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ABSTRACT: With increasing concerns over environmental
impact and overall health of both the environment and its people,
a need to quantify contaminants is of the utmost importance.
Chemosensors with low detection limits and a relative ease of
application can address this challenge. Nitrite ions are known to be
detrimental to both the environment and human health. A new
colorimetric chemodosimeter has been prepared from the
homolytic photochemical cleavage of a reaction between pyrrole
and pyridine. The product, 4-(pyrrol-1-yl)pyridine, yields a limit of
detection of 0.330 (±0.09) ppm for the detection of nitrite in
aqueous solution, employing a colorimetric change from yellow to
pink. It is also highly selective for nitrite when various competitive
anions such as SO3

2−, NO3
−, PO4

3−, SO4
−2, Cl−, F−, I−, Br−, AcO−,

and CN− are present in great excess. The molecule’s especially high sensitivity to nitrite is apparently the result of a complex
supramolecular mechanism, characterized by both dynamic light scattering of the aggregate and the Tyndall effect. Consequently,
this new sensor provides a simple, low-cost way to rapidly detect nitrite anions in aqueous solution.

■ INTRODUCTION
As key components of the nitrogen cycle, nitrate and nitrite are
commonly found infiltrated into both surface and groundwater
systems. This is primarily due to contamination by animal
waste and fertilizer or as a result of agricultural runoff.1−5 The
maximum contaminant level (MCL) of nitrite set by the U.S.
Environmental Protection Agency (EPA) is 1 ppm.1 Its high
water solubility, in tandem with the low retention capability by
soil, makes entryway in water systems easier.6 However, its
heightened ubiquity in water systems contributes to
detrimental effects on aquatic ecosystems. Its environmental
impact is attributed to anthropogenic nutrient pollution, which
ultimately leads to eutrophication and can prove disastrous for
aquatic ecosystems.7−10 Additionally, the increased usage of
nitrite in other capacities such as additives in the food industry,
preservative science, and agriculture has resulted in overall
elevated nitrite concentrations.5,11,12

Trace amounts of nitrites pose a risk to human health. They
are considered type A inorganic chemicals, which require
detailed monitoring due to their potential risks.13,14 The World
Health Organization (WHO) has enforced a limit of 3 ppm of
nitrite in drinking water.5 Typically, nitrite is found in
consumer goods, such as beets, lettuce, and meat. Once
combined with salt, it is thought to be the curing component
that preserves food and provides the iconic pinkish color and
fresh flavor of meat products.15−19 While nitrites are primarily
obtained through a diet of vegetables and cured meat, small
amounts are also found in fish and dairy products. Here, meat

products typically contain <0.2−6.4 mg of nitrite per kilogram,
while dairy products contain <0.2−1.7 mg of nitrite per
kilogram.5 The presence of nitrite in consumer goods serves to
prevent the growth of bacteria that can cause botulism
disease.20,21 However, its use as a preservative has been shown
to have a probable connection between colorectal and stomach
cancers in those with a high intake of cured meat.22 Even those
aforementioned trace amounts of nitrite ions are hazardous to
human health. Nitrite-contaminated water has even caused
shortness of breath and blue baby syndrome in infants once
digested.1,3,14 In the body, nitrite can interact with hemoglobin
to form methemoglobin, where iron is oxidized to Fe3+. Here,
hemoglobin loses the ability to carry and release oxygen
throughout the body and can cause hypoxia, most notably to
the central nervous system.5,23,24 Nitrite also plays a key role in
human physiology as a signaling component.25 However, after
interacting with proteins, nitrites play a role in the generation
of carcinogenic N-nitrosamines,26 which can lead to gastric
cancer.27−30 Common symptoms can include cardiac dys-
rhythmias, mild dizziness, lethargy, and be as dire as a coma or
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convulsions.31 It is also suggested that it is an indicator of
bacterial contamination.32 In addition, an elevated risk of non-
Hodgkin’s lymphoma has been reported.33 It has previously
been reported that concentrations ranging from 33 to 250 mg
of nitrite per kg of body weight is lethal, with 0.4−200 mg/kg
of body weight enough to cause methemoglobinemia.34

