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Effective detection and monitoring of volatile amines are crucial for protecting human health and the
environment, particularly in areas such as disease diagnosis and food spoilage detection. Traditional gas
sensors, including electrochemical, semiconductor, and photochemical types, often suffer from limited
selectivity, sensitivity and require complex and expensive synthesis and detection equipment.
Colorimetric sensors, which are easily interpreted through visible colour changes, have recently gained
attention for their simplicity and real-time detection capabilities. In this study, we present a chemosensing
system based on the bindone motif, both as a small molecule (Bin) and embedded in a polymer backbone
(PBin), for the effective colorimetric detection of volatile amines. Our system exhibits high selectivity and
sensitivity, with detection limits as low as 0.04 ppm for Bin and 1.57 ppm for PBin. The colour change,
driven by amine-induced tautomerisation, was confirmed through UV-Vis spectroscopy, NMR spec-
troscopy, and TD-DFT calculations. pH dependent studies reveal the importance of basicity on the
mechanism and selectivity. By incorporating the bindone moiety into the polymer backbone, its thermal

Received 22nd January 2025,
Accepted 28th March 2025

DOI: 10.1039/d5lp00017c

stability was significantly enhanced. The versatility of the sensor was demonstrated in solution, and paper-
based film formats, with successful application in detecting amines released during fish spoilage. This work
highlights the potential of the bindone-based chemosensor as a cost-effective, portable, and efficient tool
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Introduction

Amines play a crucial role both in nature and industrial pro-
duction." Of this class of compounds, many are volatile, cor-
rosive, and hazardous. Therefore, it is essential to sense and
monitor the presence of volatile amines to protect human
health and the environment.>”® Detecting volatile amines is
vital across various fields, including biogenic amines as ana-
lytes for the early diagnosis of diseases.””® Additionally, during
food spoilage, microorganisms break down free amino acids
into biogenic amines like histamine, cadaverine, putrescine,
and trimethylamine, which can significantly harm human
health.”™* Thus, developing highly sensitive detection
methods for volatile amines is imperative for a range of practi-
cal applications.">*?
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for monitoring food freshness and other applications requiring the detection of volatile amines.

Previous reports on gas sensors have included electro-
chemical sensors, semiconductor sensors, and photochemical
sensors.'* These typically utilize highly sensitive metal oxides,
however they suffer from inadequate selectivity, instability,
and degradation when exposed to moisture or during pro-
longed use.'® Advancements in methods that monitor changes
in resistivity and luminescence have enhanced the sensitivity
and selectivity of chemiresistors and fluorescence sensors,
achieving detection limits below parts per million (sub-
ppm).'®*® Despite these improvements, these systems often
necessitate complex or expensive synthetic processes and
auxiliary equipment for amine identification.'*°

Colorimetric sensors are attractive as their sensing response
is easily understood through a visible colour change and do
not require expensive spectroscopic techniques or instrumen-
tation to interpret.> > Recently, naked-eye colorimetric
chemosensors have achieved significant attention as simple,
cost-effective, and real-time sensing for amines and food spoi-
lage detection due to the unambiguous colour change when
exposed to the target analyte.”*’ Materials that undergo a
colour change when exposed to applied stimuli are observed in
many types of materials, however, the high tuneability of
organic materials with respect to their optoelectronic pro-
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perties offers an advantage. The limit of detection (LOD),
which marks the onset of the colour change, and the sensi-
tivity of these sensors can be potentially fine-tuned in organic
materials, though this largely depends on the specific sensing
mechanism used.

An emerging design strategy for amine sensing is to embed
receptors into the backbone of polymers with high electron
affinity which helps to promote interaction with electron rich
amines. A wide variety of polymer types and detection mecha-
nisms have been utilized for amine detection (Table S2t). One
strategy involves grafting receptors onto bioderived and bio-
degradable polymers such cellulose, polylactic acid and
polycaprolactone.’>**! Conjugated polymers have also been
employed, particular for the detection of aromatic amines,
which can alter the polymer optoelectronics through n-x
interactions.*** Recently, polymer networks have also been
deployed as an attractive class of materials due to large surface
area and luminescence properties.®>*® Metal organic frame-
works are another exciting class of porous polymer with use in
amine detection.’’*° Polymers of intrinsic microporosity
(PIMs) are a valuable class of materials for sensing appli-
cations due to the high surface area which leads to efficient
interaction with analyte species.”’™** Another desirable feature
of PIMs is the highly rigid and contorted backbone leading to
both good solubility and processability of thin films.****

