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Hybrid perovskites have been considered a hot material in the
semiconductor industry; included as an active layer in advanced
devices, from light emitting applications to solar cells, where they lead
as a new strategic solution, they promise to be the next generation
high impact class of materials. However, the presence — in most
cases — of lead in their matrix, or lead byproducts as a consequence
of material degradation, such as Pbl,, is currently hindering their
massive deployment. Here, we develop a fluorescent organic sensor
(FS) based on the Pb-selective BODIPY fluorophore that emits when
the analyte — lead in this case — is detected. We carried out a
fluorimetric analysis to quantify the trace concentration of Pb%*
released from lead-based perovskite solar cells, exploring different
material compositions. In particular, we immersed the devices in
rainwater, to simulate the behavior of the devices under atmospheric
conditions when the sealing is damaged. The sensor is studied in a
phosphate buffer solution (PBS) at pH 4.5 to simulate the pH of acidic
rain, and the results obtained are compared with ICP-OES measure-
ments. We found that with fluorometric analysis, lead concentration
could be calculated with a detection limit as low as 5 pg 1'%, in
agreement with ICP-OES analysis. In addition, we investigated the
possibility of using the sensor on a solid substrate for direct visualiza-
tion to determine the presence of Pb. This can constitute the base for
the development of a Pb-based label that can switch on if lead is
detected, alerting any possible leakage.

1. Introduction

Perovskite solar cells (PSCs) are an emerging photovoltaic tech-
nology and show great promise to disrupt the solar cell market.
Indeed, in less than ten years, PSCs have achieved record power
conversion efficiencies (PCE) of 25.7%" close to those of the most
efficient crystalline silicon technologies.” These remarkable

Department of Chemistry & INSTM Universita di Pavia, Via T. Taramelli 14, Pavia
27100, Italy. E-mail: filippo.doria@unipv.it, giulia.grancini@unipv. it

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3ma00068k

2410 | Mater. Adv., 2023, 4, 2410-2417

ROYAL SOCIETY

e
PP OF CHEMISTRY

A fluorescent sensor to detect lead leakage from
perovskite solar cellsf

Lorenzo Pancini, Riccardo Montecucco, Valentina Larini, Alessandra Benassi,

Michele De Bastiani, Filippo Doria®* and

achievements are due to the unique optoelectronic properties of
PSCs, such as the defect tolerance, steep absorption coefficient,’
long diffusion length,' and tunable bandgap.” Nowadays, the
most efficient formulation of PSCs always includes lead as the
B-site divalent-cation® in the ABX; structure’ (Fig. 1(a)).

Despite their excellent properties these devices suffer from
poor stability under environmental conditions: hybrid perovs-
kites tend to degrade in the presence of heat® and moisture’
and upon exposure to light and oxygen'® releasing several
byproducts including Pbl,. High humidity conditions promote
the formation of the hydrated complex with the perovskite
causing structural deformation and the release of PbL,,' as
shown in the XRD diffraction pattern in Fig. 1(b), obtained by
recording the XRD measurements of the MAPbI; perovskite at
different times and under RH 75% conditions. The XRD pattern
after 24 hours shows the degradation of the perovskite: the
peaks related to PbI, are assigned to the (001), (100) and (003)
planes at angles 12.76° 22.07° and 38.69°, respectively. The
diffraction peaks at 14.20°, 20.04°, 23.56°, 24.58°, 28.52° and
31.95° related to MAPbDI; correspond to the planes (110), (200),
(211), (202), (220) and (310). In addition, the organic cation can
further degrade, causing the release of additional byproducts
including HI and methylamine,'* as shown in eqn (1).

(CH;NH;),PbIs-2H,0 — Pbl, + 4CH;NH, + 4HI + 2H,0

1)

Perovskite solar cells are unstable even under prolonged
thermal stress. At 40 °C, which is the typical temperature
reached by solar modules under the operating conditions, the
perovskite is subjected to the degradation pathway that leads to
the initial precursors according to eqn (2). By increasing the
temperature, the decomposition of the organic cation also

occurs with the release of volatile compounds.*?
CH;NH,Pbl; CH;NH,I + Pbl,

(2)

Moreover, exposure to light and oxygen are other key factors
in the stability of perovskites. Molecular oxygen can be adsorbed
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Fig. 1 Generic crystal structure of an organic—inorganic hybrid perovskite where A is the organic cation, B is the inorganic cation and X is the anion,
usually halogen (a); XRD patterns of the MAPbIs perovskite stored under high humidity conditions (RH 75%), at different times (b); a schematic
representation of the different degradation pathways and byproducts released by the MAPbIs perovskite (c).

and then reversibly diffused through the iodide vacancies. Upon
photoexcitation, perovskite reacts with the superoxide species
0,~, which initiates an acid-base reaction with the MA" cation
through deprotonation, forming water molecules, iodine, lead
iodide, and methylamine gas,'* as shown in eqn (3).

