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of Chemistry In the past, chemically reactive polymeric interfaces have been considered to be of potential interest for
developing functional materials for a wide range of practical applications. Furthermore, the rational
incorporation of luminescence properties into such chemically reactive interfaces could provide a basis
for extending the horizon of their prospective utility. In this report, a simple catalyst-free chemical
approach is introduced to develop a chemically reactive and optically active polymeric gel. Branched-
polyethyleneimine (BPEI)-derived, inherently luminescent carbon dots (BPEI-CDs) were covalently
crosslinked with pentaacrylate (5Acl) through a 1,4-conjugate addition reaction under ambient
conditions. The synthesized polymeric gel was milky white under visible light; however, it displayed
fluorescence under UV light. Additionally, the residual acrylate groups in the synthesized fluorescent gel
allowed its chemical functionality to be tailored through facile, robust 1,4-conjugate addition reactions
with primary-amine-containing small molecules under ambient conditions. The chemical reactivity of
the luminescent gel was further employed for a proof-of-concept demonstration of portable and parallel
‘'ON'/'OFF’ toxic chemical sensing (namely, the sensing of nitrite ions as a model analyte). First, the
chemically reactive luminescent gel derived from BPEI-CDs was covalently post-modified with aniline
for the selective synthesis of a diazo compound in the presence of nitrite ions. During this process, the
color of the gel under visible light changed from white to yellow and, thus, the colorimetric mode of the
sensor was turned ‘ON'". In parallel, the luminescence of the gel under UV light was quenched, which
was denoted as the '‘OFF" mode of the sensor. This parallel and unambiguous ‘ON’/'OFF’" sensing of
a toxic chemical (nitrite ions, with a detection limit of 3 uM) was also achieved even in presence of other
relevant interfering ions and at concentrations well below the permissible limit (65 uM) set by the World
Health Organization (WHO). Furthermore, this chemically reactive luminescent gel could be of potential
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via catalyst-assisted click reactions,®*”**7*® click-type ring
opening reactions™»*'**»'3'> and 1,4-conjugate addition reac-
tions,>'*'** among others. In the past, the residual chemical

Introduction

Chemically reactive polymeric interfaces, which have conven-

tionally been synthesized via layer-by-layer (LBL) deposi-
tion,">***> chemical vapor deposition (CVD)** and other
processes,*”'**31* have been employed to design various prac-
tically relevant functionalized soft materials. The residual
chemical reactivity of such interfaces allows the robust covalent
association of different desired chemical functionalities, mainly
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1 Electronic supplementary information (ESI) available: Fig. S1-S8, showing
detailed characterization of the BPEI-CDs, the progressive formation of CRFG
with time, the changes in fluorescence intensity of AMFG at different pH levels,
fluorescence image analysis of AMFG in the presence of various concentrations
of nitrite ions using the software Image], digital photographs of nitrite sensing
using CRFG (control study), and the fluorescence lifetime decay of AMFG in the
presence of different concentrations of nitrite ions. See DOI: 10.1039/d0sc05166g
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reactivity has been utilized to design patterned inter-
faces,“*”'>** bjo-interfaces,>>*'"*® systems for the sustained
release of small molecules,® systems with optimized durable
and smart bio-inspired extreme liquid wettabilities,”****** etc.
Furthermore, this type of chemically reactive system could be
rationally integrated with appropriate functional nanomaterials
to develop smart interfaces for potential applications in prac-
tically relevant scenarios.

Additionally, zero-dimensional carbon nanomaterials,
widely known as carbon dots (CDs), have emerged as important
functional materials for various relevant applications including
catalysis,”® electrochemistry,® cellular imaging,”* nano-
medicine,* drug delivery,* and photovoltaics**” due to their
easy and cost-effective synthesis, low toxicity, good biocompat-
ibility, tunable optical properties, and high quantum yields.***”
Fluorescent CDs decorated with various chemical functional-
ities depending on the choice of precursors have been
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introduced for ratiometric pH sensing® and the detection of
toxic chemicals including mercury ions,* hydrogen peroxide,*
cholesterol,** biothiols,*> and Pb**;*® a selective change in the
optical signal of the respective CDs in the solution phase
confirmed the existence of the mentioned toxic chemicals.
However, a major drawback of using carbon dots in the solution
phase arises from the aggregation-induced quenching of their
photoluminescence.?*** Although a freshly prepared dispersion
of CDs may display high potential for the detection of several
relevant toxic metal ions or molecules, aggregation-induced
quenching of the photoluminescence of the CDs could lead to
ambiguous results in the sensing process for stored/aged
sensors in the solution phase. The eventual real-world appli-
cation of such potential chemical sensors would be highly
challenging. Thus, further design of CD-derived portable
sensors is essential for the unambiguous and easy detection of
toxic chemicals.

