
Nanoscale
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
M

ar
ch

 2
02

2.
 D

ow
nl

oa
de

d 
on

 6
/1

5/
20

26
 1

1:
15

:3
0 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Efficient charge
Department of Chemistry, Indian Institu

Uttarakhand- 247667, India. E-mail: kar.p

ac.in

† Electronic supplementary informa
10.1039/d1na00835h

Cite this:Nanoscale Adv., 2022, 4, 1779

Received 27th November 2021
Accepted 18th February 2022

DOI: 10.1039/d1na00835h

rsc.li/nanoscale-advances

© 2022 The Author(s). Published by
transfer from organometal lead
halide perovskite nanocrystals to free base meso-
tetraphenylporphyrins†

Abha Jha, Hari Shankar, Sandeep Kumar, Muniappan Sankar and Prasenjit Kar *

The efficient charge transfer frommethylammonium lead halide, MAPbX3 (X¼ Br, I), perovskite nanocrystals

(PNCs) to 5,10,15,20-tetraphenylporphyrin (TPP) molecules has been investigated in detail. The

hydrophobically-capped MAPbX3 PNCs exhibited bright fluorescence in the solution state. However, in

the presence of TPP, the fluorescence intensity was quenched, which is ascribed to the electron transfer

from the PNCs to TPP. Photoluminescence (PL) spectroscopy and absolute quantum yield

measurements were used to evaluate the fluorescence quenching. This efficient fluorescence quenching

leads to an increase in the quenching efficiency value. The quenching of fluorescence intensity is not

attributed to the change in lifetime, as evidenced by time-correlated single-photon counting (TCSPC)

measurements, suggesting a static electron transfer from the PNCs to TPP molecules. Such a static

fluorescence quenching corresponds to the adsorption of TPP onto the surface of hydrophobic PNCs,

and has been examined via transmission electron microscopy (TEM). Cyclic voltammetry (CV) studies

were used to compare the PNCs and PNCs@TPP nanocomposites, revealing that the electron transfer

process takes place from the PNCs to the organic acceptor TPP molecules.
Introduction

Organic–inorganic hybrid halide perovskites have been exten-
sively developed1,2 due to their many intriguing properties,
including narrow emission bandwidth,3 size-tunable optical
properties,4,5 cost effectiveness, excellent quantum yield,6 and
photostability.7 The commendable properties of these materials
are very important in several optoelectronic devices,8,9 such as
lasers,10–12 light-emitting diodes,13,14 solar cells,15,16 photodetec-
tors,17,18 and sensors.19 The large surface-to-volume ratio of
perovskite nanocrystals (PNCs) leads to a high proportion of
surface atoms with surface states and dangling bonds.20,21

Besides their ease of preparation, hybrid lead halide perovskites
have sparked a lot of research interest due to their technological
relevance. Additionally, extended p-conjugation, a basic N4
core, and the rigid and planar structure of porphyrin molecules
play a crucial role in improving device performance due to their
distinct electronic and photochemical properties.22–24 These
molecules are utilized in charge generation, light harvesting,
and biochemical processes.25

Due to the quantum connement effect, PNCs show intense
uorescence,26,27 which is regulated by chemical composition
te of Technology Roorkee, Haridwar,
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the Royal Society of Chemistry
and bandgap engineering, and exhibit greater potential than
perovskite lms. Most hybrid halide perovskites are synthesized
by the ligand-assisted reprecipitation (LARP) method using
a capping ligand28 or on the surface of substrate.29 The tuning of
the emission color of these perovskite nanocrystals from the
visible to near-infrared (NIR) region is one of their fundamental
advantages, which is achieved by the preparation of mixed
halide perovskites through the post-synthesis halide exchange
reaction and mixed halide precursors. This halide-dependent
tunability of PL color results from the modication of band-
edge states.30

