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Energy level alignments between organic and
inorganic layers in 2D layered perovskites:
conjugation vs. substituent
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2D layered hybrid perovskites have attracted huge attention due to their interesting optoelectronic pro-
perties and chemical flexibility. Depending upon their electronic structures and properties, these materials
can be utilised in various optoelectronic devices like photovoltaics, LEDs and so on. In this context, study
of the excited energy levels of the organic spacers can help us to align the excited energy levels of the
organic unit with the excitonic level of the inorganic unit according to the requirement of a particular
optoelectronic device. We have explored the role of 3-phenyl-2-propenammonium on the electronic
structure of a perovskite containing this cation as a spacer. Our results clearly demonstrate the active par-
ticipation of conjugated ammonium spacers in the electronic structure of a perovskite. Also, we have con-
sidered a variety of amines to identify the best alignment with common inorganic units and studied the
role of substituents and conjugation on the energy level alignment. Placing the triplet excited level of an
organic spacer below the lowest excitonic level of the inorganic unit can induce energy transfer from the
inorganic to organic unit, finally resulting in phosphorescence emission. We have shown that the triplet
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energy level of 3-anthracene-2-propeneamine/3-pyrene-2-propeneamine can be tuned in such a way
that there can be an excitonic energy transfer from the Pb,l,/Pbl,; inorganic unit-based perovskites.
Therefore, perovskite material with such combinations of organic spacer cations will be very useful for
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Introduction

Recently, reduced dimensional perovskites have gained huge
interest in optoelectronic material research due to their
impressive stability in operational conditions."” These
materials are an example of natural multiple quantum wells
(MQW), where inorganic layers act as wells and organic cation
layers act as barriers.”> Among various reduced dimensional
perovskites, Ruddlesden Popper (RP) phase systems are at the
forefront of study, which have the chemical formula
AyA', 1M, X3, Where A and A’ are the spacer cation and cage
cation, respectively, M is the metal, X is the halide, and n is
the thickness of the MQW which determines the extent of the
quantum and dielectric confinement along with the optical
property of the material. RP perovskite systems have versatile
optoelectronic  properties through their chemical and
quantum mechanical degrees of freedom. Moreover, these
materials are used to develop colourful LEDs, efficient solar
cells, and spintronic devices.*™" However, for perfect utiliz-
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ation of these 2D layered perovskite materials in a particular
optoelectronic device, they need to have specific electronic and
optical properties based on the requirements of that device.
Efficient optoelectronic material can be realized through
organic spacer modulation by targeting specific properties
from a molecular perspective.'> By using the wide range of
organic cations available and utilising their orbital energies to
tune the energy levels of the perovskite material, we can
achieve particular properties based on our need. Hence,
finding out the best material requires a high throughput
understanding of the electronic structure and properties at the
molecular level. One of the important requirements to make
an efficient optoelectronic device is the alignment of the
energy levels between the organic and inorganic moieties of
the hybrid halide perovskite material.”>™**> The results of the
work of Stupp and co-workers'® suggested the great potential
for functional improvement by using polynuclear rings con-
taining ammonium cations, which showcased improved opto-
electronic properties as an outcome of the better match
between the organic and inorganic energy levels. Yang and co-
workers'” have also reported the presence of conjugated cat-
ionic states on the near edge states of the perovskite material.
Therefore, the electronic energy levels of the inorganic metal

This journal is © The Royal Society of Chemistry 2023
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halide and organic moieties can be selectively aligned by
applying several criteria on the organic cation such as the
extent of conjugation and effect of substitution. On the basis
of the variation principle of the inorganic metal halide and
organic cation electronic structures, 2D hybrid perovskite
research community can find a suitable direction. In this
context, transfer of the excitonic energy from the inorganic
metal halide unit to the lowest triplet states of the organic
spacer has been one of the main focuses over the past few
years. In particular, the strong spin orbit coupling in inorganic
perovskite results weakly bound Wannier-Mott excitons.
Kandada and co-workers'® have described the excitons in 2D
halide perovskite quantum-well-like structures by a Wannier
model. In contrast, the organic cations have strongly bound
Frenkel excitons. Kunugita and co-workers'® have observed
efficient energy transfer from Wannier excitons to the triplet
state of naphthalene molecules in 2D halide perovskites. If the
triplet state of the organic part of the optoelectronic material
lies below the exciton level of the inorganic perovskite (metal
halide unit), it can induce an energy transfer from the in-
organic to the organic triplet state (T,) and finally phosphor-
escence emission from T;* to So.2° A schematic diagram of the
excited states of an organic molecule is shown in Fig. 1.

