 with multiple halogen bond donors (ortho-substituted
iodoperfluoroarenes) at the tether termini (Scheme 1). Remarkably,
these hierarchically self-assembled supramolecular gels can
specifically recognize chloride through XB interactions accompanied
with gel-sol phase transition. The dendritic molecules 1 and 2 were
designed with the following rationales: (1) peripheral multiple
iodoperfluoroarene units to enhance gelation ability due to the
strong n—m stacking interactions;“‘13 (2) the strong XB interactions
between terminal iodoperfluoroarenes and chloride might result in
a large conformational change throughout the dendron,” which is
expected to induce a collapse of the gel network owing to disrupted
intermolecular n—m stacking between dendrons.

The dendritic gelators were synthesized as a white solid via
divergent strategy modified from our previous method.** The
synthetic details and characterization of 1 and 2 are given in the
Supporting Information (Sl). Their purities and chemical structures
were confirmed by *H NMR, *C NMR, °F NMR, and HRMS-ESI mass
spectroscopy as well as elemental analysis.

The gelation properties of these dendrons were evaluated in
various organic solvents and mixed solvents, and the critical
gelator concentrations (CGCs) were collected in Table S1 of SI.
It was found that the sonication exhibited an intriguing effect
on the gelation eﬂ’iciency.ls‘12c Upon the heated solutions
cooling to room temperature, suspension instead of stable gel
was observed. But when ultrasound was applied to this
suspension or its hot solution for minutes with a sonicator (0.4
w/cm?, 40 KHz), a translucent gel was formed rapidly (Figure
S2 in SI). Notably, the dendron 1 exhibited excellent gelation
abilities in a wide variety of organic solvents including 4
alcoholic solvents and 8 mixed solvents upon ultrasonic
treatment (Figures S1 in Sl). For example, 3.3 mg of gelator 1
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Scheme 1. Chemical structure of dendritic organogelators

can cause the gelation of 1 mL of methanol, suggesting that
1.3x10" methanol molecules are immobilized per molecule of
dendron 1. In contrast to dendron 1, dendron 2 turned out to
be a poor gelator, no gelation was observed in all tested
solvents.

The thermal stability of the gels increased with increasing
concentration, as established for the series of 1/dichloroethane-n-
hexane and 1/toluene-n-hexane gels formed with the gelator
concentrations varying from 7-24 mg/mL (Figure S3). Furthermore,
the elastic property of dendritic gel 1 was also estimated using
rheological measurements. As shown in Figure S4 in S, the storage
modulus G’ is larger than the loss modulus G"”, and a pronounced
plateau region of these moduli plotted against the frequency in
range of 0.1-100 rad/s, which is a characteristic feature of gels.
More interestingly, these dendritic gels from most tested organic
solvents possessed thixotropic properties, which exhibited
reversible sol-gel transformations upon exposure to external
mechanical stress (Figures S5-S6 in Sl).

The aggregation structures of the dendritic xerogels 1 were
investigated by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) (Figure 1 and Figures S7-8).
As shown in Figure 1 and Figure S1, fiberlike or ribbonlike
morphologies in different organic solvents were observed. For
example, the xerogels of 1 from methanol exhibited an entangled
network of thin solid fibers with diameters smaller than 150 nm and
lengths of several micrometers (Figure 1A). The morphological
properties were further confirmed by TEM (Figures 1B and S8). To
gain further insight into the assembly process, the structure and
dimensions of the xerogel networks of 1/toluene-n-hexane (20
mg/mL) was studied by small-angle X-ray scattering (Figure S9 in Sl).
The diffraction patterns were observed at d-spacing values of 5.46,
3.85, 2.78,2.52,1.71, 1.32, and 1.23 nm, which are in the ratio of 1
:1/¥2:1/2:1/¥5:1/v10 : 1/4 : 1/¥20. This pattern is reasonably
assigned to a columnar square structure whose diameter of the
column is 5.43 nm. Taking a typical stacking distance (ca. 3.7 A)

between two closely packed dendrons in the column and a density
ofd=1.6 g/cm3 into consideration,15 we can calculate the average

Figure 1. (A) SEM and (B) TEM images of 1 xerogel from methanol.
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number of dendritic molecules in a single slice of the cylinders is
approximately six.