4CHZNH,PbI;* + O, 4PbI, + 2H,0 + 4CH;NH, + 21,  (3)

Most of the byproducts generated by these different degra-
dation pathways (summarized in Fig. 1(c)) are remarkably
dangerous, due to lead toxicity in an aqueous environment
and towards living organisms."’

For this reason, several attempts have been made to replace
the Pb cation. Among these attempts, double perovskites based
on Ag and Bi'® were identified as possible candidates, but
unfortunately, their maximum photovoltaic performances of
4.3% are not sufficiently high. Replacing Pb with Sn is possible
and the theoretical PCE limit for Sn-based PSCs is 30%;'” the
main issue with tin-based perovskite cells is instability due to
the tendency of Sn>* to oxidize to Sn**. However, tin is used to
fabricate Sn-Pb based perovskites, in which lead is partially
replaced. This allows the production of more high-performance
and tunable band gap devices.'® In addition to single junction
perovskite cells, hybrid Sn-Pb perovskites have found great
application as low-band gap perovskite sub-cells for tandem

© 2023 The Author(s). Published by the Royal Society of Chemistry

devices.®™%!

Therefore, it is very likely that PSCs will seek their
early commercialization with Pb-based formulation. This trans-
lates into higher manufacturing costs due to the extra caution
required for the production process and waste management.
Moreover, it will be necessary to secure any potential environ-
mental contamination from the perovskite modules once
degraded outdoors. The lead once released as a by-product
from the perovskite modules presents a serious hazard.?” Lead,
being a heavy metal, can contaminate the soil and then can be
bioaccumulated by plants, becoming a threat to other living
organisms. In addition, lead in the form of Pbl, is much more
easily adsorbed by plants® than all other sources of lead in the
soil. For human beings, the main hazard of lead poisoning is
related to its ability to penetrate soft tissues and replace the
metal cations in our bodies by interfering with major enzyme
functions. Exposure to high concentrations of the lead causes
anemia, increased blood pressure, neurodegenerative diseases,>*
and even death.”®

Motivated by these reasons, we developed a chemical sensor,
selective for Pb*, that is able to detect the presence of Pb** in
liquids with a limit of detection (LOD) of 5.23 pg 1" The sensor
has intrinsic fluorescence quenched by the process of photo-
induced electron transfer (PET) in which the lone pair of
nitrogen atoms are involved. In the presence of the lead cation,
complexation occurs with the nitrogen of the aromatic core and
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side chains. This complexation prevents PET and allows the
relative enhancement of the photoluminescence, as investi-
gated in ref. 26 but is never applied to the detection of Pb-
leaks caused by PSCs. In recent years various techniques have
been developed for the detection of lead analytes. Guo et al.
have developed an amino-functionalized Ni(un)-based metal-
organic framework (MOF)>” capable of selectively detecting
trace amounts of Pb>" through square wave anodic stripping
voltammetry (SWASV) analysis. Marawani et al. have synthesized
carboxyl-functionalized multiwall carbon nanotubes (FMWCNTs)*®
capable of selectively detecting lead in an aqueous solution through
ICP-OES analysis with an uptake capacity of 72.12 mg ¢~ " and a
detection limit of 0.25 ng 1", Another work, based on the ICP-OES
technique, was reported by Smirnova et al®* The total lead
concentration was measured through a pre-concentration process
in a two-phase aqueous system of tetrabutylammonium bromide
(TBAB)-H,0-(NH,),SO, and extraction with 4-(2-pyridylazo)-
resorcinol. The extract was captured with an oleophilic collector
and analyzed with ICP-OES, showing a LOD of 0.2 ug 1 *. Song et al.
reported in their recent work an analytical method based on HPLC-
ICP-MS instrument capable of detecting Pb>" traces in different
aqueous sources: drinking water, river water, pond water, and tap
water.’® The LOD of the developed method is 0.004 ng L™ ", well
below the legal limits, and with a linear range between 0.1 and
100 ng L. Another approach for lead detection is the study
conducted by Yu et al in which lignin-functionalized Au NPs
(L-Au NPs) are used.*' The color change of L-Au NPs from red to
purple indicates the presence of Pb*>" ions. This technique allows
for the detection of Pb even at low concentrations (LOD of 1.8 uM)
in a linear range of 0.1-1 mM. Finally, Aamir et al. reported a
cesium-based perovskite sensor capable of selectively detecting
Pb*>***> In the presence of the cations Cr’*, Co*", Ccd*, Fe**,
Mn”*, and Zn>", the photoluminescence response of the CsCuCls
perovskite in the presence of Pb®* remains almost unchanged.
Furthermore, they observed that the linear range goes from 0.1 pM
to 1.5 pM, demonstrating that it can be used as a turn-on sensor for
detecting Pb*".

