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Abstract: Detection of nitroaromatic compounds (NAC) is an important task since these substances
are hazardous to both the biosphere and the society. Fluorescent sensors developed for NAC detection
usually demonstrate a ‘turn-off” response to the analyte, while ‘turn-on’ sensors are rarely reported.
Here, we present a showcase report on new pyrene-imidazoporphyrin dyads that demonstrate
an unusual analytic response to NAC with clear ‘turn-on” behavior followed by an unexpected
appearance of a new band, which can be ascribed to exciplex emission. The porphyrin backbone of
the dyad also allows registration of its own fluorescence, providing an internal reference signal for
ratiometric detection. The association constants in the order of 10* M~! are reported.

Keywords: porphyrin; nitroaromatic; chemosensor; fluorescence; intramolecular rotation; turn-on sensor;
pyrene; ratiometric

1. Introduction

Nitroaromatic compounds (NAC) are widely used in a large number of chemical
industries as dyes, herbicides, insecticides, solvents, and, most prominently, explosives.
The introduction of the nitro group into aromatic rings imparts strong polarization of the
molecule, inhibits further electrophilic substitution of the benzene ring and also provides a
number of unique physical and chemical properties, which explains their aforementioned
popularity [1-3]. At the same time, these very properties are responsible for what NAC are
notorious for—environmental pollution [4], danger to living organisms” well-being [5-7],
and comprising a huge part of man-made explosives jeopardizing public safety [8]. All
the described NAC features set a crucial challenge for modern chemistry and materials
science: we have to be able to detect the NAC traces in imperceptible amounts in the
atmosphere, industrial plants, and potential locations of traumatizing NAC usage before
these compounds accumulate enough to result in damage. To date, there is a number of
diverse ways to detect the NAC both directly and indirectly [9-15], and among them, the
state-of-the-art research in chemistry belongs to chemosensors, i.e., molecular structures
capable of analyte recognition and analytical signal generation [16-18]. These chemosensors
are especially of great interest thanks to their ability of recognition at the molecular level,
great potential for miniaturization, and integration into electronic devices that could be
equally applied under all kinds of conditions (NAC detection in gas, solid, or liquid
phase) [19]. Particularly, fluorescent sensors remain the most studied systems due to their
simplicity of use, fast response, and high sensitivity in detection, while allowing both
qualitative and quantitative determination of the analyte [20].

Fluorescent NAC molecular sensors usually utilize either ‘turn-on’ or ‘turn-off’ mech-
anisms of action [21-23], depending on the type of interaction between the analyte and
single sensing fluorescent molecule. It should be noted that in the case of ‘turn-off’ sensors
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it is not always clear that the fluorescent signal is quenched by the target analyte, and is
not just inhibited by the inner filter effect, deterioration of the fluorophore or its removal
from the sensory platform, which makes calibration and employment with real samples
difficult [24,25]. In this regard, the ‘turn-on’ sensing scheme seems far more promising,
yielding a distinct signal. However, it is rare that a non-selective interaction leads to the
enhancement of the fluorescent signal [26-28]. Nevertheless, implementation of this con-
cept is much more complicated, usually requiring complex molecular architecture of the
chemosensor [29,30].

An approach that can level off the disadvantages of single-fluorophore sensor concepts
is to develop sensors based on the compounds containing more than one fluorophore. The
fluorophore constituents of such systems can interact with each other via photoinduced
electron transfer (PET), intramolecular charge transfer (ICT), or non-radiative energy trans-
fer (NRET) [31-38]. Thus, the resulting fluorescence spectra of such compounds contain
signals from several fluorophores, intensities of which are tied not only to the fluorophores
themselves, but also to the efficiency of the energy transfer between them, which in turn
can be governed by the analyte binding. This can provide an enhanced analytic response,
an internal fluorescent reference, or even multimodal detection pathways [39].

It can be emphasized that processes mentioned above are quite often realized in
derivatives of polycyclic aromatic hydrocarbons (PAH) bearing extended m—electron sys-
tems [40-42]. Given the fact that the PAH photophysical properties could be extremely
sensitive to their environment and solvent polarity, it is not surprising that they have found
their use in the field of chemosensors and sensing devices [43-45]. More often, PAH deriva-
tive sensors provide the ‘turn-off’ response to the bound nitroaromatic compounds, which
is associated with the electron transfer from the PAH part to the nitroaromatic molecule
due to -7 stacking [46-50]. However, it is worth noting that some sensors based on PAH
are able to respond in the ‘turn-on” way [44,51-53] as well. In addition, the ratiometric
sensors based on the PAH-derivatives are also known [54-57].

In our previous work we studied nickel(Il) pyrenyl-imidazoporphyrin dyad NiPIP [58],
whose fluorescence from both porphyrin and pyrenyl units was completely quenched
because of the presence of nickel metal center, suggesting the efficient intramolecular com-
munication between these units. In the present work, we decided to use the advantage of
this communication in similar bimodal dyads—H,PIP and ZnPIP, which do not contain
quenching metal centers. Initially, we envisioned the generation of the analytic response via
modulation of NRET from the pyrene fragment to the porphyrin core due to pyrene fluores-
cence quenching upon stacking with NAC. However, the first experimental measurements
have shown quite unexpected results: instead of pyrene emission quenching, we observed
the inverse, while porphyrin emission was wholly unaffected. Thus, we investigate the
potential of the discovered effect as a new analytic signal generation modality, on example
of detection of several NAC species.