Common detection methods for nitrite employ electro-
chemical methods,35,36 fluorescence spectroscopy,37−40 UV−
visible spectroscopy,39 chemiluminescence,41,42 chromatogra-
phy, and flow injection analysis.43 However, many of these
methods are susceptible to interference from other particles in
water, have high cost and need sophisticated equipment, are
exceedingly complicated with intricate experimental steps, and
consume high amounts of materials. Nitrite also has the
potential to be indirectly detected in colorimetric assays that
employ a diazotization reaction between nitrite and sulfanila-
mide, but these are prone to interference from other
agents.44−46 To alleviate these challenges, there is a priority
for the development of sensors with increased sensitivity,
selectivity, lower cost, and increased ease of portability. From
this, a large variety of compounds have been employed to
create nitrite sensors such as nanoparticles,35 metal oxides,
carbon materials,36,47 and other organic frameworks.40

However, colorimetric methods are still the most highly
sought after for their portability, simplicity, and the rapid
response seen with the naked eye.48,49 A review by Singh et al.
thoroughly illustrates the large range of detection limits,
advantages, and challenges various methods of nitrite detection
face.50 Here, listed limits of detection for nitrite range from
approximately 1.2 × 10−6 to 1.2 ppb. Even within colorimetric
sensors, current systems report reaction wait times of 15 min
for results46 and pH dependency as the most common
factors.45,48,50 Here, we offer a new colorimetric organic
chemodosimeter, 4-(pyrrol-1-yl)pyridine, that reveals both
high sensitivity and selectivity to nitrite in aqueous solutions.
Its rapid response and detection limit of 0.330 (±0.09) mg/L
offer a solution to the need for low-cost, simpler, portable, and
efficient nitrite sensors.

■ MATERIALS AND METHODS
Reagents. All materials were purchased commercially and

used as received, unless specified. The following materials were
used: methylene chloride (Fisher, 99%), pyrrole (Fisher, 99%),
4-chloropyridine hydrochloride (Sigma, 99%), hydrochloric
acid (Fisher, 98%), sodium carbonate (Fisher, 99%),
anhydrous sodium sulfate (Fisher, 99%), sodium nitrate
(Fisher, 99%), sodium nitrite (Fisher, 99%), sodium phosphate
(Fisher, 99%), sodium chloride (Fisher, 99%), sodium fluoride
(Fisher, 99%), sodium bromide (Fisher, 99%), potassium
iodide (Fisher, 99%), potassium cyanide (Fisher, 99%),
sodium acetate (Fisher, 99%), dimethyl sulfoxide (Fisher,
99%), chloroform (Fisher, 99%), acetonitrile (Fisher, 99%),
acetone (Fisher, 99%), diethyl ether (Fisher, 99%), and hexane
(Fisher, 99%). Spectroscopy grade 18 MΩ water was used as
the solvent, unless otherwise specified.
Synthesis of 4-(Pyrrol-1-yl)pyridine. Synthesis of 4-

(pyrrol-1-yl)pyridine was carried out using an analogous
photochemical procedure for a related compound previously
published by Seki et al.51,52 The synthesis of 4-(pyrrol-1-
yl)pyridine was carried out in a 1:32 ratio of 4-chloropyridine
hydrochloride (0.001 mol) to freshly distilled pyrrole (0.032
mol). In a 250 mL quartz round-bottom flask, 4-chloropyridine
hydrochloride (0.150 g) was dissolved in methylene chloride

(100 mL) and allowed to stir under bubbling of nitrogen gas
for 1 h. Pyrrole (2.22 mL) was added, and the mixture was
irradiated for 6 min while stirring under a constant flow of
nitrogen. Typically, after 1 min, the solution begins to turn
yellow and continues to deepen in color throughout photolysis.
The reaction was monitored via UV−visible spectroscopy and
NMR analysis to reveal no unwanted side products in the
solution. The 1:32 ratio of 4-chloropyridine to pyrrole was
found to be optimum; an excess of pyrrole is required to avoid
bipyridine formation. Post synthesis analysis identified only
unreacted starting material in addition to the product, where
the former is removed during the extraction process. This
synthetic procedure was carried out in additional solvents
(ethanol and hexane) but exhibited the same results. However,
prolonged light exposure after 20 min leads to the formation of
insoluble black polypyrrole side products.

Polypyrrole formation does not significantly affect the
overall yield of the reaction, and it appears as a film on the
surface of the reaction mixture; it can be easily isolated and
removed via filtration of the reaction mixture before the
extraction process. The reaction is monitored via UV−visible
spectroscopy until completion. Here, the formation of a visible
band maximum at 463 nm forms over the course of the
reaction. As previously mentioned, prolonged light exposure
causes the formation of polypyrrole. After 6−12 min of
irradiation, an absorbance maximum starts to appear at 574
nm, giving the first indication of polypyrrole side product.
Therefore, an irradiation time of no longer than 12 min was
employed to minimize this effect.