In the recent past, various prospective strategies have been
adopted to prevent aggregation-induced self-quenching in CDs
for the development of various functional materials.***° In
a seminal report, Zhou and co-workers®® introduced a CD-based
hybrid nanogel to avoid unwanted aggregation-induced
perturbations in the fluorescence signal. The CDs were physi-
cally deposited in a polymeric gel network, and the resulting
material was further employed for both bioimaging and drug
delivery applications. A condensation reaction was adopted to
prepare a self-standing silica-based gel in which luminescent
carbon dots were covalently crosslinked with an appropriate
orthosilicate to prevent the aggregation-induced luminescence
quenching of CDs in the solid state.?” Interestingly, a significant
enhancement in the fluorescence intensity of CDs was achieved
in the solid state by incorporating them in a hydrophobic gel
network.*® In another approach, CDs were dispersed in a poly-
meric matrix to develop a smart ink for prospective anticoun-
terfeiting applications.** In 2019, Jelinek and co-workers*
strategically developed CD-derived multicolor fluorescent self-
healing gels, in which carbon dots that were produced from
different aldehyde precursors were reacted with branched pol-
yethylenimine through a Schiff base reaction between the
aldehydes and amines. This material was further employed for
a proof-of-concept application as a white-light-emitting mate-
rial. However, to date, the integration of CDs into a readily
chemically reactive matrix is unprecedented; such a chemical
approach would be appropriate for the controlled tailoring of
the desired chemical functionalities around the immobilized
CDs at the chemically reactive interface.

In the past, various luminescent gels have been developed
through the incorporation of external fluorophores, including
various small fluorescent dyes, fluorescent conjugated poly-
mers, lanthanide transition metal ions, and quantum dots.***’
However, the earlier reported gels are mostly inappropriate for
post-tailoring of the gel chemistry without affecting the
embedded luminescence.**™*” The design of a chemically reac-
tive luminescent gel that would allow the incorporation of
different functionalities without affecting its luminescence
properties is unprecedented. In the present report, we have
introduced a self-standing, chemically reactive luminescent gel
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through the strategic use of a non-fluorescent polymer (i.e.,
branched poly(ethyleneimine); BPEI) and a multifunctional
cross-linker (i.e., dipentaerythritol penta-acrylate; 5Acl). The
polymer-derived carbon dots (CDs) readily react with 5 Acl
through a 1,4-conjugate addition reaction under ambient
conditions. The synthesized gel was found to be luminescent
and remained loaded with residual acrylate groups, which made
the BPEI-CDs-derived gel highly chemically reactive towards
primary-amine-containing small molecules under ambient
conditions; namely, the residual acrylate groups from the
crosslinker make the gel chemically reactive. The residual
chemical reactivity of the luminescent gel was employed for
a proof-of-concept design of a portable and parallel ‘ON’/‘OFF’
sensor for toxic chemicals in the solid state that does not
require a sophisticated instrumental set-up. First, the chemi-
cally reactive, luminescent gel was reacted with aniline through
a 1,4-conjugate addition reaction for the selective synthesis of
a diazo compound in the presence of a model toxic chemical,
namely, nitrite ions. The change in color and quenching of
luminescence in the milky white luminescent gel under visible
light and UV light, respectively, provides a facile basis for
recognizing the presence of toxic chemicals with the naked eye.
Further, analysis of the digital images of the gel allowed
quantification of the amount of the toxic chemical (i.e., below
10 uM), even in the presence of various relevant interfering ions.