2. Materials and Methods
2.1. Materials

All chemicals and starting materials were obtained commercially from Acros or Sigma
and used without further purification. NiPIP [58] and 2-(1-pyrenyl) benzimidazole BIP [59]
were synthesized following the published protocols. The solvents were treated following
the standard procedures [60]. The analytes solutions were made by dissolving of solid
analytes in toluene. We dissolved 1.22 mg of TNP in 7.5 mL of toluene to get TNP solution
with concentration of 7.1 x 107 M and 1 pL of NB in 12.5 mL of toluene to provide NB
solution with concentration of 7.8 x 10~* M (Figure S1 in Supplementary Information).

Preparation of H,PIP. NiPIP (70 mg, 0.06 mmol) was dissolved in TFA (1.67 mL),
H,S50; (422 pL) was added upon vigorous stirring and the resulting mixture was stirred for
10 min at room temperature. Afterwards the mixture was diluted with CH,Cl, (20 mL) and
neutralized with saturated solution of NaOAc in water. The organic phase was separated,
evaporated and the target compound was isolated by column chromatography at silica gel
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with hexane/DCM mixtures (0—80% of DCM) used as eluents. The subsequent purification
by gel permeation chromatography provided 20 mg (30%) of H,PIP.

'H NMR (CDCl3; 6, ppm; ], Hz): 9.76 (d, 1H, 3] = 9.3, Hpy,), 9.08 (d, 1H, 3] = 4.7 Hz, Hp),
9.00 (d, 3H, *] = 4.9, 2Hg+NH), 8.96 (d, 1H, 3] = 4.7, Hp), 8.83 (s, 2H, Hp), 8.32 (d, 1H,
3] = 8.4, Hpy,), 8.29 (d, 2H, *] = 7.3 Hz, ms-Hy.4;), 8.28 (d, 1H, 3] = 7.4, Hpy,), 8.25-8.20
(m, 4H, 2 x ms-Hy ar+2Hpyy), 8.17-8.11 (m, 7H, 4 x ms-H,ar+3Hpy,), 8.11-8.07 (m, 2H,
Hpy,), 7.49 (d, 2H, *] = 8.1, ms-Hpar), 7.45 (d, 2H, 3] = 8.0, ms-H_ar), 7.30 (d, 2H, 3] = 7.0,
ms-Hm-ar), 7.29 (d, 2H, 3] = 7.0, ms-Hyar), 4.32 (t, 2H, 3] = 6.7, CH,0), 4.32-4.24 (m, 6H,
CH,0), 2.08-1.95 (m, 8H, CH,), 1.73-1.64 (m, 8H, CH), 1.15-1.09 (m, 9H, CH3), 1.06 (t, *] = 7.4,
3H), —2.81 (s, 2H, NHipner)-

13C NMR (CDCl3; 6, ppm): 159.88, 159.50, 159.20, 152.23, 135.72, 135.66, 134.82, 134.74,
134.59, 134.31, 133.91, 131.93, 131.67, 131.31, 129.43, 128.73, 128.48, 127.41, 126.99, 126.40,
125.73, 125.64, 125.44, 125.10, 124.89, 124.80, 121.14, 120.92, 117.68, 114.71, 114.23, 113.32,
112.91, 112.86, 68.47, 68.20, 68.12, 31.97, 31.75, 31.63, 19.75, 19.61, 19.59, 14.18, 14.15, 14.12.

MALDI-TOF MS: m/z calcd. for C77H79NgOy4 [M]* 1142.55, found 1142.46.

UV-vis (CHCl3; Amax, nm; log(e)): 281 (4.47), 424 (5.53), 520 (4.36) 556 (4.06), 588 (3.94),
651 (3.57).

Preparation of ZnPIP. H,PIP (10 mg, 8.7 pmol) was dissolved in 9:1 CHCl3/MeOH
mixture (10 mL), Zn(OAc), (8 mg, 44 pmol) was added and the mixture was stirred
overnight at room temperature shielded from light. Upon complete conversion the mix-
ture was evaporated to dryness and purified by flash chromatography at silica gel with
DCM—DCM/MeOH (1 vol.% of MeOH) used as eluents that provided 8.5 mg (83%)
of ZnPIP.

H NMR (20%MeOD in CDCl3; 6, ppm; ], Hz): 9.73 (d, 1H, 3] = 9.3, Hpy;), 9.05
(br.s, 1H, Hp), 9.00 (d, 2H, 3] = 4.3, Hp), 894 (brs, 1H, Hp), 893 (s, 2H, Hp), 828 (d, 2H,
31 =92, ms-Ho ar+Hpyr), 8.26-8.17 (m, 5H, 3 x ms-Hqy.ar+2 X Hpy,), 8.13 (d, 5H,
31=77,4x ms-Hy ar+Hpyr), 8.10 (d, 1H, 3] =88, Hpy:), 8.08-8.03 (m, 2H, Hpy,), 7.43
(d, 4H, 3] = 7.7, ms-Hp-ar), 7.26 (d, 4H, 3] = 7.9, ms-Hyy-a,), 4.27 (m, 8H,CH,0), 1.97 (m,
8H, CHy), 1.66 (hept, 8H, 31 =7.6,CH,), 1.11 (t, 12H, 3] = 7.4, CH3). Imidazole NH-proton
resonance is not observed as a result of exchange with MeOD.