The product, 4-(pyrrol-1-yl)pyridine, was extracted with
three washes of 10% hydrochloric acid in a volume of 30 mL
total. The aqueous layer was separated and neutralized using
solid sodium carbonate until a neutral pH was reached, and the
contents were measured via a pH probe. The neutralized
aqueous layer was extracted with four washes of dichloro-
methane for a volume of 20 mL total to remove any excess
pyrrole and other organic impurities. The resulting yellow-
orange organic solution was dried via solid anhydrous sodium
sulfate and decanted, and the liquid was subsequently
concentrated to dryness to yield a brown oil, resulting in
yields up to 65%. The resulting product was stored at 277 K to
aid in its preservation. IR spectra indicate all expected
functional groups, and the mass spectrum reveals the parent
ion (M+: 146 m/z). Spectroscopic studies of oil stored for
upward of six months showed no structural degradation, as
measured by NMR and UV−visible spectroscopy.
Instrumentation and Procedures. All aqueous solutions

were filtered prior to use. UV−visible spectra were taken on a
Shimadzu UV−vis spectrometer in spectroscopy grade 18 MΩ
water unless otherwise stated. Spectra were recorded at 303 K
in a 1.00 cm path length quartz cuvette, and baselines were set
with 18 MΩ water as a reference, unless indicated otherwise.
An Oriel Mercury/Xenon medium pressure lamp (200 W) was
used for the photochemical synthesis of 4-(pyrrol-1-yl)-
pyridine. All NMR data were recorded on a Bruker NEO
400 MHz spectrometer in 99.9% pure CDCl3, 99% pure D2O,
or 99% pure d-DMSO, and high precision 535-pp NMR tubes
were used. Dynamic light scattering (DLS) data were obtained
using a Malvern Zetasizer Lab using 18 MΩ water as a solvent
at room temperature in Malvern Zetasizer nano series plastic
cuvettes. The volumes used matched the minimum volume of
the instrument, being approximately 1 mL. The refractive
index used was 1.59. Five duplicates were obtained with an
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equilibrium time of 20 s using a side scatter angle of detection.
Fluorescence spectroscopy was performed on a Horiba Jobin
FluoroMax 3 fluorescence spectrometer with excitation
wavelengths between 340 and 460 nm. Fluorescence cuvettes
were used for all spectra with a 1 cm path length. FT-IR
spectroscopy was recorded on a Shimadzu FT-IR instrument
fitted with a liquid cell made of a NaCl aperture plate. LC-MS
data were obtained using a Shimadzu LC-MS-2020 with a
quadrupole. Solutions were prepared at a concentration of 2
mg/mL and filtered after dissolution in LC-MS grade water. A
C18 column was employed with a column eluent of water
(0.1% formic acid) and acetonitrile (0.1% formic acid) in the
positive channel.
Titration with 1.00 × 10−2 M Sodium Nitrite (aq). All

aqueous solutions of 4-(pyrrol-1-yl)pyridine were recorded
immediately after dissolution in 18 MΩ water to avoid thermal
degradation. A freshly prepared solution of 4-(pyrrol-1-
yl)pyridine was made in 18 MΩ water, and UV−visible
spectra were recorded over the range of 200−800 nm. A
sample of 1.00 × 10−2 M aqueous sodium nitrite was prepared
in a 100.00 mL volumetric flask and mixed until homogeneous.
Titrations of 2.00 μL (1.00 × 10−2 M) of sodium nitrite were
injected into 2.00 mL of aqueous 4-(pyrrol-1-yl)pyridine via a
micropipette. The subsequent spectra were monitored via
UV−visible spectroscopy immediately upon addition of nitrite,
and the colorimetric change from yellow to pink was also
observed using the naked eye. Plots for the limit of detection
determinations (LOD) used the starting absorbance at 509 nm
of the sensor (Asensor), absorbance upon each successive
addition of nitrite at 509 nm (Anitrite), maximum absorbance at
509 nm after all additions of nitrite (Amax), and minimum
absorbance at 509 nm (Amin). Errors for the limit of detection
values were obtained from the standard deviation of 10
measurements.
Competitive Anion Titrations. A freshly prepared

solution of 4-(pyrrol-1-yl)pyridine was added to 18 MΩ
water. Competitive anion solutions were made in 1:50 ratios
(1.00 × 10−2 M nitrite, 0.5 M competing anion) in 100 mL
volumetric flasks using their sodium or potassium salts.
Solutions of 6.76 × 10−4 M 4-(pyrrol-1-yl)pyridine were
titrated with 1.00 μL injections for a total of 4 additions (4.00
μL). Spectra upon each addition were monitored by UV−
visible spectroscopy.
Dynamic Light Scattering. Approximately 1 mL of

aqueous samples of 4-(pyrrol-1-yl)pyridine in 18 MΩ water
were inserted into a plastic cuvette matching the required
volume minimum of the instrument. Five trials were recorded
per sample employing a refractive index of 1.59, equilibration
time of 20 s, and a side scatter angle of detection.
Tyndall Effect. Approximately 4 mL aqueous samples of 4-

