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Two-Dimensional Perovskites with Tunable Room-
Temperature Phosphorescence

Yilei Wu, Shuaihua Lu, Qionghua Zhou, Ming-Gang Ju,* Xiao Cheng Zeng,*  
and Jinlan Wang*

Functional materials with room-temperature phosphorescence (RTP) are 
highly desired for optoelectronic and bio-imaging applications. Currently, 
most inorganic RTP materials require exceedingly expensive rare metals. 
Although organic materials have the advantages of low cost and facile 
fabrication, their quantum yields are quite poor due to low efficiency in 
the intersystem crossing process. 2D hybrid organic-inorganic perovskites 
(2D HOIPs), however, entail the virtue of both inorganic and organic RTP 
materials, thereby capable of strong and persistent phosphorescence for 
making future-generation RTP materials. Herein, an effective screening 
approach is presented to search for 2D HOIPs as efficient RTP materials. 
The guidelines for this high-throughput screening include the Dexter-type 
energy transfer mechanism, the computed excited-state properties, and 
the molecular morphing operators. Moreover, the structural stability of the 
2D HOIPs is assessed by using a newly proposed tolerance factor. Overall, 
539 candidates are identified as promising 2D HOIP materials for RTP. 
In particular, four 2D HOIPs, namely, (thNfuEA)2PbBr4, (selBthEA)2PbBr4, 
(selBfuEA)2PbBr4, and (BselBthEA)2PbBr4, are predicted to possess robust 
room-temperature stability, suitable energy level and proper frontier-
orbital alignment, thus hold high potential for functional optoelectronic 
applications.
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1. Introduction

Room-temperature phosphorescence 
(RTP) has attracted intense attention 
owing to its long lifetime and versatile 
applications such as in optoelectronic 
devices,[1] bioimaging,[2] and photomedi-
cine.[3] To date, most inorganic RTP 
materials with high efficiency contain 
high-price rare metals and lanthanides, 
which hinders their widespread com-
mercial applications.[4] As an alterna-
tive for RTP, organic materials have also 
been developed due to their low cost and 
facile synthesis. However, the spin orbital 
coupling (SOC) in organic molecules is 
generally too weak to effectively break 
the spin-prohibition of the triplet-singlet 
transitions, thereby resulting in poor 
quantum yield for phosphorescence 
emission.[4] Recently, 2D hybrid organic-
inorganic perovskites (2D  HOIPs) have 
emerged as promising light-emitting 
materials with much improved environ-
mental stability,[5,6] superior optoelectronic 
properties,[7,8] accessible and cost-effective 
fabrication.[9]

Unlike 3D HOIPs, large-sized organic cations can incorpo-
rate into the 2D HOIPs as the organic spacers. Today, more 
than one hundred distinct organic spacers have been success-
fully incorporated into the 2D HOIPs with diverse structures. 
More importantly, it has been shown that the physical and 
chemical properties of 2D HOIPs can be strongly modified 
by the organic spacers. As a result, it is expected that certain 
organic spacers can endow novel functionalities such as RTP 
emission with the 2D HOIPs. Moreover, contrary to their 
organic salt counterparts, 2D HOIPs exhibit stronger and more 
persistent phosphorescence.[10] Recently, Hu et al. showed that 
the mixed cation HOIPs can achieve a phosphorescence yield 
of 11.2% by suppressing nonradiative recombination.[11] Yang 
et al. reported an efficient and yellow RTP generated by the 
1,8-naphthalimide in Cl-based 2D HOIPs with a quantum yield 
of 56.1% and a lifetime of 35 ms.[12] The latter performance is 
comparable to the state-of-the-art yellow RTP materials. Hence, 
the 2D HOIPs can be promising candidates as highly efficient 
RTP materials.

To seek the proper 2D HOIPs for RTP, we note that the 
energetic and electronic exchange between the inorganic and 
organic components can be exploited to tune the optoelectronic 
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properties of 2D HOIPs.[13] In 2D HOIPs, the Wannier exci-
tons and molecular excitations generally take place at the inor-
ganic layers and organic spacer layers, respectively. If the triplet 
energy level of the organic spacers is located below the Wan-
nier exciton level of the perovskite layer, the Dexter-type energy 
transfer from the inorganic layer to the organic layer may 
occur.[13,14] Once the energy transfer arises, subsequent recom-
bination of the triplet excitons in the organic spacer layers can 
lead to the phosphorescence emission. This phenomenon was 
first reported by Era et al., who observed the strong phospho-
rescence of the organic spacer in the PbBr-based layer perov-
skites with naphthalene-linked ammonium molecules.[15] Later, 
Ema et al. proposed the Dexter-type energy transfer mecha-
nism in 2D HOIPs, and this mechanism was confirmed by 
time-resolved photoluminescence measurements.[13] Despite a 
number of studies on designing 2D HOIP-based RTP materials 
have been reported in the literature,[11,14,16–19] 2D HOIPs with 
highly efficient and persistent RTP are still very limited due 
in part to the huge unexplored chemical space and the lack of 
effective screen strategies. To date, most experimental studies 
on the search of highly efficient 2D HOIP-based RTP materials 
still employ the trial and error method.