13C NMR (20%MeOD in CDCl3; 8, ppm): 159.49, 159.03, 152.02, 151.85, 150.31, 149.79,
149.39, 149.18, 140.04, 139.15, 135.79, 135.52, 134.23, 132.13, 131.81, 131.52, 131.24, 131.15,
131.01, 129.83, 129.32, 128.60, 128.35, 127.28, 126.84, 126.29, 125.54, 125.52, 125.31, 125.20,
124.80, 124.72, 124.63, 121.63, 117.81, 115.13, 113.89, 112.96, 112.52, 68.14, 31.68, 19.51, 14.05.
Some resonances are not observed as a result of considerable broadening of the signals.

MALDI-TOF MS: m/z caled. for Cy7HegNgOsZn [M]* 1204.46, found 1204.31.

UV-vis (PhMe; Amax, nm; 10g(e)): 294 (4.53), 358 (4.43), 430 (5.47), 551 (4.41), 591 (4.14).

2.2. UV-Vis and Fluorescence Titration

The UV-vis and fluorescence titration experiments were carried out in the wavelength
range of 220-900 nm using a Shimadzu UV-2450 PC spectrophotometer (Japan) and a
Shimadzu RF-5301 PC fluorimeter (Japan), respectively. An excitation wavelength of the D
moiety was 346 nm, the excitation wavelengths of the A moiety were 519 nm and 550 nm
for HoPIP and ZnPIP, respectively, unless stated otherwise.

The concentrations of HoPIP and ZnPIP were determined according to Beer-Lambert
law using extinction coefficient (¢) known in every case. Thus, for each set (UV-vis and fluo-
rescence) of titration experiments, the solutions of HoPIP (log(e) = 5.51 (426 nm) in toluene),
ZnPIP (log(e) = 5.47 (431 nm) in toluene) at concentrations in the range of 7.3-9.0 x 1077 M
were prepared by dissolving in toluene of a certain volume in a quartz cuvette (1 cm path
length) right before the titration.

The titration with one of the analytes of HyPIP or ZnPIP solution was accomplished
by the addition of the analyte molar equivalents in the cuvette using a chromatographic
syringe. In the case of HoPIP (7.7 x 10~7 M) titration with NB solution, the volume of
1 equivalent (Vieq) was equal to 2.5 pL; the addition of NB solution was in the range of
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2.5-500.0 pL. In the case of ZnPIP (7.3 x 10~/ M) the addition of NB (Vieq = 2.4 pL) solution
was in the range of 2.4-724.8 uL. The addition of TNP solution to ZnPIP (7.9 x 107 M)
was in the range of 2.8-543.2 pL.

All the titration spectra presented in the work are corrected for dilution effects and second
order of diffraction artefacts (Figure S2). Association constants were determined using Bandfit
online tool available at http://supramolecular.org (accessed on 24 December 2022) [61].

2.3. “ZnPIP in PMMA" Film Preparation

A total of 6.11 g of PMMA (M,,~15000) powder was dissolved in 12 mL of toluene
under constant stirring and heating at 100 °C using IKA C-MAG HS 10 hotplate stirrer
(Germany). A total of 8.6 mL of the obtained 30% v/v PMMA solution was mixed with
4.3 mL of a ZnPIP solution (1.8 x 10~® M) in toluene, resulting in the final PMMA con-
centration of 20% v/v. The mixture was poured into a PTFE Petri dish and left for 48 h
for toluene to evaporate. The final ZnPIP concentration was ca 0.004% w/v in the dried
polymer film.

For the absorbance and fluorescence spectra measurements, the solid film sample was
fixed in a sample holder at 90° and 45° to the light source, respectively.

2.4. Quantum Chemical Calculations

All calculations were performed using ORCA 5.0.3 quantum chemical package [62].
Geometry optimization was performed using the “Swiss army knife” composite electronic-
structure method—r?SCAN-3c [63]. Solvation effects in toluene media were accounted
within CPCM model [64].

Gabedit 2.3.0 program was used to prepare the input files and to follow the progress of
the calculations, and the Chemissian 4.65 program (by L. Skripnikov) was used to analyze
and visualize the results of the quantum-chemical calculations [65]. For the current version
see www.chemissian.com, (accessed on 27 November 2022).

Reduced density gradient (RDG) analysis and calculations within Quantum theory of
atoms in molecules (QTAIM) were performed using Multiwfn 3.8 (dev) [66]. VMD 1.9.4 [67]
was used for visualization. Calculations were performed using CAM-B3LYP/6-31(d)
wavefunctions [68,69].

3. Results

The previously reported non-emissive pyrene-appended dyad NiPIP [58] was sub-
jected to derivatization with the aim of modification of its photophysical properties
(Scheme 1). The low yield of H,PIP upon demetalation of NiPIP is caused by the degra-
dation of the porphyrin macrocycle under the reaction conditions. It could be presumed
that the bulkiness of the neighboring porphyrin and pyrene fragments facilitates the degra-
dation of the imidazole moiety. This is circumstantially proven by the presence of the
components with blue luminescence in the reaction mass detected by TLC, which could be
attributed to pyrene derivatives, which nevertheless could be successfully separated by
chromatography. The metalation of the free-base HoPIP provided the corresponding Zn(II)
complex ZnPIP.