(pyrrol-1-yl)pyridine were irradiated with light from a helium
laser in a dark room to determine if light scattering was
present.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of 4-(Pyrrol-1-yl)-

pyridine. The UV−visible spectra recorded during the
synthesis of 4-(pyrrol-1-yl)pyridine in methylene chloride are
shown in Figure 1. The photochemical reaction between
pyrrole and pyridine appears to be clean and uncomplicated
from side products for 20 min of irradiation. Prolonged light
exposure beyond 20 min, however, leads to the formation of
polypyrrole. The energy of irradiation due to the Hg/Xe lamp

is sufficiently high in energy to cleave both the C−Cl bond of
4-chloropyridine (338.2 kJ/mol) and the N−H bond of
pyrrole (351 kJ/mol).53 Confirmation of the resulting product
4-(pyrrol-1-yl)pyridine (90 mM) via 1H NMR in d-DMSO
yields δ 8.56 (dd, J = 8 Hz, 2H), δ 7.55 (dd, J = 4 Hz, 2H), δ
6.73 (q, J = 2.16 Hz, 2H), and δ 6.01 (q, J = 2.1 Hz, 2H) with
equal integrations. Additionally, 13C NMR assignments further
confirm the creation of 4-(pyrrol-1-yl)pyridine with the
following chemical shifts: δ 151.6, δ 143.3, δ 124.6, δ 117.8,
and δ 107.6 ppm. This was found to be similar to previously
determined NMR positions accounting for CDCl3 solvent54−56

and matched the splitting pattern of the employed starting
reagents with pyrrole peaks shifted upfield by approximately
0.2 ppm.57 1H and 13C NMR assignments obtained in d-
DMSO are in accordance with the structure of 4-(pyrrol-1-
yl)pyridine, as shown in Figure 2. Two-dimensional 1H NMR

(COSY, HSQC) further confirms the 4-(pyrrol-1-yl)pyridine
product by depicting H-bond interactions between the pyrrole
hydrogens and the pyridine hydrogens on the molecule; see
Supporting Information.

1H NMR concentration studies of 4-(pyrrol-1-yl)pyridine
were carried out in CDCl3 to determine any changes in
structural determination. A 30 mM sample of 4-(pyrrol-1-
yl)pyridine yields sharp peaks with clear splitting and
approximately equal integrations of 0.967, 0.974, 0.920, and
0.912, which is consistent with what is seen in d-DMSO.
However, more concentrated samples of 4-(pyrrol-1-yl)-
pyridine of 90 and 124 mM sensors in CDCl3 depict shifting
of both pyridine protons and significant peak broadening
indicative of intermolecular interactions. Here, integrations
were also approximately equal to one with the 90 mM 4-

Figure 1. UV−visible difference spectra monitored during the
synthesis of 4-(pyrrol-1-yl)pyridine in methylene chloride with
readings every 2 min for a total of 20 min.

Figure 2. 4-(Pyrrol-1-yl)pyridine with 1H and 13C NMR assignments.
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(pyrrol-1-yl)pyridine spectra, having integrations of 1.00, 1.45,
1.61, and 1.62, and the 124 mM 4-(pyrrol-1-yl)pyridine
spectra, yielding integrations of 1.00, 1.29, 1.40, and 1.40. Both
can be found in the Supporting Information.

The product is yellow in color and exhibits both a band
maximum at 463 nm and significant scattering at long
wavelengths in the UV−visible spectrum, shown in Figure 3.