In this work, we develop a multi-step screening framework to 
identify promising organic spacers for single-layer PbX4 (X = I, 
Br, Cl) perovskites by combining high-throughput density func-
tional theory (DFT) and time-dependent DFT (TD-DFT) calcula-
tions (Figure 1a). The energy-level alignment and the perovskite 
structural stability are set as two criteria for screening organic 
spacers. First, organic molecules with the first singlet (S1) exci-
tation energy lower than the lowest excitation energy of the 
perovskite layers (Ex) are ruled out. Second, organic molecules 
with the first triplet (T1) excitation energy slightly lower than 
Ex are considered in this study. Third, a new tolerance factor t 
for assessing structural stability of the 2D HOIPs is proposed 
by using the rigid sphere model. Overall, total 447, 74, and 
18 molecular candidates are examined against the PbI4, PbBr4, 
and PbCl4 perovskite layer, respectively, while all being sub-
jected to the assessment of the tolerance factor t. Importantly, 

our first-principle calculations predict that (thNfuEA)2PbBr4, 
(selBthEA)2PbBr4, (selBfuEA)2PbBr4, and (BselBthEA)2PbBr4 
are highly promising RTP materials due to their high stability, 
suitable energy level and proper frontier orbital alignment, and 
desirable electronic properties.

2. Results and Discussion

Most reported 2D HOIPs with RTP possess the single-layer 
Ruddlesden-Popper structure with the stoichiometry A2PbX4, 
where the inorganic layers of the corner-sharing octahedra 
PbX6 are sandwiched between the A-site organic spacer layers 
(Figure 1b). The X-site halogens and Pb are located at the vertex 
and center of the octahedra, respectively. The high tolerance 
in this complex structure provides abundance choices for the 
inorganic and organic components to attain desired properties. 
Note that for a given inorganic component, the incorporation 
of different organic spacers can affect the energy-level align-
ment in 2D HOIPs.[20] A recent study has reported that the con-
jugated rings or side groups of the organic spacers dominate 
the triplet excitations of molecules, whereas the ethylammo-
nium (EA) tail of the organic spacers has little contribution.[16] 
Our calculations also support this conclusion (Note  S1 and 
Table S1, Supporting Information). As such, a large number of 
organic molecules without the alkyl tail are generated and then 
screened.

The establishment of a material search space is crucial for 
the high-throughput screening of organic spacers. To generate 
a problem-orientated material search space, prior knowledge 
learned from the known organic spacers of high-performance 
RTP materials can be used to guide the design of new organic 
molecules (Figure 2a; Note S2, Supporting Information).[16,20–24] 
The functional molecules collected can be separated into mole-
cular fragments, such as molecular backbones, linkers, and 
side groups (Figure  S1, Supporting Information).[25] Based on 
these molecular fragments, a set of 13 molecular morphing 
operators are defined by using the RDKit toolkit for iterative 
generation of new organic molecules (Figure  S2, Supporting 
Information).[26]

Specifically, the ring annulation operations are applied to 
generate polycarbocyclic compounds, such as pyrene or per-
ylene. The formation operators of 5-membered rings with het-
eroatoms (e.g., O, S, and Se) are applied to generate heterocyclic 
compounds like IBfu. Side group addition operators are applied 
to generate the PEA with electron-rich or electron-poor func-
tional groups. To construct structures like Azo, the Azo linker 
operator is employed. As the EA tail is inconsequential to the 
triplet excitation energies of the organic spacers, all molecular 
morphing operators do not involve the EA tail. The molecular 
morphing operations can go through the pre-defined atomic 
sites or fragments in molecules, then add, modify, or remove 
them. More importantly, these operations can be viewed as 
the transformation between molecules, thereby providing a 
guide to synthesize the target molecules.[27]

Starting from the simplest aromatic molecule benzene, 
11  molecular morphing operators in the first generation are 
utilized to construct new molecules. Next, two more molecular 
morphing operators for generating polycyclic are added in the 

