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ABSTRACT:

Two-dimensional (2D) halide perovskites come in several distinct structural classes and
exhibit great tunability, stability and high potential for photovoltaic applications. Here,
we report a new series of hybrid 2D perovskites in the Dion—Jacobson (DJ) class based
on aromatic m-Phenylenediammonium (mPDA) dications. The crystal structures of the
DJ perovskite materials (mPDA)MA,,.1Pbyl3n1 (n = 1, 2, 3) were solved and refined
using single crystal X-ray crystallography. The results indicate a short I---I interlayer
distance of ~4.00 — 4.04 A for the (MPDA)MA,..;Pb, I3+ (n = 2 and 3) structures, which
is the shortest among DJ perovskites. However, Pb—I—Pb angles are as small as ~158-
160° reflecting large distortion of the inorganic framework that results in larger band
gaps for these materials compared to other DJ analogues. Density functional theory
calculations suggest appreciable dispersion in the stacking direction, unlike the band
structures of the Ruddlesden-Popper (RP) phases which exhibit flat bands along the
stacking direction. This is a consequence of a short interlayer I---I distances that can
lead to inter-layer electronic coupling across the layers. The solution deposited films
(nominal (mPDA)MA,,_;Pb,l3,+1 compositions of n = 1-6) reveal improved surface
coverage with increasing nominal n value with the higher-n films being composed of a
mixture of n=1 and bulk 3D MAPDI; perovskites. The films made from solutions of
these materials behave differently from those of other 2D iodide perovskites and their

solar cells have a mixture of n=1 DJ and MAPDbI; as the light absorbing semiconductors.



Introduction

Halide perovskites are impacting several optoelectronic based technologies such as
solar cells,” detectors,® ' light-emitting diodes,'""” because of their outstanding
properties, including high absorption coefficient,'® tunable exciton binding energy (low
exciton binding energy for 3D perovskites at RT or tunable exciton binding energies in
low-dimensional perovskites),'” long-range charge transport,'® low trap density,'” high
defect tolerance® and low-cost solution processability.”' The record efficiency for the
perovskite solar cells currently stands at > 25%.** The most common three-dimensional
(3D) perovskites adopt a general formula of AMX; (A = methylammonium (MA,
CH3NH3+), formamidinium (FA, CH3(NH2)2+), or Cs": M = Sn*" or Pb*"; X = CI, Br,
or I'). The inorganic ions form the octahedral frame with [MXs]*, and the small organic
cations occupy cuboctahedral voids within the structure and counterbalance the charge

of the [MX]" extended anion.”

When large spacer cations are inserted into the 3D structure along different directions,
such as (100), (110) and (111) planes, 2D perovskites can be obtained.” ** These
perovskites have impressive structural diversity and great potential in optoelectronic
applications.”*” The (100)-oriented 2D perovskites are the most common ones, which
can be further categorized into the Ruddlesden—Popper (RP) phases,” the
Dion—Jacobson (DJ) phases,”” and the alternating cation in the interlayer space (ACI)
phases,” with the general formulas of A%An- 1MnXzni1, A”An-1MyXani1, and A’

AxM;Xz,41, Tespectively. The A’ is  monovalent (+1) and A" is divalent (+2) large

cations, which can intercalate into the anionic sheets of the 2D perovskites. The layer-
3



number n not only enriches the structural complexity of the perovskite family but also
allows for the fine-tuning of the optoelectronic properties as they offer tunable natural

17,31-35
quantum wells.'”

The RP phases incorporate monovalent spacer cations interdigitating between the layers,
and the inorganic layers are usually staggered. In contrast, the DJ phases incorporate
short divalent cations and the inorganic layers have the tendency to stack exactly on top
of each other. For linear diammonium cations NH3(CH,),NH;>",>**" even when the
carbon-chain length is as short as m = 4, the adjacent inorganic layers are still slightly
offset because of strong hydrogen-bonding of the cation. For shorter diammonium
cation (CH3);NCH,CH,NH;”", it can form the DJ phase ((CH3);NCH,CH,;NH3)Snl4
even though it is asymmetric.”® When more compact cyclic diammonium cations, such
as x- (aminomethyl)piperidinium (AMP, x = 3 and 4), are incorporated, multilayer DJ
phases can form with eclipsed octahedra. The aromatic analogues, x-
(aminomethyl)pyridinium (AMPY, x = 3 and 4), can also template the DJ phases.’
When both amino groups are primary amines, such as 14-
phenylenedimethanammonium, the DJ phase can also form in principle.*’ However, a
conclusive structural determination is lacking partly because of the low solubility of the
cation in HI. A similar cation with amino groups directly attached to the phenyl ring,
p-phenylenediammonium, forms 1D structure with edge-sharing octahedra,*' which

suggests symmetric diammonium cations cannot guarantee the formation of the DJ

phase, while asymmetric cations may also be able to form the DJ phase. However, the



