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Introduction

Concentration-tuned diverse response to selective
biogenic amines using a reusable fluorophore:
monitoring protein-rich food spoilagef

Madhuparna Chakraborty, Pralok K. Samanta®® and

Manab Chakravarty @2 *

Pandiyan Sivasakthi,

Maintaining the freshness of food is essential for a healthy and quality life. Nevertheless, it remains a
global challenge. Hence, an easy detection and monitoring protocol would be highly desirable. A
cyanoacrylic acid (CAA)-based fluorophore is manifested as a reusable platform that responds diversely
against different concentrations of selective aliphatic biogenic amines (BAs) in both solution and vapor
phases. Slow spoilage of the protein-rich food is progressively monitored through emission shifts visible
to the naked eye. This fluorophore provides easy and naked-eye detection of the BA vapor through a
change in emission, ie., red — orange — orange-yellow — cyan — green and quantum yield
enhancement, which occur in stepwise increments of vapor concentrations. The probe design includes
n-conjugated functionalized fluorescent molecules linked to multiple twisting sites, resulting in both
solid and solution-state emission. The attached carboxylic acid responds quickly with selective BAs,
mainly putrescine (PUT), cadaverine (CAD), and spermidine (SPM), where the concentration-based
emission variation has appeared to be distinct and prominent against PUT [sensitivity (uM): 2 (solution);
3.3 (vapour)]. The selectivity towards diamine can be clarified by the formation of carboxylic acid salts
and the consequent proton exchanges between free and protonated amines. In addition, -C=N---H
interaction is likely to develop within this ammonium carboxylate system, providing extra stability. Such
ammonium carboxylate salt formation and gradual change in the molecular arrangement, resulting in
symmetry development, are validated by FT-IR and wide-angle X-ray diffraction studies. Besides, this
fact is supported by DFT studies that validate intramolecular H-atom exchange between free amine and
ammonium salt units. A fluorophore-coated coverslip, filter paper, or silica gel-coated Al-plate is
fruitfully utilized to detect the freshness of fish and chicken, which reveals the potential of this probe to
prevent food waste and control food safety.

different classifications of BAs, aliphatic ones such as putrescine
(PUT), cadaverine (CAD), and spermidine (SPM) offer a signifi-

The entwined relationship between societal development and
nutrition will collapse if food safety and food waste are poorly
monitored. Hence, measuring and tracking the freshness of
food from producers to consumers has become a looming
challenge globally." Among many other parameters, biogenic
amines (BAs) are essential biomarkers to detect the freshness of
protein-rich food.*”” The BAs are important metabolites for cell
growth and neural transmission but also cause acute toxicity
after reaching a certain level (>20 mg kg ').® By considering
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cant presence to flora and fauna due to an easy enzymatic and
thermal decarboxylation of the corresponding amino acids.”'®
Both CAD and PUT are foul-smelling compounds found in
decaying animals and cause food poisoning, gastrointestinal
damage, tachycardia, asthma, and abnormal blood pressure.
Further, it affects the mammalian brain by influencing depres-
sion by augmenting the toxic effect of histamine and is respon-
sible for bad breath and the foul smell of decaying corpses.'**>
CAD and PUT have been found in nature, emanating from
flowers in the forest area."® The enzymatic conversion of these
BAs shows a significant demand for rapid and ultrasensitive
detection to maintain food freshness. The conventional
approaches to detecting BAs include expensive analytical techni-
ques like HPLC, GC, capillary electrophoresis, and electrochemi-
cal and enzymatic methods.'*® However, the detection involves

This journal is © The Royal Society of Chemistry 2024
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time-consuming, complex, and costly procedures and skilled
professionals.’”*® Therefore, developing a handy and portable
sensor for rapid on-site BA detection is essential. In response to
these challenges, various cost-effective optical-based sensors have
emerged as sensitive protocols;'®>> however, the pitfalls of these
probes include (i) non-reusability and poor color-contrast,
(ii) scarcity of dyes for concentration-tuned detection of BAs (an
urgent need to avoid food wastage) (iii) multistep synthesis of the
probe using a high energy-consumption protocol (iv) restriction
to solution state emission only (v) lack of sensitivity and selectivity
(vi) most importantly, lack of vapor-responsive dyes, and
(vii) practical applicability for effective and quick testing of chicken
or fish.*** Moreover, a typical fluorophore shows its response
only by fluorescence quenching mechanism via a chemical
reaction of an amine with an electrophilic center (emission
quenching is not preferred due to misguided promises).>* % In
this context, AIE-switching was realized to detect BAs with a dye
that was synthesized using harsh reaction conditions, and
detection in the solid state could have been more impressive
and recyclable.>**° Fluorophores were established to recognize
PUT,*"*? but fluorophore-based special recognition for selective
PUT is sporadic. Apart from a report on the polymer-appended
system,"® small molecules, A-B (Fig. 1), were identified earlier
for selective PUT detection with significant drawbacks.**"**
This work focuses on the design of new small fluorophores
(mainly TCNA, Fig. 1) that reversibly and quickly detect PUT
selectively with higher sensitivity, along with an indication for
the presence of two other vital BAs [cadaverine (CAD) and
spermidine (SPM)] in both solution and vapor phases. However,
the response difference between CAD/SPM and PUT solutions
can be readily envisioned through the naked eye. Excitingly,
this probe exhibits a concentration-based rapid detection of
PUT vapor [0.292 mg L™ (3.3 uM)], and the solid-state emission
variation is very much detectable (red to green for PUT; red to
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emissive nature,*>*°

we highlight the solid-state emission
switching by exposing BA vapors due to their practical desir-
ability and handling suitability. A detailed inspection shows a
change in the wide-angle X-ray diffraction (WAXRD) pattern of
the emissive solid exposed to diverse PUT vapor concentrations.
Experimental outcomes confirm amino-carboxylate salt for-
mation with BAs, keeping a free -NH, group intact. The
selectivity with biogenic amines corresponds to the cooperativ-
ity effect to produce an intermolecular -C=N- - -H interaction
(a rare event) with the appropriate cyano-functionality. A gra-
dual enhancement in BA concentrations and modulation of
supramolecular interactions will lead to the stepwise formation
of salt and intermolecular H-bonding. The variation in crystal-
linity (as shown in WAXS) and FT-IR data validate the role of
intermolecular -C=N- - -H interactions. Such an approach is
inimitable in this valuable research field, facilitating easy
freshness detection for protein-rich food. The concentration-
based variation in emission is also commendable and suitable
for intelligent food packaging.! Further, a new inexpensive thin
film-based platform is invented to detect spoiled fish and
chicken by observing the gradual emission change through
the naked eye. This strategy also enables the platform to be
reusable more than six times. The molecular packing and
available void space were also considered for effective interac-
tions of specific BAs with admirable sensitivity.

