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ed AIEgen with solvent dependent
response towards a nerve agent†

Munusamy Sathiyaraja and Viruthachalam Thiagarajan *ab

We developed a D–p–A based unsymmetrical azine molecule 4-((E)-((E)-(4-(dipropylamino)benzylidene)

hydrazono)methyl)benzonitrile [DPBN] and studied its optical and aggregation induced emission

properties. The DPBN molecule shows good aggregation induced emission (AIE) behaviour with 1157-

fold fluorescence enhancement in the aggregated state. In addition to that, both colorimetric as well as

fluorometric sensing studies revealed that DPBN selectively detects diethylchlorophosphate (DCP),

a potent nerve agent. Interestingly, DPBN shows solvent dependent optical output in the presence of

DCP via two different mechanisms. In the monomer state, it shows red shifted fluorescence

enhancement along with color change from colorless to orange color via the formation of a new

intramolecular charge transfer state in pure tetrahydrofuran (THF). In the aggregated state, DPBN shows

blue shifted emission with fluorescence enhancement in THF–water mixture by protonation at the

amine nitrogen centre. Thus, DPBN can be used as a diagnostic measure to selectively detect nerve

agents like DCP. This study also paves the way for further development of molecular probes for nerve

agents that would represent immense implications in various fields of chemistry and biology.
1. Introduction

Fluorescent materials play an important role in bioimaging and
optoelectronics due to their rapid response, and high sensitivity
and provide good time resolution, in-place operability and
excellent repeatability.1 Among the uorescent materials,
organic molecules have much attracted researchers due to the
availability of room for various structural changes which in turn
leads to materials with desired applications and properties.2

Designing optical materials for biological applications is
a challenging and demanding task. Chemists are interested to
develop a uorophore with longer wavelength emission for
application in organic light emitting diodes (OLED) and
biology.3,4 The large planar p-conjugated organic uorescent
molecules can easily form the p–p stacking which may lead to
non-radiative decay pathways, and this phenomenon is called
aggregation caused quenching (ACQ). In the aqueous solution,
ACQ based planar organic molecules are non-emissive or weakly
emissive due to the formation of a greater number of stable
aggregates. To overcome this drawback, Tang et al. reported
a new aggregation induced emission (AIE) behaviour in 1-
methyl-1,2,3,4,5-pentaphenylsilole molecule.5 To date, several
AIE molecules were reported such as tetraphenylethylene,6,7
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triphenylethylene,8 salicylaldehyde azines,9 siloles,10 aza-
benzanthrones11 and cyanostilbenes,12 and they have been
utilized as building blocks to construct AIE active functional
systems. Among them, azine based D–p–A molecules play an
important role in uorescent materials because of their conve-
nient synthesis, tuning the emission wavelength depending on
the substituents on azines, and high quantum efficiencies in
the solid state.9 Among them, only very few AIE based unsym-
metrical azine molecules were reported due to their difficult way
to get them mostly all the synthetic procedures lead to
symmetrical azine derivatives.9,13,14 AIE based uorophores play
a key role in the detection nerve agents.15

Organophosphorous compounds like sarin, tabun, soman
are highly toxic nerve agents.16 The reactive phosphate group of
these molecules are able to interact with the hydroxyl groups of
acetylcholinesterase irreversibly which further block the
decomposition of acetylchloline creating a neurological imbal-
ance, further it leads to the organ failure, paralysis of central
nerve system and ultimate death.15–17 Due to the extreme toxicity
of these nerve agents, simulants like diethylcyanophosphate
(DCNP), diisopropyluorophosphate (DFP), diethyl-
chlorophosphate (DCP) are used for the studies as they possess
similar reactivity as real nerve agents and off less toxicity.15 Gas
chromatography-mass spectrometry, enzymatic assay, electro-
chemistry, ion mobility spectroscopy are some of the methods
and they have been employed for their detection.18–21 However,
these methods suffer from disadvantages like low sensitivity
and selectivity, non-portability and they are time consuming.
The detection of these gaseous compounds by uorescent
This journal is © The Royal Society of Chemistry 2020

http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra04941g&domain=pdf&date_stamp=2020-07-08
http://orcid.org/0000-0003-4197-2255
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra04941g
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA010043