First, spectral characterization of the studied dyads was carried out. The H,PIP ab-
sorbance spectrum (the black curve in Figure 1) exhibits weak bands around 300-346 nm
attributed to a pyrenyl unit absorbance and intense Soret band at 426 nm together with
four Q bands at 519, 555, 590, and 653 nm related to the porphyrin unit absorbance. The
absorbance spectrum of ZnPIP is similar to the H,PIP one (the black curve in Figure 2), ex-
cept for a shift of the Soret band to 431 nm and a fewer number of Q bands, which is typical
for regular metal complexes of porphyrins as compared to their free-base analogues [70,71].
The Q bands of ZnPIP are located at 550 and 590 nm, respectively.
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Figure 1. The normalized by maximum UV-vis absorbance and fluorescence spectra of H, PIP in toluene.

Both H,PIP and ZnPIP show dual emission from both pyrene and porphyrin units
(red and blue curves in Figures 1 and 2). The direct excitation of porphyrin moiety of HyPIP
(the blue curve in Figure 1) leads to its emission bands at 661 and 719 nm. The fluorescence
spectrum of H,PIP upon 346 nm excitation (the red curve in Figure 1) shows the pyrenyl
bands at 385 and 405 nm together with less pronounced shoulders at 435 and 456 nm as
well as bands at 661 and 719 nm belonging to the porphyrin emission. The spectral overlap
between the mentioned region of pyrene emission and Soret band absorbance could be
the reason for NRET between the pyrene and porphyrin fragments and, subsequently,
such porphyrin fluorescence. Therefore, further in the text we use the letters D (for energy
donor) and A (for energy acceptor) to refer to the pyrene and porphyrin moieties of the
dyads, respectively. Such distinction makes the description of photophysical phenomena
related to energy transfer easier. At the same time, it should be noted that it is characteristic
for porphyrins to have a small intrinsic fluorescence response upon irradiation by light in
the near UV-region (see Figure S3 and [72] as an example).
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Figure 2. The normalized by maximum UV-vis absorbance and fluorescence spectra of ZnPIP in toluene.

The ZnPIP fluorescence spectra (the red and blue curves in Figure 2) are identical
to the HoPIP ones apart from the porphyrin emission bands being shifted to 601 and
654 nm under excitation at both 346 and 550 nm. Barely visible shoulders of D emission are
observed at 428 and 460 nm when ZnPIP is excited at 346 nm (instead of 435 and 456 nm
in the HpPIP case). The spectral overlap between the A absorbance and D emission has
almost not changed, indicating the potential of NRET occurring between these units.

The observed spectra demonstrate that the D and A moieties of H,PIP and ZnPIP are
able to fluoresce as independent or partially dependent fluorophores. Therefore, concerning
the highlighted spectral characteristics of both dyads, we can focus on the set of their
fluorescence bands that can further be used in quantifying the interaction with analytes. To
do this, we aim to use numerical values of the emission peak intensities for both D and A,
being generated upon various excitation conditions at various concentrations of the added
analyte. Schematic showing the parts of the dyad that are excited and which emission
is measured in each specific case is provided in Figure 3. First, by exciting the dyads in
the D absorbance wavelength (346 nm), it is possible to record the intrinsic D emission in
the region of 385-460 nm, which will be denoted as a D-D value (Figure 3a). Then, the
direct excitation of the porphyrin fragment (in 519 nm for HPIP and 550 nm for ZnPIP)
yields its independent fluorescence at 661 or 601 nm for H,PIP and ZnPIP, respectively,
which can be marked as A-Agirect (Figure 3b). Finally, since the D excitation at 346 nm
also generates the A emission, potentially resulting from NRET, we mark such emission as
D-Angrer (Figure 3c).

Previously reported NAC sensors based on pyrene receptor units typically demon-
strated ‘turn-off” sensing, where pyrene fluorescence is quenched by stacking with the
analyte [46,47,73-79]. We assumed that in our dyads, where the pyrene moiety seemed
to be an energy donor and the porphyrin moiety—an acceptor, the analogous pyrene
quenching would be observed. In this case, the NRET process would weaken upon analyte
detection, as in other pyrene-based NAC sensors utilizing NRET [80]. Consequently, the
porphyrin fluorescence attributed to NRET from the pyrene should quench, while the
intrinsic porphyrin emission (when it is directly excited through its own light absorbance)
should remain the same. Moreover, rotations, vibrations, aggregation, as well as other
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possible photophysical phenomena can also be affected by the interaction of the pyrene
part with the analyte.

A (519 nm for M = 2H

D (346 nm) and 550 nm for M = Zn) D (346 nm)

D (multi-peak blue Agirect (661 nm for M = Zn ANgeT (661 nm for M =2Zn
emission of D) and 601 nm for M = 2H) and 601 nm for M = 2H)
a b c

Figure 3. The schematic of the photophysical processes occurring in the studied dyads upon photoexci-
tation: (a) excitation of pyrenyl fragment and measurement of its proper emission, denoted D-D; (b) ex-
citation of the porphyrin and measurement of its proper emission, denoted A-A gjrect, and (c) excitation
of the pyrenyl fragment and measurement of porphyrin core emission, denoted D-ANRET-

In general, all these factors can be quantified by measuring three different fluorescence
intensity values: one for the pyrene moiety and two for the porphyrin fragment (upon its
direct excitation and excitation via NRET). Therefore, the ratio between the value of the
pyrene fluorescence intensity and the values of any of the mentioned porphyrin emission
intensities can serve as ratiometric signals on the NAC presence. Nitrobenzene (NB) and
picric acid (trinitrophenol, TNP) were chosen as archetypal NAC analytes.