No emission was observed for this system. Dilutions of 4-
(pyrrol-1-yl)pyridine depicted a molar absorptivity of 110 M−1

cm−1. Solvent dependence was carried out using diethyl ether,
chloroform, acetone, methanol, dimethyl sulfoxide, and water;
a new visible band maxima was determined in all cases except
water. Here, a new band at 500 nm began to form in all
solvents, except water. These results illustrate a bathochromic
shift with increasing solvent polarity, which is typical of a π →
π* transition. However, most spin-allowed π → π* transitions
normally yield larger molar absorptivity values; thus the
electronic transition observed in this system is highly unusual,
vide inf ra.
Anion Sensing by 4-(Pyrrol-1-yl)pyridine. The com-

pound 4-(pyrrol-1-yl)pyridine was studied with various anions
to determine its anion sensing properties. Upon the addition of
aqueous sodium nitrite, the system showed a colorimetric
change from yellow to pink with increasing absorbance upon
each addition of nitrite. Figure 4 illustrates a titration recorded
by acquiring the UV−visible spectra between the sensor, 4-
(pyrrol-1-yl)pyridine, and the analyte, NaNO2(aq). The
observed band at 463 nm, indicative of the yellow starting
sensor solution, undergoes a bathochromic shift, and new
bands begin to appear at 360 and 509 nm, with the latter
indicative of the pink final product in solution; see Figure 5.

While the large bathochromic shift of 1952 cm−1 is
characteristic of this system, previous work has illustrated
similar phenomena.58−67 In most cases, the shift is indicative of
changing intermolecular or intramolecular interactions in the
system. Many systems using anion sensing show red shifting
with interaction of anions based on either enhanced
intermolecular charge transfer,60 “long-range Coulombic
coupling”,66 changes in the chromophore’s geometry and
orientation in solution through electrostatic interactions,67

increased shielding of structural moieties of the sensor,62 or
even those with an anion concentration dependent red shift.64

This is discussed in further detail below.

Each nitrite addition produced an instantaneous color
change and was found to be irreversible over time. From
these results, a LOD was determined for this sensor system, via
a plot of the absorbance changes at 509 nm versus added
sodium nitrite concentration; see Figure 6. The LOD was
calculated via eq 1, where σ is the standard deviation of the
blank, and s is the slope of the line generated.

sLOD 3 /= (1)

A value of 0.330 (±0.09) ppm was subsequently obtained
for these colorimetric changes in 4-(pyrrol-1-yl)pyridine upon
addition of aqueous sodium nitrite, revealing a high sensitivity
of the molecule to the added nitrite ion. This result was found
to be consistent and unaffected by the initial sensor
concentration.

The selectivity of this system was subsequently investigated
by using a competitive anion study. Competing anions of
sulfite, nitrate, phosphate, sulfate, chloride, fluoride, iodide,
bromide, acetate, and cyanide were used in 50 molar equiv
compared to nitrite. After a total of four 1.00 μL additions of
each 1:50 aqueous solution, none displayed any affinity of
competitiveness toward 4-(pyrrol-1-yl)pyridine. Additionally,
in all cases, the color change to pink upon addition of nitrite
was unaffected by the other anion being present and exhibited
a minimum percent increase of 62% in the absorbance at 509
nm; see Figure 7. Therefore, the 4-(pyrrol-1-yl)pyridine system
was found to be both highly sensitive and selective toward
nitrite ions in aqueous solutions.

Figure 3. UV−visible spectrum of 4-(pyrrol-1-yl)pyridine (2.66 ×
10−2 M) in 18 MΩ water. Baseline correction was against a blank of
18 MΩ water.

Figure 4. UV−visible spectra of a titration between 4-(pyrrol-1-
yl)pyridine (1.89 × 10−3 M) in 18 MΩ water with increasing 2.00 μL
additions of 1.00 × 10−2 M sodium nitrite (aq). Initial spectrum is
before nitrite addition. Inset illustrates the colorimetric change upon
addition of a nitrite ion.

Figure 5. Color changes observed for a 2.15 × 103 M aqueous
solution of 4-(pyrrol-1-yl)pyridine (2.0 mL) with 0.0, 20.0, 40.0, 60.0,
80.0, and 100.0 μL additions of 0.01 M sodium nitrite, left to right,
respectively.
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These results were found to be consistent and reproducible
in the pH range of 1−7. Carbonate anions were omitted from
the competitive anion study due to their neutralization effect
on the sensor. At basic pH, the sensor no longer interacts with
nitrite anions. In addition, temperature dependence studies
revealed the stability of the sensor system at room temperature
for 24 h. Utilizing these reaction conditions, the sensor system
was highly reproducible, producing LOD values in the stated
range when in aqueous solution. Moreover, the extracted oil
samples of 4-(pyrrol-1-yl)pyridine are stable stored at 277 K
for up to 6 months.
Possible Mechanism of Sensing. Having established the

irreversibility of the color change and both the high sensitivity
and high selectivity of this system, the mechanism was further
investigated. Spectroscopic changes observed in a single
injection showed a more than 20% increase of absorbance at
509 nm. The nitrite concentration in solution (1.33 × 10−5 M)
is much lower than that of the 4-(pyrrol-1-yl)pyridine sensor
(2.51 × 10−3 M), illustrating the interaction here is not a
simple 1:1 or 1:2 stoichiometry. NMR characterization of the
final product proved to be problematic, though. It is common

knowledge that pyrroles will react with nitro groups by
irreversibly binding at the 2 position on the pyrrole ring.55,56,68