In a recent work, Wu and co-workers>' demonstrated a
highly efficient solar cell based on their designed spacer cation
3-phenyl-2-propenammonium (PPA) which possesses multi-
functional properties. Along with the extra double bond
induced extended conjugation, there are several more hydro-
gen atoms that cause notable H-contact with the inorganic
layers. This feature resulted in an impressive performance of
the solar cell devices composed of PPA spacer cations and
Pb,I, as the inorganic unit. However, the particular contri-
bution of the PPA molecule on the electronic structure and
properties of PPA based layered hybrid halide perovskites still
remains unexplored. In addition, such conjugated spacer
molecules have a high potential to be utilised for the preferred
alignment of excited energy levels in the inorganic and organic

(a) (b) S———

EXmorgamc

GSIS,

Sy

Fig.1 (a) A schematic illustration of the energy levels of an organic
molecule. So and S; represents the singlet ground state and the first
singlet excited state energy level, respectively. T; and T,* represent the
triplet state and relaxed triplet state energy level, respectively. (b) A
possible inorganic to organic energy transfer mechanism, where
EXinorganic represents the excitonic band of the inorganic unit.
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layers. Hence, proper understanding of the alignment of the
energy levels between the inorganic and organic units of the
material is highly desired for the typical application in opto-
electronic devices. Neukirch and co-workers** have shown in
their work that the energy level alignment between the perovs-
kite layer and spacer cations can be modulated through
extended conjugation. However, they have not considered the
conjugation extended to the close vicinity of the primary
ammonium group. To distinguish the influence of the conju-
gated unit attached to the primary ammonium group, we have
taken PPA cation as our prime unit and played with the func-
tional groups. Finally, we have analysed the functional group
influence on the energy level alignment of the PPA spacer
cation-based perovskites.

Here, we have used density functional theory (DFT) to
obtain the excitation energy levels of a set of organic cations.
At first, we studied the electronic properties of the two 2D
layered hybrid halide perovskite materials containing PPA
cation as the spacer with molecular formula, (PPA),Pbl, with
n =1 and (PPA),(MA), 5(FA)o.sPb,I, with n = 2. Here, PPA is the
spacer cation labelled as A while MA and FA are cage cations
labelled as A’ in the general formula A,A’, 1M, X3,.1. Where,
MA and FA are abbreviated forms of the methylammonium
and formamidinium cations, respectively. Then we tried to
explore the importance of conjugation in the spacer cation of
the layered hybrid halide perovskite and how the conjugation
can control the alignment of the excited state energy levels
between the inorganic and organic layers. We started with PPA
and then checked the contribution of a set of functional
groups ranging from electron withdrawing to electron donat-
ing. Also, we took into consideration the functional groups
with extended conjugation. To identify the perfect match
between the inorganic metal halide unit and organic spacer we
calculated the lowest triplet excitation energies of the organic
spacers. Moreover, the nature of the excitations in dynamic
conditions were investigated using the ab initio molecular
dynamics (AIMD) simulation. Singlet and triplet excitation
energies calculated in gas phase geometries give similar
results to those obtained under dynamic conditions. Finally,
we tried to match the considered organic cations with known
perovskite exciton levels to predict the different type of energy
level alignments.

Methods

For the geometry optimization and electronic structure calcu-
lation of the layered hybrid perovskite materials we used the
Quantum Espresso (QE)** program package. Here we adapted
the GGA-PBE** exchange correlation functional for the geome-
try relaxation and considered scalar relativistic ultrasoft pseu-
dopotentials® including electrons from the 2s, 2p orbital for
O, N, and C; 1s orbital for H; 5s, 5p orbital for I; and 6s, 6p, 5d
orbital for Pb explicitly. A plane wave basis set cutoff of 50 and
400 Ry for the wave functions and augmented density were
used, respectively. The perovskite systems ions as well as the
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cell parameters were allowed to relax for all the calculations.
Also, the Monkhorst pack®® k-point sampling of 4 x 4 x 1 was
implemented with the DFT-D3 dispersion correction as formu-
lated by Grimme®” for the relaxation of all the systems. For a
more accurate prediction of the electronic structure of the
material we used the HSE06 *® hybrid functional with 43% *°
Hartree-Fock exchange using the GGA-PBE optimized geome-
try. In addition, spin orbit coupling (SOC) was also considered
for the electronic structure calculations using HSE06 consider-
ing the sensitivity of higher elements towards relativistic
effects. A plane wave basis set cutoff of 40 Ry for the smooth
part of the wave functions and a Fock energy cutoff of 80 Ry
was set during HSE06 + SOC calculations along with a
Monkhorst pack k-point sampling of 2 x 2 x 1. Also, we took
norm-conserving pseudopotentials with electrons from I 5s,
5p; O, N, C 2s, 2p; H 1s; Pb 5s, 5p, 6s, 6p, 5d shells explicitly
for the HSE06 + SOC calculations. These methodologies are
reported to give good results for such systems.>®