The sensors reported in the literature are valid alternatives
to the FS proposed in this work. However, the main advantages
of our sensor are the low cost and velocity of the fluorescence
technique, the ability to detect and quantify Pb, and the small
amount of time required for the sample preparation and
measurement. Techniques based on ICP have better LOD and
sensitivity, but the high cost of equipment and the need for
sample pre-treatment makes them less suitable for practical
applications where quick detection is required. A CsCuCl;-
based perovskite is a very interesting inorganic sensor; however,
the PL response of the sensor with Pb®>" may vary depending on
the presence of Hg>". Finally, the colorimetric technique based
on NPs has a linear range of 0.1-1 mM, which is too high
compared to international standards. Additionally, the sensor’s
absorption signal varies over time due to NP aggregation.

Here, we investigate the detection properties of FS by
dissolving PSCs of different compositions in ambient acid rain
to mimic the leakage of a degraded module. We investigated
the possibility of detecting Pb in the concentration range of
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0 to 2.3 UM (476 pg 17") considering that the legal limits of Pb
concentration for potable water are 10 pg 17" according to
World Health Organization (WHO) guidelines, 15 pg 17" per the
United States Environmental Protection Agency (USEPA)** and
10 pug 17" per European Union (EU) Drink Water Directive (DWD).**
We compared our results with measurements by ICP-OES to
confirm the analytical data. The use of the organic sensor makes
it possible to estimate [Pb>"] with accuracy by fluorimetric analysis,
which has a significantly lower cost than the normal techniques
used for metal detection such as ICP-OES and AAS. Lastly, we
engineered our sensor in the solid-state, as a proof of concept for
an early application.

2. Experimental section materials/
methods
2.1 Materials

Competition study. Titanium(wv) diisopropoxide bis(acetylacetonate)
(75% in isopropyl alcohol), bis(trifluoromethane) sulfonamide
lithium salt (LiTFSI > 98.0%), potassium bromide (KBr >
99.0%), lead(u) iodide (PbI, > 99.99%), lead(u) chloride (PbCl,
> 99.0%), lead(u1) bromide (PbBr, > 98.0%), and cesium iodide
(Csl, > 99.99%) were purchased from TCI. tin(u) chloride (SnCl,
> 98.0%) and rubidium iodide (RbI, >99.99%) were purchased
from Sigma Aldrich. Methylammonium iodide (MAI > 99.99%)
and formamidinium iodide (FAI > 99.99%) were purchased
from GreatCell Solar Materials.

FAPDI; perovskite materials. Chlorobenzene (CB, extra dry,
99.8%), dimethyl sulfoxide (DMSO, >99.9% extra dry) and N,N-
dimethylformamide (DMF, 99.8%, extra dry) were purchased from
Acros Organics. Tin(v) oxide (SnO, 15% in H,0) was purchased
from Alfa Aesar. Acetone (>99.8%), 2-propanol (IPA, >99.8%),
N%N%N? \N?, N7,N’N”' N”-octakis(4-methoxyphenyl)-9,9'-spirobi-
[9H-fluorene]-2,2',7,7 -tetramine  (Spiro-OMeTAD, 99%, HPLC),
bis(trifluoromethane)sulfonimide lithium salt (Li-salt, 99.95%),
acetonitrile (ACN, anhydrous, 99.8%), titanium(v) diisopropoxide
bis(acetylacetonate), dimethylammonium iodide (DMALI) and 4-tert-
butylpyridine (4-tBP,98%) were purchased from Sigma-Aldrich.
Lead iodide (Pbl,, >99.99%) and cesium iodide (CsI, >99.99%)
were purchased from TCIL Formamidinium iodide (FAL > 99.99%),
methylammonium chloride (MACI), 30NR-D titania and 4-methyl-
phenethylammonium chloride (MePEACI) were purchased from
GreatCell Solar Materials.