Results and discussion

Design and synthesis of simple and suitable molecular probes

While designing a suitable molecule (Fig. 1), the following
points are considered: (a) strong emission in solution: extensive
n-conjugations with a prominent fluorophore, i.e. anthracene
core (b) emissive in solid: introduction of a tiny flanking

yellow for CAD/SPM) through naked-eye under a 365 nm UV  donor,>’*® thiophene, and another substituted vinyl stator,
lamp irradiation. Although these probes exhibit a dual-state which offers conformational twists and avoid strong
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Fig. 1 Known probes (A-B) and our design for selective PUT-sensitive small molecule.
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Scheme 1 Synthesis of fluorophores; for TCN: EtOH/water mixture (6 :1) was used as a solvent.

intermolecular nt- - -m stacking and restricted motion in the solid
state, resulting in radiative decay profiles (emissive solid), (c)
site for amine attack as primarily employed in the literature®®~**
through (i) Michael addition where amine acts as a substantial
Michael donor, and therefore Michael acceptor site was gener-
ated in this probe by adding acrylic dicyano (TCN) or cyano-acid
(TCNA) functionality, (ii) -COOH group was connected to
rapidly produce the amine carboxylate salt and change the
probe’s emission profile (d) acrylic cyano group can facilitate
inter/intramolecular interactions between cyano and -NH,
groups of BAs.*>** Moreover, this whole strategy can adjust its
reversibility by neutralizing the salt using acid vapor and mak-
ing this probe recyclable.

The designed molecule was conveniently synthesized with-
out expensive metal/ligand-catalyzed reactions, as shown in
Scheme 1. Thiophene-linked anthracenyl phosphonate was
introduced earlier using a simple electrophilic aromatic sub-
stitution reaction.*””*® The same phosphonate was utilized in a
partial olefination reaction with a controlled concentration of
terephthaldehyde to produce TAA in 50% yield in pure form
(unreacted phosphonate was recovered). As a suitable substrate
for the Knoevenagel reaction, TAA was converted to our target
molecules TCN and TCNA, which are ideal for Michael reac-
tions and salt formation. All the synthesized compounds are
well characterized by FT-IR, multinuclear-NMR, Mass, and
single-crystal X-ray diffraction studies (only TCNA).

Photophysical studies

Photophysical features were examined at the outset for all three
compounds: TAA, TCN, and TCNA. The maximum absorption
at Amax ~ 397-405 nm (for TAA and TCNA) and Ay ~ 422-
440 nm (for TCN) appeared in the absorption spectra by
changing different polar solvents (Fig. S1, ESIt). The emission
profiles demonstrate a nearly no/feeble emission at Apa, ~
500 nm for TAA in the solution state, possibly because of
multiple rotors against the olefinic stator. Even solvent polarity
variation did not exhibit visually detectable variation in the
emission (Fig. S2a, ESIf). However, TCNA and TCN display
superior emission profiles in different solvents [relative @ (%) =
9 and 11, respectively, in 1,4-dioxane; (Fig. S2b and S3, ESIt)]
as compared to TAA. Both TCN and TCNA exhibited a bath-
ochromic shift and weaker emission in relatively more polar

2748 | J Mater. Chem. B, 2024, 12, 2746-2760

solvents such as MeCN. The yellow emission of TCNA at Apyax ~
560 nm in dioxane was chosen for subsequent studies to avoid
solubility and safety issues. The optical purity of the sample is
further validated with almost similar absorption and excitation
spectra (Fig S3a, ESIT).

Aggregation-induced emission (AIE)-feature

Twisted rotors across the olefinic stator can restrict intra-
molecular motion and enhance the fluorescence (FL) in the
aggregate state.*>*® With this thought, AIE studies were per-
formed for all these compounds. Interestingly, TAA and TCN
showed an interesting AIE feature with an intensity enhance-
ment upon gradually adding water [fraction of water f;, (v/v)] in
10 uM acetonitrile solution. The FL intensity was boosted 10-14
times with a typical redshift [Fig. S4, S5 for spectra, Fig. S7a, b
for I/1, vs. f,, plot (I,: FL intensity before adding water and I: FL
intensity after the addition of water), ESI{] for both TAA and
TCN, which turned into yellow and red emissive molecules in
the aggregate state, respectively. However, TCNA was not emis-
sive in the aggregate form; instead, it shows FL quenching
under this acetonitrile/water binary solvent system (see Fig. S6
and S7c, ESIT). As TCNA differs only with a -CO,H function-
ality, its dimerization tendency in the aggregate state might
favor emission quenching. Comparative detailed studies to
decipher the dissimilar AIE features have recently been
explored.*®** However, the responses of amines in the solution
and aggregated state are herein investigated.

Fluorescence response influenced by amines in solution/
aggregated states

Indeed, all these suitably functionalized fluorophores deserve
responses against amines. The aldehyde group of TAA can
spontaneously react with amine, and the resulting emission
may differ.**® Further, TCN holds an interactive site for the
amine, an influential Michael donor.*®® Therefore, we have
initially explored all these probes with various amines, includ-
ing BAs. Before any spectroscopic investigations, fluorophores
TAA and TCN (10 pM) in 1,4-dioxane solution were screened
with a wide range of amines such as aniline, triphenylamine,
diphenylamine, triethylamine, 2-phenylethylamine, trypta-
mine, N-ethyldiisopropylamine, spermine, spermidine (SPM),
1,3-diamino propane (1,3-DAP), putrescine (PUT), cadaverine

This journal is © The Royal Society of Chemistry 2024
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(CAD) and 1,6-diaminohexane. However, no significant color
change was visualized (Fig. S8a and b, ESIT) for weakly emissive
TCN and TAA solutions. Further, decently emissive AIE states of
TAA and TCN molecules were treated with the amine solution
(1 mM in DMAc). Unfortunately, the emission from the aggre-
gated dye for TCN and TAA remained unchanged (Fig. S9 and
S10, ESIf). It indicates that these amines do not respond
against aldehyde or towards Michael addition reactions under
ambient conditions. A strong electron-rich environment of
such fluorophores might hinder the approach of amines
towards reactive centers, and extensive electronic conjugations
reduce the nucleophilicity of -CHO functionality.

Next, numerous amines (1 mM in DMAc) were added to the
yellow emissive TCNA solution in dioxane (10 uM). The optical
density is somewhat reduced, but there is no appreciable
change in the absorption A,,x. However, a blue-shifted emission
from yellow to cyan or green was visualized in the naked eye
only for three vital BAs (PUT, CAD, and SPM), which are realized
to be responsible for protein-rich food spoilage. Moreover, the
maximum shift of 32 nm, resulting in bluish cyan, is notable
upon adding PUT solution (see Fig. 2). SPM displays cyano
emission with a 23 nm shift, but CAD shows a green emission
with only a 15 nm shift. These results designate the specificity
towards BAs in the solution state, and that too with slightly
longer chain lengths because 1,3-DAP and ethylene diamine did
not display any emission change (Fig. 2).