Figure 1. a) A schematic illustration of the stepwise screening framework 
for the determination of promising organic spacers in 2D HOIPs. The 
first singlet (S1) excitation energy, the first triplet (T1) excitation energy, 
and the structural stability of the 2D HOIPs are set as three criteria for 
the screening. b) A schematic plot of the crystal structure of single-layer 
2D PbX4 (X = I, Br, Cl) HOIPs.
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second generation (Figure  2b; Figure  S2, Supporting Infor-
mation). This molecular generation strategy only resolves the 
issue of retaining molecular character in the design of organic 
spacers. One also needs to further consider whether the size of 
organic spacer is suitable for 2D HOIPs.[23] To this end, mole-
cules with more than 20 non-hydrogen atoms are removed. 
Additionally, duplicate compounds of each generation are 
removed. As a result, totally 3483 unique molecules are gener-
ated after 6 molecular generating steps, and no new molecules 
are found in the seventh generation. The number of newly gen-
erated molecules in each generation is displayed in Figure 2c. 
Note also that the side groups can influence the excitation ener-
gies of molecules (see Table S2, Supporting Information), indi-
cating that the modification of side groups can further fine-tune 
the excitation energies of molecules. However, to avoid the 
combinational blowup, the modification of side groups is not 
considered in this study.

After extensive exploration of the chemical space, a large 
number of organic spacers for potentially pairing with the 
single-layer PbX4 (X  =  I, Br, Cl) perovskites are readily exam-
ined based on the Dexter-type energy transfer mechanism. The 

Dexter energy transfer is a process in which the energy is trans-
ferred from the donor to the acceptor by exchanging electrons 
(Figure 3a,b).[28] In the Dexter energy transfer model, the 
Dexter coupling approximation DA

DexterH  is positively proportional 
to |VTET|2/ΔECT, where ΔECT represents the average energy gap 
between the initial state and final state.[29,30]  |VTET| represents 
the electronic coupling matric element of the Dexter-type energy 
transfer, defined as |VTET|  ∝ < LUMO

Dψ | LUMO
Aψ >·< HOMO

Dψ | HOMO
Aψ >. 

Here, D and A denote the donor and the acceptor, respectively, 
and LUMO and HOMO represent the lowest unoccupied and 
the highest occupied molecular orbital, respectively.

The energy gap between the initial state and final state in 
the energy transfer process can affect the rate of the Dexter 
energy transfer. For 2D HOIPs, the donor and acceptor are the 
inorganic layer and organic spacers, respectively. The energy of 
initial state is Ex of the inorganic layer. Owing to the instan-
taneous energy transfer process, the energy of the final state 
refers to as the T1 excitation energy of the organic spacers, 
corresponding to the first triplet level in the ground-state con-
figuration. Therefore, the small difference between Ex of the 
inorganic layer and T1 excitation energy of the organic spacers 

Figure 2. a) Typical organic spacers reported in previous experimental and theoretical studies.[16,20–23] Abbreviations include ethylammonium (EA), 
phenyl (P), naphthyl (N), anthryl (A), azobenzene (Azo), pyrene (Py), furan (fu), thiophene (th), selenophene (sel), methoxy (MeO), isobenzol (IB), 
isonaphthyl (IN), and perylene (Per). b) A framework of molecular generators, based on molecular morphing operators. Starting from benzene, new 
molecules are generated by using up to 13 molecular morphing operations. Blue arrows denote the molecular morphing operations in the first gen-
eration. Red arrows denote the molecular morphing operations added in the second generation. Molecular morphing operations of each generation 
comprise that of the previous generation. c) The number of molecules constructed in each generation.

Adv. Funct. Mater. 2022, 32, 2204579
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leads to a high Dexter-type energy transfer rate, and this is ben-
eficial to the energy transfer process. Moreover, DA

DexterH  is pro-
portional to the overlap integral between the wave-functions of 
donor and acceptor, suggesting that the distance between the 
donor and the acceptor plays an important role in the Dexter-
type transfer process. Generally, the energy transfer process 
occurs within 10  Å for the distance between the donor and 
acceptor and the transfer rate decreases exponentially as the dis-
tance between the donor and acceptor increases. Notably, Ema 
et  al. observed the exponential decay of the excitonic photo-
luminescence of the perovskite layer in 2D HOIPs, confirming 
the hypothesis of the Dexter-type energy transfer.[13] Because 
of the sensitivity of energy transfer rate to the distance between 
the donor and the acceptor, the length of the alkyl tail of the 
organic spacers is a critical design parameter that controls the 
interlayer energy transfer in 2D HOIPs. Despite these findings, 
the exact energy transfer mechanism between the inorganic 
and organic components of 2D HOIPs still need more in-depth 
investigation.