Ab initio molecular dynamics simulations were done within
the DFT framework as implemented in the Vienna ab initio
simulation package (VASP).>'® The projector augmented-wave
(PAW) method was used to describe the electron-core inter-
action within a plane-wave basis set of kinetic energy cutoff
500 eV and GGA-PBE functional.>* A T-centered k-point grid of
4 x 4 x 1 was used to sample the Brillouin zone. The MD simu-
lations were carried out using a canonical ensemble at 300 K
temperature controlled by a Nosé-Hoover thermostat in a
10 ps trajectory with 1 fs timesteps.®’

For the excitation energy levels calculations of the organic
molecules, the Gaussian 09 D.01°%® suite of programme was
employed. The Pople basis set 6-311++G***°™*! and Becke
3-parameter Lee-Yang-Parr (B3LYP)*>™*° hybrid functional was
applied for the calculations. We used the ASCF approach to
calculate triplet excitations owing to its good predictive power
for the S, geometry triplet and T,* geometry triplet energies.*”
Whereas, lowest energy singlet excitations are calculated using
TDDFT*® due to its reliability to predict singlet excitation ener-
gies in organic molecules for charge transfer and optical
excitations.

Results and discussion

At first, we discussed the geometries and properties of the PPA
spacer cation based 2D lead halide perovskites (n = 1-2). In the
beginning we studied (PPA),(MA), 5(FA)o sPb,I, which is a n =2
category 2D perovskite system. We performed the geometry
relaxation of this material starting from the experimentally
reported crystal structure by Wu and co-workers.”!
Subsequently we designed (PPA),Pbl, computationally and
performed first principles calculations. Fig. 2 displays the opti-
mized structures of the two considered perovskites.

After performing the geometry optimization at the
GGA-PBE level of theory, we performed single point calcu-
lations using the HSE06 + SOC method to obtain more accu-
rate band gap values. The HSE06 + SOC calculated band gaps
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(PPA),Pbl, (PPA),(MA, sFA, 5)Pb,l;

Fig. 2 Optimised geometries of the considered 2D metal halide perovs-
kites. Colours: hydrogen (white), carbon (brown), nitrogen (blue), iodine
(wine) and lead (grey).

of (PPA),Pbl, and (PPA),(MA), 5(FA)y.5Pb,l, are 2.26 and 1.99
eV, respectively. (PPA),Pbl, is a pure 2D perovskite whereas
(PPA),(MA), 5(FA)o sPb,I; is a quasi 2D perovskite possessing
two metal halide layers in between the organic spacer layers.
This imposes 3D contribution onto the quasi 2D perovskite
system. As a result of this 3D contribution, the n = 2 system
possesses a much lower band gap compared to the n = 1 one.
Despite having a larger spacer cation that ensures a larger in-
organic layer distance, the band gap in (PPA),Pbl, is smaller
compared to other similar 2D halide-based perovskites such as
(PEA),Pbl,, (BA),Pbl, (~2.4 eV) calculated at the same level of
theory.”® From this observation, we can infer the importance
of conjugation in the spacer cation on the band gap of a 2D
hybrid perovskite. Additionally, (PPA),Pbl, has the potential
for application in optoelectronic devices. We further continued
our study extracting the density of states of the materials to
obtain the specific contributions from the elements to the
electronic states of the material (Fig. 3).