Biindenylidene-3,10,30-trione (bindone) is reported to
display a colorimetric response towards amines at high temp-
erature and has been reported historically as a crude test for
amines.*®"” Contemporary reports have also utilised bindone
based molecules as chemosensors for heavy metal sensing and
pH detection.”®*® The bindone structure possesses an acti-
vated CH, position, rendered slightly acidic by adjacent elec-
tron-withdrawing carbonyl groups, making it an ideal candi-
date for sensing mechanisms involving proton exchange. In
this study we present a chemosensing bindone moiety for
effective colorimetric detection of volatile amines in solution
and in vapor form. As a small molecule (tetrafluorobiindenyli-
dene-3,10,30-trione, Bin) and embedded in a polymer back-
bone (PBin), we demonstrate a versatile detection system with
high selectivity. Through mechanistic studies, we deduce that
in the presence of our target analyte, the bindone moiety tau-
tomerizes which invokes a definite colour change. A variety of
analytes and different classes of amines were screened to eluci-
date the selectivity. The unambiguous colorimetric response to
amine vapour generated from spoiled fish samples, along with
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Scheme 1 Synthesis of Bin and PBin.
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its detection capabilities under various conditions—such as in
solution, and dyed paper—demonstrates the practicality of the
bindone scaffold for detecting amines for a wide variety of
applications. Thus, we developed a new cost effective and ver-
satile chemosensor with structural simplicity as an attractive
colorimetric detection tool for volatile amines with potential
for application in food packaging (Scheme 1).

Results and discussion
Synthesis and characterisation

The synthesis was carried out without any chlorinated sol-
vents or expensive catalysts and proceeded from cheap, com-
mercially available starting materials. 4,5-Difluorophthalic
anhydride (1), was converted into 5,6-difluoro-1H-indene-1,3
(2H)-dione (2) in the presence of tert-butyl acetoacetate, tri-
ethylamine and acetic anhydride, as reported in the litera-
ture.>® Following this, the compound underwent a base cata-
lysed dimerization in ethanol to afford small molecule target,
Bin with 84% yield. The monomer was reacted further to
generate polymer PBin via the S,Ar polymerisation with
3,3,3',3'-tetramethyl-1,1'-spirobiindane-5,5',6,6'-tetraol. = This
form of SnAr polymerization, involving the formation of
dibenzodioxin linkages, is well-documented and has been
shown to proceed efficiently between biscatechol derivatives
and electron-deficient tetrafluorinated monomers, as exem-
plified in the synthesis of PIM-1.>' After workup and sub-
sequent purification via Soxhlet extractions using dichloro-
methane and methanol to remove small molecule side-pro-
ducts, a moderate yield of 50% by weight was attained. To
confirm the desired product, NMR, IR, and elemental ana-
lysis was performed on PBin. The proton NMR revealed a new
collection of peaks corresponding to the spirobiindane and
bindone moieties. The peak broadening can be attributed to
the varying electronic environments due to the contorted
polymer backbone induced by racemic nature of the spiro-
biindane monomer. Crucially, the IR spectra of PBin con-
tained peaks at 1700 cm™" characteristic of carbonyl group
stretches. Elemental analysis of PBin revealed carbon and
hydrogen composition in close agreement with predicted
monomer unit, with the slight discrepancy attributed to the
polymer end groups.