A schematic diagram of energy structure and decay dynamics 
of the 2D HOIPs is displayed in Figure  3c. After an incident 
photon is absorbed, the 2D Wannier excitons are generated in 
the inorganic layer. The strong SOC and the large dielectric 

constant of the perovskite layer render the energy difference 
between the singlet and triplet excitons too small to be distin-
guished in the optical emission spectra.[31] Hence, the lowest 
optical excitation peak energy Ex of the perovskites from pre-
vious experimental work is regarded as the excitation energy of 
the inorganic layer.[22] When the T1 level of the organic spacers 
is located below the Ex, the efficient triplet-triplet Dexter-type 
energy transfer would occur from the Wannier excitons of the 
inorganic layer to the triplet excitations of the organic spacers. 
Whereas the S1 level of the organic spacer located above the Ex 
prohibits the energy transfer from inorganic to organic compo-
nents.[14] Once this energy transfer process occurs, the organic 
spacer rapidly relaxes to the minimum of potential energy sur-
face of the triplet states, leading to a lower T1

* excitation energy. 
The T1

* excitation energy corresponds to the lowest emission 
peak of the phosphorescence, and it is an important design 
parameter for RTP materials. Therefore, the desired energy 
transfer process can be controlled through the alignment 
between the excitation energies of inorganic and organic com-
ponents, which opens an avenue for effectively designing RTP 
materials.

Since the tail groups have little influence on excitation ener-
gies as mentioned above, the EA tail is not added to the 3476 

Figure 3. A schematic diagram of a) the triplet-triplet Dexter energy transfer process, b) Dexter-type energy transfer mechanism, and c) electronic 
structure and decay dynamics of 2D HOIPs. Here, D represents the donor, A represents the acceptor,3D*-A and D-3A* represent the initial and final 
state, respectively. LUMO and HOMO represent the lowest unoccupied and highest occupied molecular orbitals, respectively. The electronic coupling 
matrix element (|VTET|) scales with the overlap integral of the wave-functions of the donor and the acceptor. d) 2D Kernel Density plot and the distribu-
tion of S1 and T1 excitation energies of 3476 molecules. T1 with S1 excitation energies of 3476 molecules versus the number of e) rings and f) π electrons.

Adv. Funct. Mater. 2022, 32, 2204579
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newly designed molecules for the high-throughput calculations 
of S1, T1, and T1

* excitation energies. The S1 excitation energy 
of molecules is calculated within the framework of TD-DFT, 
which gives reliable energies for the singlet excitation states.[32] 
However, the triplet instability issue sometimes can arise in 
TD-DFT calculation, resulting in underestimated T1 and T1

* 
excitation energies. Whereas the ΔSCF approach based on 
the total Kohn-Sham energy difference between the triplet state 
and the ground state can resolve this problem, giving more reli-
able T1 and T1

* excitation energies when compared to experi-
mental results (see details in Experimental Section).[33] Thus, T1 
and T1

* excitation energies of molecules are obtained from the 
ΔSCF calculations. Additionally, the solvent effect introduced 
by the polarization continuum model[34] does not influence the 
excitation energies significantly (Table S3, Supporting Informa-
tion). Thus, S1, T1, and T1

* energies calculated in vacuum are 
presented in this work.

The S1 excitation energies of most molecules are in the range 
of 2 to 4 eV, whereas the T1 excitation energies are mainly dis-
tributed from 1.5 to 3.5 eV (Figure 3d). In addition, the S1 excita-
tion energies of most molecules are proportional to the T1 exci-
tation energies. Note that overall the S1 and T1 excitation ener-
gies decrease as the number of rings or π electrons increases 
(Figure 3e,f). In general, more rings and π electrons correspond 
to larger aromatic area of aromatic polycyclic molecules, indi-
cating that the excitation energies gradually decrease as mole-
cules become more aromatic. This is in good agreement with 
the fact that conjugated molecules tend to exhibit lower exci-
tation energies than the aliphatic one.[17,35] With the excitation 
energies of these newly designed molecules, the optimal mole-
cules are selected to be in pair with the single-layer PbX4 (X = I, 
Br, Cl) perovskites based on the energy level alignment. First, 
those molecules with S1 excitation energies less than Ex are no 
longer considered. Next, those molecules with T1 excitation ener-
gies slightly lower than Ex (< 0.2 eV) are considered. As a result, 
totally 474, 164, and 18 molecules are found to possess optimal 
energy level alignment with the single-layer PbI4, PbBr4, and 
PbCl4, respectively (Figures S3–S5, Supporting Information).