Moreover, porphyrin-based systems have electron–transfer
properties due to their exceptional photoelectric properties and
broad absorption coefficient in the visible region.31,32 The main
reasons for selecting TPP as an electron acceptor over other
electron accepting materials are its good solubility in common
solvents, high mobility, appropriate energy-level alignment and
strong light harvesting potential.33 As a result, combining the
properties of perovskite nanomaterials and porphyrins to create
a nanocomposite will signicantly improve their properties and
result in further applications in optoelectronics. Currently,
preparing perovskite-based nanocomposites with the electron-
transfer phenomenon is one of the most prominent research
areas. For example, Sundstrom et al.34 pinpointed the electron
transfer study of a hybrid metal halide perovskite with an
organic acceptor molecule. Sargent et al.35 reported the
improved photocurrent response and stability of solar cells
related to C60-layered perovskites, which corresponds to the
Nanoscale Adv., 2022, 4, 1779–1785 | 1779
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Scheme 1 Schematic representation of the electron transfer from
MAPbX3 to TPP.
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View Article Online
removal of grain boundaries and surface defect passivation in
perovskites by C60. Electron transport from perovskite to mes-
oporous titanium dioxide was studied by Gratzel et al.36 An
earlier study explored the transfer of electrons from donor PNCs
to classical acceptors such as TiO2,37 perylenes,38 fullerenes,39,40

benzoquinone,41 and carbon nanotubes.42 In this context, Tang
et al.43 used a diammonium porphyrin to study the charge
transfer dynamics in CsPbBr3 nanocrystals. Recently, Patra
et al.44 demonstrated the charge transfer properties of CsPbBr3
PNCs with 5,10,15,20-tetrakis(40-pyridyl)porphyrin.

In this work, we explicate the emission behavior of methyl-
ammonium lead halide (MAPbX3) PNCs in solutions with or
without TPP. TheMAPbX3 perovskite solution in the presence of
TPP exhibits charge transfer and has been studied using pho-
toluminescence (PL) spectroscopy, absolute photo-
luminescence quantum yield (PLQY) values and the time-
correlated single-photon count (TCSPC) technique. Herein,
TPP acts as an electron acceptor, and quenching of the emission
of blue, green, and red luminescent PNCs has been recorded
using PL spectra. A schematic representation of the electron
transfer study is shown in Scheme 1. Meanwhile, the TCSPC
measurement reveals the static uorescence quenching of the
PNCs. The details of the synthesis of the MAPbBr3 and MAPbI3
PNCs and TPP solutions are mentioned in the experimental
section.
Characterization

The UV-vis absorption spectra were recorded using a Shimadzu
UV-1800 spectrophotometer in the range of 200 to 800 nm. A
Horiba Scientic Fluoromax-4C spectrophotometer was used to
monitor the photoluminescence and excitation spectra. To
record the absolute quantum yield values of the nano-
composites, an Edinburg FLS 980 instrument was used. A
Rigaku-Smart Lab was used to record the X-ray diffraction (XRD)
patterns by making a thin lm with a Cu target and an angle
range of 10� to 50�. TCSPC measurements were taken with
a Horiba Jobin Yvon Fluorocube that was assembled with nano
LEDs and spectral LEDs used as the excitation source. Fourier
1780 | Nanoscale Adv., 2022, 4, 1779–1785
transform infrared (FTIR) spectroscopy was carried out using
a Thermo Scientic Nicolet 6700. X-ray photoelectron (XPS)
spectroscopy of the material was performed on an XPS instru-
ment with model no. PHI 5000 Versa Probe III for the analysis of
the surface. Transmission electron microscopy (TEM) images
were recorded on a FEI TECHNI G2 20 S-TWIN. Electrochemical
measurements were recorded with a CH instrument (CHI-620E)
under argon atmosphere along with a three-electrode assembly,
where Ag/AgCl was used as a reference electrode, platinum (Pt)
wire as a counter electrode and 2 mm platinum button as
a working electrode. 1H NMR spectra were recorded on a 500
MHz NMR spectrometer using CDCl3 solvent.

Experimental details
Materials

Lead(II) bromide (99%, Aldrich), oleylamine (Aldrich), oleic acid
(Aldrich), methylamine solution (33 wt% in absolute ethanol,
Aldrich), chloroform (Rankem), N,N-dimethylformamide
(Thomas Baker), and hydrobromic acid (48 wt% in water, SRL).
All of the chemicals and solvents were acquired commercially
and used as received.

Methylammonium bromide (MABr) synthesis

In a 50 mL round-bottom (RB) ask, 6 ml CH3NH2 was added
with 6 mL ethanol. Then, at room temperature, 5 mL 57%
aqueous solution of HBr was added dropwise, followed by
continuous stirring. To remove all solvents, the resulting solu-
tion was kept in a rotary evaporator at 60 �C for 1 h. To obtain
the recrystallized product, the solution was washed multiple
times with diethyl ether, dried and stored in a vacuum for
further characterization.