The polymerisation was also confirmed using GPC and
weight average molecular weight (m,,) of around 16 kg mol™*

PBin

© 2025 The Author(s). Published by the Royal Society of Chemistry
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observed with polydispersity index of 1.3. Despite the con-
torted spirobisindane moiety along the polymer backbone, the
microporosity of PBin was modest and gas sorption analysis
revealed low nitrogen adsorption at 77 K (Fig. S14%).
Conversely, PBin did display significant CO, uptake (22 cm®
g~! at 273 K) suggesting the presence of micropores smaller
than 0.7 nm in diameter. This is further supported by the
NLDFT pore size distribution derived from the CO, adsorption
isotherm at 273 K, which shows that the majority of the micro-
pore volume is below 0.8 nm confirming the materials poten-
tial to uptake certain gaseous analytes (Fig. S131). SEM
imaging was used to give insight into the morphology of the
two materials. PBin revealed macroporous cavities whereas Bin
appears as a crystalline solid (Fig. S157). The thermal stability
of Bin and PBin were investigated and through TGA analysis it
was revealed that Bin commenced sharp decomposition at
200 °C whereas the polymeric PBin remained stable up to
400 °C without significant mass loss and has glass transition
temperature (T,) of 210 °C (Fig. S10 and 111). The findings
reveal that embedding the bindone moiety into the polymer
backbone greatly improved its thermal stability, increasing its
practical utility.

Optical response

Firstly, extensive UV-Vis absorption studies were carried out
with the small molecule Bin to understand the selectivity of
the colour change. Solutions of Bin were prepared in tetra-
hydrofuran and mixed with 0.1 equivalents of a variety of
different amines, namely primary, secondary and tertiary
amines, alkyl as well as aromatic amines, and key biogenic
amines. Pyridine and hydrazine were also investigated (Fig. 1).

Before any amine is added, Bin exists mainly as the keto
isomer and absorbs in the UV region with a A,,,x at 340 nm.
There is an additional broad low intensity absorption centred
around 400 nm which crosses into the visible region, which is
responsible for the pale-yellow colour of the solution. Upon
adding small quantities of alkyl amines or ammonia (triethyl-
amine, spermine, putrescine, ammonia, ethanolamine, ben-
zylamine), there is an instant change in the absorption, with a
new strong absorption at 530 nm, while the peak at 340 nm is
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diminished. This corresponds to a stark colour change from
pale-yellow to purple. For aromatic amines, 1,5-diamino-
naphthalene and diphenylamine, the colour change is not
observed, and the changes to the UV absorption can be attribu-
ted to the absorption of the aromatic compounds themselves.
For the nitrogen containing non-amine compounds, pyridine
and hydrazine, a peak is observed at 530 nm, however the
intensity is very weak. It was noted that with hydrazine, the
absorption at 340 nm is also diminished, perhaps due to
highly reactive hydrazine, which may undergo a side reaction
with Bin. From this study it is clear that the bindone system
utilized is selective for alkyl amines and ammonia over aro-
matic amines.

An analogous study was conducted with the polymeric
counterpart PBin and a similar result was observed. When
PBin was exposed to small amounts of alkyl amine, the absorp-
tion around 400 nm decreased, revealing a new peak at
approximately 550 nm. The colour change was less distinctive,
and this is due to the broadening of the absorption bands due
to the polymeric nature. Analogous to Bin, PBin did not
undergo a large change in presence of the aromatic amines
and showed selectivity for alkyl amines over aryl amines and
pyridine. The A, of peaks in PBin compared with corres-
ponding peaks in Bin are redshifted, presumably due to the
change from electron withdrawing fluorine moieties to the
more electron rich oxygen units (Fig. 2).

The fluorescence response was monitored upon addition to
a selection of amines (Fig. S16t), however, both materials
exhibited very low fluorescence before and after exposure to
amines therefore we report that the system is not suitable as a
fluorescent sensor for amines.

To understand the selectivity of our chemosensor, Bin and
PBin, were exposed to a range of anions in THF solution
(Fig. S171). Both materials exhibited a very minor response to
water, chloride and phosphate anions. Bin and PBin did
exhibit a strong response when exposed to sodium hydroxide
solution, implying that the chemosensor is also selective
towards strong bases. This correlates with our hypothesised
mechanism involving a keto-enol(ate) tautomerism, which can
also be promoted under strongly basic conditions.
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Fig. 1 (a) UV-Vis absorption spectra of solutions of Bin (1 x 10~> mol L™, THF) with addition of 0.1 eq. of amine. (b) Relative absorbance of Bin at
530 nm for each amine added (c) image of solutions of Bin before and after treatment with base.
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Fig. 2 (a) UV-Vis absorption spectra of solutions of PBin (0.1 mg mL™%, THF) with addition of 0.1 eq. of amine. (b) Relative absorbance of PBin at
530 nm for each amine added. (c) Image of solutions of PBin before and after treatment with base.