Scheme 1 Synthetic pathway of DPBN.
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sensors is gaining importance due to their portability, cost-
effective, and high selectivity and sensitivity.15,22 Due to the
high demand for the uorescent probes to detect these nerve
agents, several uorescent probes including symmetrical azine
derivatives were identied for their gas phase detection in the
solid state.15,23–27 Moreover most of the uorophore used for
sensing applications suffer from aggregation caused quenching
phenomenon in the solid state which reduces the uorescent
intensity. In contrast, AIE paves the way for the solution and is
a good candidate for solid state sensors.28–30 In this context, we
herein synthesize and present a new unsymmetrical azine
molecule DPBN which shows an excellent selectivity to detect
DCP in aqueous as well as non-aqueous media with different
optical output via different sensing mechanisms.
Table 1 Photophysical data of DPBN in various solventsa

Solvent
labs
(nm) lemi (nm)

Stoke's shi cm�1

Shorter wavelength
emission

Longer wavelength
emission

Toluene 407 470, 500 (s) 3354 —
DCM 414 510 4547 —
THF 408 474, 500 (s) 3412 —
MeOH 411 563 — 6569
ACN 407 472 (s), 560 — 6713
DMF 413 473, 553 3072 6130

a s ¼ shoulder peak.
2. Experimental section
2.1 Synthesis of 4-((E)-((E)-(4-(dipropylamino)benzylidene)
hydrazono)methyl)benzonitrile [DPBN]

4-(Dipropylamino)benzaldehyde used for the synthesis of azine
molecule was prepared by the earlier reported procedure.31 To
the one equivalent of 4-(dipropylamino)benzaldehyde in 5 mL
of ethanol, one equivalent of hydrazine monohydrate dissolved
in 5 mL of ethanol was added dropwise along with stirring. To
the stirred mixture, one equivalent of 4-cyanobenzaldehyde
dissolved in ethanol was added along with stirring. The nal
reaction mixture was reuxed for 6 h at 80 �C and then the
formed product was ltered, washed several times with ethanol,
and then dried (Scheme 1). The nal dried product was
Fig. 1 (a) Absorption and (b) emission spectra of DPBN in different solve

This journal is © The Royal Society of Chemistry 2020
recrystallized using dichloromethane–ethanol mixture and
characterized using 1H and 13C NMR, and HRMS spectra
(Fig. S1–S3†). 1H NMR (400 MHz, CDCl3) d: 8.63 (s, 1H), 8.58 (s,
1H), 7.92 (d, 2H), 7.71 (d, 2H), 7.69 (d, 2H), 6.67 (d, 2H), 3.33 (t,
4H), 1.70 (m, 4H), 0.97 (t, 6H); 13C NMR (400 MHz, CDCl3) d:
164.40, 157.57, 150.93, 139.01, 132.47, 130.96, 128.47, 120.19,
118.72, 113.42, 111.30, 52.82, 20.47, 11.47. HRMS (ESI-TOF)m/z:
[M + H]+ calcd for C21H25N4, 333.2074; found: 333.2075
3. Results and discussion
3.1 Solvent effect

The absorption and emission studies of DPBN was carried out
in different solvents with varying the polarity and presented in
nt.

RSC Adv., 2020, 10, 25848–25855 | 25849
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Fig. 2 Molecular orbital plots for the DPBN in the presence and
absence of DCP.
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Fig. 1, and the corresponding photophysical data were
summarized in Table 1. The shorter wavelength absorption
around 300 nm is assigned to the electronic transition within
N,N-dipropylaniline moiety, while the longer wavelength
absorption around 405 nm (Fig. 1a) is assigned to the charge
transfer transition between the donor (N,N-dipropylamine) to
the benzonitrile acceptor moiety. For better understanding of
the ground state geometry and electronic structure, time
dependent DFT calculation was carried out for DPBN. The
highest occupied molecular orbital is localized on N,N-dipro-
pylaniline moiety, whereas, lowest unoccupied molecular
orbital is mainly distribute over benzonitrile and imine acceptor
moieties. Fig. 2 shows the HOMO and LUMO orbitals of DPBN
Fig. 3 (a) Absorption and (b) emission spectra of DPBN (10 mM) in differe
vs. water fraction; (d) DPBN in pure THF and 70% water fraction under 3

25850 | RSC Adv., 2020, 10, 25848–25855
acquired using Gaussian B3LYP/6-31G* level.32 In contrast to
absorption spectrum, the emission spectrum recorded by
exciting at the longer wavelength absorption maximum of
DPBN shows dual uorescence. The intensity and wavelength
maximum of these two peaks depend upon the polarity of the
solvent (Fig. 1b).