Methylammonium iodide (MAI) synthesis

In a 50 mL RB ask, 6 ml CH3NH2 was mixed with 6 mL ethanol.
Then, HI (5 ml 57% aqueous solution) was added dropwise
while stirring continuously at room temperature. The obtained
solution was placed in a rotary evaporator at 60 �C for 1 h to
remove all solvents. Then, to obtain the recrystallized product,
the solution was washed several times with diethyl ether, dried
and stored in a vacuum for further characterization.

Synthesis of blue-luminescent CH3NH3PbBr3 PNCs (PS-A)

0.0112 g CH3NH3Br (0.1 mmol) and 0.0367 g PbBr2 (0.1 mmol)
were dissolved in 1 mL DMF, forming a 0.1 mM solution. Next,
100 mL oleic acid and 200 mL oleylamine were added, followed by
continuous stirring. Aerwards, 100 mL of this mixture was
injected into 3 mL chloroform, which showed a blue color when
observed under the UV chamber.

Synthesis of green-luminescent CH3NH3PbBr3 PNCs (PS-B)

0.0112 g CH3NH3Br (0.1 mmol) and 0.0367 g PbBr2 (0.1 mmol)
were dissolved in 1 ml DMF, forming a 0.1 mM solution. Then,
200 mL oleic acid and 38 mL oleylamine were added, followed by
stirring. Aerwards, 100 mL of this mixture was injected into
© 2022 The Author(s). Published by the Royal Society of Chemistry
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3 mL chloroform, which was green when observed under the UV
chamber.
Fig. 1 Electronic absorption spectra of (a) PS-B and (b) PS-C PNCs in
the presence of TPP in CHCl3 at 298 K.
Synthesis of red-luminescent CH3NH3PbI3 (PS-C)

0.0112 g CH3NH3I (0.1 mmol) and 0.0461 g PbI2 (0.1 mmol) were
dissolved in 1 mL DMF, forming a 0.1 mM solution. Then, 100
mL oleic acid and 200 mL oleylamine were added, followed by
continuous stirring. Aerwards, 100 mL of this mixture was
injected into 3 mL chloroform, showing a red color when
observed under the UV chamber.
Synthesis of TPP

TPP was synthesized using the Adler–Longo method (Scheme
2), as reported in the literature.45 4.41 mL benzaldehyde (43.24
mmol) and 3 mL pyrrole (43.24 mmol) were added to 180 mL
hot propionic acid and reuxed for 90 min. The reaction
mixture was cooled to room temperature and then ltered using
a G4 sintered crucible. The purple crystalline solid was washed
with methanol. The crude porphyrin was dissolved in
a minimum amount of chloroform and puried by silica gel
column chromatography using chloroform as the eluent, fol-
lowed by recrystallization from a chloroform and methanol
mixture (1 : 3, v/v). The purple crystalline product was dried
under vacuum for 6 h. The yield was found to be 22% (1.5 g, 2.46
mmol), as shown in Scheme 2. The synthesized TPP was char-
acterized by UV-vis and 1H NMR spectroscopy, mass spec-
trometry and elemental analysis. UV-vis (CH2Cl2): lmax (nm),
(log 3): 417 (5.58), 515 (4.19), 550 (3.83), 591 (3.68), and 647
(3.61). 1H NMR in CDCl3 (500 MHz, d in ppm): 8.85 (s, 8H, b-
pyrrolic H), 8.22 (d, 8H, meso-o-phenyl H), 7.79–7.74 (d, 12H,
meso-m & p-phenyl H), �2.76 (d, 2H, imino-H) (Fig. S1†).
Synthesis of the CH3NH3PbX3@TPP nanocomposites

A stock solution of TPP was prepared by dissolving 0.08% w/v
TPP in chloroform, following which, 50 mL synthesized perov-
skite solution was injected into 2.5 mL chloroform used for
emission quenching. The concentration of the PNC solution
employed for characterization was 0.66 � 10�7 M, while the
concentration of TPP molecules required to quench the uo-
rescence of the PNC solution was 5 � 10�7 M.

The UV-vis absorption spectra of green-luminescent (PS-B)
and red-luminescent MaPbI3 perovskite nanocrystals (PS-C)
with TPP were recorded at room temperature to track the
optical properties of the MaPbX3@TPP nanocomposites, as
Scheme 2 Synthesis of 5,10,15,20-tetraphenylporphyrin, TPP, using
the Adler–Longo method.