The sensitivity of the bindone chemosensor was evaluated
by exposing the sensor to extremely low concentrations of tri-
ethylamine to elucidate the onset of the colorimetric response.
Bin displayed very high sensitivity to triethylamine and a
slight increase in the absorption at 530 nm was noted at as
low as 0.0001 ppm (Fig. 3). At this low concentration range,
below 1 ppm, the colour change was not obvious to the human
eye. At 10 ppm and above there was a large increase in absorp-
tion at 530 nm and a discernible colour change was observed.
At concentrations above 10 ppm, the 530 nm absorption pla-
teaus and no further increase is observed. PBin was found to
be less sensitive than the small molecule counterpart and only
minor spectral changes were observed up to 100 ppm concen-
tration of triethylamine. A noticeable colour change was
observed at 0.1% triethylamine and above and the absorption
reached a plateau at 1% with no increase with higher concen-
trations. In addition, the low limit of detection (LOD) was esti-
mated for Bin and PBin as 0.04 ppm and 1.57 ppm respectively
using the following equation:

LOD = 30/s

where o is the standard deviation of the blank solution and o
is the slope of the calibration curve (Fig. S18f). The results
demonstrate the excellence of the bindone moiety in detecting
amines with high sensitivity and resolution with LOD on the
ppm scale, comparable to state-of-the-art amine sensing poly-
mers (Table S27).

The disparity in detection limit between Bin and PBin can
be explained by the variation in electronic environment of
the bindone moiety. The electron withdrawing fluorine
atoms in Bin serve to encourage the deprotonation of the
keto form, likely stabilising the negative charge generated
through the tautomerisation process. In the polymer back-
bone of PBin, the fluorine atoms are replaced with electron
donating oxygen atoms which render the process slightly less
favourable.

Mechanism of optical sensing

As mentioned in the previous section, the proposed mecha-
nism responsible for the colour change is attributed to the

704 | RSC Appl. Polym., 2025, 3, 701-710

amine induced keto to enol(ate) tautomerisation via deprotona-
tion of the bindone moiety. The underpinning mechanism is
supported by NMR spectroscopy and computational investi-
gation. A sample of Bin in dichloromethane-d2 was deliber-
ately contaminated with 5 pL of triethylamine and the NMR
spectra before and after were compared. Upon addition of
base, the CH, peak at 4.1 ppm disappeared and is replaced by
a broad singlet at 6.7 ppm with relative intensity of 1 proton
suggesting tautomerisation to enol. A 2D NMR (HSQC) experi-
ment was carried out and confirmed the peak at 6.7 ppm to be
a CH signal in the expected alkene region (Fig. S51). The OH
signal is absent from the spectra likely due to the rapid proton
exchange with the base as the molecule exchanges between the
enol and enolate form. The 2D NMR experiment was per-
formed in acetonitrile-d3 to increase solubility of enol facilitat-
ing better resolution. Due to the triketone nature of the
bindone moiety, there exists three possible isomers of the enol
form. Using DFT calculations, the energy of each isomer was
calculated to ascertain the lowest energy (Fig. S1971). It was
found that the carbonyl group adjacent to the methylene
group is converted to the hydroxyl group during tautomerisa-
tion resulting in the lowest energy structure. Using TD-DFT,
the UV/Vis absorption of Bin was simulated, and it was found
to correlate with the experimentally observed spectra with the
absorption of the enol isomer shifted to approximately 500 nm
compared to the keto isomer at 350 nm (Fig. 4).