FS synthesis. 1,2-Phenylendiamine (99.5%), sodium iodide
(NaI, >99.5%), diisopropylethylamine (DIPEA, 99.5%), ethyl
bromoacetate, acetonitrile (CH;CN, HPLC, >99.9%), dichlor-
omethane (DCM, HPLC, >99.8%), cyclohexane (HPLC,
>99.9%), ethyl acetate (>99.5%), dry pyridine (anhydrous,
99.8%), dry DMF (anhydrous, 99.8%), phosphorous oxychloride
(99.99%), sodium carbonate (99%), sodium sulfate (99%), 2,4-
dimethylpyrrole (97%), trifluoroacetic acid (HPLC, 99%), 2,3-
Dichloro-5,6-dicyano-p-benzoquinone (DDQ), BF;-OEt, and
diethanolamine (98%) were all purchased from Sigma Aldrich
and used as received.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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2.2 PSC fabrication

FaPbl; device. For the fabrication of PSCs, indium tin oxide
(ITO)-coated glass substrates were consecutively cleaned in
acetone and IPA by ultrasonicating for 15 min for each solvent.
Substrates were dried with N, airflow and UV-ozone treated for
30 min. SnO, colloidal dispersion was diluted to 10% in water
and 50 pL were spin-coated onto ITO/glass substrates and
annealed at 150 °C for 30 min. Subsequently, SnO,-coated
substrates were subjected to UV-ozone treatment for 30 min.
All solutions were prepared in an Ar-filled glovebox, while the
deposition of each layer of the solar cell was performed in an
N,-filled glovebox. The perovskite precursor solution (1.2 M)
was prepared by dissolving Pbl, and FAI powders in a DMF/
DMSO 4/1 solution with a 5% PblI, excess. For bulk treatment,
35 mol% of MACI was added to the solution. 25 pL of the final
solution were deposited on the SnO,-coated substrates and
spin-coated using a three-step procedure: in the first step
substrates were spun at 1000 rpm for 12 s, the second step
proceeded at 5000 rpm for 27 s, while the last step was a speed
reduction of 4 s. 10 s after the beginning of the second step,
150 pL of CB were dropped onto the spinning substrate for an
antisolvent procedure. Subsequently, substrates were annealed
at 150 °C for 30 min. For the surface passivation of the
perovskite, 50 pL of a solution 0.01 M of MePEACI in IPA were
spin-coated onto the perovskite layer at 4000 rpm for 30 s and
substrates were annealed at 100 °C for 10 min. To fabricate
the HTL, Spiro-OMeTAD was dissolved in CB to produce an
80 mg mL ™" solution. The solution was doped by adding 17.5 uL
of Li salt dissolved in ACN (500 mg mL~" in ACN) and 28.8 uL of
4-tBP to 1 mL of Spiro-OMeTAD solution in CB. 10 puL of the final
solution were spin-coated onto the perovskite layer. Finally,
80 nm of Au were thermally evaporated on the device with a
shadow mask of 0.0825 cm® area. The evaporation speed was
adjusted to 0.01 nm s~ for the first 5 nm, 0.02 nm s~ * from 5 to
15 nm, and 0.08 nm s~ for the rest of the procedure.

CsPbI; device. Prepatterned FTO substrates (TEC 15) were
sequentially cleaned with acetone and 2-propanol (IPA) by ultra-
sonication for 15 min in each solvent. The FTO/glass substrates
were then dried with N, and treated with UV-Ozone cleaning for
15 min. The compact TiO, (c-TiO,) layer was deposited on glass/
FTO substrates by spray pyrolysis of a 1:15 (v:v) mixture of
titanium(v) diisopropoxide bis(acetylacetonate) and IPA at
450 °C, followed by an annealing at 450 °C for 1 h. Then, the
mesoporous TiO, (m-TiO,) was spin-coated from a 1:8 (m/v)
mixture of 30NR-D titania paste and ethanol on top of the c-
TiO,. The spin coating program was 5000 rpm, 20 s, 2000 rpm.
The substrates were then annealed at 500 °C for 20 minutes. The
0.85 CsPbl; perovskite precursor solution was prepared by dissol-
ving stoichiometric CsI, Pbl, and DMAI with a 1:1:1 molar ratio
in a solvent mixture (DMF/DMSO = 4/1 vol : vol). Then, the CsPbl;
active layer was spin-coated on top of the FTO/c-TiO,/m-TiO,
substrates (3000 rpm, 30 s, 1000 rpm). The substrates were
subsequently annealed at 210 °C for 5 minutes. A layer of hole
transport material (HTM) was spin-coated on top of the annealed
films, which consisted of 78 mg of spiro-OMeTAD, 31 uL of
4-tertbutylpyridine, 19 pL of bis(trifluoromethane) sulfonamide
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lithium salt (Li-TFSI) (517 mg mL~" in acetonitrile) and 14 L of
FK209 Co’" salt (376 mg mL ™" in acetonitrile). The spin-coating
program was 4000 rpm, 40 s, 2000 rpm. Finally, a 80 nm thick Au
layer was deposited by thermal evaporation.