In order to further investigate the gel behaviors and the assembly
mechanism of these nanostructures, concentration-dependent (CD)
and temperature-dependent (TD) ' NMR spectroscopy studies
were measured. In the CD-'H NMR experiments performed in
0.00993-2.53 mM solutions of 1 in methanol-d,, the increase in the
concentration resulted in the slight upfield shifts of the resonance
signals for the aromatic protons (Figure S10). TD-'H NMR
experiments of 4.0 mg/mL gel 1, showed slight downfield shifts of
the resonance signals for the aromatic protons with increasing
temperature from 5 to 70 °C (Figure S11). In addition, the m-m
interactions were further evidenced by solvent titration
experiments and powder X-ray diffraction studies (Figures S12-513
in Sl). Based on all the above experimental evidences and our
previous study,11 multiple strong m—m stacking and solvophobic
interactions might be the key factors guiding the self-assembly
processes.

Since m—n stacking and solvophobic interactions are considered
as key contributions to the gel the molecular
conformation and solubility change of the dendritic gelator will
obviously affect these non-covalent which are
expected to allow a control over formation and collapse of the gel.

formation,

interactions,

Therefore, the introduction of halogen anion in dendritic gel 1 was
expected to induce a collapse of the gel network owing to the
disrupted intermolecular m—n stacking between dendrons.

Aiming at a simple approach to visual discrimination of halogen
anions, the anion recognition experiment was first conducted by
adding 0.8 equivalent selected target anions (ClI', Br, I', HSO,’, NO3,
and CN’ as tetrabutylammonium slats, 50 pL in acetone) onto the
stable turbid dendritic gels. Figure S14 clearly shows that only the
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Figure 2. (A) Photographs of the dendritic gel 1 in acetone-n-hexane mixed
solvent (1:8, v/v, 12.0 mg/mL) before and after the addition of chloride
anion. SEM images of (B) the xerogel of 1 and (C) the aggregate from sol
state after the addition of chloride anion. (D) *°F NMR titration of dendron 1
(acetone-dg, 298 K; changes in chemical shift |AS| (in ppm) vs [n-BusN*X7] (in
M)). Curves represent the fit of a 1:1 binding isotherm. (E) Job plot
([dendron 1 + n-BusN*Cl] = 2.0 mM, |3A8| vs mole fraction ).
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CI" successfully triggered the gel-sol phase transition and finally the
gel was completely transformed into solution in approximate ten
minutes. However, only a small amount of the organogel was
broken upon the addition of Br” even after overnight, other anions,
such as I, HSO,, NO3, and CN™ caused no significant effect on the
gels. Moreover, it should be noted that only more than 2.0
equivalent Br or 5.0 equivalent I could induce the organogel
collapsed. The visual chloride anion selective recognition was
further confirmed by an SEM study (Figures 2B-C). Compared to the
entangled 3D fibrillar network of the xerogel in acetone/n-hexane,
the SEM image of the dried according solution showed no sign of
fibers. The difference in superstructure may be responsible for the
chloride collapse of the gel network. The addition of chloride anions
might disrupt the molecular packing of the dendron 1 and resulted
in dissociation of the fibers and the 3D network of the gel,
accompanied by visible gel-sol phase transition.