This observation has motivated us to focus on these three
BAs individually. Upon treating these individual amines with
TCNA solution, a superior sensitivity was noted with PUT
compared to CAD and SPM, as presented in Fig. 3 (see Table
S1 for the gradual shifts, ESIf). A clean emission shift was
detectable with the lowest concentration of PUT as 1-5 uM and
CAD/SPM as 4-12 pM, much lower than the required freshness
detection limit (in the range of mMm).*

The absorption spectra of TCNA did not change upon gradu-
ally adding PUT, CAD, and SPM (Fig. S11, ESI}). It indicates no
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significant interactions between TCNA and these BAs in the
solution state under ambient light. However, the observed emis-
sion changes upon the gradual addition of BAs were notable. It is
pertinent to specify that the acidity of the dye and basicity of BAs
will increase in the excited state, promoting amine-acid

interactions.*”*®

The newly formed ammonium carboxylate
anion will diminish electron flow from the aromatic rings to
the electron-deficient cyanocarboxylate part, resulting in a blue-
shifted emission. Also, lifetime studies (Fig. S12 and Table S2,
ESIt) indicate a diminution in the excited state lifetime on
gradual enhancement in amine concentration, demonstrating a

dynamic quenching behavior.

Photophysical features in the solid state and response to BA
vapors

While exposing to various amine vapors on the thin film of
TCNA using 30 pL of amine liquid in a 200 mL closed jar under
identical conditions for 15-20 min, we recognized a blue-
shifted emission upon exposure to most of the amines
(Fig. 4) except ammonia and spermine (see Fig. 4b: images 2,
&12). Like the solution state, blue-shifted emission in a solid
state is due to the lack of electronic conjugation after the
ammonium carboxylate salt formation (discussed later). After
exposing the amine fumes for half an hour, we recorded the
emission spectrum and absolute @ (%) for all these films (see
Table S3, ESIT). These important BAs display the maximum
blue-shifted emission and enhanced &; (%), as presented in
Fig. 4c. Notably, the emission shift (91 nm) with PUT vapor was
the longest (Fig. 4a-c) and could be easily discriminated from
the changes created by other amines (including other BAs).
With the estimated vapor pressure (mm Hg) at 25 °C, [Put
2.3, Cad 0.97, SPM 0.027], PUT can better flow in the air freely,
at least with a half-life of 6 h."> Therefore, we emphasized the
detection of BA vapors using the probe’s solid-state emission
because it will offer a handy approach for practical and on-site
applications. We proceeded with TCNA as it was selectively and
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Fig. 2 The (a) absorption spectra and (b) emission spectra of the probe TCNA (10 uM in dioxane) after adding various amines (10 uM in DMAC). Jex =
404 nm; 1-ammonia; 2-aniline; 3-butylamine; 4-diphenylamine; 5-triphenylamine; 6-triethylamine; 7-ethylenediamine; 8-1,3-DAP; 9-PUT; 10-CAD; 11-
1,6-diaminohexane; 12-SPM; 13-spermine; 14-N-ethyldiisopropylamine; 15-2-phenylethylamine; 16-tryptamine.
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selective BAs show the responses: emission Anax and & (%) are stated in parenthesis.

rapidly reactive with three essential BAs. Although the com-
pound TCNA was AlE-inactive, it displays perceptible red emis-
sion (Zmax = 604 nm, absolute @¢ = 2%) in the crystalline state.
Multiple twisted sites in the probe and numerous supramolecular
interactions offer only weak intermolecular n---n interactions,
leading to its behavior as a solid-state emitter (detailed crystal

2750 | J Mater. Chem. B, 2024,12, 2746-2760

structure/packing: vide infra). Strong hydrogen bonding and
multiple intermolecular interactions in the crystal lattice classi-
cally generate the red-shifted emission with reduced quantum
yield. To expose amine vapor to these solid-emitting probes, a
thin film on a glass platform would be the most convenient to
handle. Therefore, a thin film was prepared by dropping the

This journal is © The Royal Society of Chemistry 2024
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TCNA solution (1 mM in 1,4-dioxane) on a glass coverslip and
subsequent evaporation to dryness at 25 °C. The red emissive
thin film was exposed separately to these three BA vapors
(Fig. 4c). A unique and quick blueshift of 91 nm (red to green)
was observed after exposure to PUT vapor, whereas 48 and 54 nm
blueshift (red to yellow) were observed in the thin film emission
with CAD and SPM vapor, respectively (Fig. 4c). Interestingly, the
solid-state fluorescence intensity [absolute @¢ (%)] was signifi-
cantly improved in all cases after the amine exposures (Fig. 4c).
This result looks unique for PUT with an appreciable blueshift
compared to the other two BAs, and the reasons are elucidated
with evidence.

Concentration-variation emission studies

The above outcomes on abrupt emission shift motivated us to
investigate concentration-based emission variation under the
vapor phase. At the outset, the probe (1 mM) was drop cast on
a silica gel-coated Al-plate and fixed at the wall of the 200 mL
glass jar [Fig. 5a (under ambient light)], closed tightly with a
rubber septum, and properly enclosed with Teflon tape (Fig. 5a).
Six such jars were made ready for the screening and PUT liquid
was added through the septum in different pL volumes (5, 7, 12,
30, and 40, Fig. 5b) using a Hamiltonian microsyringe, and the
jar was kept at 25 °C. While monitoring the color change using a
365 nm UV lamp, emission changes from red to (i) orange (for
5 uL), (ii) orange-yellow (for 7 pL), (iii) yellow (for 12 pL), and
finally (iv) cyan (for both 30 and 40 pL) were identified.

As stated before, the vapor pressure (at 25 °C) of PUT and
CAD are different, ie., 2.3 mm Hg and 0.921 mm Hg, respec-
tively. Also, the boiling point of PUT is lower (159 °C) than CAD
(179 °C); thus, the evaporation process of PUT is much more
favorable than CAD. Again, inside the closed jar, PUT vapor
touches the fluorescent dye and reacts to form salt. Therefore,
PUT vapor will continue reacting with the dye until it reaches
the vapor-liquid equilibrium in the closed jar. During this

View Article Online
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process, the degree of various interactions between the fluor-
ophore and PUT molecules will be altered, resulting in emis-
sion variation. Hence, after reaching equilibrium at a specific
concentration, emission remains unchanged even after increas-
ing the amount of PUT.

Such diverse emissions at different concentrations were
further investigated spectroscopically; therefore, we repeated
the same experiment with a clean TCNA-drop-casted glass cover-
slip (1 mM in 1,4-dioxane). The red-emissive coverslip was affixed
inside the wall of the glass jar (volume of 200 mL). The glass jar
was sealed with a septum and Teflon tape (Fig. 5a and b). The
emission color change of the fixed coverslip was monitored using
a 365 nm UV lamp. Different volumes of PUT were added to the
bottom of the sealed chamber at 25 °C. Although the emission
color change was rapid and visually detectable, the emission
spectra (Fig. 6a) were recorded after 10 min. The observed
emission shift slightly differs between silica gel-coated Al-plates
and glass surfaces, being a chemically different entity.