3.1. Effect of Nitrobenzene and Picric Acid on H,PIP

We first have examined the response of the studied dyads to the presence of specific
analytes by UV-vis and fluorescence titration.

The first NAC that we have investigated was nitrobenzene (NB). One can see (Figure 4a)
that NB addition to the dyad does not lead to any changes in the absorbance spectra of the
solution (except for the obvious appearance of NB absorbance band itself). At the same
time, the presence of NB drastically affects the HoPIP fluorescence spectra (Figure 4b,c).
The D fluorescence intensity does not decrease gradually with the addition of NB, as
expected. On the contrary, pyrene emission profile remains more or less the same, while
emission maximum is significantly changed to 466 nm, as a new broad band grows at this
wavelength upon NB addition. At the same time, the porphyrin core fluorescence bands
(661 and 720 bands) remain unchanged upon NB addition. Notably, such lack of change is
observed upon direct excitation of the porphyrin (Aex = 519 nm, Figure 4b) and its excitation
through the D pyrene moiety (Figure 4c).

In this case, for a calibration plot (Figure 4d), based on what we saw in Figure 4c,
we have chosen the band at 466 nm to obtain the D-D value. The A-Agjrect and D-ANRET
values using the 661 nm band emission are also depicted on the calibration plot.

For the claimed ratiometric purposes, we introduce a reciprocal coefficient that is to
eliminate any errors associated with changes in the receptor dyads concentrations and
extract changes caused by their interaction with NAC in tests. To do this, we have chosen a
D/ANgrEeT value—the ratio between the D-D and D-Angrgt values. By doing so, we hope
that this ratio, being sensitive to the D energy redistribution as a result of interaction
with NAC, will represent the pure ratiometric signal lacking any artefacts. Therefore, the
ratiometric D/ANRET is to be used in plotting the sensor response to the analyte in both
normal and ratiometric modalities.
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Figure 4. The (a) UV-vis and (b—c) fluorescence titration of HyPIP (7.7 x 10~7 M) with NB (0-200 eq)
in toluene upon excitation with wavelength of (b) Aex = 519 nm (c) Aex = 346 nm; (d) The calibration
plot for HoPIP response to NB: D-D curve for the intrinsic D emission under Aex = 346 nm, A-Agirect
curve for the intrinsic A emission under Aex = 519 nm, D-ANggT curve for the A emission under
Aex = 346 nm, D/ANRET curve for the ratio between D-D and D-ANRET curves.

The obtained plot clearly depicts that the A moiety fluorescence remains almost
unchanged upon addition of NB being excited via both potential NRET (D-AngreT) and
direct absorbance of the light (A-Agjrect), While the D moiety emission intensity increases
(D-D). To note, the black curve in Figure 4d corresponding to the behavior of the emission
peak at 466 nm upon titration shows its maximum value at 50 equivalents of NB added
and then seemingly reaches a plateau.

Doubtless, the pyrene fluorescence is not quenched by NB, but increases instead. This
peculiar behavior of the H,PIP dyad will be discussed later. In this stage of the research,
we wanted to investigate if this behavior was unique to NB or it could be observed for
other nitroaromatic compounds.

Therefore, in the next step, in order to check the affinity of H>PIP to another member
of the NAC group, we have replaced NB with picric acid (TNP). TNP, being a relatively
strong acid, protonates the free-base porphyrin core quite easily. Therefore, under the TNP
exposure, H,PIP demonstrates (Figure 5) the typical hyperporphyrin effect [81,82]. The
shift of the Soret band to the long-wavelength region leads to a significant change in the
photophysics of the porphyrin fragment [83]. The propensity of HoPIP to interact with
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acids will complicate the ratiometric estimation of the NAC, resulting in the distortion
of fluorescence spectra shape, which is undesirable from the standpoint of a reliable
chemosensor response.

0.45 4

0eq
1eq
5eq
— 10 eq
—20eq
—— 30 eq
426 e
* 50 eq
\ 80 eq

0.30 1

Absorbance

0.15 1 7

687

0.00 4 \AA

T T
600 700

Wavelength, nm

T T
300 400 500

Figure 5. The UV-vis titration of HoPIP (9.2 x 10~7 M) with TNP (0-80 eq) in toluene. The arrow
shows the shift of the Soret band upon titration.

3.2. Effect of Nitrobenzene on ZnPIP

To eliminate the dyad protonation problem, a new ZnPIP dyad has been synthesized,
in which the porphyrin core contains zinc.