2.3 Methods

XRD patterns were measured on a Brucker D2 X-Ray diffract-
ometer with a copper X-ray tube (4 = 1.5418 A, 300 W, 30 kv) as
an X-ray generator and a Lynxeye (1D mode) detector. The
measurements were conducted using a 2 theta range of 10°-
40°, a step size of 0.04°, and a rate of 1 step per s. Fluorescence
spectra were recorded with an Agilent Cary Eclipse spectro-
fluorometer, at a scan rate of 600 nm min ', in a 495-600 nm
interval, manual voltage 550 V, with a bandwidth of excitation
and emission slits at 5 nm for FS in the liquid phase and 2.5 nm
for the solid phase. "H- and "*C-NMR spectra were recorded on
a Bruker Avance 400 MHz and a Bruker Avance 200 MHz.
Purification of compounds 2 and 3 was carried out with Biotage
Isolera ONE Flash Chromatography MPLC System. Purification
of compound 5 was performed via Preparative HPLC purifica-
tion on an Agilent Technologies 1260 Infinity preparative HPLC
system using a Waters XSelect CSH Phenyl-Hexyl column (5 pum,
150 x 30 mm). The characterization of compound 5 was
effectuated via Analytical HPLC analysis on an Agilent SERIES
1260 system on an XBridge® BEH C18 column (2.5 pm, 4.6 x
50 mm) and the mass spectra were recorded on a Thermo
Finnigan (San Jose, CA, USA) UPLC system using a BEH Acquity
UPLC column (1.7 pm, 2.1 x 50 mm?®) coupled with an LCQ
ADV MAX ion-trap mass spectrometer (ESI{ ion source). pH
measurements were performed using a Crison Medidor PH
BASIC 20 pH-Meter. ICP measurements were performed using a
iCAP 7400 ICP-OES.

2.4 Spectroscopy analysis

To construct the calibration line, fluorescence measurements
were carried out in the presence of increasing concentrations of
Pbl,. Each analysis was made in triplicate and the calibration
line was obtained from the average of the three different sets of
experiments. The sensor stock solution was diluted in a final
volume of 3 mL of 0.1 M PBS, at pH 4.5, to achieve a final
concentration of 5.5 pM. An aqueous stock solution of PbI,
153 uM was prepared with 10% HCI to facilitate dissolution of
the salt. Sixteen solutions of FS 5.5 uM in PBS were prepared,
with increasing concentrations of Pbl,, and the fluorescence
spectrum was recorded for each addition. The experimental set
was repeated three times with three different stock solutions of
FS. PbI, detection of the standards solution was performed by
calculating the Pb*" concentration using the calibration line
equation. For this analysis, we employed the same experi-
mental conditions used to build the calibration line. To record
fluorescence, 5 pL of a PbI, solution of known concentration
was added to the FS solution in PBS. Each measurement was
repeated three times. The same procedure was used to record
the [Pbl,] of samples derived from PSCs. For fluorescence
measurements on a solid substrate, 5 puL of PbI, 5.5 mM stock
solution were deposited on paper, and following FS adsorption,
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2 pL of Pbl, (HCl 10%) 760 uM solution was added. The
experiment was carried out 3 times.

2.5 FS Synthesis

Compound 2 - N,N’-1,2-phenylenebis[N-(2-ethoxy-2-oxoethyl)
glycine] 1,1'-diethyl ester. In a round-bottomed flask, 4.40 g
(40.7 mmol) of 1,2-phenylendiamine, 5.10 g sodium iodide
(34.0 mmol), 35 mL diisopropylethylamine (210.0 mmol) and
30 mL ethyl bromoacetate (270.0 mmol) were added and dis-
solved into 40 mL acetonitrile. The solution was refluxed for 16 h
under argon, cooled to RT and diluted in water. The reaction
mixture was extracted three times with 200 mL of dichloro-
methane. The organic phase was dried over sodium sulphate
and dried under vacuum. The product was then purified by
MPLC using cyclohexane/ethyl acetate (7:3, v/v) as an eluent,
using a 100 g Biotage Sfar Silica D Cartridge with a 50 mL min ™"
flow. The final product was recrystallized in 40 mL of ethanol to
obtain 11.6 g (final yield 63%) of compound 2 as a white solid.
'H NMR- (CDCI3, 300 MHz) § 7.01-7.07 (m, 2H), 6.92-6.98 (m,
2H), 4.30 (s, 8H), 4.11 (q, J = 7.0 Hz, 8H), 1.19 (t, J = 7.0 Hz, 1H).

