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Unraveling the Role of Spacer Cations: Toward Constructing
Ideal Dion–Jacobson Halide Perovskites

Zhengxun Lai, Yi Shen, Bei Jiang, Yuxuan Zhang, You Meng, Di Yin, Boxiang Gao,
Weijun Wang, Pengshan Xie, Yan Yan, SenPo Yip, Lei Liao,* and Johnny C. Ho*

Dion–Jacobson-type 2D halide perovskites (DJPs) present an ideal alternative
to their 3D counterparts due to their superior stability and exceptional
optoelectronic properties. Despite the numerous DJPs proposed in recent
years, the impact of different spacer cations on DJPs remains unclear. This
understanding is crucial for researchers to select suitable materials and is an
urgent requirement for the development of higher-performance DJPs-based
devices. In this study, the influence of the chain-like spacer cations with
varying branch chains and chain lengths is thoroughly examined using both
theoretical and experimental methods. The findings reveal that spacer cations
with high polarity components along the main chain direction enhance the
stability and photoelectric properties of DJPs. Additionally, it is found that the
chain length of the spacer cation plays a critical role. Chain lengths that are
too long or too short can detrimentally affect the photoelectric performance
and stability of DJPs. These insights will guide researchers in selecting
suitable spacer cations and in innovating new types of DJPs.
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1. Introduction

The past decade has seen a surge of interest
in halide perovskites due to their excellent
optoelectronic performance.[1–6] This capti-
vating material has now moved beyond the
confines of the laboratory and is progres-
sively being utilized in industrial produc-
tion. However, as halide perovskites ven-
ture toward industrial output and commer-
cialization, they are encountering a host of
challenges.[7–10] To address future issues,
a fundamental understanding of the in-
herent structures and properties of differ-
ent types of halide perovskites is essen-
tial. The conventional 3D halide perovskites
follow the chemical formula ABX3, where
“A” represents a large alkali metal like Rb
and Cs or short-chain ammonium, such
as methylamine (MA) or formamidine, “B”
denotes a transition metal element like
Sn or Pb, and “X” symbolizes a halogen.

Despite their potential, the stability of the 3D halide per-
ovskites is poor, rendering them unsuitable for use in ambient
environments.[11,12] To enhance the stability of 3D halide per-
ovskites, long-chain organic molecules are incorporated to form
2D halide perovskites. Currently, there are three types of 2D
halide perovskites: the Dion–Jacobson, Ruddlesden–Popper, and
alternating cation in the interlayer space types.[13–15] Among
these, the Dion–Jacobson type 2D halide perovskites (DJPs)
show the most promise, exhibiting greater stability and superior
optoelectronic performance due to their advanced lattice struc-
ture, devoid of weak van der Waals bonds.[16,17] The chemical
formula of DJPs is defined as LAn−1BnX3n+1, where A, B, and
X are consistent with the 3D counterparts, and L represents a
long-chain organic molecule, known as a spacer cation, which
separates n layers of PbI6 octahedra. In recent years, significant
advancements have been made in the field, with various types
of DJPs and their corresponding devices being reported.[18,19]

For instance, Niu et al. fabricate solar cells with the DJPs based
on 1,4-butanediamine cations, achieving an enhanced power
conversion efficiency compared to the RPP-based ones.[20]

Zheng et al. also achieved a high-sensitivity X-ray imager with
Dion–Jacobson and Ruddlesden–Popper halide perovskites,
which is promising for next-generation low-dimensional X-ray
detectors.[21,22] Yang et al. fabricated 2D/3D halide perovskites
with amidino-based spacer cations. The 2D DJP component
decreased the concentrations of voids and bulk defects of the
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perovskite films, leading to high-performance solar cells with
a high power conversion efficiency of up to 24.9%.[23]

Kanatzidis et al. designed mixed Pb/Sn DJPs (3AMPY)
(MA)n−1PbxSnn−xBr3n+1 (3AMPY = 3-(aminomethyl)
pyridinium), which exhibit desirable low bandgaps benefi-
cial to optoelectronic applications.[24] They also found that the
position of amino groups of aromatic diammonium cations can
lead to the distortion of the Pb-I octahedra and contribute to
broader white-light emission of the DJPs.[25] Despite these ad-
vancements, there is still considerable work to be done to realize
high-performance, long-term stable DJPs and fully industrialize
this promising material. Importantly, a comprehensive under-
standing of how spacer cations impact the stability and device
performance of different DJPs is still lacking. This knowledge
is crucial for the study and development of next-generation
DJPs. Therefore, it is both essential and urgent to investigate the
influence of different organic spacers on DJPs.