There is a noticeable contribution of the carbon com-
ponents close to the edge of the valence band in (PPA),Pbl,
compared to that in the (PPA),(MA), 5(FA)o.5Pb,I;. In the case
of (PPA),(MA), 5(FA)o.5Pb,1,, the small cage cations MA and FA
are also present. Along with PPA, MA and FA show contri-
butions to the organic components in the pDOS plot of
(PPA),(MA), 5(FA)o sPb,I; perovskite. However, it is worth men-
tioning that in the (PPA),Pbl, perovskite, there are no cage
cations present, unlike in the (PPA),(MA), 5(FA)o.5Pb,], perovs-
kite. As a result, the contribution from the PPA spacer cation
alone in the valence band edge of the (PPA),(MA), 5(FA)y.5sPb,I,
is a little less than that in (PPA),Pbl,. For this reason, the
carbon components in (PPA),Pbl, are closer to the band edges
in comparison to that in (PPA),(MA), 5(FA)o.sPb,l;. Apart from
this, the carbon components in (PPA),Pbl, contribute more
significantly to the valence band edge with respect to
(PEA),PbI,.*° Although the PPA spacer cation is slightly larger

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Projected density of states plots of the 2D metal halide perovskites.

in size than PEA, it has one extra conjugated n-bond that
places it closer to the valence band edge of the material.
Hence, the position of the cationic states on the perovskite
material electronic structure gives a clear idea of the influence
of conjugation on the electronic structure, which can be
utilised for different application purposes. Although it is
difficult to find out the best choice of material for an opto-
electronic device by studying different large perovskite
systems, we can get an idea of their electronic properties just
through exploring the excited state energy levels of the organic
spacer molecules.

Through analysing the density of states plots of the PPA
based perovskites, we were encouraged to further study the
properties of the organic cation. We first studied the excitation
energy levels of the PPA molecule and checked the alignment
of these excited states with the perovskite exciton levels.
Following this, we studied the excited states of various mole-
cules with functionalising the PPA molecule in different
aspects. Motivated by various experimental reports where
people have used differently functionalised organic molecules
as spacer cations in 2D perovskites, we considered a set of
amines for our work. Substituent groups were added in the
para position of the phenyl ring in the PPA molecule ranging
from electron donating to electron withdrawing nature along
with an increase in extended conjugation. In Fig. 4 we illus-
trated the structures of the considered spacer molecules to
obtain the excitation energy levels of a set of organic cations.

There are several reports of 2D perovskites with para substi-
tuted spacer cations.’®>' We classified our considered cations
into four types. In the first type (type I), we varied the substitu-
ent group on the para position of the phenyl ring in the PPA
cation from electron withdrawing to electron donating in
nature. Several electron donating/withdrawing groups like
halogens (-1, +R), CH; (+I), SH (+R), OH, OMe (-1, +R), COOH
and NO, (—R) were substituted at the para position. There are
easy synthetic methodologies to synthesise such para-substi-
tuted phenyl propyl amines.>® In the case of type-II, we
checked the effects of the electron withdrawing functionality
through F/CI substitutions on the C-C = bond of the propyl
amine tail. In the next class (type-III), we considered extended

This journal is © The Royal Society of Chemistry 2023
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conjugation though one extra C-C & bond to the propyl amine
tail in the cis and trans configuration. Particularly, we con-
sidered s-cis and s-trans isomer of 5-phenyl-2,4-diene-pentaa-
mine. These amines can be synthesized using methodologies
reported by Taylor and co-workers.>® There were some reports
of polynuclear ring ammonium-based 2D halide perovskites (n
= 1) where they identified a significant contribution from the
organic spacers to the band edges of the perovskite material.'®
So, in the fourth type the phenyl ring was replaced by poly-
nuclear rings.

For theoretical support of our calculated findings, we com-
pared the results reported by Neukirch and co-workers® for
phenyl ethyl amine (PEA) and observed good agreement with
their report. For phenyl ethyl amine (PEA), we found a T; value
of 4.38 eV (Table 1), whereas it was previously reported as
4.43 eV. Similarly, T,* for phenyl ethyl amine was 3.73 eV and
3.77 eV for our calculated and their reported values, respect-
ively. The triplet and singlet energy levels of PPA are quite
interesting. Both the triplet and singlet energies decrease sig-
nificantly in comparison to the PEA. The T; energy decreases
from 4.38 eV in PEA to 3.28 eV in PPA (Table 1). Also, the T;*
and S, energies decrease in PPA in comparison to PEA. In con-
trast, varying the substituent groups at the para position of
PPA did not deliver any considerable change to the excitation
energies. Rather, we observed that irrespective of the electron
donating or withdrawing effect, the main controlling factor is
conjugation in the first type of cations as the increase in conju-
gation decreases triplet and singlet energies (Table 1). Among
the substituted cases, the para nitro substitution gives the
lowest T; energy (2.88 eV). Being curious, we added a nitro
group substitution on three positions (two ortho and one
para). However, that increases the triplet energy to 3.03 eV
(Table 1) with respect to one nitro substituted case (2.88 eV).
This could be due to hampering of the extended conjugation
in the presence of three nitro groups. However, the relaxed
triplet energy (T;*) decreases noticeably. In the next type
(type II) the addition of the F atom on the ¢rans configuration
of the propyl double bond did not change the excited energy
levels significantly but the addition of Cl in a similar manner
increases the T; and decreases the T,* (Table 1). This could be
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para substituted Phenyl propyl amine
X =F, Cl, Br, CHs, OH, OMe, COOH, SH, NO,