meta analogue, mPDA, does form the n = 1 2D structure for chloride perovskite.42 It
offers the opportunity to further expand the family of DJ layered perovskites. The
eclipsed stacking and short distance between the layers are also beneficial for the charge
transport in photovoltaic devices. The field of the 2D perovskite solar cells with DJ
phases has developed rapidly since we reported the first multilayer DJ structures, > **
* however, the determination of the single-crystal structures is lagging behind,*
therefore detailled crystallographic studies are nowadays priority to expand the DJ
family and bring it on the same footing as the RP one. Here, we report a new series of
DJ phases with mPDA, forming (mPDA)(MA),.1Pbulsni; (n =1, 2, 3) 2D perovskites.
Detailed crystallographic investigations show that the inorganic layers stack exactly on
top of each other. These materials exhibit smaller average Pb—I—Pb angles than other
2D perovskites using 3AMP, 4AMP and BA. The distorted inorganic framework in turn
gives rise to a relatively larger band gap. DFT calculations suggest noticeable band
dispersion in the stacking direction because of the small interlayer distance. The optical
properties and morphology of (mPDA)(MA),.1Pbulsn+1 (n = 1-6, nominal composition)
perovskite films are suitable for use in solar cell devices but the film formation behavior

is different from that of currently known 2D perovskite iodides.
Results and Discussions
Single crystal growth

Single crystals of (MPDA)(MA),.1Pbulsn1 (n=1, 2, 3) were grown using a step-cooling

method as reported previously to avoid the precipitation of non-perovskite light-yellow
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46-48

phase. In this method, after everything is dissolved in the solution under heating to
a boil, the solution temperature is first lowered to 120°C, which is right below the
boiling point of HI (127°C), so that only the desired 2D perovskite phases can grow.
Suitable stoichiometric ratios of PbO and MACI, and sub-stoichiometric ratio of mPDA
were dissolved in HI solution for the desired layer-number (n =2 and 3). For n=1, it is
difficult to obtain high quality single crystals directly from HI solution because of the
low solubility. Instead, we found that n = 1 chloride perovskite can be easily grown
from HCI as (mPDA)PbCly and then be redissolved in HI** giving high quality

(mPDA)PbI, crystals. The color of the crystals varies from orange (n=1) to red (n =2)

to dark red (n = 3), as shown in Figure S1.

The precise crystal structures of (MPDA)MA,,.iPbyls,i; (n =1, 2, 3), shown in Figure
1, were determined using single-crystal X-ray diffraction. Selected crystallographic
data and structural refinements for all compounds reported here are listed in Table 1,
with more detailed crystallographic data provided in the Tables 2-3. The compounds
were refined in the noncentrosymmetric monoclinic space group (Cc) for n=1 and 2,
and noncentrosymmetric orthorhombic space group (Pmc2;) for n = 3. The successful
synthesis of the desired n member was further confirmed by powder X-ray diffraction
(PXRD), as shown in Figure 2a, and the number of the low-angle peaks below 20 =
14° is consistent with the expected layer-number. The characteristic diffraction peaks
forn=1, 2, and 3 crystals match well with calculated PXRD, as shown in Figure 2b-

d.



The n = 1 structure is highly distorted (Figure 1a) and the inorganic layers ar slightly
offset, with a layer shift factor of (0.11, 0.12). In an ideal cubic structure, the four
adjacent Pb atoms in a plane form a square. In lower symmetry (tetragonal or
orthorhombic) structures, two opposite edges of the square are “pulled-in” and the other
two are “pushed-out”. From the top view, we can see rhombus-shaped voids, such as in
the structures of n = 2 and 3 (Figure lb, c¢). However, for the n = 1 structure, two
adjacent edges are “pushed-out” and the other two are “pulled-in”, so from the top view,
trapezoid-shaped voids are observed. The Pb atoms are off-centered in the octahedra
and the I-Pb-I angle deviate significantly from 90°. The deformation of octahedra can
also be seen from the values of bond angle variance (o) calculated by the expression,
o? = Y2 (86; —90)2/11, where 6; is the individual I-Pb-I bond angle. The bond
angle variance values for n = 1, 2 and 3 structures are 234.2, 1.1 and 3.0, respectively.
The large o value for the n = 1 phase originates from the significant deviation of the
Pb-1-Pb angles from 90°. This is probably because the aromatic dication spacer is
very short and rigid, all the atoms must stay on the same plane except for the Hs on the
amino groups that can rotate. It has been reported that some cations cannot form n = 1
perovskite by itself because the size is too small to template the 2D structure, but they
can form more proper multilayer 2D perovskites with MA inside the cage.”” We can
calculate the lattice mismatch by the difference of the adjacent Pb-Pb distance of the
2D structures with that of the standard MAPbI;.>° By comparison to other DJ and RP
phases, mPDA (n=1) has both the largest mismatch with 3D MAPbI; and largest in-

plane anisotropy (Table 4), which caused large distortion and strain in the structure. By
;



contrast, in the multilayer structures some of this strain can be relieved to an extent
because of the templating effect of the A-site cation MA. The n = 1 phase has a much
smaller adjacent Pb'*"Pb distance than the 3D MAPbI; When the MA cation is added
to the cage to form the multilayer phases, it will expand the cage the adjacent Pb**Pb
distance also increases, so the lattice mismatch between the inorganic and organic
layers decreases, which helps to relieve the strain. But the trend remains that the mPDA
compounds exhibit the largest lattice mismatch. The anisotropy of the structure,
calculated by [Pb;—Pbs - Pb;—Pbs] /[(Pb;—Pbs+ Pb,—Pbs)/2], is also shown in Table 4.
The mPDA compounds exhibit a larger anisotropy compared to the others, which
originates from the irregular tilting of the Pb-I-Pb bonds (discussed above). All
structures become more isotropic with increasing number of layers, as they become
more like 3D MAPDI;. The adjacent organic spacer cations adopt a tilted conformation

in the n = 1 structure (Figure 1a).