In this study, we aim to address the development challenges of
halide perovskites demonstrated above, particularly the DJPs. We
systematically investigate the impact of various spacer cations on
DJPs using both theoretical and experimental methods. Our find-
ings reveal that the polarity of spacer cations significantly influ-
ences the stability and photoelectric properties of DJPs. A spacer
cation with a larger polarity component along the main chain di-
rection can effectively enhance the stability and photoelectric de-
vice performance of DJPs. Additionally, the chain length of the
spacer cation also plays a pivotal role. As the chain length in-
creases, the stability of the DJP structure initially improves, then
weakens, suggesting that an optimal chain length is crucial for
achieving satisfactory device performance. These results provide
a systematic understanding of the influence of spacer cations on
DJPs, offering valuable insights to researchers for the design and
selection of suitable spacer cations and the development of new
types of DJPs.

2. Results and Discussion

For the long-chain diamine-based spacer cation of DJPs, its
feature can be defined by its chain length and branch chains.
It needs to be pointed out that to simplify the study, we only
focus on the chain-like spacer cations without aromatic rings
in this work. Some aromatic rings can also be incorporated
into some spacer cations, but they can also be seen as branch
chains, which is not included in this work.[26,27] For the chain-like
spacer cations of the DJPs, their chain length can be determined
by the number of C atoms in the main chain between these
two amines. As shown in Figure 1a, the number of C atoms
in methanediamine (MDA) is 1, in ehylendiamine (EDA) is
2, and in propanediamine (PDA) is 3. Herein, we will first
investigate the role of branch chains in DJPs and their influence
on the stability and optoelectronic properties by first-principle
calculations. As for the branch chain, we use PDA as the base
molecule and gradually add branch chain alkyls to it (Figure 1b).
Then, different spacer cations can be obtained: N-Methyl-
1,3-propanediamine (MPDA), 3-Dimethylaminopropylamine
(DMPA), N,N′-Dimethyl-1,3-propanediamine (DMPDA),
N,N,N′-Trimethyl-1,3-propanediamine (TMPDA). From these
derived spacer cations from PDA in Figure 1b, one can find that
PDA and DMPDA are perfectly symmetric; for DMPA, there

Figure 1. Schematics of spacer cations with a) different chain lengths and
b) different branch chains, where the hydrogen atoms are hidden. c) Op-
timized structures of the DJPs with the spacer cations in b).

are two groups of alkyls on one side of PDA, the asymmetry of
which is larger than that of MPDA (one group of alkyl on the
one side of PDA) and TMPDA (one group of alkyl on the one
side and two group of alkyl on the other side of PDA). Therefore,
the degree of symmetry of these spacer cations can be acquired:
PDA, MPDA > DMPDA, TMPDA > DMPA.

After the construction of the spacer cations, 2D DJPs with the
n value of 1 are constructed using these spacer cations, and the
lattice and physical properties are detailly studied and compared.
It needs to be pointed out that to exclude the influence of the
n value, 2D DJPs (n = 1, with the molecular formula of LPbI4,
L represents the spacer cations) are chosen in this work. An-
other important reason to choose the DJPs with the n value of
1 is that when n>1, the film fabricated experimentally is a mixed
phase, which is not conducive to this study.[28] Besides, to con-
struct the DJ phase structure with the spacer cations mentioned
above, we first designed and built the original lattice structures.
After that, we performed lattice optimization on the structures
with low energy and atomic convergent forces (Experimental Sec-
tion). The systems were convergent and maintained the DJ-type
structure after the optimization, ensuring the formation of DJ
phases. Figure 1c depicts the lattice structure of the DJPs after
the lattice optimization, where these DJPs are referred to as their
corresponding spacer cations below, i.e., PDA, MPDA, DMPA,
DMPDA, and TMPDA. One can see a slight distortion of the DM-
PDA lattice and a blatant distortion of the PDA lattice, where one
can also notice that both PDA and DMPDA spacer cations are
symmetric. The distorted lattice can lead to their relatively poor
stability. Accordingly, the stability of these DJPs is studied first.
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Figure 2. a) The number of branch C, formation energies and the length of the hydrogen bonds in the DJPs. b) The COHP and the ICOHP values of the
DJPs. c) I 3d XPS spectra for the DMPA and PDA perovskite films. d) Charge density difference maps of the DJPs with different branch chains viewing
along the b axis. e) The length of the spacer cations, interlayer spacings, and bandgaps of the DJPs. f) The schematics of the DJPs’ lattice structures with
symmetric and asymmetric spacer cations, respectively. g) Absorption and h) reflectivity spectra of DMPA and PDA acquired by DFT calculations.