For comparison with the previous compound, we returned to NB titration, and the
effect of NB on ZnPIP in toluene was investigated. Once more, there are no new bands and
shifts in the ZnPIP absorbance spectra upon the UV-vis titration except for intrinsic NB
absorbance in the UV region (Figure 54). One can see that the pyrene fluorescence intensity
in the range of 443-550 nm (Figure 6a) also intensifies in this case upon addition of the
NB quantity to the cuvette. The observed spectral evolution is comparable to the case of
NB-titration of H,PIP. Moreover, it is much more significant now and can be visible to
the naked-eye (Figure 7). The calibration plot curves behave in a similar manner as well
(Figure 6b). The D-D curve (the pyrene emission band at 459 nm in this case) tends to
grow, the D-ANReT and A-A girect (the porphyrin emission band at 601 nm) also evolve in
the same fashion upon NB addition. The D/AngEgT curve follows the D-D curve shape by
correlating it with the reference signal from the A moiety. Herein, it is obvious that the
presence of NAC, such as NB, leads to ZnPIP response that is analogous to the case of
H,PIP. The only difference is the absence of the plateau on the D-D curve. For this case, an
estimated association constant turns out to be 2.9 x 10* M~ (Figure S5a).
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Figure 6. (a) The fluorescence titration of ZnPIP (7.3 X 10~7 M) with NB (0-250 eq) in toluene
(Aex = 346 nm). (b) The calibration plot for ZnPIP response to NB: D-D curve for the intrinsic D
emission under Aex = 346 nm, A-A gjrect fOr the intrinsic A emission under Aex = 550 nm, D-ANgEgT for
the A emission under Agx = 346 nm, D/AnRET for the ratio between D-D and D-ANREgT curves.

After 250 eq
of NB

Before the
NB addition

Figure 7. The photo demonstrating visible changes of ZnPIP (7.3 X 10~7 M) solution emission colour
(under the UV light of 350 nm) before and after addition of 250 eq of NB.

3.3. Effect of Picric Acid on ZnPIP

Predictably, the interaction with TNP does not result in any redshift of the Soret band
in the absorbance spectra of ZnPIP (Figure S6). Now that the macrocycle core protonation
is eliminated, the reliable ratiometric response in the case of TNP detection is now feasible
(Figures 8 and S2). It is apparent from these figures that the ZnPIP response to TNP is
much the same as for NB. In the calibration plot in Figure 8b, the D-D curve is plotted
for the pyrene emission band at 465 nm, the D-ANRgT and A-Agjrect Curves are for the
porphyrin emission band at 601 nm. The association constant for this case is estimated as
7.5 x 10* M~! (Figure S5b).
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Figure 8. (a) The fluorescence titration of ZnPIP (7.9 x 1077 M) with TNP (0-194 eq) in toluene
(Aex =346 nm). (b) The calibration plot for ZnPIP response to NB: D-D curve for the intrinsic D
emission under Agyx = 346 nm, A-A gjrect fOr the intrinsic A emission under A¢x = 550 nm, D-AnRET for
the A emission under Aoy = 346 nm, D/ANRET for the ratio between D-D and D-ANREgT curves.

In total, it can be deduced from the calibration plots for both HyPIP and ZnPIP that
the porphyrin moiety is barely affected by the NAC in all the cases above. Compared
to the D moiety behavior, the A intensity dependence on the NAC amount exhibits just
only slightly changing lines with no visible extremum points. The small decrease in the
emission intensity of A upon D excitation in the last case can be explained by the significant
absorbance of TNP at 346 nm (Figure S6). Therefore, one can assume that the NRET from
D to A is absent or is not the main pyrene relaxation pathway. Nonetheless, due to the
independent behavior of the A moiety, the ratiometric fluorescence assay remains valid. It
is still interesting, however, that the pyrene moiety calibration curves reveal a significant
increase in fluorescence upon the NAC addition.

3.4. Possible Causes of the D Fluorescence Intensity Enhancement

Observing such an atypical behavior of the dyads, we have aimed to elucidate what
else can bring about the appearance of a new intense band of the D fluorescence.

Bearing in mind that requirements for NRET are fulfilled (such as the spectral over-
lap, distances between porphyrin and pyrene units, and the non-perpendicular mutual
orientation of their transition dipole moments), we have assumed that the mentioned band
emerged from pyrene moiety reorientation relatively to the porphyrin macrocycle.

If so, considering that the distances between D and A within the dyad molecule have
not changed and the Soret band does not undergo red or blue shifts, the reorientation of
the pyrenyl moiety can increase D emission as an outcome of NRET inhibition.

If NRET does not take place, then the initial low intensity of D fluorescence (Figure S8)
can be due to the energy dissipation through some non-radiative relaxation. Intramolecular
rotation can be one of such relaxation pathways. In turn, the restriction of this rotation on
account of the interaction with NAC would lead to the D emission enhancement. If this is
the case, the decrease of the intramolecular rotation rate in a high-viscosity environment,
which can suppress the fast movement of D, should also restrict the rotation relaxation
pathway and, consequently, enhance the D fluorescence [84-86].

Assuming that a viscous environment could block or slow down the pyrene fragment
rotation, we have examined the ZnPIP behavior in 1-octanol, expecting the D fluorescence
to enhance in the same manner as upon the NAC addition. Figure 9 shows that under the
excitation at 346 nm, the D emission has generally intensified when dissolved in 1-octanol
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in comparison with the toluene solution, whilst the A moiety fluorescence intensity has
almost not changed.

12,000 in toluene

in 1-octanol

6,000

Fluorescence intensity, rel. un.

T 7 T ! T % T
400 500 600 700
Wavelength, nm

Figure 9. The fluorescence spectra of ZnPIP solutions (9.0 x 10~7 M) in toluene and 1-octanol
(Aex = 346 nm).