Results and discussion
Synthesis of chemically reactive and fluorescent gel (CRFG)

In the past, 1,4-conjugate addition reaction between amine and
acrylate functional groups has been a facile and robust chem-
ical platform for (a) synthesizing small molecules and biode-
gradable polymers, (b) amplifying surface functional groups
and (c) fabricating bio-interfaces.**** Recently, the amine of
branched polyethyleneimine (BPEI) was covalently reacted with
the acrylate of dipentaerythritol penta-acrylate (5Acl) through
a 1,4-conjugate addition reaction under ambient conditions to
synthesize chemically reactive interfaces, which were tailored to
have various extreme liquid (oil/water) wettabilities.'*'*** In the
current design, this same Michael addition reaction has been
strategically introduced to synthesize a chemically reactive and
fluorescent gel (CRFG). A widely accepted standard hydro-
thermal approach was followed to prepare fluorescent carbon
dots from BPEI, which are denoted as BPEI-CDs, as shown in
Schemes 1A and B. Transmission electron microscope (TEM)
imaging and the selected area electron diffraction (SAED)
pattern confirmed the successful synthesis of polycrystalline
nano-dots of BPEL As shown in Fig. S1A and B,} the average
particle size of the prepared BPEI-CDs was found to be 7.6 +
0.8 nm from dynamic light scattering (DLS) analysis (Fig. S1Ct).
Furthermore, the emission spectrum of the BPEI-CDs revealed
the existence of fluorescence under UV light (Fig. S1D}). Next,
an optically transparent reaction mixture of fluorescent BPEI-
CDs and 5 Acl slowly (over 90 minutes, see ESI for more
details}) transformed into a gel through the 1,4-conjugate
addition reaction between the amine groups of the BPEI-CDs
and acrylate groups of 5Acl under ambient conditions, as

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 (A) A schematic diagram depicting the synthesis of carbon dots from BPE| via a hydrothermal process. (B) The formation of

a chemically reactive and fluorescent gel (CRFG) through a facile 1,4-conjugate addition reaction (C) between the amines of BPEI-CDs and

acrylates of 5Acl under ambient conditions.

shown in Scheme 1B and Fig. S2A-G.} The synthesized CRFG
was loaded with residual acrylate groups (Scheme 1B), which
allowed the chemical functionality of the synthesized gel to be
modulated via the desired primary-amine-containing small
molecules via the same 1,4-conjugate addition reaction
(Scheme 1B) under ambient conditions.

The morphology of the synthesized gel was investigated via
a field emission scanning electron microscope (FESEM) study,
whereas the existence of residual chemical reactivity and unal-
tered fluorescence were thoroughly characterized by visual
inspection, fluorescence spectral and attenuated total reflec-
tance Fourier transform infrared (ATR-FTIR) spectral analysis,
as shown in Fig. 1A-L. The FESEM images of CRFG (Fig. 1C and
E) revealed the presence of a uniformly connected porous
network of globular nano-dots, as shown in Fig. 1E. Moreover,
the synthesized gel, which was whitish under visible light,
remained highly fluorescent under UV irradiation, as confirmed
from the digital photographs (Fig. 1G and H respectively) and
solid-state emission spectra (Fig. 1K; black line). The reaction
mixture of BPEI-CDs and 5Acl was transformed into CRFG
through the 1,4-conjugate addition reaction between amine and
acrylate, as is evident from the ATR-FTIR analysis in Fig. S2H.}
Upon the 1,4-conjugate addition reaction between the amine of
BPEI-CDs and acrylate of 5Acl, only the vinyl moiety of the
acrylate is compromised, as is evident from the ATR-FTIR
spectral analysis of CRFG and 5Acl. A significant depletion in
the IR peak intensity at 1410 cm ™' was observed with respect to
the characteristic carbonyl stretch at 1726 cm™". As expected,
the carbonyl moiety remained unaffected at the end of the 1,4-
conjugate addition reaction, and the ATR-FTIR signature for the
carbonyl stretch at 1726 cm ™" acts as an internal reference to

© 2021 The Author(s). Published by the Royal Society of Chemistry

monitor the covalent crosslinking between the BPEI-CDs and
5Acl. Furthermore, the existence of residual chemical reactivity
in the synthesized gel was investigated using standard and
widely accepted ATR-FTIR spectral analysis, as shown in Fig. 1L.
The appearance of the characteristic IR peaks at 1410 cm™ ' and
1726 cm ™' corresponding to the symmetric deformation of the
C-H bond of the B-carbon of the vinyl group and ester carbonyl
stretching, respectively, validated the presence of residual
acrylate groups in CRFG. This residual chemical reactivity was
utilized to modify the CRFG with aniline through a 1,4-conju-
gate addition reaction under ambient conditions. During this
post-covalent modification process, the physical integrity and
microscopic features of the gel remained unperturbed, as
confirmed from FESEM imaging (Fig. 1C-F) and visual inspec-
tion (Fig. 1G-J).