To further validate the tautomerisation mechanism, a pH
dependant UV-Vis study was carried out to understand the
acid/base sensitivity of the bindone system. Due to the low
solubility of PBin in aqueous solution, Bin was studied as a
model small molecule. DMSO/H,0 solutions of Bin were pre-
pared with HEPES buffer adjusted to pH 1 to 11 using HCI and
NaOH respectively, then absorption spectra of each sample
were acquired (Fig. 5). Under acidic conditions an absorption
at 350 nm was observed, and as the pH was increased towards
pH 7 a new band became visible at 528 nm. From pH 7 to 9 a
significant sharp increase in the absorption was observed
including a decrease in the absorption at 350 nm. The pH sen-
sitivity confirms the colorimetric response towards amines is
due to the basicity of the amino analytes. To quantify basicity,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 UV-Vis absorption spectra of Bin (a) and PBin (b) upon exposure to low levels of triethylamine (TEA) to elucidate detection threshold for
amine sensing. Solutions were prepared as 1 x 10~ mol L™ THF and 0.1 mg mL™ THF for Bin and PBin respectively.
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Fig. 4 (a) NMR spectra of Bin before and after exposure to TEA, (b) experimental vs. simulated UV/Vis absorption spectra of Bingei, and Bingno
(TD-DFT B3LYP 6311G(dp)), and (c) proposed amine promoted keto—enol(ate) tautomerisation mechanism.

the pK, of the conjugate acids (pK,y) of each amine is com-
piled and used as an evaluation of basicity (Table S1). The
selectivity towards aliphatic amines over aromatic amines is a
result of the higher pK,y of aliphatic amines. Ammonia, tri-
ethylamine, spermine, putrescine, benzylamine, ethanolamine

© 2025 The Author(s). Published by the Royal Society of Chemistry

and hydrazine all have pK,y between 8.1 and 10.8 whereas
the aromatic amines studied (diphenylamine, 1,5-diamino-
naphthalene and pyridine) have values below 5.1.

The stability and reversibility of the chemosensor was evalu-
ated via analyte exposure and regeneration cycles. Solutions of

RSC Appl. Polym., 2025, 3, 701-710 | 705
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Fig. 5 (a) pH dependent UV-Vis absorption spectra of Bin at pH 1-11 (5 x 10~ mol L™ DMSO/H,O (4: 6, v/v) HEPES-buffered solutions) and
528 nm absorption of Bin at varying pH. (b) Reversibility study of Bin and PBin solutions showing absorption at 530 nm after exposure to triethyl-
amine (1 pL 7.2 M), then HCL (1 pL, 7.2 M, aq.) over 6 cycles (1 x 107> mol L™ THF and 0.1 mg mL™! THF solutions of Bin and PBin respectively).

Bin and PBin were prepared in THF and small quantities of tri-
ethylamine followed by hydrochloric acid solution were added
and UV-Vis absorption measured upon each addition. The
solutions of Bin and PBin exhibited instant colour change
after exposure to triethylamine and producing an intense
absorption at 530 nm in the UV-Vis spectra as expected. Upon
subsequent addition of acid, the colour of the solution
reverted and absorption at 530 nm completely diminished.
The compound revealed stable cycling stability over 6 amine/
acid cycles highlighting the reversibility of the bindone motif
and the potential in molecular logic switches.>>?

Paper-based sensing of amine vapor

To determine the capability of the bindone based materials to
detect volatile amine vapours, paper films were prepared via
dip coating test strips from THF solutions of Bin and
PBin.>*° After leaving to dry, the paper films were exposed to
an ammonia atmosphere generated in sealed chambers using
solutions of varying concentrations ammonium hydroxide for
10 minutes. Bin displayed high sensitivity to ammonia vapour,
exhibiting a stark colour change when exposed to even trace
amounts. A colour change from off white to purple was
observed on the test trips for ammonium hydroxide concen-
tration 0.01%-5%. In contrast, PBin displayed a less immedi-

706 | RSC Appl. Polym., 2025, 3, 701-710

ate and contrasting colour change from yellow to dark purple
when exposed to the ammonia vapor. The onset of the detec-
tion was just below 0.1% ammonium hydroxide concentration
and is at least an order of magnitude less sensitive than Bin.
The colour change for PBin test strips gradually increased
intensity with increasing ammonia atmosphere, whereas Bin
test strips exhibit obvious and intense colour change even in
low concentrations of ammonia (Fig. 6).