© 2022 The Author(s). Published by the Royal Society of Chemistry
shown in Fig. 1a and b. The absorption spectrum of TPP
molecules dissolved in chloroform displays a characteristic
Soret band (B band) at 417 nm, followed by four Q bands
positions at 515, 550, 591, and 647 nm. The emission spectra of
the MAPbX3@TPP nanocomposites were also recorded in
chloroform at room temperature, as shown in Fig. 2. We observe
an almost 100% quenching of the uorescence intensity of PS-
A, PS-B and PS-C nanocrystals with TPP (Fig. 2a–c). This indi-
cates that efficient electron transfer occurs from the PNCs to
TPP. The uorescence quenching was monitored with the
successive addition of TPP solution from 20–140 mL. An addi-
tional emission peak appeared at a higher wavelength in the
range of 600–750 nm for the MAPbX3@TPP nanocomposites,
which corresponds to the characteristic emission peak of the
porphyrin macrocycle.46 This quenching of PL intensity is also
indicated by the decrement in the quantum yield value of the
nanocomposites, as mentioned in Table 1. This corroborated
with the PL results, as shown in Fig. 2. Before the quenching
experiment, we noticed a blue shi in the emission peak of the
PNC samples as compared to a previous report47 due to the
dilution effect.

Furthermore, to examine the effect of solvent, we recorded
the emission spectrum of the PNC solution in CHCl3 in the
presence and absence of TPP, as illustrated in Fig. S2, ESI†,
suggesting the trivial effect of the solvent in quenching the
Fig. 2 PL quenching of (a) PS-A, (b) PS-B, and (c) PS-C PNC solutions
supplemented with different concentrations of TPP. The relative
intensity (PL) changes with different concentrations of TPP on the PL
quenching of (d) PS-A, (e) PS-B, and (f) PS-C PNCs.

Nanoscale Adv., 2022, 4, 1779–1785 | 1781

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1na00835h


Table 1 Lifetime decay of the PNC solutions with TPP

TPP volume A1 A2 A3 s1 s2 s3 savg (ns)
Quenching
efficiency (%)

Quantum
yield (%)

Blue-luminescent CH3NH3PbBr3 0 mL 35.92 51.45 12.64 11.26 3.79 40.07 23.14 0 14
20 mL 47.85 39.29 12.86 3.34 9.84 38.26 22.31 69.09 5
100 mL 40.65 46.34 13.01 9.33 3.01 36.88 21.68 97.77 Less than 1

Green-luminescent CH3NH3PbBr3 0 mL 74.22 25.78 — 6.65 20.09 — 13.53 0 27
20 mL 73.14 26.86 — 6.47 19.31 — 13.18 72.55 6
100 mL 71.98 28.02 — 6.38 19.03 — 13.17 99.01 Less than 1

Red-luminescent CH3NH3PbI3 0 mL 34.09 55.98 9.93 6.52 12.55 44.71 22.00 0 62
20 mL 33.82 57.50 8.67 6.35 12.74 45.40 21.30 35.40 25
100 mL 35.65 55.71 8.64 6.40 12.85 41.15 19.45 93.78 13
140 mL 38.20 53.59 8.22 6.61 12.95 40.65 18.93 98.63 8
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uorescence intensity of PNCs. This conrmed that the uo-
rescence quenching is caused by the adhesion of PNCs on TPP.
The PL spectrum of the TPP solution displaying emission at 650
and 715 nm (at the same concentration used in the experiment)
with CHCl3 is also observed and is shown in Fig. S3, ESI†. The
self-excitation spectra of the PNCs, TPP as well as the
PNCs@TPP nanocomposites are provided in Fig S4, ESI†. The
nature of the quenching process can be understood by consid-
ering the Stern–Volmer plot. We obtained curves for the blue-,
green- and red-luminescent perovskites instead of a linear line
(Fig. 2d–f). The MAPbX3@TPP nanocomposites probably show
a non-linear Stern–Volmer plot due to static quenching or
a combination of both static and dynamic quenching.48

Another way to distinguish whether the quenching is static,
dynamic or a combination of both is to measure the lifetime of
the luminescent PNC solution in the absence and presence of
TPP used as a quencher.49 The PL decay curves of the PNC
solution without and with different concentrations of TPP
(Fig. 3a–c) were determined by the time-correlated single-
photon counting (TCSPC) technique. The uorescence life-
times (Table 1) of the samples remained unchanged regardless
of the concentration of TPP. The constant uorescence lifetime,
along with a reduction in the number of emitted photons with
an increasing amount of quencher, indicates that the excited
state of the PNCs has been statically quenched by TPP.39a,40

Meanwhile, the remaining uorescence at a specic concen-
tration of TPP indicates that the MAPbX3 PNCs have a trace of
unadsorbed TPP. In other words, it can be assumed that the
continuous reduction in the quantum efficiency of the nano-
composites without any signicant change in lifetime indicates
the adsorption of MAPbX3 PNCs onto the organic molecules.
Fig. 3 PL decay curves of (a) PS-A (b) PS-B and (c) PS-C PNCs on the
addition of TPP.