The PUT liquid [1 pL (4.43 mg L~ ")] was added precisely and
found an instant 28 nm blue-shifted emission from red (Apax=
604 nm) to yellowish orange (Anm.= 576 nm) along with an
enhancement in @ (%) [see Table S4 and Fig. 5c]. Gradually, the
experiment was performed with different amine concentrations
by increasing the amount of PUT. The red emissive film became
yellow with a blueshift of 52 nm with 1.7 times enhancement in
®¢ (%). All these emission variations are rapid (within 10 s), and
even the shifts remain intact till the next PUT addition. When
the volume of PUT was increased to 15 puL, there was a 73 nm
blueshift with a greenish emission with almost unaffected &
(%). still, on further increasing of PUT amount [20, 25 or 30 pL],
an overall 91 nm blue-shifted emission [513 nm, green] was
noticed along with impressive heightening in the ®; (%) from
~3 to ~10. Further, the sensitivity of TCNA was tested by
repeating the same experiment with 2 pL of PUT in a 6 L closed
jar, and a 28 nm blue-shifted emission was detected [red to

Under 365 UV-Lamp

In ambient light ©

PUT(ul) TCNA  1pL suL
(mg/L) 0 (4.43) (21.93)

;"rnau(nm) 604 576 560
D(%) 2 2.50 293

ELoOEEO

8uL 10pL 15uL 20uL 25uL 30uL
(35.08) (43.85) (65.78) (87.7) (109.63) (131.55)

556 552 531 513 514 513
3.73 3.47 3.47 10.21 10.20 10.40

Fig. 5

(a) The probe drop-casted on silica gel-coated Al-plate (under ambient light); (b) the images of drop-casted silica gel-coated Al-plates are taken

under a 365 nm UV lamp at different concentrations (uM) of PUT liquid [0, 49.7, 248, 398, 497, 746, 994, 1243.6 and 1490]. (c) Concentration-tuned

emission using the probe drop-casted on a coverslip.
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yellowish orange; Fig. S13A, ESIT], which further validates the PUT
vapor detection at a much lower concentration as low as 3.3 pM.
Hence, wavelength shift and quantum yield with PUT concentration
are summarized in Fig. 6b. While performing the same
concentration-tuned emission studies with SPM and CAD, the red
emissive film was converted to yellow [only 54 nm and 49 nm
blueshift for SPM and CAD, respectively, Fig. S13B (ESI}); for other
related data, spectra, and plots, see Fig. S14 and Tables S5, S6, ESIT].
Unlike PUT, we hardly find any additional variations from the yellow
emissive state for SPM and CAD, even after adding excess (30 pL)
amines. This result also dictates that SPM is considerably less
responsive than CAD because of the much lower vapor pressure
for SPM. Notably, &¢ (%) was significantly higher (14.4) for SPM than
CAD (7.4). The green coloration results from the direct touch of PUT
liquid and vapor, while CAD and SPM demonstrate only yellow
emission. Thus, this probe is unique in recognizing PUT compared
to other common BAs such as SPM and CAD.

Mechanistic insight for the concentration-guided emission

We attempted to find the mechanistic viewpoint on how the
probe, TCNA, interacts with such specific BAs. It assists in

TCNA

Fig. 7 Plausible mechanism for the interactions between TCNA and the selected BAs.

2752 | J Mater. Chem. B, 2024,12, 2746-2760

TCNAS A

[Putrescine] mg/L

(a) Emission spectra for all the coverslips at different PUT concentrations. (b) a plot of emission wavelength (nm) and absolute @ (%) with

interpreting selective and sensitive concentration-based detec-
tion of PUT. Although CAD and SPM responded significantly,
the concentration-based variation was prominent only with
PUT due to its slightly higher basicity and decent vapor
pressure than CAD and SPM."**° However, the carboxylic acid
functionality would immediately form an ammonium carbox-
ylate salt, changing the overall molecular electronic distribu-
tion within TCNA. A rapid formation of ammonium salt, ie.,
TCNASA [no intramolecular proton exchange (IPE)] or TCNASB
[with IPE], consisting of supramolecular interactions, is antici-
pated at 25 °C (Fig. 7).

Experimental and theoretical studies were conducted to
support this TCNAS formation. Firstly, ammonium carboxylate
salt formation is recognized upon slow exposure of PUT vapor
as obtained from FT-IR studies (Fig. S15a, ESIT) that depict a
broad envelope at 3750-2750 cm™ " with the disappearance of the
O-H stretching (cm ') at ~3641 & 3067-2855 for pure TCNA.
Subsequently, the appearance of a broad peak at 3413 cm ™'
and merged stretching (cm™') at ~1600 and 1500 (NH bending
vibration) designate the presence of an -NH;" unit.>*?
Moreover, the vanishing of intense C=0 stretching (cm ") at

Evidences:
FT-IR, NMR,
Mass and
DFT studies

TCNAS B
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1700, followed by the arrival of two bands at 1630-1567, further
confirms the formation of a negatively charged carboxylate ion
(Fig. S15a, ESIT).”” Next, we attempted to locate the -C=N
stretching to validate the presence of -C=N-. - -H interactions.
However, strong-electronic conjugations of TCNA offer a very
weak ~-C=N stretching at 2223 cm™',>' gradually weakening
with a 12 em™" shift due to the lowering of force constant.
Lastly, we could notice a broad signature at ~2142 cm "' for
TCNAG (TCNA-Green form), which could be attributed to the
presence of the -C=N---H motif and other merged combi-
nation bands. The electron-withdrawing properties of the car-
boxylic acid group will be lost after turning into an ammonium
carboxylate. Thus, the n-electron delocalization will end mainly
in the cyano group, developing intermolecular -C=N.--H
interactions. Notably, accumulated negative charge on nitrogen
will enable the resonance-affected H-bonding, as reported after
analyzing several amino and cyano-based systems.>* The linear
cyano group can also act as an H-bond acceptor by simulta-
neously interacting with two amine groups.>® However, such
possibilities may not effectively operate in this system as the
dicyano compound TCN was inactive in recognizing the dia-
mines. Next, "H-NMR-spectrum reveals the disappearance of
carboxyl proton from TCNA (Fig. S16A-a, ESIT) after titrating
with PUT, further justifying the salt formation. There is a slight
upfield shift of ~ 0.1 in ¢rans-olefinic protons (J = 16.0 Hz) of
TCNA, the closest part of the reactive center (Fig. S16A-b, ESIt),
demonstrating the marginal enhancement of electron density
around those protons after the amine treatment. Moreover, one
proton will undergo intramolecular exchange to form a stable
cyclic complex TCNASB, which is still eligible for -C=N---H
interactions. However, we attempted to locate the change in the
BC-NMR signal for -C=N to recognize -C=N---H interac-
tions, but the lack of solubility became detrimental in identify-
ing the difference. However, no product from Michael-type
addition was indicated in the "H NMR spectrum.