Here, it is worth noting again that the A fluorescence in 1-octanol is almost the same as
in toluene. This confirms that the excited D energy does not transfer to the A ground state
(even though the spectral overlap between the A absorbance and D fluorescence becomes
greater). Such observation signifies that NRET indeed does not happen in the system.

Notably, the D fluorescence intensity has increased even further when we immobilized
ZnPIP in a poly(methyl methacrylate) (PMMA) matrix, further limiting the energy dissipation
through molecular motion, particularly the rotation of the D fragment (Figure S9).

Analyzing these data, we can assume that the highly viscous environment indeed
limits the D rotational relaxation pathway. This limitation, in turn, leads to an increase in
the overall D luminescence, as the energy dissipated in a non-radiative way before is now
released as the light emission. However, the intensity enhancement is not accompanied
by the new D emission band in the region of 460-500 nm, indicating the necessary but not
sufficient role of intramolecular rotation restriction in its appearance in the fluorescence
titration with NAC.

It is worth noting that the addition of hexafluorobenzene, which is aromatic and can
electrostatically interact with the pyrene moiety owing to its electron-deficient ring, did
not give rise to the D emission enhancement (Figure S10). This finding may also indirectly
confirm that the observed D emission increase may be an outcome of the pyrene fragment
reorientation, not its direct interaction with an analyte.

The wide emission band appearing upon the interaction of the dyads with NAC
resembles the bands observed in the fluorescence spectra of pyrene dimers (excimers) or
pyrene complexes assembled with different molecules (exciplexes) [87-90]. In our case, the
formation of excimers by receptor aggregation is unlikely due to the low concentration of
samples; moreover, UV-vis spectra show no evidence of aggregation in the porphyrin part
of the spectrum. As for exciplexes, they are usually observed when pyrene interacts with
electron-rich molecules, such as anilines, nucleobases, etc. On the contrary, the interaction
of NAC with pyrene derivatives does not typically cause the exciplex emission but leads to
quenching of the pyrene fluorescence, as stated above. This quenching usually occurs by
transferring electrons from the excited state of pyrene to NAC due to the higher LUMO
energy of the electron-rich pyrene compared to the LUMO of electron-deficient NAC
molecules [46,91].
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Thus, neither the excimer nor the exciplex hypothesis can fully explain the appearance
of the new emission band, however, we found an interesting report on the photophysics of
pyrenylurea-nitrobenzene m-stacked protophanes [92]. These compounds contain terminal
units of pyrene and nitrobenzene separated by one, two, or three phenylenediamine-based
urea bridges. Depending on the length of bridges, the compounds had different fluores-
cence spectra, with an intense broad band at 540 nm observed in the case of the molecule
with three bridges, while this band was not observed in the case of other protophanes.
Femtosecond pump-probe spectroscopy combined with semiempirical ZINDO orbital
calculations suggested that the photophysics of these compounds depends on the direction
of charge transfer between the pyrene and either nitrobenzene or phenylenediamine units.
Thus, the inspection of the orbital structure of photoactive receptor complexes with NAC
may provide the first clues to explaining their anomalous spectral properties.

We performed geometric optimization of the ZnPIP molecule and its supramolecular
complex with nitrobenzene (Figure 10). Optimization was performed using r’SCAN-3c
“Swiss army knife” composite electronic-structure method, affording accurate geometries
of both covalent and noncovalent systems [63]. Solvation effects in toluene media were
accounted within CPCM model [64]. The obtained geometries were analyzed to visualize
and identify the intermolecular noncovalent interactions (NCI) in terms of reduced density
gradient (RDG) analysis [93]:

L (gt
REG(0) = 22 Tt "

Here, p is the electron density, and r is the coordinate vector. The isosurface map of
the RDG in the low electron density region gives a visual representation (in the upper
left corner of Figure 10) of noncovalent interactions, where the regions of weaker Van der
Waals interactions are colored green, while stronger attraction and repulsion are colored
blue and red, respectively. According to the NCI-RDG method, the type and strength
of interaction can be determined by the sign(A,)p, where the sign(A;)p is the sign of the
second highest eigenvalue of the Hessian electron density matrix at position r. Thus,
the sign(A,)p value will be negative for attractive interactions and positive for repulsive
ones. Further integration the NCI-RDG results with the Quantum theory of atoms in
molecules made it possible to identify interacting atoms because they are connected by
bonding paths that cross NCI isosurfaces at critical points (3,—1).

The pristine receptor has a twist of 27.8° between imidazoporphyrin and pyrenyl
units, the conformation is stabilized by the balance of attractive interactions of pyrenyl
moiety with meso-aryl substituents and repulsion between CH and NH groups.

The twist angle increases to 42.1° upon binding of nitrobenzene. This binding occurs
mainly due to stacking interactions with pyrene unit with some contributions from NO, - - -
7 interactions with one of the meso-aryl substituents as well as hydrogen bonding between
the oxygen atom of NO,-group and imidazolyl NH-group. The distance between centroids
of nitrobenzene and pyrenyl group has a value of 3.44 A, which is close to doubled van der
Waals radius of carbon.