After the optimal molecules are identified with the single-
layer PbX4 (X = I, Br, Cl) perovskites, we then assess the struc-
tural stability of newly designed HOIPs with the identified 
organic spacer and perovskite layer. The structural stability of 
3D perovskites is commonly evaluated by using the empirical 
Goldschmidt tolerance factor which can distinguish perovskites 
and non-perovskites with a fidelity of 80%.[36] However, owing 
to the reduced dimensionality, the Goldschmidt tolerance factor 
is unsuitable for assessing structural stability of the 2D HOIPs. 
Besides, since the organic spacers possess diverse shapes (e.g., 
linear, branched, and cyclic), the introduction of effective ionic 
radii for the organic spacers is no longer sensible. Nevertheless, 
motivated by the concept of the Goldschmidt tolerance factor, 
we propose a new tolerance factor to assess the structural sta-
bility of the 2D HOIPs by utilizing the rigid sphere model. 
Specifically, the B-site cations and X-site anions are treated as 
rigid spheres with radii RB and RX, respectively. Here, RB and 
RX represent the ionic radii of B-site cations and X-site anions, 
respectively. The organic spacers are treated as cuboids with 
the length of x, the width of y, and the height of z (x < y < z) 
(Note S3 and Figure S6, Supporting Information).[37] As shown  

in Figure 4a, for each organic spacer, the maximum space given 
by the inorganic framework is a cuboid with a length and width of 
2(RB + RX). Due to the strong hydrogen bonding between amino 
groups of organic spacers and terminal halides of the inorganic 
framework, organic spacers barely can rotate in the perovskite 
lattice (Figure S7, Supporting Information). To fit in the inor-
ganic framework, the width y of organic spacers should be less 
than 2(RB  + RX), yielding the condition y  ≤  2(RB  + RX). Conse-

quently, the new tolerance factor is defined as 
2 2( )B X

t
y

R R
=

+
, 

where +R R2 2( )B X  represents hypotenuse of the square associ-
ated with the inorganic framework and the 2D HOIPs would be 
stable for t ≤  1. Note that for the ten known 2D HOIPs already 
synthesized in the laboratory, their t values are all < 1 (Table S4, 
Supporting Information).[21,38–41]

To identify the organic spacer with a suitable size for pairing 
with the inorganic layer, the t values for the organic molecules 
selected are calculated. After ruling out those molecules with 
t values  >  1, totally 447, 74, and 18 candidates are eventually 
identified for pairing with the single-layer PbI4, PbBr4, and 
PbCl4, respectively (see Figures  S3–S5, Supporting Informa-
tion). According to the Dexter-type energy transfer mecha-
nism, effective energy transfer occurs when T1 level of organic 
spacers is located lower but close to Ex level. Here, to give a 
more accurate energy level alignment, four molecules with T1 
excitation energies closest to Ex of each inorganic framework 
are selected, and the excitation energies of these molecules with 
the protonated EA tail are calculated (Figure 4b–d; Table 1 and 
Table  S5, Supporting Information). Note that most candidates 
exhibit energy differences between Ex level of inorganic frame-
work and T1* excitation energy of organic spacers in the range 
of 0.4 to 0.6 eV, consistent with previous experimental reports. 
As such, we conclude that the energy difference ≈0.4  eV can 
lead to strong phosphorescence emission.[17] Indeed, with the 
single-layer PbI4, four candidates selected all exhibit the orange 
triplet emission. More specifically, thAfuEA, PDfuEA, and 
DHCPfuEA are composed of five rings, and exhibit similar 
molecular structures. Despite similar triplet excitation energies, 
the singlet excitation energies of the three molecules vary from 
3.08 to 3.46  eV. Two optimal pairs for the single-layer PbBr4, 
selBthEA-PbBr4 and BselBthEA-PbBr4, would yield blue-light 
triplet emission. In fact, the blue phosphorescence materials 
are still viewed as a challenge for optoelectronic application.[42] 
Besides, the paired thNfuEA-PbBr4 and selBfuEA-PbBr4 can 
exhibit triplet emission at 447 nm and 477 nm, corresponding to 
a violet and cyan light, respectively. For the single-layer PbCl4, 
these 2D HOIPs are expected to give rise to violet or blue phos-
phorescence with the lowest emission wavelength of 394  nm. 
In contrast to PbI4, candidates for PbCl4 consist of fewer rings 
and have fewer π electrons, and they exhibit higher excitation 
energies.