1782 | Nanoscale Adv., 2022, 4, 1779–1785
The surface of the PNC solution is capped with oleic acid and
oleylamine (hydrophobic ligands). The presence of these
hydrophobic ligands causes the PNCs to adsorb on the surface
of TPP molecules. The average lifetimes of the PNCs with TPP
solution are provided in Table 1. The average lifetimes were
evaluated using the formula:

savg ¼ A1s12 þ A2s22 þ A3s32

A1s1 þ A2s2 þ A3s3

where savg is the average lifetime, A1, A2 and A3 are the pre-
exponential factors, and the corresponding lifetimes are s1, s2
and s3.

Quenching efficiency (QE) was calculated using the formula:

ðQEÞ ¼ I0 � I

I0

where I0 and I are the uorescence intensities of the PNCs in the
absence and presence of quencher, respectively.

The X-ray diffraction (XRD) patterns of the nanocomposites
(MAPbBr3@TPP) (Fig. S5, ESI†) have been recorded, showing
the cubic phase of the perovskite nanocrystals. The XRD
patterns of green-luminescent MAPbBr3 and red-luminescent
MaPbI3 have also been analyzed (Fig. S6, ESI†), which conrm
the phase of the PNCs, i.e. cubic and tetragonal, respectively.50

The XRD patterns of PNCs@TPP and PNCs, as illustrated in
Fig. S5, ESI, and S6, ESI†, show an additional peak at 2q ¼
12.95� related to unreacted PbBr2. For PNCs@TPP, the XRD
pattern is the same as that of the PNCs with no shi in the peak
position, indicating that there is no phase distortion aer
binding with TPP.

To study the surface of the nanocomposites, X-ray photo-
electron spectroscopy (XPS) analysis of the PS-B (MAPbBr3)
PNCs with TPP was performed (Fig. 4). The survey scan of the
nanocomposites revealed the presence of Br, Pb, C and N
elements. To gain further insight into the elemental congu-
ration, the high-resolution spectra of all the elements were
recorded. The narrow scan shows Pb 4f peaks at 138.36 eV and
143.16 eV, corresponding to 4f 7/2 and 4f 5/2, respectively
(Fig. 4b). The peaks at 68.41 eV and 69.52 eV are ascribed to Br
3d 5/2 and Br 3d 3/2, respectively. The peaks at 284.76 eV and
401.70 eV are associated with C 1s and N 1s, respectively (Fig. 4c
and d). Furthermore, to conrm the mode of interaction
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 XPS spectra of (a) survey scan, (b) lead, (c) deconvoluted
bromide, (d) carbon and (e) nitrogen with TPP molecules.
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between TPP and the PNCs, 1H nuclear magnetic resonance
(NMR) (Fig. S7, ESI†) and infrared (IR) spectroscopic studies
(Fig. S8, ESI†) of TPP in the presence and absence of the PNCs
have been performed. The NMR spectra show that the protons
of TPP molecules slightly shi in the presence of the PNCs,
indicating a weak interaction with TPP (Fig. S7, ESI†). The FT-IR
spectra also corroborate this observation; the stretching vibra-
tional frequency of –C]N indicates that the pyrrole ring present
at 1638 cm�1 in TPP shis by 10 cm�1 in the presence of the
PNCs (Fig. S8, ESI†).

TEM images were used to study the morphology of TPP,
PNCs and PNCs@TPP. The TEM images of TPP with scale bars
of 100 nm (Fig. 5a), 500 nm (Fig. 5b) and 1 mm (Fig. 5c) show its
sheet-like morphology. The tunability in the morphology of the
perovskite nanocrystal solution (Fig. 5d–f) is evidenced by these
TEM images. The TEM images of the PS-A (Fig. 5d), PS-B
(Fig. 5e) and PS-C (Fig. 5f) perovskite solutions display
Fig. 5 TEM images of (a–c) TPPmolecules at different scales. (d) PS-A,
(e) PS-B and (f) PS-C with a scale bar of 100 nm. Particle size distri-
bution of (g) PS-A, (h) PS-B and (i) PS-C. TEM images of (j) PS-A@TPP,
(k) PS-B@TPP and (l) PS-C@TPP with a scale bar of 100 nm.