Moreover, the fluorescence signal remained unaltered in the
aniline-modified fluorescent gel (AMFG) compared to that of
the native CRFG, as shown in Fig. 1H, J and K. The successful
post-covalent modification of CRFG with aniline was investi-
gated by comparing the ATR-FTIR spectra of CRFG and AMFG
(Fig. 1L). The characteristic peak for the residual acrylate groups
at 1410 cm™ ' in AMFG was significantly depleted (blue spec-
trum, Fig. 1L) in comparison to that for CRFG (black spectrum,
Fig. 1L); it should be noted that both IR spectra were normalized
with respect to the ester carbonyl stretch appearing at
1726 cm ™. During the 1,4-conjugate addition reaction between
the amine and acrylate, only the vinyl moiety of the acrylate was
compromised, whereas the carbonyl moiety remained unaf-
fected at the end, and thus, the IR peak for carbonyl stretching
acts as internal standard for monitoring the progress of the
post-covalent reaction of the residual acylate groups of porous

Chem. Sci., 2021, 12, 2097-2107 | 2099
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Fig. 1 Physical and chemical characterization of the chemically reactive fluorescent gel (CRFG) and aniline-modified fluorescent gel (AMFG). (A
and B) Schematic diagrams representing the residual acrylate groups in CRFG (A) and the post-covalent modification of CRFG with aniline ((B)
AMFG). FESEM images of CRFG (C and E) and AMFG (D and F) at lower (C and D) and higher (E and F) magnifications. The corresponding digital
photographs of CRFG (G and H) and AMFG (I and J) under visible (G and 1) and UV light ((H and J) 365 nm). (K and L) Comparisons of the
fluorescence emission spectra (K) and attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectra (L) of CRFG (black line) and
AMEG (red line for fluorescence and blue line for the ATR-FTIR spectrum).

CRFG with a primary-amine-containing small molecule (i.e.,
aniline). Furthermore, after the post-covalent modification of
CRFG with aniline, two additional IR peaks were observed at
754 cm™ " and 1600 cm™ ', which are characteristic IR signatures
for C-H (aromatic) out-of-plane (‘oop’) bending and aromatic
C-C (in ring) stretching of the aromatic ring of aniline.”* This
simple comparative IR study unambiguously revealed the
successful post-chemical modification of CRFG with the amine
groups of aniline. This chemical avenue was further extended to
develop a proof-of-concept design for a portable and parallel
‘ON’/‘OFF’ sensor, in which unambiguous and facile detection
of a toxic chemical was achieved without using a sophisticated
instrumental set-up.

Design of a parallel and portable ‘ON’/‘OFF’ sensor

The inappropriate use of nitrogenous fertilizers for plant
growth, antiseptics for inhibiting microbial contamination in
preserved meat and colour retention agents in the food pro-
cessing industry continuously contribute to elevating the NO, ™
levels in drinking water beyond the permissible limit.*>** The
consumption of high concentrations of nitrites is known to
cause esophageal and stomach cancer, shortness of breath,
tissue hypoxia and serious medical disorders (e.g., blue baby

2100 | Chem. Sci., 2021, 12, 2097-2107

syndrome or methemoglobinaemia).***®* The World Health
Organization (WHO) has set the maximum limit for NO,™ in
drinking water as 65 uM.>***% Thus, it is of utmost importance
to develop a portable sensor for the facile and unambiguous
detection of the nitrite level in drinking water even in remote
places, where the availibility of sophisticated instrumentation is
limited. To date, various solution-phase analytical methods,
including electrochemical techniques,®* spectrophotom-
etry,*** chemiluminescence,*®* fluorescence spectrometry,*7*
capillary electrophoresis,”*”® ion chromatography,” and
surface-enhanced Raman scattering’ have been introduced for
the detection of NO,™ in aqueous environments. In compar-
ison, fluorescence spectrometric and colorimetric methods
have emerged as more convenient techniques for nitrite detec-
tion. In the recent past, various nanomaterials, including
carbon  dots,”*”  dye-doped silica  nanoparticles,*
polyethyleneimine-capped = CdS  quantum  dots,””  4-
aminothiophenol-modified gold nanorods,* a graphite-like
carbon nitride nanomaterial,*> an o-phenylenediamine-
BODIPY probe,® inorganic complexes such as iron and
manganese pyridoxal-based complexes,® polymeric
matrices,**> metal-organic frameworks,* and functionalized
gold and silver nanoparticles®”** have been developed for the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Simultaneous ‘ON/OFF’ Sensing