The RTP emission requires not only the T1 excitons but also 
accessible radiative transition from T1 to S0 states. Generally, 
strong SOC can facilitate the mixing of S0 and T1 states and 
break spin-prohibition of the triplet-singlet transitions. To 
assess the radiative transition probability of the selected 
organic spacers, the SOC integral 〈S0|HSO|T1〉 of twelve 
selected molecules are calculated, and results of 4,6-diphenyl-
2-carbazolyl-1,3,5-triazine (DPhCzT) and Anthracene are also 
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included for comparison (Table  S6, Supporting Information). 
These results indicate that the SOC integrals of all twelve 
organic spacers are comparable to that of previously reported 
phosphor DPhCzT, which exhibits phosphorescence with a 
remarkably long lifetime of 1.06 s.[43] Previous work has shown 
that Anthracene with the SOC integral as low as 0.014 cm−1 can 
still emit phosphorescence with a lifetime of 30 ms.[44] In par-
ticular, all molecules are conjugated rings with heteroatoms (O, 
S, Se), and the incorporation of heteroatoms leads to the heavy-
atom effect, which can effectively enhance the SOC integral 
of molecules while enable the mixing of S1 and T1 states and 
phosphorescence emission. After being excited, T1 excitons can 
deactivate along two competitive channels, i.e., the nonradia-
tive and radiative transition, and the rate of both is proportional 
to SOC.[4] In other words, weak SOC suppresses both radiative 
and nonradiative transitions at the same time, leading to a long 
lifetime of phosphorescence. Moreover, the vibrational state 
density is another crucial factor to determine the rate of non-
radiative transition, and the enhanced vibration and translation 
of organic spacers aggravate the nonradiative transition from T1 

Table 1. Energy level alignment between promising organic spacer and 
inorganic framework.

Inorganic 
framework

Organic 
spacer

Ex [eV] T1 [eV] T1* [eV] Emission color 
(wavelength)

PbI4 thAfuEA 2.50 2.47 2.04 Orange (608 nm)

PDfuEA 2.45 2.06 Orange (602 nm)

DHCPfuEA 2.40 2.04 Orange (608 nm)

CNselEA 2.38 2.02 Orange (614 nm)

PbBr4 thNfuEA 3.20 3.19 2.77 Violet (447 nm)

selBthEA 3.04 2.62 Blue (473 nm)

selBfuEA 3.04 2.60 Cyan (477 nm)

BselBthEA 3.00 2.70 Blue (459 nm)

PbCl4 BfuEA 3.70 3.60 3.14 Violet (394 nm)

BDfuEA-1 3.59 3.14 Violet (394 nm)

BDfuEA-2 3.45 3.00 Violet (413 nm)

thBDfuEA 3.22 2.69 Blue (461 nm)

Figure 4. a) A schematic diagram of 2D HOIPs, illustrated based on the rigid sphere model. The energy level alignment of HOIP candidates with the 
single-layer b) PbI4, c) PbBr4, and d) PbCl4.
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to S0, leading to the phosphorescence quenching.[45] In organic 
phosphors, the molecular collision at the ambient conditions is 
regarded as the major reason for phosphorescence quenching. 
For 2D perovskites, organic spacers are fixed by the strong 
hydrogen bonding between organic and inorganic components, 
minimizing the nonradiative loss of T1 excitons.[46] Hence, by 
combining the advantages of weak SOC and restricted motions 
of organic spacers, 2D perovskites hold high potential for emit-
ting phosphorescence with a long lifetime.

In view of the bromide HOIP RTP materials being widely 
studied in experiments, the four bromide 2D HOIPs are 
especially examined via DFT calculations.[47,48] According to 
the Dexter-type energy transfer mechanism discussed above, 
the small difference between the Ex of the inorganic layer 
and the T1 excitation energy of the organic spacer is benefi-
cial to the energy transfer process. This is why the four mole-
cules with T1 excitation energies closest to Ex, i.e., thNfuEA, 
selBthEA, selBfuEA, and BselBthEA, are selected as the organic 
spacer of bromide 2D HOIPs. The conjugated rings of the 
organic spacers in 2D HOIPs are parallel to each other, while 
the alkyl tails are located within the intervals among PbBr4 
octahedra. The incorporation of different organic spacers leads 
to different degree of tilting and distortion of the PbBr4 octa-
hedra. In Figure  5b, the computed partial density of states 
(PDOS) of the four selected 2D HOIPs as displayed. The 
PDOS shows that all four candidates possess a widebandgap, 
i.e., (thNfuEA)2PbBr4 (2.82  eV), (selBthEA)2PbBr4 (2.25  eV), 
(selBfuEA)2PbBr4 (2.65  eV), and (BselBthEA)2PbBr4 (2.74  eV). 
Unlike 3D HOIPs,[49] the organic spacers can directly modify 
the band edge states of four 2D HOIPs.