The stability and reversibility of paper test strips was evalu-
ated. Paper test strips were coated in Bin and PBin (dip
coated from 1 x 107> mol L™' and 0.1 mg mL™" THF solu-
tions, respectively) and exposed to ammonia vapour (30% aq)
invoking clear colorimetric response. Test strips
removed from the amine vapour chamber and left to stand in
air for several days with no observable change, revealing that
the colour change was irreversible under ambient conditions.
The strips were then exposed to concentrated HCI vapour (12
M aq), and the colour change instantly reversed. The paper
test strips remained stable through multiple consecutive
exposures to amine and HCI vapour, consistently displaying a

were

clear colorimetric response across numerous cycles. This
underscores the potential for reusing PBin and Bin paper test
strips, enhancing the sustainability and versatility in various
applications.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Paper test strips, dip coated from THF solutions of Bin and PBin then exposed to ammonia atmosphere for 10 minutes generated by

varying amounts of ammonium hydroxide solution in a sealed environment, (b) reversibility of Bin and PBin paper test strips exposed to consecutive

ammonia and hydrochloric acid vapor.

Real world application of colorimetric sensor

The production of biogenic amines through microbial fermen-
tation in food is a key indicator of freshness. Consequently,
developing a simple, portable detector for reliable, fast, and
real-time food freshness assessment would be highly advan-
tageous. In this study we present a real-world example of food
freshness testing using the newly developed chemosensor.
Paper test strips were dip coated from Bin and PBin solutions
and dried. The test strips were placed inside sealed containers
under argon with pieces of cod and left for five days at temp-
eratures of —20 °C, 5 °C and 20 °C (Fig. 7). Fish samples incu-
bated at —20 °C and 5 °C did not induce an obvious response
in the test strips, however the fish sample stored at 20 °C had
significantly deteriorated and a clear colour change was
observed on both the Bin and PBin test strips, indicating prac-
tical use in food quality detection. Due to the complexity of
variables involved in real-world food spoilage detection,
further studies are required to understand the effects of
humidity and competing analytes on the detection mecha-
nism, however the study clearly highlights the potential for the
bindone moiety to be utilised in food packaging for the moni-
toring of food spoilage.

Conclusion

In this study we developed a highly sensitive, selective and
rapid chemosensing bindone motif, providing a small mole-
cule and polymeric material that both exhibit a clear colori-
metric response and selectivity to alkyl amines. Both Bin and
PBin displayed changes in absorption spectra, with an unam-

© 2025 The Author(s). Published by the Royal Society of Chemistry

-20°C 5°C

Fig. 7 Food spoilage study using samples of cod incubated at tempera-
tures —20 °C, 5 °C and 20 °C for five days with paper test strips of Bin
(left) and PBin (right) displaying colorimetric response to food spoilage.

biguous colour change underpinned by an amine catalysed
keto-enol(ate) tautomerisation mechanism. The mechanism
was confirmed through UV-Vis spectroscopy, 1D and 2D NMR,
and computational studies. pH dependent experiments
confirm that the basicity of amines is intrinsic to deprotona-
tion mechanism, and it was revealed that the pK, of analytes is
inherent to selectivity. The tautomerisation process was found
to be highly reversible and cycled between both states without
loss of function. Detection limits as low as 0.04 ppm for Bin
and 1.57 ppm for PBin were achieved, demonstrating excep-
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tional sensitivity. By incorporating the chemosensing motif
into the polymer backbone, its thermal stability was signifi-
cantly enhanced, extending its practical utility. The versatility
of the sensing platform was outlined by using solution detec-
tion, as well as the detection of vapours on paper substrates,
which could be regenerated and reused multiple times without
degradation. A food spoiling experiment was carried out high-
lighting the potential for real-world food packaging appli-
cation. A key advantage of the bindone chemosensor over
many state-of-the-art sensors is its capability for naked-eye
detection, along with its straightforward and cost-effective syn-
thesis. Due to the ease of preparation, portability, simple oper-
ation, selectivity, sensitivity and reversibility, the bindone
chemosensor has the potential to be used for the detection of
amines for wide variety of applications.
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Data supporting the study “Bindone-Based Polymer for
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