Scheme 2 A schematic representation of AMFG under visible and UV light (365 nm) before (A) and after (B) the parallel ‘'ON’/'OFF' sensing of
NO,™ in the presence of sulfanilamide. The formation of the diazo dye in the porous gel led to a simultaneous change in color (white to yellow;
colorimetric mode is ‘'ON’) and the fluorescence signal (quenched from blue to dark; fluorometric mode is ‘OFF’) under visible light and UV light,

respectively.

colorimetric and fluorescence-based detection of NO, .
However, over time, the aggregation of nanomaterials in the
solution phase is likely to lead to ambiguity in the measurement
of the respective optical signals in various practically relevant
settings. Therefore, despite significant progress, the design of
a portable and stable sensor for nitrite detection has remained
a practical challenge. Further, the development of a nitrite
sensor for unambiguous and regular on-site monitoring of
drinking water in remote places is essential.

To combat this practically relevant challenge, in the current
study, AMFG is employed for portable, facile dual-mode
(parallel ‘ON’ and ‘OFF’ of two distinct signals) sensing of
nitrite ions. In the past, the modified Griess reaction has been
used extensively in the development of assays to detect nitrite
ions, in which sulfanilamide and N-(1-naphthyl) ethylenedi-
amine were used as primary reagents. The sulfanilamide
molecules are converted to diazonium cations in the presence
of nitrite ions under acidic conditions, and subsequently couple
with N-(1-naphthyl) ethylenediamine. The resulting colored
diazo compound indicates the presence of nitrite ions in the
solution phase. Inspired by this modified Griess reaction,
AMFG with covalently immobilized aniline (a whitish, porous
gel, as shown in Scheme 2A) was employed to synthesize
a colored diazo compound in the porous gel as shown in
Scheme 2B. The mixture of NO,  and sulfanilamide molecules
readily reacted in acidic media to yield a colorless diazonium
cation. Subsequently, the covalently immobilized aniline
moiety of AMFG mutually and rapidly reacted with this colorless
diazonium cation to form a yellow-colored diazo dye that
remained covalently attached to the gel network, as shown in
Scheme 2B. During this reaction process, the color of the gel
under visible light changed from white to yellow, and simulta-
neously, the fluorescence signal of the gel was quenched under
UV light, as shown in Schemes 2A and B. Thus, the simulta-
neous changes in the (a) colorimetric and (b) fluorometric
modes in the AMFG were denoted as ‘ON’/‘OFF’ sensing of

© 2021 The Author(s). Published by the Royal Society of Chemistry

nitrite in the solid state. The polymer-derived carbon dots used
in our design are covalently integrated with the acrylate groups
of 5-Acl through a single-step 1,4-conjugate addition reaction
under ambient conditions without the use of any catalyst or
initiator. This covalent integration allowed a durable gel to be
achieved. It should be mentioned here that the fluorescence
intensity of AMFG remained unaffected over the entire pH
range from pH 1-14, as shown in Fig. S3 (ESI{), which enabled
the sensing of NO,™ using AMFG in low pH media without any
ambiguity. Moreover, it was observed that the fluorescence
intensity of the synthesized gel varied only slightly (11.2%
decrease compared to day 0), even after submerging the
prepared gel in water for 90 days, as demonstrated in Fig. S4.1
Furthermore, the AMFG gels exhibited two distinct changes: (1)
the appearance of color of the gel under visible light and (2)
quenching of the fluorescence under UV light depending on the
concentration (3-21 pM) of NO,™ present during the analysis
process, as shown in Fig. 2A and B.

The appearance of an intense yellow color and the complete
disappearance of the fluorescence signal in the gel were
observed at a concentration of 21 uM, which is far below the
toxic level of NO,~ set by WHO.* Further, the synthesis of the
yellow diazo compound in AMFG was characterized using ATR
spectral analysis before and after the Griess reaction. The ATR
spectrum of AMFG after the reaction with the reaction mixture
of NO, /sulphanilamide/H" (red spectrum, Fig. 2E) displayed
a new characteristic IR peak at 1550 cm™ " corresponding to
N=N stretching,’> which unambiguously revealed the forma-
tion of the diazo compound in the synthesized gel network.
Furthermore, the appearance of additional IR peaks at
1380 cm ™" and 1170 cm ™" corresponding to S=O (asymmetric
and symmetric) stretching modes* supported the successful
coupling of the sulphanilamide-derived diazonium ion with the
immobilized aniline. No such IR peaks were observed for AMFG
prior to the Griess reaction (blue spectrum, Fig. 2E). Further-
more, detailed absorption and fluorescence spectral analysis

Chem. Sci., 2021, 12, 2097-2107 | 2101


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D0SC05166G

Open Access Article. Published on 08 December 2020. Downloaded on 4/3/2026 3:49:57 AM.