We use formation energy to characterize their stability. Since the
DJPs are fabricated experimentally using these precursors: the
spacer cations, PbI2 and HI, the formation energy can be defined
as E0 = EDJP−ESpacer−EPbI−EHI, where EDJP, ESpacer, EPbI, and EHI
are the internal energies of the DJPs, spacer cations, PbI2 and HI,
respectively. The calculated formation energies of these DJPs are
shown in Figure 2a, where the left axis shows the number of the
branch alkyls of the spacer cations. Notably, the formation energy
has no direct relation with the number of branch alkyls. The DJPs
PDA and DMPDA with symmetric spacer cations show larger for-
mation energies, which confirms their poor stability compared
with the other asymmetric ones. To visually illustrate the sym-
metry of these spacer cations, the dipole moments of them were
also calculated and presented in Figure S1 (Supporting Informa-
tion). For the symmetric spacer cations PDA and DMPDA, the
direction of the dipole moments is perpendicular to the main
chain of the molecules. However, for the asymmetric MPDA,
DMPA, and TMPDA, the dipole moments lean to the side with
more branch alkyls. Especially for DMPA, the asymmetry is the
largest as demonstrated above. This observation can also be con-
firmed by its largest dipole moment of 2.95 D with the direc-
tion even parallel to the main chain. Therefore, we can suppose

that the dipole moment component along the main chain di-
rection can strengthen the hydrogen bond between the spacer
cation and the inorganic layers, enhancing the stability of the
DJPs with asymmetric spacer cations, just as Figure 2a shows. Ac-
cordingly, the crystal orbital Hamilton population (COHP) anal-
ysis between the I and H atoms was carried out, which can pro-
vide the strength of the hydrogen bonds directly (Figure 2b).[29]

Evidently, all the states of the I–H atoms of these DJPs below
the Fermi level are the binding states, contributing to their sta-
ble structures. The integrated COHP (ICOHP) of these samples
is also labeled in the figure. The binding states of the DJPs PDA
(ICOHP = −0.64 eV) and DMPDA (ICOHP = −0.65 eV) with
symmetric spacer cations are obviously less than those of the
asymmetric ones (ICOHP = −0.83, −0.90, and −0.94 eV). The
COHP analysis results confirm the stronger hydrogen bonds in
these “asymmetric” DJPs. Additionally, a shorter hydrogen bond
generally means it is stronger. The average length of the hy-
drogen bonds in the DJPs is also shown in Figure 2a, corre-
sponding to their formation energy, confirming the hydrogen
bonds’ crucial role. To experimentally verify the enhanced hydro-
gen bonds in the “asymmetric” DJPs, the PDA and DMPA DJP
films with respectively symmetric and asymmetric spacer cations
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Table 1. Lattice parameter a and Pb–I–Pb angles of the DJPs.

DJP Lattice
parameter a [Å]

Pb-I-Pb angle 1
[deg]

Pb-I-Pb angle 2
[deg]

Average
value [deg]