Hence, it is hypothesized that a similar final product is formed
through strong electrostatic interactions and not through
formation of a covalent bond. The system, however, is
complicated by what appears to be the formation of an
aggregate. As noted above, the visible absorption band at 463
nm with low molar absorptivity is indicative of π → π*
transitions and π stacking. Moreover, there is a significant
absorbance increase at 700 nm, indicative of substantial light
scattering, providing further evidence that the product forms
on a supramolecular scale.

The presence of an aggregate poses challenges in terms of
characterization. It is common for aggregated systems to
experience broadening of peaks in NMR analysis due to the
many intra- and intermolecular forces in solution and even
restricted rotation capabilities.69−72 Previous studies have
determined that NMR analysis of molecules dissolved in
liquid crystalline phase is incredibly difficult to decipher due to
the large number of spectral transitions present.73 Raising the
concentration of 4-(pyrrol-1-yl)pyridine in NMR analysis
further broadened the peaks with increasing concentration of
the sensor due to the increased presence of aggregates in
solution and the many intermolecular interactions causing the
pyridine proton signals to broaden; see Figure 8. The peak
locations for both pyridine protons are as follows: δ 8.58 and δ
7.36 ppm for 120 mM in CDCl3, δ 8.58 and δ 7.36 ppm for 90
mM in CDCl3, δ 8.60 and δ 7.39 ppm for 60 mM in CDCl3,
and δ 8.56 and δ 7.52 ppm for 30 mM in CDCl3.

Further support of intermolecular interactions in the sensor
were studied comparing 1H NMR spectra of samples with
different solvents. Here, 120 mM solutions of 4-(pyrrol-1-
yl)pyridine were made in both CDCl3 and d-DMSO. It is
observed that the broadening present in 1H NMR of the
pyridine hydrogens in the 4-(pyrrol-1-yl)pyridine system is
consistent with intermolecular interactions when CDCl3 is
employed as the solvent. However, to confirm this, the same
solution was analyzed in d-DMSO, a solvent known to disrupt
intermolecular interactions. The lack of broadening seen with
this solvent even at higher concentration is indicative of the
breakdown of intermolecular forces holding the supra-
molecular system together; see Supporting Information. This
supports the slight differences in NMR peak splitting from
previous literature values, as both the concentration of the
sample and the desired solvent can affect the spectra through
peak shifting, broadening, and splitting.

Typically, highly conjugated systems exhibit broadening in
their NMR spectra.74 The broad components of an NMR
spectrum appearing in the aromatic region are due to the
formation of π stacking and arise from the perturbation of
shielding effects with subsequent aromatic rings above or
below in these supramolecular structures.74 This is commonly
termed the “ring current” effect of conjugated aggregate
systems. Previous work illustrates this phenomenon with
porphyrin systems where ring current effects cause a
broadening in the NMR spectrum.75 Additionally, it has
been determined that multiple relaxation mechanisms in 1H
NMR can affect line widths and therefore are more prevalent
in spectra of molecules that contain a quadrupolar nucleus,
such as a pyridine moiety.73

In tandem with the line broadening, shifts in location of the
aromatic protons are the result of delocalization of electrons
from the ring current effect of the π stacking, causing a

Figure 6. Limit of detection determination of 4-(pyrrol-1-yl)pyridine
from a plot of absorbance changes at 509 nm on addition of sodium
nitrite (aq) in 18 MΩ water.

Figure 7. Absorbance at 509 nm of sensor solution (R, yellow) and
sensor solution with a single 4.00 μL addition of 1.00 × 10−2 M nitrite
and 0.5 M competing anion (L, pink) in 18 MΩ water.
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downfield shift.74 Hence, the extent of aggregation and overall
magnitude of the intermolecular interactions can cause nuclei
to have resonances at various shifts.75 We observed this in the
NMR spectrum of the 90 mM sensor solution in CDCl3, where
signals from the pyridine ring were broadened significantly
compared to that of a 30 mM solution. Furthermore, the 120
mM sensor solution in CDCl3 exhibits an even larger extent of
broadening with increased concentration.