View Article Online
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Nevertheless, gradual salt formation followed by the
-C=N---H interactions would stabilize the overall entities.
Therefore, we were interested in finding the stepwise changes
in each wide-angle X-ray scattering (WAXS) pattern (Fig. 8).

Few distinct diffractions of the probe TCNA could be identi-
fied before exposing PUT. A slight exposure demonstrates changes
in the WAXS pattern where a few diffractions appeared and a few
disappeared. However, the intensity of the diffracted signals is
enhanced in the TCNAO (orange) sample with slightly higher
interplanar distances. On further concentration-enhancement of
the PUT vapor, the yellow emitting solid TCNAY displayed only a
few diffractions (mostly broad). Notably, the sample appeared as a
slightly gummy solid (different texture in SEM) at this stage, which
could be the origin of such a broader diffraction pattern. However,
the green emitting TCNAG shows a well-diffracted WAXS pattern,
indicating a higher crystallinity and symmetry development in the
sample due to the salt formation and generation of the
-C=N: - -H complex. Thus, the molecule tends stepwise to trans-
form to a more crystalline phase upon diamine fuming. The amine
vapor instantly reacts with the acid probe, and liquid-vapor
equilibrium is accelerated by enhancing the concentration of
amine vapor. All these experimental findings confirm the
requirement of diamines and address how concentration varia-
tion gradually changes the molecular arrangement, contributing
to emission switching. To get better insight into the morpholo-
gical transitions of all the forms of TCNA after exposing PUT
vapor, scanning electron microscopic (SEM) images were cap-
tured (Fig. S15b, ESIf). It clearly specifies the morphological
differences in various emissive forms. TCNA mainly shows an
aggregated semi-crystalline state for the probe, which is gradu-
ally distributed in TCNAY, and finally, there is a development in
crystallinity with TCNAG. This result is in agreement with the
WAXS pattern discussed above.

All these deviations in IR/NMR, SEM images, and WAXS
patterns of TCNA after exposing PUT vapor are primarily

.
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Fig. 8 Changes in the WAXS pattern at different emissions (images are taken under a 365 nm UV-lamp).
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accountable for the observed outcomes. Moreover, all these
variations display a variance in the ground state, showing a
difference in the absorption spectra (Fig. S17, ESIT). The UV
absorption of TCNA solid indicates a red dye (Zmax = 532 nm),
which shifted to 438 nm (yellow solid, 94 nm blueshift) for
TCNAY after exposure to PUT vapor. Finally, TCNAG displayed
the absorption A,.x at 420 nm (yellowish green, overall 112 nm
blueshift in solid state absorption spectra). It designates that
the changes in ambient light are also visually promising and
easily detectable. Further, LC-MS studies (in the negative ion
mode, Fig. S18, ESI{) prove the existence of TCNASB, which
appeared with a peak at 543 [M-2H]~ along with the molecular
ion peak at 456 [M-H] .

In addition, a few more control experiments were performed
to establish the mechanistic insights. A few molecules, such as
4-aminobutanol, N,N-dimethylbutane-1,4-diamine and lysine
(acting as bases and H-bond acceptors), were treated with the
TCNA solution. In the solution state, no significant change in
the emission has been observed (Fig. S19, ESI}) because
4-aminobutanol would possibly prefer forming intra/intermo-
lecular H-bonding, and the interactions between these amine
analytes and TCNA solution are not impressive. Further, the
solid probe was treated with these liquid amines to investigate
the response in the vapor phase. Although these liquids have
much higher boiling points (°C) [206 for 4-aminobutanol and
181 for N,N-dimethylbutane-1,4-diamine] and lower vapor pres-
sure (at 25 °C) than PUT, we attempted with these liquid amines
(30 pL) inside a closed 200 mL jar. Both 4-aminobutanol and
N,N-dimethylbutane-1,4-diamine responded in the vapor phase
(Fig. S20, ESIY), resulting in a yellow emissive solid. Notably,
diamine showed a better response with a 44 nm shift. Thus,
vapor can interact better after getting trapped inside the layer of
a solid-emissive probe. Still, unlike other amines, PUT exhibits
the unique green emission. Thus, these molecules are interest-
ing to investigate regarding the emission features, particularly
the vapor concentration-based emission change. The difference
in vapor pressure, basicity, and boiling point of these amines
compared to PUT creates the interaction variation.

To further validate the proposed H-bonding between
-C=N: - -H, the emission shift was studied by experimenting with
an H-bonding competing solvent, such as MeOH (Fig. S21, ESIt). A
32 nm blue-shifted emission was noticed in a 1,4-dioxane solution
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of TCNA after adding PUT. However, the shift was reduced to only
23 nm in the presence of 10% MeOH in 1,4-dioxane (Fig S21, ESIT).
In addition, the polarity enhancement reduced the emission
intensity, as expected. We speculate that the presence of MeOH
restricts the -C=N- - -H interactions within the dye and PUT unit
in the solution state and, therefore, makes a barrier to bring a
green emission.

Explanation with single crystal X-ray structure/molecular
packing

To decipher a detailed view of the crystal lattice, we determined
the crystal structure and molecular packing of the compound
TCNA, driven by various intermolecular interactions listed in
ESIt (Fig. 9b and Fig. S22, S23, Tables S7, S8, ESIf). Two
symmetrically independent molecules are in an asymmetric unit
with multiple twists (Fig. 9a). Such a twisted structure prevents
strong - - -1 interactions [the centroid distances (A) are within the
range of 4.77, 8.54, and 11.53, Fig. S22b, ESIf], resulting in an
emissive solid. In addition, multiple supramolecular interactions
such as acid dimerization and -C=N---H interactions holding
diverse directionalities could be responsible for reducing the
overall quantum yield. A strong intermolecular H-bonding
appeared with a distance of 1.75-1.79 A and a bond angle of
~176° (Fig. 9b). The -C=N distance of 1.150 A specifies the
presence of conjugations.”® However, weaker -C=N---H inter-
actions are noticed in the crystal within the distance range of
2.6-2.7 A, and nonlinear bond angles of -C=N- --H make these
existing interactions much more vulnerable (Fig. 9b and Fig. S22a,
ESIt). Even after several attempts, a suitable single crystal of
TCNA-PUT complex could not be generated after the PUT
exposure, possibly because of PUT’s instability (hygroscopic and
tendency to react with O,, CO,) in the air.

The blue-shifted emission can be described as the relative
reduction of conjugation in TCNAS. Moreover, the -C=N unit
prefers a slightly tilted conformation rather than a linear
site.>®* After the generation of the -C=N---H system, the
overall conjugation in the system is significantly reduced, and
therefore, a 91 nm blueshift in emission appeared. Thus, the
system becomes more twisted, which prevents =n- - -n stackings
and leads to a radiative decay. The enhancement in the quan-
tum yield can be attributed to the well-known crystallization-
induced emission enhancement effect (CIEE).>” Upon PUT

Fig. 9

(a) Single-crystal X-ray structures with few selected bond angles (°), (b) partial molecular packing of TCNA with few significant noncovalent

interaction distances (A) and angles (°) (further details: see Fig. S22a and S23a, ESI¥).