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

(cc)

Chemical Science

Simultaneous ‘ON/OFF’ Sensing

View Article Online

Edge Article

ATR-FTIR Spectral Analysis

m

>
\

x

00000

Vlslble Ilght

In absence
of rro

UV light (365 nm)

TATAN

After Sensing

Visnle Iight

UV light (365 nm)

In presence
of ‘NOZ

AMFG-NO;-

Before Sensing

Transmittance (a.u)

1170 cm™ 1380 cm™ 1850 cm™!
i

R

1400

I I I 1
,\Q“‘ %Q\x‘ \}“‘ 8 Q\x‘ Q‘“ Q“‘ Q‘“ 1100 1700 2000
i N N> & 2 © > Wavenumber (cm™)
Concentration of NO,-
F Absorption Spectral Analysis G Fluorescence Spectral Analysis
04 5
-®- AMFG-NO, -@- AMFG-NO,
035 1 -A- CRFG-NO; N -A- CRFG-NO,
0.3 -
E 025
w
= L3
B .l et W y = 0.1665x + 0.7254
L4 R?=0.997
0.5 - 2 1
0.1 -
1 A A A A A A A
0.05 -
0 & = & = & - A 0 : . . T T T .
0 3 6 9 12 15 18 21 24 0 3 6 9 12 15 18 21 24

Concentration of NO," (uM)

Concentration of NO," (uM)

Fig. 2 Digital images of AMFG under visible and UV light (365 nm) (A) before and (B) after the parallel colorimetric and fluorimetric ‘'ON'/'OFF’

sensing of different concentrations of NO,™

. (C and D) Schematic diagrams depicting the changes in the chemistry of AMFG before (C) and after

(D) NO,™~ sensing. (E) Comparative ATR-FTIR spectral analysis of AMFG before and after NO,™ sensing. (F) A plot illustrating the change in the

absorbance of AMFG at different concentrations of NO,™
NO,™

AMFG.

allowed the amount of NO,  present in the samples to be
quantified. For example, solid-state UV-visible absorption
spectra of AMFG were recorded after performing the Griess
reaction with different concentrations of NO, . As expected, the
UV absorbance at 357 nm gradually increased as the concen-
tration of NO,~ was varied from 3 puM to 21 uM, as shown in
Fig. 2F. The recorded UV absorbance values followed the Beer—
Lambert law and were fitted well to a straight line with a R* value
of 0.9917, as shown in Fig. 2F. Thus, this colorimetric change
allowed the quantification of unknown concentrations of nitrite
using AMFG. Simultaneously, the solid-state fluorescence signal
of AMFG was gradually quenched in the presence of different
concentrations of NO,~ (3-21 uM) during the Griess reaction
(Scheme 2). The quenching of the fluorescence signal of AMFG
before and after the Griess reaction with increasing concen-
tration of NO,~ followed the standard Stern-Volmer equation

(eqn (1)

Fo/F =1 + Kgy[Q] (1)

2102 | Chem. Sci., 2021, 12, 2097-2107

. (G) A Stern—
. CRFG prior to post-covalent modification with aniline was used as the blank control; this material failed to provide any optical response
(UV-vis absorbance, (F) and fluorescence signal, (G) red triangles) towards NO,~