PDA 11.77 133.51 157.43 145.47

MPDA 11.45 155.56 174.33 164.95

DMPA 11.48 152.97 171.87 162.42

DMPDA 11.83 134.71 155.17 144.94

TMPDA 11.66 147.72 169.05 158.39

were fabricated by spin-coating method, and X-ray photoelectron
spectroscopy (XPS) measurement was conducted to them. As il-
lustrated in Figure 2c, the binding energy of I 3d in DMPA shifts
to a lower value than PDA, which is attributed to the stronger I–H
hydrogen bonds.[30,31] Besides, one can see the line width of the
PDA XPS peaks is much larger than that of DMPA, indicating
the different chemical bonding of I atoms in PDA caused by the
structural distortion. To demonstrate how the hydrogen bonds
are strengthened in the DJPs’ lattice, the charge density differ-
ence maps of these DJPs were also simulated and presented in
Figure 2d and Figure S2 (Supporting Information), where the yel-
low and red regions represent the accumulation and depletion of
electrons, respectively. The red areas in the “asymmetric” DJPs’
lattices are larger, indicating more electron transfer caused by the
polarity of the asymmetric spacer cations. All these results sug-
gest that a spacer cation with a large polarity component along
the main chain direction can effectively enhance the stability of
the DJPs by both strengthening the hydrogen bonds and reduc-
ing the distortion of the lattice.

Figure 2e shows the bandgap, interlayer spacing, and spacer
length (the molecule length of the spacer cation) of the DJPs.
The interlayer spacing is supposed to correlate positively with
the chain length of the spacer cation. However, one can see
in Figure 2e that it does not increase as the spacer length in-
creases: although the chain length of the symmetric PDA and
DMPDA spacers are not the largest, their interlayer spacings are
even larger than the asymmetric ones with longer chain length.
This discovery indicates that a spacer cation with high polarity
along the main chain direction can decrease the interlayer spac-
ing, making the DJP crystals more compact. To visually demon-
strate this conclusion, the schematics of DJPs’ lattice structures
with symmetric and asymmetric spacer cations are illustrated
in Figure 2f. For the asymmetric ones, the much higher polar-
ity along the main chain direction will strengthen the hydro-
gen bonds between the spacer cations and the inorganic layers,
and at the same time, draw the inorganic layers close. For the
strictly symmetric ones, because the polarization is perpendicu-
lar to the molecule, the polarization will interact more with each
other but not the inorganic layers, leading to larger interlayer
spacings and distorted inorganic layers, which further affects the
stability of the DJPs, as demonstrated in Figure 1c. The distortion
of the inorganic layer can also be compared directly by the two
Pb–I–Pb angles, as is shown in Figure S3 (Supporting Informa-
tion), where the ideal Pb–I–Pb angle is 180°.[32,33] As is shown in
Table 1, the lattice parameter a (the lattice parameter perpendic-
ular to the stacked layers) and the two Pb–I–Pb angles of these
DJPs are listed. One can see that the change of the lattice param-

eter a is consistent with the interlayer spacings: symmetric PDA
and DMPDA are larger than asymmetric MPDA, DMPA, and
TMPDA. Expectedly, the Pb–I–Pb angles of PDA and DMPDA
distorted more extensively than those of MPDA, DMPA, and TM-
PDA, contributing to the poor stability of PDA and DMPDA-
based DJPs. The stability of the symmetric PDA and asymmet-
ric DMPA-based DJPs was also studied using molecular dynam-
ics simulation through ab initio molecular dynamic (AIMD) cal-
culation with VASP (Figure S4a, Supporting Information). The
temperature was set at 100 °C (373 K) in the simulation. For
asymmetric DMPA, the atoms vibrate near their original location.
However, for symmetric PDA, the lattice started to decompose af-
ter 10 ps. The energies of these two systems are also delineated
in Figure S4b (Supporting Information). It is expected that the
total energy of DMPA remains stable, but the energy of PDA has
a sharp increase at 10 ps. The AIMD results confirm the superior
stability of the DJPs with asymmetric cations.