2754 | J Mater. Chem. B, 2024, 12, 2746-2760

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3tb02569a

Open Access Article. Published on 21 February 2024. Downloaded on 3/13/2026 2:00:02 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

fuming, the molecule experiences a few weaker supramolecular
interactions, enabling the rigidification of the molecular struc-
ture and blocking the non-radiative decay.

Further, the selective and sensitive gradual detection of PUT
can be supported with the void space available (367 A® obtained
from Mercury; Fig. S23b, ESIT) in the crystal lattice of TCNA.
The PUT vapor can be easily trapped in the space available and
produce the ammonium carboxylate salt that offers successive
intramolecular proton exchange/~-C=N- - -H interactions. Close
contact in a confined system would desire gradual and effective
interactions. Thus, the available void space and the carboxylic
acid group can help interactions for most of the amines exposed
in the solid state and display emission shift. However, mono-
amine would not have any scope for further proton exchange
and, therefore, can be differentiated. Unlike solution states,
ethylene-diamine and 1,3-DAP can interact similarly to other
BAs. However, the emission shifts and quantum yield enhance-
ments were not impressive.

Reversibility nature

The reusable fluorophores to detect BAs are hardly established
in this field because the fluorophores mostly react with the BAs,
and therefore, returning to the original state is problematic.
After realizing the possible perception, we expected the reversi-
bility nature of the probe in the presence of acid. The acid (HCI)
fumes can destroy the salt and other interactions, enabling it to
return to the initial stage for further use. We have conducted the
reversibility experiment and identified the visually detected
color changes for the 6th time with intact emission quantum
yield, as presented in Fig. S24 (ESIt). Thus, we have established
this probe as a reusable platform for practical applications.

Theoretical investigation

To attain further rationalization on our thought of TCNA-PUT
interactions, optimized molecular structures of TCNA and TCNA-
PUT were determined using DFT (density functional theory)/TD
(time-dependent)-DFT studies using CAM-B3LYP® functional
and 6-31+G(d) basis set. The calculated absorption and emission
/max match well with the experimentally observed results. The
theoretically optimized structures (Fig. 10 and Table S9, ESIt) of
individual species displayed a significant difference in the bond
lengths (A)/angles (°) compared to TCNA crystal, as expected.

TCNA-PUT

€Y Nu-N=162.5°
d(NH-N) =1.753 A
d(N-N) =2.788 A
d(O-H) =2.610A

{¢)) 2NH-N=136.0°
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TCNA shows a linear -C=N functionality with a bond length of
1.164 with a -C-C=N angle of 177 (almost linear, Fig. S25A,
ESIt). Nevertheless, the TCNA-PUT complex offers the transfer of
the acidic proton of amine nitrogen (bond length 1.753 A), and a
subsequent intramolecular proton exchange between two amine
functionalities via forming a stable cyclic complex TCNASB
(Fig. 10) was noticed, as discussed earlier in Fig. 7.

The related bond/interatomic distances and angles (Fig. 10)
would support this intramolecular proton exchange. The enhance-
ment in the -C=N bond length (1.168 A) was noted due to
-C=N---H interaction (2.373 A). It is pertinent to mention that
the -C=N-: - -H interaction in the molecular crystal packing of
TCNA lies between 2.583-2.741 A, representing much stronger
interactions between the amine NH and -C=N functionality in
the gaseous state. These calculations validate our mechanistic
assumption on the selectivity of diamines. The nitrile group also
became nonlinear after the interactions with diamines, and the
slight change in the dihedral angle also reduced the electronic n-
conjugation, responsible for the blueshift.

Further, to understand the deviation with smaller amines
such as 1,3-DAP, we focused on the TCNA-1,3-DAP interactions,
and therefore, the molecular geometry was optimized (Fig. 10b).
It primarily disclosed two notable differences that include a
strong salt formation with 1,3-DAP (being a relatively stronger
base) and weak hydrogen exchange between the two amine
groups because of the non-preferable / NH---N 136° angle
and longer N-H- - -N interatomic distance 1.961 A compared to
TCNA-PUT system (Fig. 10a). Moreover, -C=N- - -H interaction
is weaker in 1,3-DAP, as validated with a relatively larger
interatomic distance of 2.392 A (2.373 A for TCNA-PUT). Thus,
the other -NH, functionality of DAP was relatively more acces-
sible, which could be the reason for being nonresponsive in
solution state emission. However, these groups will be confined
to the solid state and display an emission shift.

Further, the highest-occupied molecular orbital (HOMO) of
TCNA is mainly built up with an anthracene core. At the same
time, the lowest unoccupied molecular orbital (LUMO) is occu-
pied by the cyano/acid attached ring (Fig. S26, ESIT). The PUT-
TCNA complexes do not change the HOMO significantly, but the
LUMO formation differs due to the carboxylate formation,
which enhances electron density. Thus, LUMO is destabilized
by ~0.9 eV, leading to the blueshift (Table S9, ESIt).

TCNA-DAP @
po®

d(NH-N) =1.961 A
d(N-N) =2.806 A
d(O-H) =1.468 A
(O-H) 14

Fig. 10 Optimized molecular structure (gaseous state) of (a) TCNASB: TCNA-PUT and (b) TCNA-1,3-DAP with selected angles (°) and interatomic
distances/bond length (A). (Partial structure is shown here for clarity; For further details, see Fig. S22B, ESI¥).
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Detection of the freshness of fish and chicken

The remarkable blue-shifted emission and sensitivity, specifi-
cally towards PUT (a vital marker for detection of food’s
freshness) in the vapor phase, have encouraged us to monitor
the freshness of market-available fresh fish and chicken sam-
ples (on a small scale). The probe was drop cast on a Whatman
filter paper (cheapest and easiest to introduce), fixed inside the
glass jar containing the fish/chicken sample, and sealed with a
rubber septum, and an empty jar was used as a control to
monitor the changes (see Fig. 11). The emission change was
surveyed under a 365 nm UV lamp with different time intervals.
A slight emission shift was observed after 5 h for fish; however,
the difference was intensified after 7 h for chicken. The change
would be more promising if a large sample scale is tested
within a small period.

The orange emissive filter paper became yellow after 22 h,
whereas the control spot remained unchanged. The same
experiment was also performed with a piece of fish pellet,
and a similar change was noticed after 5 h (Fig. 11). In the
case of the fresh chicken sample, the emission started chan-
ging within 7 h (a little slower in forming BAs vapor). After 22 h,
the change was detectable. The direct touch of spoiled chicken
could also be identified with its rapid emission change from
red to green. Thus, the quick and distinct emission color
change using TCNA has been successfully established to detect
fish/chicken freshness using an inexpensive strategy.