Q_//_\\_\ @—//—//_\NHz
NH,

S5-phenyl-2,4-diene- 5-phenyl-2,4-diene-
penta amine (s-cis) penta amine (s-trans)

3-naphthyl-2-propeneamine

3-anthracene-2-propeneamine

3-phenanthrene-2-propeneamine

o

3-pyrene-2-propeneamine

Fig. 4 Molecular geometries of the organic spacers considered in this work.

Table 1 Triplet and singlet energy levels calculated on vacuum relaxed
geometries. All energies are in eV. Previous theoretical reports are given
in parentheses

Amines T, T* So— S

Phenyl ethyl amine (PEA) 4.38 (4.43%") 3.73 (3.77%") 5.27 (5.43*")

3-Phenyl-2-propenamime 3.28 2.68 4.68
(PPA)

4F-PPA 3.28 2.68 4.57
4Cl-PPA 3.20 2.63 4.51
4Br-PPA 3.19 2.62 4.47
40H-PPA 3.20 2.64 4.41
4SH-PPA 3.06 2.54 4.23
4CH;-PPA 3.24 2.32 4.60
40CH;-PPA 3.10 2.33 4.29
4COOH-PPA 3.02 2.52 4.30
4NO,-PPA 2.88 2.42 3.73
2,4,6-NO,-PPA 3.03 0.99 2.96
2,3-Difluoro-3-phenyl-2- 3.23 2.12 4.67
propenamime

2,3-Dichloro-3-phenyl-2- 3.74 1.82 4.63
propenamime

5-Phenyl-2,4-diene- 2.55 1.83 3.93
pentaamine (s-cis)

5-Phenyl-2,4- 2.58 2.02 4.08
pentadieneamine (s-trans)

3-Naphthyl-2-propeneamine  2.93 2.52 4.00
3-Anthracene-2- 2.10 1.80 3.13
propeneamine

3-Phenanthrene-2- 3.05 2.53 3.70
propeneamine

3-Pyrene-2-propeneamine 2.26 1.89 3.38

7966 | Nanoscale, 2023,15, 7962-7970

due to the cancellation of the —I effect from the two F atoms at
the trans position in 2,3-difluoro-3-phenyl-2-propenamime.
Whereas, in the case of the CI substituent, the large size of Cl
and +R effect could be responsible for the increase in the
energy of the triplet state. We observed that these substitutions
couldn’t help to improve the conjugation and lower the triplet
energies. Hence, in the third type rather than further substi-
tution we tried to increase conjugation through increasing the
number of & bonds. Interestingly both the s-cis and s-trans con-
formations of 5-phenyl-2,4-diene-pentaamine significantly
decrease the triplet energies (Table 1). This happened due to
the extension in the conjugation that stabilises the molecular
orbitals. In our last class of cations (fourth) we considered
polynuclear rings (Table 1). We observed that in the case of
3-naphthyl-2-propeneamine, the excited energy levels decrease
in comparison to PPA, whereas the triplet and singlet energies
decrease noticeably for anthracene and phenanthrene based
cations in 3-anthracene-2-propeneamine and 3-phenanthrene-
2-propeneamine, respectively. However, in 3-phenanthrene-2-
propeneamine, the T; energy is larger even in comparison to
3-naphthyl-2-propeneamine. This is due to the antiaromaticity
(NICS value 40.18) in the triplet state of 3-phenanthrene-2-pro-
peneamine compared to the 3-naphthyl-2-propeneamine (NICS
value 8.37). Much smaller triplet and singlet energies also
observed in 3-pyrene-2-propeneamine. The lowest triplet
energy value was observed in 3-anthracene-2-propeneamine.