Mostly, the valence band maximum (VBM) and the conduc-
tion band minimum (CBM) of 2D HOIPs with aliphatic organic 
spacers are due to the inorganic components, corresponding 
to a type-I heterojunction.[50] In contrast to aliphatic organic 
cations, the narrower bandgap for the organic spacers with 
conjugated rings and the interplay between organic spacer and 
inorganic components are attributed to the formation of both 
type-I and type-II heterojunctions.[51] Our results reveal that 
the VBM of four candidates is dominated by organic spacers, 
whereas the CBM is dominated by PbBr4, corresponding to 
the type-II heterojunction. Moreover, the bandgap variation 
of the inorganic framework of PbBr4 can be attributed to the 
octahedra distortion, which is caused by the hydrogen bonding 
between the protonated nitrogen atoms of organic spacers and 
halogens. The relationship between the bandgap of PbBr4 and 
the PbBrPb bond angle of the four candidates is summa-
rized in Table S7 (Supporting Information). It can be seen that 
the enhanced octahedra distortion leads to wider bandgaps, 
consistent with a previous experimental study.[52] Furthermore, 
the thermodynamic stability of four candidates is evaluated by 
ab initio molecular dynamics (AIMD) simulations. The total 
energies oscillate within a small range in a AIMD simulation 
time of 5 ps (Figure 5c). The inorganic layer of the four bromide 
HOIPs still retains the entire framework of corner-sharing 
octahedra, while organic spacers exhibit a similar parallel 
arrangement with respect to initial structures (Figure S8, Sup-
porting Information), demonstrating that all four candidates 
exhibit robust thermodynamic stability at room temperature. 
Although the ease of synthesis is difficult to assess from the 
theoretical perspective, we note that previous researchers have 

Figure 5. a) The structure of (thNfuEA)2PbBr4, (selBthEA)2PbBr4, (selBfuEA)2PbBr4, and (BselBthEA)2PbBr4. b) The computed partial density of states 
(PDOS) of the four selected 2D HOIPs. c) Ab initio molecular dynamics (AIMD) simulation results of the 4 selected 2D HOIPs.
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already synthesized 2D HOIPs with polycyclic, which possess 
a similar structure to the designed HOIPs presented here.[21] 
The synthesis route for the newly predicted HOIPs can refer 
to the previously reported scheme for (pyrene-O-ethyl)2PbI4 
or (perylene-O-ethyl)2PbI4, the organic spacers of which have 
four or five rings, respectively. As an example, the synthesis of 
(thAfuEA)2PbI4 may be proceeded by using vapor diffusion of 
dichloromethane into γ-butyrolactone solutions containing 2:1 
molar ratio of organic ammonium iodide salt: lead(II) iodide.

In the discussion above, the Dexter coupling is described as 
a simple theoretical model of one-step exchange process. How-
ever, the Dexter-type energy transfer must entail both an elec-
tron and a hole from the inorganic framework to the organic 
spacers in 2D HOIPs, and this adds considerable richness 
to the intermediation process of the energy transfer. So the 
Dexter-type energy transfer in 2D HOIPs is intrinsically com-
plex. A promising mechanism for understanding the Dexter-
type energy transfer, developed recently, is the energy transfer 
mediated by intermediate states.[53,54] Previous studies have 
suggested that the Dexter coupling is exponentially sensitive to  
both the donor-acceptor distance and the bridge structure 
between donor and acceptor, suggesting that the energy transfer 
rates and their directionality may be manipulated by the bridge 
structure. For 2D HOIPs, the distance and intermediate states 
are closely related to the length and structure of the alkyl tail of 
the organic spacers. Although our results show little impact from 
the alkyl tail of the organic spacers on the excitation energies 
(Table  S2, Supporting Information), the length and configura-
tions of the alkyl tail are still important to the Dexter-type energy 
transfer. Clearly, the wave-function coupling increases as the 
length of the alkyl tail decreases, resulting in enhanced energy 
transfer. Moreover, the intermediate states are related to the top-
ological structures and the rotation as well as the deformation 
of the alkyl tail of the organic spacers, and they can dominate 
the energy transfer coupling in the Dexter-type energy transfer 
mechanism for 2D HOIPs. Besides the alkyl tail, the configu-
ration of the organic spacers might change during the excita-
tion from the ground state to the triplet state, taking different 
configurations between the initial and final state in the energy 
transfer process.[16] Therefore, a more comprehensive theoretical 
model of the Dexter-type energy transfer needs to be developed 
for understanding the photo-physical process in 2D HOIPs. We 
hope that this work will stimulate more efforts on studying the 
2D HOIPs and associated interlayer triplet–triplet interactions.

