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A supramolecular gel (PN-G) was constructed, which could ultrasensitively

detect cyanide.
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Abstract:

In this work, we constructed a supramolecular §&l-G) by phenazine derivative,
which can ultrasensitive detect cyanide (detediimit equals to 4.18x1¢’ M). The
decrease of fluorescent intensity displayed a timekationship in the range of 0-0.4
equivalents of cyanide. And no significant fluoresce quenching was observed for
all used interfering ions. The cyanide recognitinachanism oPN-G was verified
by XRD, NMR, MS and SEM. With addition of cyanide the supramolecular gel
(PN-G), cyanide brokenr-n stacking of PN-G, and thenPN-G undergoes a

nucleophilic addition reaction with CNresulting in fluorescence quenched.
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1. Introduction

Noncovalent interactions(NCI), such as hydrogen dsorjl-2], hydrophobic
interaction [3],n-r stacking [4-5], C-Hr [6-7], exo-wallz-n interactions [8], catiom-
[9-10] and anionre [11-12] interactions et al, arise from the balabet&veen attractive
and repulsive effects and are usually classifigd multipole-multipole interactions
are ubiquitous in nature [13-14]. They play sigrafit roles in broad areas, for
instance: supramolecular chemistry, structuraldgy] and material science [15-16].
As we all know, the DNA/RNA double-helix is a lifeatter example in which
stabilization arises from botitstacking and hydrogen-bonds between the base pairs
[17-18].

In recent years, benefiting from the dynamic ancergble nature of noncovalent
interactions (NCI), supramolecular gels have atithéncreasing attention in diverse
fields including, sensors, biomedicine, environmaéntnonitoring, and materials
synthesis [19-22]. In particular, reversible naturéghe supramolecular gels and the
physical properties of these gels in responsedpeaific signal input are thus pivotal
for the creation of smart materials [23-25]. Théegration of selective molecular
recognition units into the gelator molecules is at@®geous to create specific
responses or develop multistimuli-responsive gélge recognition process of these
units inevitably affects the structure of the supoéecular gels, resulting in changes
in macroscopic properties. In particular, anions ametal ions also play a crucial
structural and regulatory role in supramoleculds §26-28].

Cyanide (CN) is known for their high toxic effects [29-31]. diefore, the



sensitive and selective detection of this extreni@kyc anion is highly necessary. In
recent years, various analytical and spectrosco@thods have been developed to
detect metal ions and anions in various chemicalbanlogical systems, but problems
associated with high cost and low sensitivity lithieir use [32-45]. Recently, our
group has devoted to comprehensive investigationshe phenazine derivative
assembly mechanism and supramolecular gel, in wthiehclosen-n stacking of
phenazine derivatives is the driving factor of tim@l structures [46-48]. In this work,
2-(hexadecylthio)oxazolo[4,5-b]phenazinePN) was successfully synthesized
(Scheme 1)PN was capable of forming supramolecular gel in DM&@ition by van
der waals interaction andn stacking. We surveyed the responsé’Nfgel PN-G)
to various anions in water. The result displayeat thhen added cyanide anion at
room temperature, the fluorescent RNI-G didn’'t show any change. Nevertheless,
after heating from the gel to the sol and gellingain, the fluorescence was
dramatically quenched from bright yellow.
2. Experimental section
2.1. Materials and Characterizations

All reagents were commercially available and usedsapplied without further
purification. The fluorescence spectra were reabrda a Shimadzu RF-5301PC
fluorescence spectrophotometdi NMR (400 MHz and 600 MHz) antfC NMR
spectra (151 MHz) were carried out with a Mercupp6BB spectrometer.
High-resolution mass spectra were recorded with rak& Esquire 3000 Plus

spectrometer. Melting points were measured on ad Migital melting-point



apparatus. The X-ray diffraction (XRD) pattern wgenerated using a Rigaku
RINT2000 diffract meter equipped (copper target= 0.154073 nm). Scanning
electron microscopy (SEM) images of the xerogelsrewénvestigated using
JSM-6701F instrument.