Further analysis of the electronic structure of ZnPIP and its complex with nitrobenzene
was performed using the CAM-B3LYP/6-31G(d) wavefunctions obtained for the optimized
geometries (Figure 11). Inspection of localization of frontier orbitals on certain fragments of
molecules evidenced that in pristine receptor m-systems of pyrenyl and imidazoporphyrin
units are essentially localized. It is important to note that on the energy scale, the block
of porphyrin-centered Gauterman orbitals is located between the orbitals localized on the
pyrene fragment. Thus, excitation of the latter fragment can result in energy transfer to the
porphyrin, resulting in dual fluorescence of the dyad.
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Figure 10. NCI plots for ZnPIP and ZnPIP+NB molecules with critical points (3,—1) and bond paths
indicating noncovalent interactions. The inset in top left corner shows the qualitative dependence
of the isosurface colour on the strength of the noncovalent interaction, with some examples of
corresponding interactions listed. Geometries were optimized at r’SCAN-3c level of theory using
CPCM solvation model for toluene media.

Once nitrobenzene interacts with the receptor, porphyrin LUMO becomes delocalized—it
forms bonding and antibonding combinations nitrobenzene LUMO, thus relaxation of the
excited state of the excited pyrene moiety might proceed via a more complicated pathway
rather than simple electron transfer to nitrobenzene, which was observed previously in less
sophisticated sensing systems [44,85].

For sure, it is early to draw some definitive conclusions concerning the influence of
such a peculiar electronic structure on the unusual spectral response of ZnPIP to nitroben-
zene, and more experiments, especially time-resolved methods are required. The results of
such ongoing measurements will be reported elsewhere.

Nevertheless, we emphasize that the disclosed phenomenon of fluorescence enhance-
ment is not an obstacle to the ratiometric estimation of the NAC presence. It has turned
out that the dual emission of the dyad consisted of one changeable signal (the D emission)
sensitive to the analyte and one permanent signal (the A emission) serving as a reference
signal itself. Thus, in fact, the reported dyad can be regarded as the ratiometric ‘turn-on’
receptor with two mutually independent fluorophores.
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Figure 11. Diagram of frontier orbitals of ZnPIP, ZnPIP+NB and nitrobenzene. Energies and sym-
metries of orbitals were calculated at CAM-B3LYP/6-31G(d)+CPCM(toluene) level of theory for
r?’SCAN-3c optimized geometries. The bars, corresponding to positions of certain orbitals on the
energy scale, show the partitioning of orbitals between imidazoporphyrin, pyrene and nitroben-
zene fragments.

4. Conclusions

In the present study, the atypical behavior of the ratiometric dyads (HoPIP and ZnPIP)
consisting of two fluorophores that, at a first glance, should be capable of NRET and
suitable for the ‘turn-off” NAC sensors modelling has been revealed.

We have found that the addition of nitroaromatic compounds to any of these dyads
did not reduce, but instead significantly increased the intensity of the donor fragment
fluorescence. It has been shown that the low initial intensity of the pyrenyl fragment
emission, firstly misconstrued as NRET, could be a consequence of the intramolecular
rotational relaxation and any restriction of such rotation could cause the D fluorescence
enhancement. As evidence, the quantum chemical calculations have verified the possibility
of reorientation of the dyad compartments leading to the pyrenyl group twist generated by
the interaction with the NAC molecule. Presumably, this interplay induces D fluorescence
amplification, blocking the rotational movements of the latter. Additionally, due to these
calculations, we conclude that the observed photophysical outcome is something more
complex than one particular relaxation pathway of the excited state of the dyad.

The discovered phenomenon is of great interest since examples of ‘turn-on’ sensors for
NAC are quite rare. Moreover, apart from the turn-on response of D, the studied compound
also exhibits stable porphyrin emission that is independent from analyte concentration. The
presence of two fluorescence signals enables a ratiometric analytical approach. Additionally,
from a broader perspective, the effect of the pyrene emission enhancement in the dyads of
such type could find its application in the molecular viscosity sensors.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /chemosensors11010043/s1, Figure S1: The UV-vis spectra of NB
(7.8 x 107* M) and TNP (7.1 x 10~* M) solutions in toluene; Figure S2: The fluorescence spectrum
of toluene solution of HyPIP (7.6 x 10~/ M) before correction (the black curve) and after correction
(the blue curve) by the subtraction of the toluene background with Rayleigh scattering and the
27 order diffraction artefact from the 346 nm excitation light; Figure S3: The UV-vis absorbance and
fluorescence spectra of TPP (5.8 x 10~7 M) solution in toluene [72]; Figure S4: The UV-vis titration
of ZnPIP solution (7.3 x 10~7 M) with NB (0-250 eq) in toluene; Figure S5: The K, calculation
plot for ZnPIP under (a) NB addition and (b) TNP addition [94]; Figure S6: The UV-vis titration of
ZnPIP solution (7.9 x 107 M) with TNP (0-194 eq) in toluene; Figure S7: The fluorescence titration
of ZnPIP (7.9 x 10~7 M) with TNP (0-194 eq) under the direct A excitation (550 nm) in toluene;
Figure S8: The comparison of BIP (8.0 x 10—7 M) and ZnPIP (7.6 x 10~7 M) solutions in toluene
fluorescence spectra toluene (Aex = 346 nm) under the same experimental conditions. In the inset: the
zoomed ZnPIP spectrum; Figure S9: The fluorescence (the green curve) and UV-vis absorbance (the
black curve) spectra of “ZnPIP in PMMA’ solid film under 346 nm excitation; Figure S10: The UV-Vis
and fluorescence (Aex = 346 nm) titration of ZnPIP solution (7.5 x 10~7 M) with C¢F in toluene.
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