The DPBN shows shorter wavelength emission maximum
around 470 nm and it is due to the charge transfer from theN,N-
dipropylamine to the imine moiety24,33 and the longer wave-
length anomalous emission around 550 nm is due to the
stabilized intramolecular charge transfer between the amine to
benzonitrile moiety within the azine molecule. The shorter
wavelength emission predominates in non-polar solvents, and
the longer wavelength emission predominates in polar solvents.
Stokes shi value calculated from different solvent and the
value obtained in the range of 3000–6700 cm�1 depending upon
the emission peak. This Stoke's shi values are increased with
increasing solvent polarity and it clearly shows the different
charge distribution in the excited state (S1) as compared to
ground state (S0). The observed red shi's with increase in
solvent polarity showed the intramolecular charge transfer
takes place from donor to acceptor moieties.
3.2 Aggregation induced emission studies

The aggregation induced emission behaviour of DPBN was
studied in different THF and water fractions (fw), and the results
are presented in Fig. 3. The absorption spectrum shows
decrease in absorbance along with red shi in absorption
nt THF–water fraction, lexc ¼ 407 nm; (c) plot of fluorescence intensity
65 nm UV light illumination.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) Absorption and (b) emission spectrum of DPBN (10 mM) in the presence and absence of DCP in pure THF. lexc ¼ 440 nm.
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View Article Online
maximum on increasing the water fraction. In contrast, the
emission spectrum shows increase in emission intensity from
the stabilized longer wavelength CT state with increase in water
fraction until 70%. Aer 80% of water fraction, the aggregated
molecules precipitate to form a greenish yellow coloured turbid
solution which results in decrease in emission intensity. The
decrease in absorbance aer 80% of water fraction noticed in
the absorption studies also validate the above mentioned fact.
In the aggregated state, the longer wavelength CT state
undergoes stabilization due to the restricted intramolecular
rotation around C–N and N]N bonds that results in uores-
cence enhancement.33 The uorescence enhancement was
calculated from the ratio between the uorescence intensity of
DPBN in 30 : 70 THF–water mixture and in pure THF at 572 nm.
The uorescence enhancement for DPBN is found to be 1157
folds in the aggregated state in 70% of water fraction.
3.3 Detection of DCP in pure THF

The absorption studies of DPBN in the presence and absence of
DCP has been revealed a signicant change in the absorption
spectrum in pure THF. As shown in Fig. 4a, the absorption
maximum of DPBN at 407 nm decreases with the formation of
a very broad absorption band, along with the formation of a new
longer wavelength absorption around 460 nm with increase in
DCP concentration. The formation of a clear isosbestic point at
440 nm with increase in DCP concentration proves that the
interaction between DCP and DPBN in the ground state with
Scheme 2 Graphical representation of mechanism of DCP sensing by D

This journal is © The Royal Society of Chemistry 2020
a single equilibrium. The colour of the solution changed from
colourless to orange colour within 60 seconds and was able to
detect with our naked eye (Fig. 4a inset). As like the absorption
spectrum, there is a formation of new emission peak at 513 nm
in the presence of DCP, and the emission intensity of 513 nm
peak increases with increase in DCP concentration (Fig. 4b). At
higher DCP concentration, the longer wavelength emission is
only visible (513 nm) due to higher intensity along with 203-fold
uorescence enhancement. The red shi in the absorption and
emissionmaximum in the presence ofDCP clearly indicates ICT
based mechanism involved in the sensing process. Fig. 4b inset
shows the 365 nm UV light illumination in the presence and
absence of DCP in pure THF and it changes from very weak
uorescence to strong orange uorescence with maximum
emission at 513 nm. There is no such change in absorption and
emission spectra were observed in the presence of other ana-
lytes such as tetrabutylammonium phosphate, triethyl phos-
phate, triethyl phosphite, thionyl chloride and acetyl chloride
with DPBN in THF (Fig. S4†). It reects, DPBN detects DCP in
the highly selective and specic manner and the detection limit
was determined from the uorescence titration data based on
a reported method34 and found to be 200 nM in THF.
3.4 DCP detection mechanism in THF

The modulation of donor or acceptor abilities by an analyte in
a charge transfer system leads to a signicant change in the
absorption as well as emission spectrum.35–38 In the presence of
PBN in pure THF.