2.2. Synthesis of receptor molecule PN Compound

A mixture of oxazolo[4,5-b]phenazine-2-thiol (0.2§31 mmol), KCO; (0,138 g,
1 mmol), KI (1.992 g, 1.2 mmol), 1-bromohexadec#0e365 g, 1.2 mmol) and
acetonitrile (50 mL) were add to a 100 mL roundiot flask under nitrogen
atmosphere. The reaction mixture was stirred &t 8@r 72h. The crude product was
purified by silica gel column chromatography uspairoleum ether/ethyl acetate (v/v
= 20:1) as the eluent, compouBRN as yellow solid (0.393 g, yield 80%) was isolated,
(Fig. S1, Fig. S2 and Fig. S3). m.p. >300*H NMR (600 MHz, CDCJ) § 8.33 (s,
1H), 8.24 (d, J = 2.8 Hz, 2H), 8.13 (s, 1H), 7.88,(J = 3.5, 1.3 Hz, 2H), 3.43 (s, 2H),
1.90 (s, 2H), 1.52 — 1.51 (m, 2H), 1.37 (d, J =HZB4H), 1.24 (s, 22H), 0.87 (s, 3H).
¥C NMR (151 MHz, CDG) 6 172.45, 153.76, 146.53, 142.66, 142.58, 141.62,
141.27, 130.19, 130.15, 129.29, 129.11, 114.92,78032.64, 31.89, 29.67, 29.66,
29.64, 29.62, 29.60, 29.53, 29.42, 29.33, 29.0)RP8.65, 22.66, 14.09. ESI-MS
m/z: Calcd for GH13N4O, [PN + H]™: 478.2892; Found 478.2881.
2.3. General Experimental Procedures
2.3.1.General procedure for fluorescence spectra expatgne

All the fluorescence spectroscopy was carried outDMSO solution on a

Shimadzu RF-5301 spectrometeékny changes in the fluorescence spectra of



compound were recorded on addition of sodium sditle gelation concentration of
the sensor was 5% in all experiments. Sodium daM) of anions (F, CI', Br, I,
AcO™, PQ¥, SO, CO™, N0, &, HS, ATP, SQ?", SCN and CN) were used
for the fluorescence experiments.
3. Result and Discuss

Due to the excellent self-assemble properties ofnphine [49-52], and the
introduced of alkyl group i®N, we explored whether this receptor can formedehs g
in various solvents. Firstiye configuredPN in 10 different solvents into the
proportion of 5% and heated it completely. As shawTable S1, when cooled to
room temperature, we found tHaltl could form as gel only in DMSO and DMF. The
lowest critical gelation concentration (CGC) was 8#v, 10 mg/mL = 1%), while
the gel-sol transition temperatuiBd) was 25-97C. As shown in Fig. 1PN-G didn’t
have any fluorescence in DMSO XTT 4e)). After the temperature cooling down to the
Tgel (T < Tge) gradually, the emission dramatically enhanced2@ nm and reached a
steady state within 1 min. At the same tinfe\N-G showed a bright yellow
fluorescence, which indicated thBN assembled as supramolecular gel in DMSO
(Fig. S6). To further confirm the stability 8N-G, fluorescence decay experiments
were conducted. The decay curvePdf-G was fitted, which showed the fluorescence
lifetimes of 1; = 0.3670 ns;, = 2.3650 ns and; = 7.3668 ns (Fig. S7). And
time-dependent experiments showed that the flueresc intensity of PN-G
remained unchanged (Fig. S8). Moreover, it wagesteng to find thaPN-G showed

reversible transition (gel—sol) in response to terafure and performed many times



with small fluorescence efficiency loss (Fig. S9).

As is well-known, selectivity and sensitivity am@portant properties for sensors.
Therefore, we carefully investigated the speciétestivity of PN-G toward various
anions. Firstly, a serious of anions (EI, Br', I, AcO, PQ*", SQ?", $, HS, ATP,
SO:*, SCN, COs*,, NOs*” and CN, 1 equivalent) were diffused intBN-G in
DMSO (T>Tge). After the temperature cooling down to thg TT<<Tge) gradually,
the results showed that basic ions, (kcO", PQ®", CQ*", CN, SQ*, &, HS)
caused a small amount of red shift in the fluoreseespectrum oPN-G, but only
CN™ could lead to complete fluorescence quenching. é¥@n other miscellaneous
anions including (C| Br, I, SO, NOs*, ATP, SCN) did not lead to any
significant change in theN-G sensing process as shown in Fig. 2. And make bar
graph to comparison them with error bar. As shownFig. S10, No significant
fluorescence quenching was observed for all usedfaring ions.