Apart from the stability of the halide perovskites, their opto-
electronic properties also need our attention, which is significant
to the performance of the optoelectronic devices. The interlayer
spacing of these DJPs is supposed to be related to the quantum
confinement effect. This way, one can see in Figure 2e that the
changes in the bandgaps of these DJPs are strictly consistent with
the interlayer spacing caused by the quantum confinement ef-
fect, indicating the bandgaps are mainly determined by the inter-
layer spacings.[34,35] The band structures of these DJPs are also
shown in Figure S5 (Supporting Information). The fundamen-
tal bandgaps of them all appear at a Г high symmetry point. It is
evident that different from the DJPs PDA and DMPDA with sym-
metric spacer cations, there is substantial overlap between Pb and
I atomic orbitals in the other three (marked by red circles), which
can reduce the bandgap. The result suggests that the distortion of
the lattice structures of the symmetric spacer cations-based DJPs
also plays a crucial role in enlarging their bandgaps. In addition,
the narrowed interlayer spacing of the DJPs with asymmetric
spacer cations will also be supposed to alleviate the obstruction of
electronic transmission along the layer-stacking direction in 2D
halide perovskite and further enhance the optoelectronic perfor-
mance. Therefore, the optical properties of these DJPs with sym-
metric spacers PDA and asymmetric spacers DMPA were studied
by first-principle calculations. Figure 2g displays their absorption
spectra. The absorption edge of DMPA has a red shift compared
to PDA due to the smaller bandgap. The reflectivity of DMPA
is visibly smaller than that of PDA (Figure 2h), which is favor-
able in optoelectronic devices to increase efficiency. The dielectric
constant and conductivity of the DJPs are also shown in Figure
S6 (Supporting Information). The DJPs with symmetric spacer
cations show larger dielectric constants and conductivities, ben-
efiting from the spacer cations’ larger polarities, which can con-
tribute to the transport of the carriers.

To further prove the results acquired by the first-principle cal-
culations above, the DJP films with symmetric spacers PDA and
asymmetric spacers DMPA were also used to study their stabil-
ity and optoelectronic performance experimentally. As we have
mentioned, the DJP films with n = 1 phase are chosen in this
work because of their pure-phase nature. The films were first
characterized by X-ray diffraction (XRD) (Figures 3a,d). Their
XRD patterns are consistent with the simulation ones, further
confirming the pure-phase DJP films. The scanning electron
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Figure 3. Experimental results of the DMPA and PDA films and photodetectors. XRD curves and the corresponding simulation results of a) DMPA and
d) PDA films. The SEM images of b) DMPA and e) PDA films (the scale bars are both 50 μm), where the insets are their optical pictures (the scale bars
are both 10 mm). Absorption spectra of c) DMPA and f) PDA films after a long time storage. g) TGA curves of the DMPA and PDA films. h) I–t curves
of the DMPA and PDA-based photodetectors under the illumination of the chopped laser. Long-time operation of the i) PDA and j) DMPA films-based
photodetectors with continuous on–off switching.

microscope (SEM) image of the DMPA film (Figure 3b) suggests
that its grains are larger than 10 μm, indicating its good crys-
tallinity. The PDA film also shows a smooth surface (Figure 3e).
From their optical images in the insets, one can see that the
DMPA film is orange and the PDA film is yellow, which re-
sults from the smaller bandgap of DMPA than PDA. Their thick-
nesses can also be acquired by the cross-sectional SEM images
in Figure S7 (Supporting Information), where the thickness of
DMPA and PDA films is ≈909 and 788 nm, respectively. Next,
the stability of these two DJP films was studied. Figures 3c,f
show the absorption spectra of the DJP films before and after
storage in a humid environment (the humidity is ≈70%). Af-
ter 20 days of storage, the absorption spectrum of DMPA films
remained unchanged, suggesting its excellent long-term stabil-
ity. However, for the PDA film, the absorption edge blue shifted
from 469 to 455 nm, indicating the decomposition of the PDA
film remaining the inorganic PbI2 residue. The thermal stabil-
ity of the films was also studied by thermogravimetric analysis
(TGA) (Figure 3g). The PDA film started to decompose at the
temperature of 90 °C. However, for DMPA film, the decompo-
sition temperature was as high as 270 °C, confirming its much

better thermal stability. In addition, the DJP films were also con-
figured into photodetectors to further investigate their perfor-
mance and operation stability in devices, which is significant for
their future application. Figure 3h shows the on–off switching
curves of the photodetectors under a 450-nm laser. It is evident
that both the photocurrent and on/off ratio of the DMPA-based
photodetector is much larger than that of PDA, confirming the
better optoelectronic properties of DMPA. The long-term on/off
switching stability of the photodetectors was then studied: these
two photodetectors were put into continuous operation with a
bias voltage of 1.5 V and the illumination of a chopped laser
(Figures 3i,j). The wavelength of the laser was 450 nm with a
fixed light intensity of 100 mW cm−2. One can see the photocur-
rent of the PDA-based photodetector gradually decreased during
the operation. On the other hand, for DMPA, the photodetec-
tor could keep stable without any decay for more than 40 000 s.
The experimental results confirm the superior stability and opto-
electronic performance of the asymmetric spacer cations-based
DJPs.