Compound 3 - N,N'-(4-formyl-1,2-phenylene)bis[ N-(2-ethoxy-
2-oxoethyl)glycine] 1,1’-diethyl ester. In a round-bottomed
flask, 900 mg of compound 2 (2.0 mmol) was dissolved in
4 mL dry pyridine and 20 mL dry DMF (258.0 mmol). Under an
argon atmosphere, the solution was cooled in an ice bath, then
15 mL of phosphorous oxychloride was added dropwise. The
mixture was stirred for 1 h and then heated to 75 °C for 45 min.
After reaction completion, the solution was cooled to RT,
diluted with 50 mL of dichloromethane and 200 mL of water
and ice mixture. Sodium carbonate was added to the mixture,
and then it was extracted three times with 200 mL dichloro-
methane. The organic phase was dried over sodium sulfate and
concentrated under vacuum to give a brown oil. The product
was then purified by direct phase chromatography using cyclo-
hexane/ethyl acetate (7:3, v/v) as an eluent to obtain 0.335 g
(final yield 35%) of compound 3 as a yellow solid. '"H NMR-
(CDCl;, 300 MHz) d 9.81 (s, 1 H), 7.59 (s, 1H), 7.48 (d, J = 8 Hz,
1H), 7.10 (d, J = 8 Hz, 1H), 4.42 (s, 4H), 4.28 (s, 4H), 4.04-4.16
(m, 8H), 1.19 (t, ] = 8 Hz,12H).

Compound 4 - (T-4)-[[1,1"-diethyl N,N'-[4-[(3,5-dimethyl-1H-
pyrrol-2-yl-kN)(3,5-dimethyl-2 H-pyrrol-2-ylidene-kN)methyl]-1,2-
phenylene]bis[N-(2-ethoxy-2-oxoethyl)glycinato]](1-)]difluoroboron.
In a one-necked flask, 580 mg of compound 3 (1.2 mmol), 0.32 mL
of 2,4-dimethylpyrrole (3.6 mmol), 7 mL of dichloromethane and
2 drops of trifluoroacetic acid were added. The solution was stirred
at RT and refluxed for 14 h under argon. In the same solution,
280 mg of 2,3-dichloro-5,6-dicyano-p-benzoquinone (1.3 mmol)
were added, and the crude was stirred for other 4 h. Finally,
2.5 mL of triethylamine (18.0 mmol) and 2.5 mL of BF;-OEt, were
added and the reaction was stirred for a further 2 h. The mixture
was diluted with 100 mL of water and extracted three times with
200 mL of dichloromethane. The organic phase was dried over
sodium sulfate and concentrated under vacuum to give a purple
oil. The product was then purified by direct phase flash chroma-
tography using cyclohexane/ethyl acetate (7:3, v/v) as the eluent
and dried to obtain 162.0 mg (18%) of compound 3 as an orange
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oil. 'H NMR- (CDCl,, 300 MHz) 8 7.13 (d,J = 8 Hz, 1H), 6.93 (s, 1H),
6.84 (d, J = 8 Hz, 1H), 6 5.95 (s, 2H), 9 4.35 (s, 4H), 4.29 (s, 4H),
4.02-4.17 (m, 8H), 2.55 (s, 6H), 1.40 (s, 6H), 1.16-1.27 (m, 12H).

Compound 5 (FS) (T-4)-[[2,2,2",2"""[[4](3,5-dimethyl-1H-
pyrrol-2-yl-«N)(3,5-dimethyl-2H-pyrrol-2-ylidene-xN)methyl]-
1,2-phenylene]dinitrilo]tetrakis[N,N-bis(2-hydroxyethyl)acet-
amidato]](1-)]difluoroboron. In a one-necked flask, 135 mg of
compound 4 (0.2 mmol), 22.3 g diethanolamine (212.1 mmol)
were dissolved with 10 mL of acetonitrile. The solution was
refluxed for 24 h under an argon atmosphere. After reaction
competition, solvent was removed under vacuum. The final
product was then purified by reverse phase column chromato-
graphy on a preparative HPLC using the method reported in
Table SI6 (ESIt). After purification, the product was immedi-
ately neutralized with sodium carbonate to alkaline pH and
dried. The resulting solid is then extracted with 2-propanol,
filtered and dried to obtain 148.4 mg (final yield 83%) of
compound 5 as a red solid. "H NMR- (D,0, 400 MHz) § 6.83
(brs, 1H), 6.73 (s, 1H), 6.33 (brs, 1H), 5.94 (s, 2H), 4.51 (s, 4H),
4.47 (s, 4H), 3.31-3.67 (m, 32H), 2.30 (s, 6H), 1.30 (s, 6H);
3C NMR (400 MHz, D,0) & 172.7, 172.5, 155.3, 144.4, 142.6,
142.1, 141.9, 131.5, 127.5, 121.4, 121.3, 120.8, 117.9, 115.0,
112.1, 59.3, 59.2, 59.2, 59.1, 51.6, 51.4, 50.2, 50.0, 49.0, 48.7,
48.5,13.9, 13.8.

3. Results and discussion

The fluorescent sensor (FS) was synthesized drawing from the
synthetic protocol described by Lyu et al., suitably optimized to
adjust reaction times and improve purification steps in order to
achieve higher yields.