Consequently, the product with the absorption maximum at
509 nm (sensor−nitrite adduct) would be anticipated to show
peak broadening in its NMR. While we were unable to obtain
full 13C NMR characterization due to consistently increased
baseline noise in the spectrum while utilizing D2O/H2O
solvent, we believe the product is a large aggregate with a
strong electrostatic interaction between nitrite and the pyrrole
group of the 4-(pyrrol-1-yl)pyridine system and not the
formation of a covalent bond. This would be similar to nitro-
pyrrole-based moieties that yield the following shifts in D2O/
H2O: δ 8.65 (d, J = 4 Hz, 2H), δ 8.06 (d, J = 4 Hz, 2H), δ 6.81
(s, 2H), and δ 6.14 (s, 2H) with an approximately 1:10
integration of the pyridine to pyrrole hydrogens; see
Supporting Information. Here, the broadening of only the
pyrrole peaks to singlets further supports the increased
intermolecular attraction between nitrite and the pyrrole
moiety of the 4-(pyrrol-1-yl)pyridine system. Additionally, all
peaks exhibit a downfield shift due to the intermolecular
interaction with nitrite. Two-dimensional COSY NMR
revealed that both pyrrole peaks (δ 6.81 and δ 6.14) no
longer couple with each other. This loss in adjacent proton
coupling further corroborates the electrostatic interaction of 4-

(pyrrol-1-yl)pyridine with nitrite on the pyrrole ring; see
Supporting Information.

A quick qualitative test for aggregates in solution is done by
employing the Tyndall effect.76−79 Figure 9 depicts the Tyndall
effect in the sensor sample compared to that in 18 MΩ water,
filtered prior to use.

Here, light is scattered if a colloid is present, where it is large
enough to carry the light through solution; a true solution, like
18 MΩ water, would have no colloids present to scatter the

Figure 8. Proton NMR spectra of various concentrations of 4-(pyrrol-1-yl)pyridine in CDCl3. Top to bottom: 120 mM, 90 mM, 60 mM, and 30
mM, respectively.

Figure 9. Depiction of the Tyndall effect: (A) 18 MΩ water with no
light scattering observable, (B) 4-(pyrrol-1-yl)pyridine with light
scattering shown in 18 MΩ water, and (C) 4-(pyrrol-1-yl)pyridine
and nitrite final product with light scattering shown in 18 MΩ water.
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light. Through the use of the Tyndall effect, light was scattered
through a solution of 4-(pyrrol-1-yl)pyridine, confirming the
presence of an aggregated species.

To provide an estimate on the extent of aggregation, DLS is
commonly employed to determine a rough estimate of particle
size of aggregates or nanoparticles.79,80 After analysis of
aqueous samples of 4-(pyrrol-1-yl)pyridine using DLS, an
estimate of aggregate size was obtained over a range of
concentrations, each with five duplicate trials, as shown in
Table 1. The size was determined using the weighted averages
of the DLS values obtained.

Here, it is important to consider that highly aromatic
systems have a propensity to aggregate in solution.81−86

Specifically, conjugated systems, like heterocycles pyridine and
pyrrole, have been seen to form aggregates through π-stacking
interactions.87−89 Within this, however, different forms can
appear with various π-stacking aggregate conformations.89 It
has been reported that when two aromatic moieties absorb in
the ultraviolet region of the electromagnetic spectrum, after
combining, the newly formed aggregate is likely to absorb in
the visible region.89 This serves to further support an
aggregated system between our two aromatic UV absorbing
moieties reacting to form a new aggregate absorbing in the
visible region (463 nm). In addition, the system does not
exhibit fluorescence, providing no indication of the formation
of an excimer. Hunter and Sanders reported four rules with
respect to π-stacked aggregates and that within these stacked
systems they have certain arrangements in their aggregate
forms.85 However, it was discovered that van der Waals forces
can also contribute to the intensity of the π-stacking but that
they are not controlling the geometry of interaction. Within
these structures they stated that, between two π-interaction
systems, stability increases with an electron-rich (pyrrole) and
electron-poor (pyridine) moiety exhibiting π-stacking; here the
average π-stacking distance ranges from 3.3 to 3.8 Å.89

Therefore, with these rules in mind, the most likely aggregate
structures of 4-(pyrrol-1-yl)pyridine are shown in a simplified
form in Scheme 1. Here, two monomers are utilized to
illustrate the π-stacking, but the actual aggregate system is far
larger.