Volmer plot for the quenching of the fluorescence intensity of AMFG by

under an experimental set-up identical to that adopted for

where F, and F are the fluorescence signals of AMFG before and
after the Griess reaction (Scheme 2), Kgy is the quenching
constant and [Q] is the concentration of the quencher, in this
case, nitrite. The widely accepted Stern-Volmer plot of the
change in the fluorescence signal (F,/F) versus the concentration
of NO, ™ is presented in Fig. 2G. The change in the fluorescence
signal ratio before and after the Griess reaction exhibited
a linear relationship with the variation in the concentration of
nitrite ions (R* = 0.997). This fluorimetric calibration process
also provided a parallel and distinct basis for the quantitative
estimation of nitrite. In the presence of nitrite ions (15 pM), the
fluorescence signal of the gel under UV light gradually
decreased with time. In this study, CRFG, which lacks aniline
modification, was used as the blank control; this material failed
to provide any optical response towards NO,  under an iden-
tical experimental set-up, as is evident from Fig. 2F and G (red
triangles). Further, the software Image] was used to monitor the
decrease in the fluorescence signal from AMFG with time
(Fig. S5%). The time-lapse analysis validates the rapid, unam-
biguous and solid-state sensing of nitrite ions. Further, the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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software Image] was used to estimate the corrected total fluo-
rescence intensities directly from the photographs of AMFG
under UV light before and after performing the Griess reaction.
The percentage decreases in the fluorescence signal in the
AMFG images (under UV light) as a function of different
concentrations of NO, ™ are presented in Fig. S6.} The changes
in the fluorescence signal of AMFG in the presence of different
concentrations of NO,” were investigated using two distinct
methods: (1) fluorescence spectroscopy and (2) analysis of
digital photographs using the software Image], as shown in
Fig. S6B.i The fluorescence spectra in Fig. S6A} demonstrates
the gradual decrease in the fluorescence signal of AMFG with
increasing concentration of NO,™ in the 3-21 puM range. The
decrease in the fluorescence signal was expressed as the
percentage change in the fluorescence (blue bars in Fig. S6Bf).
Furthermore, a very similar change in the fluorescence signal
was obtained from the Image] software analysis of the digital
photographs of the gel under UV light as the concentration of
NO,~ was increased from 3 uM to 21 uM, as shown in Fig. S6B]
(red bars). Thus, this simple digital photograph analysis process
allows the detection of nitrite far below the permitted level
without the use of sophisticated instrumentation. Additionally,
a control experiment was designed to examine the importance
of the aniline modification of CRFG in the current design of
a simultaneous ‘ON’/‘OFF’ sensing system in the solid-state.
Without the post-covalent modification with aniline, CRFG
remained completely unsuitable for the simultaneous ‘ON’/
‘OFF’ sensing of NO, , as shown in Fig. S7A-D.] No obvious

View Article Online
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colorimetric (under visible light) or fluorometric (under UV
light) change was noted for CRFG, as shown in Fig. S7.1

Selectivity of simultaneous ‘ON’/‘OFF’ sensing

High selectivity is an important and highly desirable feature for
the prospective application of any sensor in practically relevant
settings. In the current study, the simultaneous fluorimetric and
colorimetric sensing of nitrite by AMFG was investigated in the
presence of a series of interfering ions that often coexist with
NO,™ in all of its possible sources. No colorimetric or fluoro-
metric changes in AMFG were observed after its individual
exposure to various interfering ions, including Cl~, Br , NO; ™,
CO;*7, SO4°~ and PO,*", in the presence of sulfanilamide in
acidic media, as shown in Fig. 3B; the concentration of each
interfering ion was set to be significantly high (1 mM). The AMFG
remained white under visible light and its fluorescence signal
remained unperturbed, as shown in Fig. 3B, likely due to the
inability of these interfering ions to form the essential diazonium
ion. However, an apparent change in the coloration of the native
gel from white to intense yellow was noted under visible light
upon the exposure of the AMFG to NO, ™~ (9 uM) in the presence of
separate mixtures of the individual interfering ions (1 mM) and
sulfanilamide in acidic media as shown in Fig. 3C. As expected,
significant quenching of the fluorescence intensity of AMFG was
also simultaneously observed. Additionally, the colorimetric and
fluorometric changes of AMFG in both the presence and absence
of interfering ions were quantified by measuring its UV absorp-
tion and fluorescence in the solid state, as shown in Fig. 3D and
E. This simple demonstration revealed the minimal impact of the

Selectivity of Simultaneous ‘ON/OFF’ Sensing
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(C) in the presence of individual interfering ions with NO, ™. Histogram plots demonstrating the (D) comparative increase in the absorbance of
AMEFG at 357 nm and (E) the comparative decrease (in %) in the fluorescence intensity of AMFG in the presence of individual interfering ions and

mixtures of individual interfering ions and NO, ™.
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relevant interfering ions on the sensing of nitrite by AMFG.
Further experiments were designed to demonstrate the feasibility
of the sensor for NO,~ sensing in practical settings. Both tap
water and deionized (DI) water were separately contaminated
with known concentrations of NO, (denoted as sample 1,
sample 2 and sample 3 in Fig. S8%). The developed sensor was
used to experimentally quantify and compare the concentrations
of NO, ™~ present in either the DI water or tap water, as shown in
Fig. S8.1