The synthesis involves four steps (Scheme 1): in step A
compound 1 is alkylated with ethyl bromoacetate to obtain
compound 2 (final yield = 63%): the reaction time was
increased from 7 h to 16 h, and the final product was purified
through direct column chromatography (MPLC) using cyclo-
hexane/ethyl acetate (7: 3, v/v) as the eluent. Step B relies on the
Vilsmeyer formylation reaction (yield = 35%) to introduce
BODIPY chromophores by in situ condensation of compound
3 with 2, 4-dimethylpyrrole and insertion of BF;-OEt, (yield = 18%).
In steps B and C the products were purified by direct phase
chromatography using cyclohexane/ethyl acetate (7:3, v/v) as the
eluent. The final ester ammonolysis reaction of compound 4 with

CH

OE!
008 OEt eo_3 (%E( Hoxoho'n o oH

N ;} Rt E ;} OFt R B
OV S 2, Ao e, R g o

G pe= }osx H i
HO Y ); OH

, Be g o
2 3 FF i -
ocompound 4 compound 5

Scheme 1 (a) ethyl bromoacetate, KI, DIPEA, CH3CN, reflux under Ar,
16 h, rt; (b) POCls, DMF, dry pyridine, reflux under Ar, rt, 1 h and warmed up
to 75 °C, 45 min; (c) (1) 2,4-dimethylpyrrole-TFA, DCM, reflux under Ar,
14 h, rt; (2) DDQ, reflux under Ar, 4 h, rt; (3) NEts, BF3-OEt,, reflux under Ar,
2 h, rt; (d) diethanolamine, CH3CN, reflux under Ar, 24 h, rt.
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diethanolamine afforded the FS, which was purified by reverse-
phase preparative HPLC with a final yield of 83%.

To verify the fluorescence enhancement of the sensor in the
presence of Pb>, the quantum yields of the sensor and the
sensor-Pb complex were calculated under the operating condi-
tions ([FS] = 5.5 uM; PBS 0.1 M, pH = 4.5). Fluorescein ina 0.1 M
NaOH solution was used as the standard, and it was observed
that the @gensor = 0.0104 £ 0.0002 and Peompiex = 0.5370 £
0.0025 values had increased compared to the work of Liu et al.,
in which the quantum yields had been measured at pH 7.2.
Furthermore, the influence of pH on the stoichiometry of the
complex was investigated and a Job plot was constructed. Under
neutral aqueous conditions with a pH of 7.2, the stoichiometry
of the complex is FS:Pb** 1:2; however, under acidic pH
conditions, the stoichiometry is FS: Pb*>" 1:1 (SI2, ESI) due to
the protonation of the nitrogen atoms in the side chains that do
not have a lone pair available to complex the metal cation.

Finally, the possible competition of cations used in perovskite
solar cells with Pb>" and the influence of the counterion on lead
complexation were investigated. The presence of other cations in
solution does not change the sensor response, with two exceptions.
The first is Ti** due to the fact that the salt used, titanium
diisopropoxide bis(acetylacetonate), is commercially available in a
75% isopropanol solution. This can affect the pH of the sample
and, therefore, reduce the sensor response. As for the counterion,
the same response was observed for 2 equivalents of Pbl, and
PbBr,, while the lower response for PbCl, was attributed to the
salt’s poor solubility in aqueous solution (SI3, ESI{). In order to
prove the sensor efficiency in lead detection, several fluorescence
analyses were performed. Initially, we used FS to create a calibra-
tion curve by fluorimetric titration. Since FS is sensitive to pH
variations, all experiments were conducted in 0.1 M phosphate
buffer solution (PBS) at pH 4.5 to mimic acidic rain conditions and
to keep the experimental conditions constant. The calibration line,
obtained from three replicates, shows the fluorescence response of
the sensor as a function of Pb®* concentration in the range of 0-2.3
pUM. The sensor was employed in large excess [5.5 uM] over the
analyte concentration to achieve the best possible linearity in the
range of interest, which includes the legal limits for lead in
drinking water. Fig. 2 shows the enhancement in fluorescence as
the lead concentration increases. This confirms that complexation
blocks the PET process by preventing chromophore quenching.
The line fit with an R*> = 0.9992 confirms the high linearity of the
response and good reproducibility of the measurement. To confirm
the sensitivity and accuracy of the calibration line, three aqueous
standard solutions of Pbl, were prepared and samples concentra-
tions were measured by fluorimetric analysis. Each analysis was
performed in triplicate and, as reported in Table 1, there was a
good correlation between the standard effective concentration of
PbI, and the value recorded through fluorescence analysis.