As demonstrated above, apart from the branch chain, the main
chain length is also a main factor of the spacer cation, as shown in
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Figure 4. a) Schematics of spacer cations with different chain lengths and branch chains. b) Formation energies of all the DJPs in a). Interlayer spacings
and formation energies of the DJPs constructed by the spacer cations with the nC value of c) two and d) one.

Figure 1a. Hence, the influence of the main chain length on DJPs
is then investigated in detail. We use nC to represent the number
of C atoms between the two amino groups in the spacer cations.
The nC values of the spacer cations we studied above in Figure 1b
are all three. In these cases, there is a letter “P” in their abbrevi-
ations, PDA, MPDA, DMPA, DMPDA, and TMPDA, represent-
ing “propyl”, which comes from the nC value three. Accordingly,
when we reduce the nC value to two and one, the letters “E” and
“M” can be used to represent ethyl and methyl. As depicted in
Figure 4a, these derived DJPs can be referred to as XDA, MXDA,
DMXA, DMXDA, and TMXDA, where X represents M, E, or P.
Figure 4b shows the formation energies of the DJPs. One can see
that for all these DJPs with different branch chains, the forma-
tion energy decreases as the chain length increases, suggesting
enhanced stability. However, it needs to be pointed out that when
the nC value comes to four, DMXDA perovskite cannot maintain
a stable lattice, indicating that a symmetric spacer cation with a
much longer chain is harmful to the stability of DJPs. To thor-
oughly study the effect of chain length on the spacer cations, the
interlayer spacings and formation energies of the DJPs with nC
values of two and one are also presented (Figures 4c,d). Similar
to the nC value of three discussed above, for the DJPs with the
nC value of two, the DJPs with symmetric spacer cations EDA
and DMEDA show the highest formation energies and largest
interlayer spacings, which is attributed to their zero component
of polarity along the main chain direction as we demonstrated
above. However, the DJPs with nC value of one in Figure 4d dif-
fer from those with nC values of two and three, where the sym-
metric MDA and DMMDA no longer show the highest forma-
tion energies. It is because these spacer cations with nC = 1 are
too small, and are even able to act as the A site cations in 3D
halide perovskites. These small spacer cations can excessively re-
duce the interlayer spacings, which will acutely twist the lattice
of the DJPs. The length of the hydrogen bonds of nC = 1 and 2
are shown in Figure S8 (Supporting Information). One can see
the length of the hydrogen bonds in the DJPs with nC = 2 have
the same trend with the interlayer spacings and formation ener-

gies, confirming the crucial role of the polarity of spacer cations.
But for the DJPs with nC = 1, there is an apparent deviation be-
tween the length of the hydrogen bonds and the formation en-
ergies, indicating the strong hydrogen bonds can no longer help
stabilize the structure of the DJPs. Besides, from the lengths of
the hydrogen bonds in Figure 2a and Figure S8 (Supporting In-
formation), we can conclude that a spacer cation with a shorter
chain length tends to bring about even stronger hydrogen bonds
between the spacer cations and inorganic layers, which further
proves the strong hydrogen bonds cannot guarantee high sta-
bility of the DJPs with nC = 1. The distortion of the inorganic
layers can be visually examined by the length of the six Pb─I
bonds, marked from 1 to 6 in Figure S9 (Supporting Informa-
tion). The lengths of the Pb─I bonds of all the DJPs with differ-
ent chain lengths are listed in Tables S1–S5 (Supporting Infor-
mation), where the largest and smallest values are marked red
and pale blue, respectively. It is obvious that the octahedral dis-
tortion is reduced as the nC value increases, which confirms that
a spacer cation with a chain length that is too short can make
the inorganic layers distorted. These results reveal that a spacer
cation that is too short will distort the inorganic layers in DJPs.
Still, a too-long one will weaken the hydrogen bonds between the
organic spacer and inorganic layers. As a result, to obtain robust
DJP materials, a spacer cation with an optimal chain length is also
important.