Plausible mechanisms for the colorimetric and fluorometric
changes in the AMFG in presence of nitrite ions were then
considered in detail. The formation of the diazo compound in
AMFG through the coupling of the diazonium ion with the
covalently immobilized aniline led to the yellow coloration of
the synthesized gel. Eventually, a broad absorption over a wide
wavelength range from 325 nm to 500 nm with an absorption
maximum at 357 nm appeared, as shown in Fig. 4A (orange
spectrum). Careful analysis of the absorption/emission spectra
and measurements of fluorescence lifetime allowed a plausible
mechanism for the fluorescence quenching to be developed.
There are different static and dynamic processes for fluores-
cence quenching, including the formation of a ground-state
electrostatic complex, Forster resonance energy transfer
(FRET) and the inner filter effect (IFE). In order to ascertain the
exact quenching mechanism, the fluorescence quenching of
AMFG by NO,  in the presence of sulphanilamide (in acidic
media) was analyzed in detail. The formation of a ground-state
electrostatic complex is relatively unlikely in the current design,
as the diazonium ion was covalently coupled with covalently
immobilized aniline in the porous AMFG. However, the good
spectral overlap between the absorption spectrum of the
quencher and the corresponding absorption/emission spec-
trum of the fluorescer suggested that the fluorescence
quenching follows either a FRET or an IFE process. Under
excitation at 360 nm, AMFG exhibited a strong fluorescence
emission peak at 457 nm (blue spectrum, Fig. 4A). Furthermore,
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the potential quenching mechanism was analyzed carefully
using time-resolved fluorescence spectrometry. The fluores-
cence lifetime is known to change proportionally with the
concentration of the quencher in dynamic quenching but
remain constant in static quenching. The fluorescence lifetime
of AMFG was found to be 3.425 ns in the absence of NO, . In the
presence of different concentrations (3 pM, 6 uM and 9 uM) of
NO,, the fluorescence lifetimes were estimated to be 3.397 ns,
3.372 ns and 3.367, respectively. No apparent change in the
fluorescence lifetime was noted with the change in the
concentration of analytes, as shown in Fig. 4B. Thus, the fluo-
rescence lifetime measurements ruled out the possibility of
fluorescence quenching through FRET in AMFG. Subsequently,
the Stern-Volmer equation (eqn (1)) was used to explain the
fluorescence quenching pathways. The approximate value of
quenching constant, Kgy, calculated from the slope of the
regression line of the Stern-Volmer plot (Fig. 2G) was 1.665 X
10° M, and the corresponding value of k, was calculated to be
4.857 x 10" M~' s from the fluorescence lifetime of AMFG
(3.425 ns) and Kgy using eqn (1). It should be noted that the &,
value obtained is much higher than the possible value for
a dynamic quenching effect (1.0 x 10'® M~* s™")** Thus, taken
together, the fluorescence lifetime data, high quenching rate
constant, and absorption/emission spectral overlap of the
absorber and fluorescer indicate IFE as the probable pathway
for the quenching of the fluorescence in AMFG. Thus, this
report provides a fundamentally different and simple approach
to integrate both chemical reactivity and luminescence. This
approach has the potential to provide various functional
materials through the strategic and appropriate modulation of
the chemistry of the luminescent interface.

Conclusions

In conclusion, a chemically reactive, highly fluorescent gel was
synthesized via the strategic and covalent integration of BPEI-

© 2021 The Author(s). Published by the Royal Society of Chemistry
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derived carbon dots through a 1,4-conjugate addition reaction
between amine and acrylate functional groups under ambient
conditions. This simple chemical approach prevented the
unwanted aggregation-induced quenching of fluorescence that
is generally observed in the solution phase. Furthermore, the
resulting chemically reactive and fluorescent gel (CRFG) was
employed to develop a portable and parallel ‘ON’/‘OFF’ sensor
for a relevant toxic chemical that does not require a sophisti-
cated instrumental set-up. The post-covalent modification of
CRFG with aniline allowed for the selective synthesis of a diazo
compound in the porous gel network via a modified Griess
reaction. This aniline-modified gel remained highly fluorescent
and provided a facile basis for the unambiguous and simulta-
neous ‘ON’/‘OFF’ detection of nitrite with high selectivity and
sensitivity (below 10 pM; far below the permissible level (65 pM)
set by the WHO). This chemical sensing remained unaffected,
even in the presence of various relevant interfering agents. This
chemically reactive fluorescent interface would be useful for
incorporating various desired chemistries, and the strategic
chemical modification of the fluorescent gel would enable the
development of various functional and smart interfaces.
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