In further considering the two aggregate structures, “face
stacking” has been shown to exhibit hypochromism in solution
as opposed to the “off-set” π-stacked system.89 Knowing this, it
is far more likely our 4-(pyrrol-1-yl)pyridine system exhibits
“off-set” stacking. Further confirmation of an aggregate present
is supported by the visible scattering at long wavelengths in the
UV−visible spectrum of 4-(pyrrol-1-yl)pyridine and the
increased intensity of the nitropyrrole-based final product
absorbance at 509 nm, which is highlighted by a deep wine-red
hue.

An estimate of approximately 400 to 1020 monomers for the
4-(pyrrol-1-yl)pyridine in solution is reached from the 142−
363 nm size range indicated in Table 1 and the mean value of

3.55 Å for the literature value of a centroid to centroid distance
of the π-stacked system.86 Moreover, the previously noted low
molar absorptivity value of 110 M−1 cm−1 is consistent with an
intermolecular π → π* transition in this system.

As previously discussed, 1H NMR of the 4-(pyrrol-1-
yl)pyridine system exhibited downfield peak shifting and line
broadening. The downfield shifting is indicative of intermo-
lecular interactions in the system. However, the downfield
shifting and broadening of only the pyridine protons and not
the pyrrole protons further serve to prove the “off-set” stacking
of the 4-(pyrrol-1-yl)pyridine aggregate. Here, no strong
downfield shift of peak broadening would occur with the
hydrogens on the pyrrole ring, as it is not actively participating
in the π-stacking holding the aggregate together.

Computational studies are currently underway, although
complicated by the supramolecular nature of this system.
Additionally, the sensing properties of several derivatives of 4-
(pyrrol-1-yl)pyridine are currently being pursued to provide
greater insight into their mechanism of action.
Possible Commercial Advantages. Due to the high

sensitivity (0.330 ppm) of the sensor to nitrite, this system
serves to improve current methodology. For instance, as
previously discussed, many current systems for nitrite
detection have challenges. These range from tedious
experimental procedures to increased reaction time, intensive
mechanisms, pH limitations, and interference from other
agents. By eliminating these complications, new methodology
can be explored that still meet the required detection limits of
both the EPA and WHO. The sensitivity of the sensor
discussed here falls within the common range of LODs within
the ppm or ppb range.35−43

The increased ease of detection, potential portability with a
hand-held spectrometer, rapid response, and drastic colori-

Table 1. DLS Aggregate Size over a Range of
Concentrations of Aqueous 4-(Pyrrol-1-yl)pyridine

Concentration (M) Absorbance at 463 nm Size (nm)

7.20 × 10−3 0.792 363
6.50 × 10−3 0.715 249
3.68 × 10−3 0.405 195
2.11 × 10−3 0.232 142

Scheme 1. (A) “Face to face” π Stacking of 4-(Pyrrol-1-
yl)pyridine with Average π Stacking Distance from Centroid
to Centroid from Literature Values; (B) “Off-set” π
Stacking of 4-(Pyrrol-1-yl)pyridine with Average π Stacking
Distance from Centroid to Centroid from Literature
Valuesa

aTwo moieties are illustrated to simplify the large aggregate system.
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metric change between the sensor and nitrite provide valuable
advances into anion sensing. Additionally, the sensor’s intricate
aggregation ability provides insight into new mechanisms for
anion sensing that can take advantage of supramolecular
interactions causing increased sensitivity and selectivity to a
target analyte of interest. This aspect is under further
investigation, including studies of analogous aggregation
based sensor systems.

■ CONCLUSION
In summary, with the synthesis of 4-(pyrrol-1-yl)pyridine we
have discovered a new small-molecule colorimetric chemo-
dosimeter for the detection of nitrite in aqueous solutions.
Simple naked eye detection can be employed with the sensor
system experiencing a color change from yellow to pink, and
this reaction is irreversible and instantaneous. The mechanism
of sensing is unusual, as it involves changes in the degree of
aggregation in solution, subsequently affecting the extent of π-
stacking and the intermolecular electronic transitions. This
effectively amplifies the nitrite ion detection, resulting in an
extremely low limit of detection of 0.330 (±0.09) ppm, and
meets the criteria for the maximum contaminate levels from
both the WHO and EPA. Overall, the sensor system may prove
to be valuable for nitrite detection in the food industry, as it
possesses several important features such as low cost, rapid
testing, ease of analysis, high sensitivity, and high selectivity.
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