Finally, we tested our sensor to detect real perovskite bypro-
ducts, by immersing perovskite solar devices in rainwater.

For the experiment, we have employed two cells with differ-
ent compositions: one organic-inorganic hybrid FA, sMA, ,Pbl;
and one fully inorganic CsPbI;, to evaluate the sensor behavior
in the presence of organic and inorganic cations (Fig. 3(a)).
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Fig. 2 (a) Fluorescence emission spectra (Lex = 470 nm) of FS (5.5 uM) in
PBS buffer (0.1 M) pH 4.5 with different concentration of Pb?* (0-2.3 pM);
(b) fluorescent intensity at 512 nm as a function of [Pb2*].

To validate the results from the degraded cells, we also
prepared a stand-alone perovskite film of FA, sMA, ,Pbl; (therefore,
without transport layers or gold terminal) to assess the presence of
interferents arising from the layers of the cell.

The results of our analysis for both the solar cells and the
stand-alone film are cross-checked with the elemental quantifi-
cation obtained by ICP-OES and presented in Table 2. The
experiments confirmed the release of Pbl, from all three differ-
ent samples, with the maximum value of 1617.68 pg 1", detected
for the FAMA perovskite film, while lower values were observed
for the samples derived from the cells. The reduced standard
deviations also confirm good experimental reproducibility. We
found a good agreement between ICP and fluorescence analysis

Table 1 Quantification of Pbl, present in the standard solutions. Mea-
surements performed with [FS] 5.5 uM, in PBS (0.1 M) pH 4.5

Effective conc. (mg L") Experimental conc. (mg L") Err.%
Std 1 279.00 278.24 + 3.18 0.27
Std 2 166.60 167.36 *+ 3.55 0.45
Std 3 350.60 349.78 £ 2.25 0.23
Mater. Adv., 2023, 4, 2410-2417 | 2415
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Fig. 3 schematic representation of Pb®* release mechanism from PSCs:
(A) CsPbls; (B) PSCs of FAqgMAg -Pbls; (C) FAggMAq 2Pbls perovskite film
(a); sensor in liquid phase and supported on solid substrate for fluorimetric
measurements (b); and sensor complexation and fluorescence enhance-
ment (c).

Table 2 Quantification of Pbl, present in the PSCs after soaking in
rainwater. Measurements made with [FS] 5.5 pM, in PBS (0.1 M) pH 4.5

ICPpug ™" Fluor. pg 1! Err. %
CsPbl; PSC 620.00 610.37 £ 2.02 1.55
FAq sMA, ,PbI; PSC 326.00 384.77 + 2.48  18.03
FAosMA, ,Pbl; perovskite film  1633.00 1617.68 + 7.74  0.94

Table 3 Fluorescence intensity (F.l.) expressed in counts of three FS
samples supported by a solid phase in the absence and presence of the
cation Pb?*

F.I. sensor F.L sensor + Pb*" F.I. enhancement
Sample 1 253.93 331.71 30.63%
Sample 2 242.33 344.70 42.24%
Sample 3 214.52 341.00 58.96%

for the CsPbl; PSC cell, while for the FA, gMA, ,Pbl; cell a slight
overestimation of [Pbl,] was observed, despite very similar
results recorded with the two different analytical techniques.

In addition, we have investigated the behavior of FS when
supported by a solid substrate (Fig. 3(c)). To this aim, 5 pL of
5.5 mM FS sensor stock solution was deposited on paper and
the fluorescence spectrum was recorded. Then, 2 pL of Pbl,
760 uM standard solution was added to check the fluorescence
enhancement. In Table 3 we showed that in all samples the
fluorescence intensity increases between 31% and 59%, con-
firming that FS can also act as an on-off sensor on a solid
support and not only in solution.

4. Conclusions

In this work, we explored the possibility of detecting and
quantifying Pb** released from PSCs promoted by rain. The
calibration curve was calculated at pH 4.5, in the range of [Pb>"]
including the legal limits imposed by the world’s leading
organizations on heavy metal contamination in drinking water.
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The concentrations of Pbl, released from the PSC cells were
then quantified, and the results obtained for the CsPbI; cell
and the perovskite were in agreement with ICP data, while an
error % of 18% was found for the PSC FA,gMA, ,Pbl;. In
addition, the possibility of using the FS as an on-off sensor
supported by a solid phase was investigated. The fluorescence
enhancement observed for the samples confirmed this possible
new application. The results obtained are encouraging and the
sensor may be applied in the industrial field as a control for
lead release in PSC fabrication processes. In the future, it will
be necessary to verify the behavior of the sensor with PSCs of
different architectures and processes. The further possible
application involves the field of photovoltaic panels, with the
possibility of verifying through simple fluorimetric experiments
water pollution near photovoltaic installations.
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