RSC Adv., 2020, 10, 25848–25855 | 25851
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Fig. 5 (a) Absorption and (b) emission spectrum of DPBN (10 mM) with
varyingDCP concentration (0 to 1.50 mM) in THF/water (3 : 7) mixture,
lexc ¼ 368 nm.
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DCP, phosphorylation takes place at the imine nitrogen close to
the donor moiety of DPBN that results in orange colour product
and it shows a new absorption around 460 nm. In DPBN, imine
nitrogen acts as a good electron rich centre as well as good
nucleophile and it easily undergoes phosphorylation by a DCP
electrophile. Aer phosphorylation, this moiety acts as a strong
withdrawing group which in turn changes the ICT pathway.15,39
Scheme 3 Graphical representation of mechanism of DCP sensing by D

25852 | RSC Adv., 2020, 10, 25848–25855
The interaction between the DCP and DPBN is presented in
Scheme 2.

If the DCP interacts with N,N-dipropylamine moiety instead
of imine nitrogen will lead to decrease in electron donating
ability of donor moiety that in turn leads to blue shi in the
absorption and emission spectrum in the presence of DCP. The
observation of red shi in the absorption as well as emission
spectrum in the presence of DCP conrms that the DCP inter-
acts only with the imine nitrogen of DPBN. In order to conrm
the mode of interaction between DPBN and DCP, 1H NMR
titration carried out in CDCl3-d6 and presented in Fig. S5.† In
the absence of DCP, DPBN shows two imine protons signal at
8.62 (s, 1H) and 8.57 (s, 1H) ppm and aromatic protons near to
the donor moiety at 7.91 (d, 2H), 7.71 (d, 2H), 7.69 (d, 2H), 6.67
(d, 2H) ppm. On increasing the DCP concentration form 0.5 to 1
equivalent, both the imine protons and aromatic protons closer
to N,N-dipropyl moiety undergo downeld which conrms the
above said mechanism. In order to verify the role of N,N-pro-
pylamine, similar kind of absorption studies were carried out
with a control azine molecule BA, without the donor and
acceptor moieties (Fig. S6 and S7†). There is no signicant
change that was observed in the presence of DCP in THF. It
clearly proves that N,N-dipropyl donor moiety plays a key role in
the phosphorylation mechanism.
3.5 Detection of DCP in aqueous media

In order to study the sensing behaviour of aggregated DPBN in
aqueous media same set of experiments were carried out in THF/
water (3 : 7) mixture and presented in Fig. 5. In the absence of
DCP, DPBN shows the absorption and emission peak at 417 nm
and 570 nm respectively due to the presence of aggregated
molecules in THF/water (3 : 7) mixture. On increasing the
concentration of DCP leads to the formation of a new absorption
band at 350 nm and the absorbance of 417 nm band decreases
along with a clear isosbestic point at 368 nm. The blue shi in the
absorption maximum clearly conrms the destabilization of ICT
transition ofDPBNmolecule in the presence ofDCP. As similar to
the absorption spectra, the emission spectra presented in Fig. 5b
also shows the formation of new emission peak at 406 nm along
with the decrease in emission intensity of 570 nm peak in the
presence of DCP in THF/water (3 : 7) mixture. The formation of
isoemissive point at 498 nm and 164 nm blue shi in the
PBN in aqueous media.

This journal is © The Royal Society of Chemistry 2020
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emission spectrum in the presence ofDCP conrms the presence
of single equilibrium and strong destabilization of ICT transition
in the excited state. Fig. 5b inset shows a change in uorescence
from green to violent with DCP in THF/water (3 : 7) mixture at
365 nm UV illumination. There is no signicant change in
absorption and emission spectra were observed in the presence
of tetrabutylammonium phosphate, triethyl phosphate, triethyl
phosphite, thionyl chloride and acetyl chloride with DPBN in
THF/water (3 : 7) mixture (Fig. S8†). The detection limit of DCP
from the uorescence titration in THF/water (3 : 7) mixture is
found to be 106 mM.
3.6 DCP detection mechanism in aqueous media

DCP undergoes hydroxylation in aqueous media to form
a diethyl phosphate and hydrochloric acid. The formed hydro-
chloric acid protonate the nitrogen of N,N-dipropylamine donor
moiety which in turn destabilize the ICT transition between
N,N-dipropylamine donor moiety to the benzonitrile acceptor
moiety of DPBNmolecule. Scheme 3 represents the suppression
of donating ability of N,N-dipropylamine moiety aer proton-
ation at amine nitrogen.