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Histograms of T, energies obtained from post MD molecular geometries (n = 1 green and n = 2 red).

To verify the excitation energies in dynamic conditions, we
performed AIMD simulations. We took two phases ie., n =1
and n = 2 of PPA based perovskites for the molecular dynamics
simulation. After performing the simulation, we calculated the
T; energies of the cations. Our calculated T; energies demon-
strated broadening of the excitation energies of the cations in
the presence of the perovskite environment (Fig. 5).

The broadening of the excitation energies of the organic
molecules is due to the occurrence of thermal fluctuations in
the perovskite environment. The bond angles as well as C-C,
C-N and C-H bond lengths of the PPA molecule fluctuate ran-
domly in the post equilibrium geometries due to the continu-
ous heating and cooling processes during the simulation. In
(Fig. 5) we presented histograms of the T; excitation energies
of organic molecular geometries obtained throughout the
molecular dynamics simulations. We extracted the geometries
of the cations from the perovskite structures of the simulation
cell and calculated the T, excitation energies. Notably, the PPA
cation experienced very similar broadening for both the n = 1
and n = 2 phases of the perovskites. The average values
(3.0-3.2 eV) of the excitation energies of the molecular geome-
tries obtained across the simulation cell are smaller than that
of the isolated molecule (3.28 eV). This is a clear consequence
of the fluctuations in the bond angle and bond lengths experi-
enced in the post equilibrium geometries. Although the broad-
ening of excitation energies gives evidence for the importance
of finite temperature dynamics, the average value of the T,
energy (3.1 eV) is close to the T; energy (3.28 eV) obtained
from the relaxed geometries. So, we have used the excitation
energies obtained from the relaxed geometries of the mole-
cules to align the energy levels of organic cations with the
perovskites.

In the inorganic layer of the perovskite the excitons are
weakly bound Wannier-Mott excitons. Due to the strong spin
orbit coupling and highly dielectric nature of the metal halide
layer, the singlet and triplet excitonic levels are difficult to
differentiate. Here we have considered the lowest excitonic
energy from ref. 54 and 55 as the perovskite exciton level.
However, low dielectric organic cations result in strongly
bound Frenkel excitons. Proper alignment of the perovskite

This journal is © The Royal Society of Chemistry 2023

exciton level with the triplet energy level of the organic cation
can induce an energy transfer from the perovskite to the
organic triplet and this energy can further radiatively transfer,
relaxing the molecule to the singlet state. This radiative energy
transfer from the triplet to the singlet state of the organic
cation can be utilised in different devices. By aligning the per-
ovskite exciton level and calculated T; energy we predicted
some preferred combinations of the perovskite and organic
spacer cation. In Table 2, we have listed the spacer cations con-
necting to the particular perovskite by which they are expected
to form a material with the property of resonance energy
transfer.

We started with the n = 2 Pb,I, perovskite layer, which has
the lowest exciton energy level at 2.15 eV.>* Among our con-
sidered ammonium cations, only one spacer molecule is found
to be appropriate for the preferred combination with this in-
organic layer. For the energy transfer from this inorganic layer,
the best choice from our set of cations is the 3-anthracene-2-
propeneamine which has a T, excitation level at 2.10 eV. This

Table 2 The preferred combination of perovskite with the organic
spacers predicted from our work. All energies are in eV. The reference
numbers are given in parentheses

Perovskite
system

Lowest exciton energy
level (E,) (from reference)

Expected preferred
combination

3-Anthracene-2-
propeneamine (2.10)
3-Pyrene-2-propenamime
(2.26)

4CI-PPA (3.20)
40H-PPA (3.20)
4Br-PPA (3.19)
40CH;-PPA (3.10)
4SH-PPA (3.06)
3-Phenanthrene-2-
propeneamine (3.05)
2,4,6-NO,-PPA (3.03)
4COOH-PPA (3.02)
3-Naphthyl-2-
propeneamine (2.93)
N 4NO,-PPA (2.88)
3.70”° —

Pb,l, 2.15°*

Pbl, 2.50°%*

PbBr, 3.20°°

PbCl,

Nanoscale, 2023,15, 7962-7970 | 7967
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molecule has a low energy triplet state at 1.80 eV where the
molecule can relax after the energy transfer from the perovs-
kite inorganic layer to T; and then further radiate emitting red
light. The next inorganic layer we listed in table is the n =1, I
based Pbl,. In this case also we have got one spacer among our
considered set of cations. The 3-pyrene-2-propenamime with a
T; energy level at 2.26 eV could be a good combination with
the Pbl, inorganic layer with an exciton energy level at
2.50 eV.>® The excitonic energy can be transferred to the T,
(2.26 eV) state and then before the radiative process the mole-
cule can relax to the T,* level of 1.89 eV. From the perovskite
material of this combination, we can obtain red light.