© 2022 The Author(s). Published by the Royal Society of Chemistry
quantum dot, nanoplate and quantum dot morphologies,
respectively. The particle sizes of the blue- (Fig. 5g, 4.31 nm),
green- (Fig. 5h, 9.80 nm) and red-luminescent (Fig. 5i, 3.11 nm)
perovskite nanoparticles are calculated from the histogram
plot. The interaction of TPP on the surface of the
hydrophobically-capped PNCs is conrmed by the TEM images,
as shown in Fig. 5j–l. These interactions cause electron transfer
from the donor perovskite to the acceptor TPP molecules.

To measure the electrochemical properties, i.e. the reduction
potential (Ered) and oxidation potential (Eox), of the PNCs and
PNCs@TPP nanocomposites in solution form, cyclic voltam-
metry (CV) was performed at 298 K in CH2Cl2 using 0.1 M
TBAPF6 as a supporting electrolyte (Fig. 6).

With the introduction of TPP solution to the perovskite
nanocrystals, the reduction and oxidation potentials of the
PNCs exhibited anodic and cathodic shis as compared to the
original PNCs, as shown in Fig. 6a. This indicates that TPP
molecules have a signicant effect on redox potential.

From the CV analysis (Fig. 6a), the bandgap values of the
PNCs, PNCs@TPP and TPP solutions are calculated to be
2.47 eV, 2.20 eV and 2.27 eV, respectively. The highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) are calculated as mentioned in previous
reports.51

For the PNCs, the energy levels are �2.57 eV LUMO and
�5.04 eV HOMO. For the PNCs@TPP nanocomposites, the
energy levels are lower, with �3.64 eV LUMO and �5.84 eV
HOMO, and the HOMO (�5.44 eV) and LUMO (�3.17 eV) energy
levels have also been calculated for TPP. The band alignment of
the HOMO and LUMO energy levels of MAPbBr3 as well as the
HOMO and LUMO energy levels of TPP molecules indicate that
TPP molecules withdraw electron density from the excited state
of the PNC solution, and cause electron transfer from the PNCs
to TPP molecules, as depicted in Fig. 6b.

Due to the spectral overlap integral and adsorption of TPP to
the PNCs, uorescence resonance energy transfer (FRET) from
the PNCs to TPP was suspected to be the reason for the uo-
rescence quenching of the PNCs by TPP. However, the efficacy of
energy transfer is highly dependent on two parameters: (i) the
number of anchoring groups and (ii) the binding ability of
Fig. 6 (a) Comparative CVs (vs. Ag/AgCl) of MAPbBr3, TPP and
MAPbBr3@TPP solutions. (b) Schematic representation of the energy-
level alignment of MAPbBr3 and TPP molecules.
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acceptor molecules to the surface of the nanocrystals. However,
TPP molecules have no valid anchor group. This leads to
physical adsorption rather than anchoring of TPP molecules on
the surface of the PNCs. Hence, the absence of the anchoring
group and the lower emission intensity of porphyrin molecules
as compared to other exciting uorescent dyes excludes the
possibility of FRET between the excited state of the PNCs and
TPP.38,49

In conclusion, the charge transfer behaviour of MAPbX3

perovskite nanocrystals as electron donors and the TPP mac-
rocycle as the acceptor was demonstrated. The addition of TPP
to the PNC solution causes uorescence quenching with no
change in uorescence lifetime. The static uorescence
quenching of the perovskite solution is attributed to the
adsorption of TPP onto the surface of hydrophobically-capped
PNC nanocrystals, which was also analyzed by TEM. The
mode of interaction of TPP with the PNCs has been analyzed by
1H NMR and IR spectroscopy. Furthermore, by comparing the
electrochemical properties of the PNCs@TPP nanocomposites
with those of the PNCs, the LUMO as well as HOMO energy
levels of the PNCs@TPP nanocomposites are signicantly lower
than those of the PNCs, indicating the effective transfer of
electrons from the excited state of the PNCs to TPP molecules.
These experimental ndings not only open the way for under-
standing the electron transfer dynamics from MAPbBr3 nano-
crystals to TPP molecules but also offer the opportunity for
utilizing porphyrin molecules as an alternative source of the
electron transporting materials for next-generation technolo-
gies, especially in optoelectronics and related applications.
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