In order to conrm the above said mechanism, pH studies
were carried out in the pH range of 9 to 1 for DPBN molecule in
30 : 70 THF–water mixture and the spectra were presented in
Fig. 6. The solution pH was adjusted by adding HCl or NaOH to
THF/water (3 : 7) mixture and measure the pH using pH meter.
To the adjusted pH solution, DPBN was added and recorded the
absorption and emission spectrum. Until the pH 3.5, there is no
signicant change in the absorption as well as emission spec-
trum of DPBN molecule. On further decrease in pH leads to the
formation of a new absorption peak at 356 nm and decrease in
absorbance of 419 nm peak along with a isosbestic point at
373 nm. The corresponding emission spectrum recorded by
exciting at the isosbestic point shows decrease in emission
intensity of 570 nm along with the formation of new emission
peak at 406 nm as similar to the one observed in the presence of
DCP. This result conrms that the protonation of DPBN is
responsible for the formation of new blue shied absorption as
well as emission observed in the presence of DCP in THF/water
(3 : 7) mixture. The lower uorescence enhancement observed
for DPBN in acidic pH at 406 nm compared to the presence of
Fig. 6 (a) Absorption and (b) emission spectrum of DPBN (10 mM) in TH

This journal is © The Royal Society of Chemistry 2020
DCPmay be due to the more pronounced inner lter effect (self-
adsorption of protonated species) in acidic media. The earlier
pH studies on the control azine molecule BA conrms that the
protonation occurs only at the amine nitrogen and not at the
imine nitrogen.33 In order to test the real time application of
DPBN probe, a test-strip based detection assay was developed to
detect DCP vapor using Whatman lter paper. Whatman test
strips were dipped into the THF solution of DPBN and air-dried.
The color the test strip changes from yellow to orange imme-
diately aer exposure to the DCP vapor (Fig. S9†). It proves that
the DPBN based test strips could be used to detect DCP vapor
qualitatively for rapid detection.

TD-DFT calculations were carried out in THF and water
using PCM solvation method to understand the relationship
between the absorption spectra and the associated electronic
transition in the presence of DCP (Fig. 2).32 The results conrm
the proposed sensing mechanisms in both THF and THF–water
mixture. In THF, major contributions from both HOMO to
LUMO as well as HOMO to LUMO+1 was observed and it
explains the experimentally observed broad absorption spec-
trum in the presence ofDCP in THF. Furthermore, the HOMO is
localized on N,N-dipropylamine moiety and the LUMO is
localized both on benzonitrile as well as phosphate moiety. In
water, the theoretical band gap energy conrm that the
formation of new blue shied absorption in the presence of
DCP is originated from the protonated DPBN and has excitation
energy of 3.94 eV which is comparable to that of the experi-
mental energy of 3.54 eV in THF–water mixture. All theoretical
results correlated well with the experimentally observed results.
3.7 Binding mode and sensing mechanism of DPBN in
different solvent environment

DCP sensing studies were carried out with DPBNmolecule both
in aggregated and monomer forms. In THF–water mixture
DPBN molecules are in the aggregated form whereas in pure
THF, DPBN molecules are in the monomer form. In pure THF,
phosphorylation takes place at the imine nitrogen close to the
donor moiety of DPBN that results in stabilization of intra-
molecular charge transfer which in turn leads to red shi
(Fig. 7a). In THF/water (3 : 7) mixture, due to the hydroxylation
of DCP the formed hydrochloric acid protonate the nitrogen of
F/water (3 : 7) mixture at different pH, lexc ¼ 368 nm.

RSC Adv., 2020, 10, 25848–25855 | 25853
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Fig. 7 Plausible sensing mechanism of DPBN with DCP in different solvent environment (a) THF (b) THF/water (3 : 7) mixture.
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N,N-dipropylamine donor moiety which in turn decrease the
donating capability of the donor that results in the destabili-
zation of ICT transition leads to blue shi (Fig. 7b).
4. Conclusion

In this work, we have reported the photophysical and AIE
properties of D–p–A based DPBN azine molecule. In the
aggregated state, DPBN shows 1157 fold uorescence
enhancement in THF–water mixture. The DPBN detects DCP
with high sensitivity and selectivity in both monomer as well as
in aggregated forms. In pure THF, phosphorylation occurs at
the imine nitrogen that leads to new red shied absorption and
emission spectra by the formation of new ICT state. In THF–
water mixture, DCP undergoes hydroxylation to form a diethyl
phosphate and hydrochloric acid. The formed hydrochloric acid
protonate the amine nitrogen results in the formation of new
blue shied absorption and emission spectra by destabilization
of ICT state. In both solvent environment, DPBN shows uo-
rescence enhancement due to the change in the ICT state via
two different mechanisms.
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