The next inorganic perovskite candidate is Br based PbBr,
with a perovskite excitonic level at 3.20 eV.>®> A total of ten
spacer molecules were screened to determine the possibility of
energy transfer from the perovskite exciton level to the high
energy triplet level of the organic molecule. Among the ten
spacers, the Cl, Br, and OH substitution at the para position
can emit in the blue region. SH, COOH substitution at the
para position and NO, substitution at the 2,4,6 position of the
PPA molecule and 3-naphthyl-2-propeneamine are eligible for
blue/cyan light emission. In contrast, OCH; and NO, substi-
tution at the para position of the PPA molecule are potential
candidates for green light emission. Another candidate to
explore with PbBr, is 3-phenanthrene-2-propeneamine, which
has a T, at 3.05 and T,* at 0.99 eV, making it a promising can-
didate for emission in the IR region. However, we did not find
any preferred match from our selected spacer candidates for
another halide Cl based PbCl, inorganic layer.

Although some of our selected spacers did not fit the cri-
teria for proper energy level alignment with the four con-
sidered inorganic perovskite layers, they have potential for
emission in various regions (Fig. 6). The PPA cation and its p-F
and p-CH; substitutions comes with a high energy triplet state
slightly above the exciton level of the PbBr, perovskite and
much lower than PbCly. So, they are not capable of inducing
the excitonic energy transfer from the perovskite. In addition,
the s-cis and s-trans isomers of 5-phenyl-2,4-diene-pentaamine

4k
PbCI a1
45— o >
- e - X =COOH, SH,
PbBr,— = — VAN R\
; 3k e — \\_/\//\—\\\\,_/— NH,
3 =
? I Pbl, — e’ /Ei“*ﬂ/\\VA\NHQ
2 = el
w0 Pb,l; — = J\ - I §
— e
s -
Ex,psrovskite S, T, T

Fig. 6 Alignment of the perovskite exciton levels and the excited states
of the organic molecule.
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have T, energy (2.55 and 2.58 eV) slightly larger than the Pbl,
inorganic layer. However, they have T,* at 1.83 and 2.02 eV,
showing potential for emission of red and orange light,
respectively.

In some of the spacers we observed noticeably reduced S,
energy levels and they even sit below the exciton level of the
metal halide layer. For these cases, we can expect an excitonic
energy transfer to the S; level. 3-Anthracene-2-propeneamine
and 2,4,6-NO,-PPA have S; energy of 3.13 and 2.96 eV, respect-
ively. The S, level of these two cations is situated below the
excitonic energy level of the PbBr, inorganic layer. Thus, we
can have an excitonic energy transfer to the S1 of these two
cations when these are combined with the PbBr, unit. Also,
the 3-pyrene-2-propeneamine has an S; energy level at 3.38 eV,
which is below the excitonic energy of the PbCl, layer. So, this
cation can induce an excitonic transition from the PbCl, in-
organic layer to its excited singlet state.

Conclusions

In conclusion, we have presented a detailed study about the
predictability of the energy level alignment between the in-
organic and organic units of layered hybrid perovskites by ana-
lysing the excitation levels of the organic spacers. Our results
reveal that an extension in conjugation rather than substituent
group variation has a significant contribution to the organic
inorganic energy level alignment. We have calculated and
investigated the excitation energy levels of a series of organic
cations to find out the best combinations where induction of
excitonic energy transfer from inorganic to organic units
would be possible and after this energy transfer of inorganic
exciton to organic triplet excited state, radiative emission
could happen. This study has turned out to be successful in
finding some preferred combinations that are able to emit
different colours and can be used for different light emitting
devices. By performing molecular dynamics simulations, we
have also verified the feasibility of our results at finite tempera-
ture conditions. Noticeably, our predicted combinations have
high potentials for light emitting devices. Our study gives a
clear direction for optimizing the hybrid perovskite properties
through conjugated organic spacers and designing materials
for optoelectronic devices.
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