The °F NMR titration study of dendron 1 in acetone-dg in the
presence of tetrabutylammonium counterion further confirmed the
chloride anion selective recognition results and the difference in the
SEM morphologies. According to the F NMR titration experiments
(Figure 2D), upon gradual addition of CI" (0 to 20 equiv) to the
solution of dendron 1 (6.72><1O'4 M) in acetone-dg at 298 K, the
downfield shifts of the °F NMR spectra were observed. Moreover,
in Job's plots (Figure 2E), the chemical shifts of F NMR approached
the maximum when the molar fraction of dendron 1 was 0.5, which
demonstrated the formation of a 1:1 complex between dendron 1
and CI'. In addition, the high-resolution mass spectrometry (HRMS-
ESI) provided additional support for the formation of a 1-CI
complex of 1:1 stoichiometry. When using mixture of dendron 1
and 5 equivalent n-Bu,N'Cl" in acetonitrile, the highest intensity
peak in the mass spectrum was detected at m/z 1712.70671,
corresponding to the complex [1:CI]” (Figure S19 in SI). By the
nonlinear least-squares analysis of the chemical shift vs the CI
concentration,™® the association constant K, of dendron 1 and CI
was calculated to be 6.5x10> M™ (Figure S16). Furthermore, the
other halogen anions like Br and I’ showed lower association
constant K, with dendron 1 (Figures S17 and S18 in Sl). In contrast,
it shows negligible affinity for the other anions such as NO;, HSO,
and CN. The binding constants of dendron 1 to the anions are

Solution
Halogen Bonding Interactions

summarized in Table 1, and the affinities decrease in the order CI" >
Br > I >>NOj, HSO,, CN".
Table 1. Association constants (K,) of dendron 1 with n-Bu,N*X’

X cr Br r HSO, NOy CN

K, IM' | 6.5x10° 3.9x10° 1.4x10° <10 <10 <10

~Y o, Self-assembly
Y ‘ =
: . —OMOM =—= ‘D
F. | O
o

°Binding constants K, were determined by curve-fitting 1:1 binding
isotherms to "°F NMR titration data in acetone-ds at 298K. Each reported
binding constant reflects an average of two or three independent
determinations, with an estimated error less than +10%. See the SI.

To comprehend the chloride anion recognition event from a
microscopic view, extensive DFT modelings (PBEO-D3/def2-SVP)
were carried out for 1-CI~ complex system. Our calculations
revealed that the geometry of the 1---CI~ complex was characterized
by an average of I--Cl” distances of 3.08 A, and C-I-Cl™ angles of
about 170° (Figure 3A). The computed electrostatic potential
surface of 1 in its chloride-bound conformation illustrates the
extended region of partial positive charge created by the four
electron-deficient iodo groups (Figure 3B). Thus, the results of the
calculation provide a partial explanation for chloride anion
recognition in the gels.

Figure 3. (A) Calculated structure of the 1-CI' complex and (B) electrostatic
potential surface of 1 (chloride-bound conformation, blue indicates sites of
partial positive charge and red sites of partial negative charge).

The dendritic gel 1 assembly and recognition event may involve a
two-stage process: a) gel assembly through m—m stacking
interactions, and b) collapse of the gel caused by CI" through XB
interactions (Figure 4). For the gel hierarchical assembly process,
upon cooling the clear solution of dendron 1, the individual
dendron is able to form the columnar slice that is arranged in a
coplanar geometry, in which six molecules comprise a single
stratum of the cylinder. And such self-assembled units can arrange
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Figure 4. Representation of the dendritic gel 1 self-assembly and CI" induces the collapse of the gel.
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one over the other in a columnar fashion, through n—n stacking
between the dendron units. Eventually, a three-dimensional fibril
network was formed with the ability to gelate solvent molecules.
For the gel collapse process, upon the chloride anion added, a
complex between dendron 1 and ClI” through XB interactions was
formed due to the stronger binding capability. It is likely that the
nonplanar conformation of 1-ClI" complex prevents the occurrence
thus leading to
significantly less aggregation and the gel-sol conversion.

of efficient n—n stacking between dendrons,

In summary, a convenient and straightforward method for the
visual recognition of chloride anion has been established through
an chloride-responsive dendritic organogel prepared from a novel
poly(aryl ether) dendritic gelator 1 with multiple halogen bond
donors at the periphery. The specific discrimination of chloride
anion observed was largely attributed to the higher binding affinity
of the dendron 1 for chloride than for the other anions through
halogen-bonding interactions. To the best of our knowledge, this
work represents the first example employing supramolecular gel
systems for visual specific detection of chloride anion through
halogen-bonding interactions, which provides new possibility for
the development of novel visual anion sensors.
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Science Foundation of China (No 91027046, 21290194 and
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