Experimental
Materials and general conditions

All the chemicals were purchased from Merck, and the solvents
for column chromatography were purchased from Finar. Spec-
troscopic grade solvents used for UV-Vis and fluorescence
spectroscopy were purchased from Finar. All the photophysical
studies were performed at room temperature, 298 + 2 K. 'H,
and C NMR spectra were recorded on Bruker 400 MHz

Under 365 UV Lamp
2 h; Day 1

In ambient light

Oh: Duyl h, Day 1
W I

Fish

R

Chicken

-a
b ﬁl—.-.- )
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spectrometers with operating frequencies of 101 MHz for **C.
Chemical shifts (0) are reported in ppm relative to the residual
solvent signal (6 2.50, § 7.26 for '"H NMR and § 39.5, § 77.0 for
3C NMR).

Synthesis and characterizations

Diethyl ((10-(thiophen-2-yl)anthracen-9-yl)methyl)phosphonate®.
This compound was synthesized following earlier reported methods.

'H NMR (400 MHz, CDCl;) § 8.41 (d, J = 8.9 Hz, 2H), 7.89
(d, J = 8.8 Hz, 2H), 7.63-7.54 (m, 3H), 7.42 (dd, J = 8.7, 6.5 Hz,
2H), 7.31 (dd, J = 5.2, 3.4 Hz, 1H), 7.19 (m, 1H), 4.29 (d, J =
22.5 Hz, 2H), 4.08-3.83 (m, 4H), 1.17 (t, J = 7.1 Hz, 6H).

Synthesis of (E)-4-(2-(10-(thiophen-2-yl)anthracen-9-yl)vinyl)-
benzaldehyde (TAA). In a 50 mL round-bottomed flask, diethyl
((10-(thiophen-2-yl)anthracen-9-yl)methyl)phosphonate ~ (0.20 g,
0.487 mmol) was dissolved in 10 mL of dry DMF under nitrogen
atmosphere at 25 °C followed by the addition of NaH dispersed in
60% paraffin oil (0.093 g, 3.4 mmol) in the reaction mixture at
0 °C and stirred for 10 min. Terephthaldehyde (0.130 g,
1.21 mmol) was added slowly to the solution. The reaction
was allowed to stir for 1 h, and TLC monitored the completion
of the reaction. The resulting reaction mixture was quenched
using water, extracted with ethyl acetate (20 mL x 3), dried over
anhydrous sodium sulfate, and concentrated using a rotary
evaporator. The compound TAA was purified using column
chromatography (100-200 mesh-sized silica gel) using petro-
leum ether to obtain a yellow solid.

TAA. Yield 50% (0.097 g), m.p. 205-210 °C, IR (v cm ', in
KBr): 2920, 1689, 1596, 1564, 1438, 1373, 1256, 1211, 1164,
1025, 973. "H NMR (400 MHz, CDCl;) J 9.99 (s, 1H), 8.28-8.26
(m, 2H), 8.06 (d, J = 16.8 Hz, 1H), 7.91-7.89 (m, 2H), 7.82-7.75
(m, 4H), 7.56-7.54 (m, 1H), 7.43-7.33 (m, 4H), 7.25-7.23 (m
1H), 7.13-7.12 (m, 1H), 6.96 (d, J = 16.8 Hz, 1H). **C NMR (101
MHz, CDCl;) 6 191.7, 143.04, 139.01, 136.6, 135.8, 133.3, 131.7,
130.4, 129.5, 129.2, 128.8, 127.2, 127.1, 126.8, 125.7, 125.6. HR-
MS for C,,H;40S, calc. 391.1157, found 391.1136.

5 h: Day 1 22 h; Day 2

7 h; Day 1

—a-

Fig. 11 Application of the probe in detecting the freshness of fish and chicken.
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Synthesis of (E)-2-(4-(2-(10-(thiophen-2-yl)anthracen-9-yl)vinyl)-
benzylidene)malononitrile (TCN). In a 50 mL round-bottom flask,
(E)-4-(2-(10-(thiophen-2-yl)anthracen-9-yl)vinyl)benzaldehyde (0.20 g,
0.51 mmol) and malononitrile (0.067 g, 1.02 mmol) were dissolved
in 20 mL of ethanol-water mixture (6:1) at room temperature. The
reaction mixture was heated to reflux for 7 hours at 80 °C. The
reaction was monitored by TLC. Upon completion, the reaction
mixture was allowed to cool to room temperature. The resulting
precipitate was washed with cold ethanol and dried under a high
vacuum to obtain an orange solid.

TCN. Yield 70% (0.160 g), m.p. 250-253 °C, IR (v cm™ ", in
KBr): 2223, 1538, 1549, 1468, 1417, 1377, 1221, 1184, 1028, 970.
'H NMR (400 MHz, CDCl,) § 8.25 (d, J = 8.8 Hz, 2H), 8.14-8.08
(m, 1H), 7.95-7.93 (m, 2H), 7.82-7.80 (m, 2H), 7.77-7.72 (m,
3H), 7.56-7.55 (m, 1H), 7.44-7.34 (m, 4H), 7.26-7.23 (m, 1H),
7.13-7.12 (m, 1H), 6.96 (d, J = 16.8 Hz, 1H). **C NMR (101 MHz,
CDCl;) 6 154.1, 138.6, 134.1, 131.3, 128.09, 126.9, 126.8, 125.6,
125.2, 124.8, 124.4, 122.8, 122.5, 122.1, 121.04, 109.2, 108.1,
77.2. HR-MS for C3,H;oN,S, calc. 439.1269, found 439.1258.

Synthesis of (E)-2-cyano-3-(4-((E)-2-(10-(thiophen-2-yl)anth-
racen-9-yl)vinyl)phenyl)acrylic acid (TCNA). In a 50 mL round-
bottomed flask, (E)-4-(2-(10-(thiophen-2-yl)anthracen-9-yl)vinyl)-
benzaldehyde (0.20 g, 0.51 mmol) and cyanoacetic acid (0.130 g,
1.53 mmol) was dissolved in 20 mL of chloroform under
nitrogen atmosphere at room temperature. Piperidine (0.3 mL,
3.07 mmol) was added, and the reaction mixture was heated to
reflux for 24 hours at 62 °C. The completion of the reaction was
monitored by TLC. The resulting reaction mixture was quenched
using water, extracted with ethyl acetate (20 mL x 3), dried over
anhydrous sodium sulfate, and concentrated using a rotary eva-
porator. The compound TCNA was purified using column chro-
matography (100-200 mesh-sized silica gel) using 50%
ethylacetate-hexane to obtain a red solid. The single crystals are
grown from a mixture of dimethylsulfoxide (DMSO)/CH;CN (9:1).