To further explore the optimized condition abou¢ #ensing behavior d?N-G
toward CN, The sensitivity and lowest fluorescence deteciwomcentrations of
PN-G for CN was determined by fluorescent titrations (Fig. Bhe incremental
addition of cyanide (0-0.55 equivalents)RN-G (5%) at room temperature reveals a
gradual decrease of the strong fluorescence emis$i623 nm with a significant red
shift. At the same time, a visible fluorescence mpied from yellow could be
observed by naked eyes (Fig. 3). This should #atéd to destruction of phenazine
n-n stacking. However, no further change was obseivetie fluorescence spectra

beyond the addition of 0.55 equivalents of ONig. S11). On the basis of thé/3



method, the LODs ofPN-G for CN™ was 4.18x10° M (Fig. S12). The most
noteworthy was that the lowest detection limit opsamolecular gePN-G for CN
was much better than most reported fluorescenseyedors for CN(Table 1) [29, 39,
53-55]. This result indicates thBN-G could be used as good fluorescence material
for detecting CNin water.

What we predicted that the self-assembly behavi&iNsG could be demonstrated
by XRD through monitoring the molecular spacingh@oe 2)The XRD patterns of
xerogel PN-G suggested that there was a distances of 3.462R at25.74° which
confirmed ther-n stacking consisted of phenazine group#MG (Fig. S13). The
result proved that the orderly arrangement charatitss of PN molecules induce
their assembly into stable supramolecular gePNfG. There results were further
confirmed by'H NMR spectra. As shown in Fig. S14 and Fig. Si1%,tke PN
concentration increases, all proton peaks on thengsine aromatic ring shifted
upfield, which suggested that the self-assemblstesy was formed by-n stacking
in the solution. Interestingly, Partial peak shdtdownfield on thePN alkyl chain,
which shows that Van der Waals interactions alstqgygated in thePN self-assembly
process.

The possible mechanism BN-G interacted with CNwas further investigated by
'H NMR, MS and SEM (Scheme 2). Because PN had polubiity in DMSO
solution, PNM, a compound with similar structure 8N was synthesized foiH
NMR titration experiments (Fig. S4, Fig. S5 and.Hg).Upon addition of CNin

PNM solution, the signals of protons,HH® and H on PNM aromatic hydrocarbon



shifted downfield. Meanwhile, the signals of prcrtdrlj on PNM alkyl group shifted
upfield. These results confirmed that the ubigustmtermolecular interaction would
occur between CNand phenazine rings &dNM. Firstly, CN destroyed ther-n
assembly inrPNM. To further verify rationality of sensing mechanijswe tested the
reaction mixture ofPN and CN by mass spectrometer. To our delight, Fig. S16
manifests an increased molecular weight of 27, Wwhias equal to the molecular
weight of HCN. CN destroys thet-n stacking ofPN, and thenPN undergoes a
nucleophilic addition reaction with CNresulting in fluorescence quenched.

Finally, the morphologies &N, PN-G andPN-G with CN" were investigated by
scanning electron microscope (SEM). As shown in. BgPN powder showed
fragment structure (Fig. 5a), areN-G showed regulatarge pieces of layered
structure (Fig. 5b), the images demonstrated tea fdatPN could self-assemble into
supramolecular gel byr-n stacking interactions and van der waals interactio
However, after adding CNin PN-G, thexerogel showed thin strips are inlaid in
blocks structure (Fig. 5¢). The above experimeantthér support the correctness of
our proposed sensing mechanism.

4. Conclusion

In summary, we efficiently synthesized a simpleamig molecule with 16 alkyl
group 2-(hexadecylthio)oxazolo[4,5-b]phenazinePNY and investigated its
self-assembly behavior By4 NMR and XRD. The aggregation formation was found
to be dependent on then stacking interactions and van der waals interactio

betweenPN molecules. We surveyed the responsePhf gel PN-G) to various



anions in water, whereas with the addition of Giid heated from gel to sol, after
gelation again, the ability to selected recognizbl™ Qunfolding. The yellow
fluorescence quenching &MN-G could be observed by naked eyes. The detection
limit of PN-G to CN” was as low as 4.18x1BM. Detailed analyses reveal that TN
destroyed ther-n assembly ilPN-G, and PN-G undergoes a nucleophilic addition

reaction with CN.
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Fig. 1 Fluorescence spectra and photograph of supramategelPN-G and sol.
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Table 1 Comparison of the Analytical Performance of thasee Molecules for CN

Ref. State Mechanisn LOD

53 solution nucleophilic additio 4.97 x 1" M
54 solution deprotonatio 1.48x 107" M
55 solution nucleophilic additio 1.60x 10" M
29 solution Complexatiol approac 5.77x1C'M
39 polymer Complexatiol approac \

This work gel nucleophilic additio 4.16x 10 M
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amounts of CN (1M, D,O).
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Highlights
1. Constructed a supramolecular gel by self-assembly.
2. A novel supramolecular gel for highly selective and sensitive detection of cyanide.

3. Taking advantage of a simple mechanism of nucleophilic addition reaction.
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