3. Conclusion

We have integrated the Dexter-type energy transfer mechanism, 
excited state properties of inorganic and organic components, 
and molecular morphing operators to develop a multistep high-
throughput screening strategy for identifying promising 2D 
HOIPs for RTP. To this end, we also propose a new tolerance 
factor for assessing structural stability of 2D HOIPs by applying 
the rigid sphere model. Overall, 447, 74, and 18 candidates are 
identified from 3476 organic molecules for pairing with PbI4, 
PbBr4, and PbCl4, respectively, after calculating the energy 
level alignment and assessing the structural stabilities of the 
newly designed HOIPs. In particular, four candidates, namely, 

(thNfuEA)2PbBr4, (selBthEA)2PbBr4, (selBfuEA)2PbBr4, and 
(BselBthEA)2PbBr4, are predicted to be promising RTP mate-
rials owing to their appropriate energy level and proper fron-
tier orbital alignment, as well as desired electric properties and 
relatively high structural stability. As potential next-generation 
RTP materials, 2D HOIPs not only exhibit high efficiency in 
the intersystem crossing process and have the advantage of low 
cost solution-processed fabrication, but also possess desirable 
optoelectronic properties like their 3D counterparts, including 
defect tolerance, long lifetime of excitons, and superior light-
harvesting and emitting capabilities. It is our hope that the 
effective theoretical framework developed to undertake large-
scale screening of RTP materials will open a new avenue for 
the design of next-generation RTP materials.

4. Experimental Section
The S1, T1, and T1

* excitation energies of the organic spacers 
were calculated using the Gaussian 16 code.[55] The B3LYP 
exchange-correlation functional and 6–31G* Gaussian basis set were 
employed.[56] The S1 excitation energies were calculated by using 
TD–DFT, and the latter method can provide reliable energy of singlet 
excitation. However, TD–DFT could underestimate the energy of triplet 
states, due to the triplet instability issue caused by the exchange 
contribution between singlet and triplet states.[33] Thus, T1, and T1

* 
excitation energies presented here were calculated by applying the 
ΔSCF approach, a method could avoid the triplet instability errors.[16] 
In particular, the T1 excitation energy was the difference between 
the total energy of the ground state and the triplet excitation energy 
in the ground-state geometry, whereas T1

* was the difference between 
the total energy of the ground state and the triplet excitation energy 
in relaxed geometry of the triplet state. The SOC integral 〈S0|HSO|T1〉 
of organic molecules was calculated by utilizing the spin-orbit mean-
field approach at the B3LYP/TZVP level as implemented in ORCA 5.0.3 
program package.[57]

The first-principle calculations for bromide 2D HOIPs were performed 
by using the Vienna Ab initio Simulation Package 5.4.[58] The projector-
augmented wave (PAW) method[59] with the generalized gradient 
approximation of Perdew–Burke–Ernzerhof (PBE) exchange-correlation 
functional[60] was adopted. The Heyd–Scuseria–Ernzerhof (HSE06) 
hybrid functional[61,62] was applied to compute the electronic structure 
more accurately. The SOC was considered in the calculation due to 
the inclusion of heavy metal element Pb. Grimme’s D3 correlation was 
employed to account for the Van der Waals interaction.[63] The cut-off 
energy was set to be 520  eV for structure optimization, and 400  eV 
for electronic structure calculations. The convergence thresholds 
for the energy difference and the force were set to be 1  ×  10−4  eV 
and 2  ×  10–2  Ev  Å−1, respectively. The Monkhorst-Pack k-point mesh 
of 1  ×  4  ×  4 was used for Brillouin zone integration. The thermal 
stability of the predicted 2D HOIPs was examined by performing 
AIMD simulations.[64,65] In these AIMD simulations, the temperature 
was controlled at 300  K using the Nosé-Hoover thermostat, and the 
simulation time for each system was 5 ps with a time step of 1 fs.
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