Apart from the chain-like spacer cations studied in this work,
there are also aromatic compound-based spacer cations. Simi-
lar to the chain-like spacer cations, the polarity and chain length
of the aromatic compounds-based spacer cations are also sup-
posed to influence the DJPs following the same roles as the
chain-like ones. That aromatic compound can also be seen as
one kind of branch chain of the molecule. Besides, the DJPs with
the aromatic compounds-based spacer cations are supposed to
have higher humidity stability because of their larger molecules.
However, they also suffer from larger steric hindrance, which can
distort the inorganic layers, leading to poor crystallinity and struc-
ture instability.

Adv. Funct. Mater. 2024, 2409987 2409987 (6 of 8) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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3. Conclusion

In conclusion, to figure out the influence of spacer cations’
molecular structures on the structural and optoelectronic prop-
erties of DJPs, we detailly investigated a series of DJPs with dif-
ferent spacer cations through theoretical and experimental meth-
ods. We found that the polarity of the spacer cations plays a cru-
cial role in determining the structure stability and optoelectronic
properties of the DJPs. For the spacer cations with a large polar-
ity component along the main chain direction, the high polarity
can not only strengthen the hydrogen bonds between the organic
spacer layers and inorganic octahedral layers but also create less
distortion to the octahedral layers and shorten the interlayer spac-
ings. All these promotions contribute to the high stability and su-
perior optoelectronic properties of the DJPs. In addition, an opti-
mal chain length of the spacer cations was found to be crucial to
constructing ideal DJPs. A spacer cation that is too short or too
long will weaken the lattice structures of the DJPs. These valu-
able findings will help people further cognize the role of spacer
cations and discover more diverse and remarkable DJPs that as-
sist their development and commercialization.

4. Experimental Section
Synthesis of Materials: The DMPAPbI4 and PDAPbI4 DJP precursors

were prepared by dissolving DMPAI2 (PDAI2) and PbI2 in dimethylfor-
mamide at a molar ratio of 1:1 to create a 1 m solution. The precursors
were stirred in the glovebox for 4 h before use.

Film and Device Fabrication: The glass slides were ultrasonically
cleaned sequentially with acetone, ethanol, and deionized water. They were
then treated with an oxygen plasma to enhance hydrophilicity. Next, 40 μL
of precursor solution was spin-coated onto the slides at 3000 rpm for 30
s, then thermal annealing at 100 °C for 10 min. Using shadow masks, 100-
nm-thick Au electrodes were thermally evaporated onto the DJP films to
fabricate the photodetectors. The photodetectors have a channel length of
10 μm and a width of 70 μm.

Film and Device Characterization: A Thermo Scientific ESCALAB 250Xi
system was employed to perform the XPS measurement. The XRD pat-
terns were obtained using a Bruker D2 Phaser with Cu K𝛼 radiation. The
film morphologies were characterized with a FEI Quanta 450 FEG SEM.
Absorption spectra were recorded using a Hitachi UH 4150 UV–vis ab-
sorption spectrophotometer. The thermal stability of the films was as-
sessed by TGA (PerkinElmer Simultaneous Thermal Analyzer 6000). The
photodetection performance of the fabricated photodetectors was evalu-
ated using a standard electrical probe station equipped with an Agilent
4155C semiconductor analyzer. A 405 nm laser served as the light source
for photodetector measurements, with incident irradiation power mea-
sured by a PM400 power meter from Thorlabs.

Computational Details: The first-principles calculations were per-
formed by the Vienna Ab initio Simulation Package (VASP) and the Cam-
bridge Sequential Total Energy Package module in Material Studio soft-
ware based on density functional theory (DFT).[36,37] The generalized-
gradient approximation for exchange–correlation energy proposed by
Perdew, Burke, and Ernzerhof was used.[38] The convergence criteria for
the energy and atomic forces were set to 5 × 10−4 eV and 0.01 eV Å−1, re-
spectively. The Brillouin zone was sampled with 3 × 3 × 3 k point meshes
for structural optimization and denser 5 × 5× 5 k point meshes for the
electronic and optical properties. The COHP and the ICOHP were cal-
culated by the Local Orbital Basis Suite Towards Electronic-Structure Re-
construction (LOBSTER) program.[39] The DFT calculations for the polar-
ity of the spacer molecules were performed using the Gaussian09 pro-
gram package.[40] The geometry optimizations of the spacer cations were
carried out at Becke’s three-parameter functional and Lee-Yang-Parr func-
tional (B3LYP) level of theory with the 6–31G (d, p) basis.[41,42]

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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