TCNA. Yield 90% (0.211 g), m.p. 179-181 °C, IR (v cm ™, in
KBr): 3614, 3067, 2922, 2855, 2264, 2223, 1700, 1582, 1418,
1270. *H NMR (400 MHz, DMSO-d¢) 6 13.60 (s, 1H), 8.50-8.43
(m, 4H), 8.22-8.20 (m, 2H), 8.12-8.10 (m, 2H), 7.98-7.97 (d, J =
4.8 Hz, 5H), 7.83-7.81 (m, 2H), 7.64-7.56 (m, 4H), 7.46-7.44 (m,
1H), 7.34-7.33 (m, 1H), 7.14 (d, J = 20 Hz, 1H). *C NMR (101
MHz, DMSO-dg) 6 166.2, 163.8, 153.8, 141.7, 138.42, 137.04,
134.2, 131.7, 131.4, 130.3, 129.09, 128.6, 128.3, 128.2, 128.02,
126.7, 126.4, 126.3, 116.9, 116.1, 104.02. HR-MS for
C30H,0NO,S, calc. 458.1215, found 458.1219. X-ray structure
was determined for this compound. CCDC No: 2262179.7

Single crystal measurement

All measurements were carried out using a Rigaku XtaLAB P200
diffractometer using multi-layer mirror monochromated Cu-Ko
radiation (/. = 1.54184 A). The measurements were taken at a
temperature of —173 £ 1 1 °C up to a maximum 20 value of
149.81°. CrysAlisPro was used to collect and process data (Rigaku
Oxford Diffraction). Cu-Ko radiation has a linear absorption
coefficient, u, of 18.391 cm™". The transmission factors ranged
from 0.227 to 0.593 when an empirical absorption correction was
implemented. The data were corrected for the Lorentz and

This journal is © The Royal Society of Chemistry 2024
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polarization effects. The structure was solved using direct meth-
ods (SIR2011)31 and expanded using Fourier techniques. The
non-hydrogen atoms were refined anisotropically. Hydrogen
atoms were purified using the riding model. All calculations were
performed using the Olex2 crystallographic software package
except for the refinement, which was performed using SHELXL
Version 2014/7.

WAXS measurement

WAXS measurements were carried out using a Xenocs Nano-
inXider SW-L SAXS/WAXS system with a dual detector with Cu
Ko micro focus within the range of 5° to 60° at a scanning speed
of 2° min~'. The sample was placed and spread over a Kapton
tape, and data were recorded in transmission geometry. The
results are presented after background subtraction using xenoc
XSACT software for all the samples.

Methods and measurements

All the fluorophores were synthesized using a method reported
earlier. The electronic absorption spectra were recorded with
UV 3600 Plus (Shimadzu). The FL spectra were recorded using a
Hitachi spectrofluorometer (F7000) using a 1 cm path-length
quartz cuvette. Origin Pro 8.5 software is used to plot the
obtained data.

Preparation of solutions

The stock solution of 107> M TCNA was prepared in 1,4-
dioxane. The 10> M stock solution for all the amines was
prepared in N,N-dimethylacetamide (DMAc).

Absorption and FL studies

Absorption studies were carried out with the sample (2 mL, 10
puM) in a quartz cuvette (1 cm x 1 cm). The wavelength range
was kept within 550 to 200 nm. Emission spectra of the same
sample are instantaneously recorded with the range from
415 to 800 nm, with a PMT voltage of 400 eV and excitation
slit/emission slit 5.0.

Absolute quantum yield measurement

The solid-state absolute quantum yield measurement used a
calibrated integrating sphere method with an absolute error of
+2%.

Time-resolved decay measurement

Solution-state lifetime measurement. The solution-state life-
time was measured with 10 pM 2 mL solution of TCNA via pulse
excitation of 405 nm followed by the addition of 1 uL, 2 pL
(+1 pL), 4 pL (+2 pL), 6 pL (+2 pL), 8 uL (+2 pL), 10 pL (+2 pL),
15 uL (+5 pL) and 20 pL (+2 pL) of PUT (10° M) solution.
The decays for the compound and after the addition of PUT
were fitted triexponentially.

Detection limit calculation

A series of fluorometric titrations were conducted to detect the
amount of PUT with a 10 uM solution of TCNA.
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Study of TCNA coated thin films for visual detection of
putrescine

For the thin film study, a 10> M solution of TCNA was drop-
cast on thin glass coverslips and dried at room temperature.
The dried glass coverslips were affixed on the wall of a 200 mL
glass bottle sealed with a septum. Different volumes of putres-
cine were added, and the observed fluorescence color switching
was instantaneous. All the images were taken with a Xiaomi Mi.
A3 (f71.8, 1/3, ISO250) after 15 min. Other information is
articulated in detail in the ESL.}

Paper strip sensing study

For the solid-state sensing study, a solid TCNA sample was
dispersed on strips of Whatman filter paper (15 cm x 4.5 cm)
and dropped with different concentrations of putrescine (2 pL)
solution in DMAc. The image was taken with a Xiaomi Mi. A3 (f/
1.8, 1/3, ISO250) after 1 min. However, the blue-shifted emis-
sion color change was instantaneous. Other information is
articulated in detail in the ESIL.}

Theoretical details

The ground state (S,) geometry of the molecules was optimized
using the density functional theoretical (DFT) method with the
CAM-B3LYP>® functional and 6-31+G(d) basis set. After geome-
try optimization, frequency calculations were done to confirm
the absence of any unstable normal modes. The excited state
(Sy) calculation uses the TD (time-dependent)-DFT method. All
the DFT and TD-DFT calculations were performed using the
Gaussian 09 package.’® All the MOs are visualized in Avogadro
software®® and reported an isosurface value equal to 0.02 a.u.

Conclusions

In conclusion, a suitably designed small molecule with a cya-
noacrylic acid opening was realized as a solution and solid-state
emitter. Comparative studies with analogous probes revealed that
the BAs did not respond toward aldehyde functionality or Michael
acceptors introduced in this set of analogs. The TCNA probe could
selectively recognize PUT, CAD, and SPM in the solution state, with
a higher blue shift for PUT in uM level sensitivity. However, this
probe shows its uniqueness with its more glowing blue shift in the
solid state for all three amines specifically, while PUT shows a
maximum 91 nm shift from red to green. This probe detected PUT
vapor concentration (as low as 0.292 mg L") with a distinct color
change at each level. Further, this probe was repeatedly used for
the detection of PUT. Our experimental (FT-IR, NMR) outcomes
infer that TCNA forms a salt with PUT vapor and gradually turns
into a complex through -C=N. - -H bonding and proton exchange
behavior with -NH;" and NH,, which was inefficient for TCNA-
DAP entity. The DFT studies also confirm this observation. The
emission shifts with intensity enhancement were monitored by
WAXS studies that offer a variation in the diffraction pattern with a
gradual development of well-diffracted signals. Finally, coverslip/
Al-coated silica-gel/paper-based platforms were substantiated to
successfully detect the freshness of chicken and fish. The same
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platform would be perfect for determining the spoiled protein-rich
food at different stages of putrefaction, preventing food waste, and
enriching the food safety solution.
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