For n =2 and 3, the inorganic layers with corner-sharing octahedra stack exactly on top
of each other, with layer shift factor of (0, 0),”' so they belong to the DJ structural class.
The octahedra are separated by the fully ordered mPDA cations. This is different from
most aromatic spacer cations that are usually disordered,” and the cations need to be
refined with restraints of bond lengths and bond angles. The mPDA rings are parallel
to the stacking direction and adjacent cations adopt a face-to-edge configuration, which

is also seen in the AMPY series.”® As shown in Figure 1d, the amino groups are



pointing to the right and front, leading to a net dipole moment in the structure that

results in the noncentrosymmetric space groups.

For 2D perovskites, the interlayer space between inorganic slabs plays a crucial role for
electronic band structure of 2D materials and in turn for the out-of-plane charge
transport. It has been shown that small interlayer distance can lead to a weak but notable
electronic interaction across the interlayer and give rise to a small band dispersion in

the stacking direction.”>*"

The compact cation results in very short non-bonding I"*1
distance of 4.04 A and 3.99 A for n = 2 and 3 structures, respectively. This short I---I
distance between the inorganic layers is expected to be beneficial for carrier transport.
The penetration depth, defined by the distance between the amino group and the plane
crossing the terminal iodine atoms, is 0.238 (0.349) A, 0.404 (0.441) A and 0.442 A for
the n = 1- 3 phases, respectively, which is smaller compared to other DJ phases such as
(XAMP)(MA),.1Pbylsns; and (XAMPY)(MA),.1Pbylsnii. This is because the primary

amino group is connected to an alkyl linker and is free to rotate, but those of mPDA is

rigid, which limits the penetration depth in the (MPDA)(MA),.1Pbalsq+1 series.

Even though the octahedra in n = 2 and 3 structures are not as distorted as n = 1, they
are still highly tilted, especially in the in-plane direction, which can be seen from the
small Pb-I-Pb angles. The Pb-I-Pb angle can be further categorized into the equatorial
angle which is parallel to the layer and the axial angle which is perpendicular to the
inorganic layer. For n =2 and 3 structures, the axial angles are close to 180°, while the

equatorial angles deviate strongly from 180°. So, the average Pb-I-Pb angle is one of



the smallest among the reported structures of the same layer-number (Figure 3). It is
an indication that the strain caused by lattice mismatch in the n=2 and 3 structures is

not relaxed as efficiently as in other DJ phases (Table 4).

Figure 1. Crystal structures of (MPDA)MA,..iPbul34+1, (a) n =1, (b) n=2 and (c¢) n=3,
(d) the zoom of the spacer part in (c).
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Figure 2. (a) Experimental PXRD patterns of (mPDA)MA,.iPbnlsn1 (n=1, 2, 3)
crystals. Calculated and experimental PXRD for the (mPDA)MA,,.iPbulsn:1, (b) n =1,
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Optical Properties and Electronic Structure Calculations

The absorption spectra of the (MPDA)MA,,.1Pbulzn (n = 1, 2, 3) exhibit high-energy
absorption edges and low-energy exciton peaks (Figure 4a). In our previous works, we
extracted the band gaps from the high-energy slope, which also matches the peak
positions of the steady-state photoluminescence (PL) spectra. In the case of
(mPDA)MA,,_Pb,lsn:1 (n = 1, 2, 3), however, since the slope is not very sharp, we
estimate the band gaps (E,) from the PL emission peaks (Figure 4b). The bandgaps
decrease with increasing layer thickness, from 2.42 eV, and 2.16 eV to 2.00 eV for the
n=1, 2, and 3 perovskites, respectively. The PL spectra were measured in a single point

from the crystal surfaces, as indicated in the photographs shown in Figure S2.

Comparing the band gap and PL trend of this series with those of other reported 2D
perovskites of the same layer-number, we find that the (mPDA)(MA)Pb,I; compound
shows higher band gap than (BA),(MA)Pb,l; (BA = butylammonium) and
(XAMP)(MA)Pb,I; (x = 3 and 4), Figure 4c. For the n=3 set, the PL emission energy
decreases as follows (mMPDA)(MA),Pbsl;p~ (BA)2(MA),Pbsl o > (4AMP)(MA),Pbsl;o >
(3AMP)(MA),Pbsl;, Figure 4d. It is known that the Pb-I-Pb angles directly influence
the band gap where smaller angles lead to less overlap of the Pb 6s and I 5p orbitals,
resulting in higher bang gap.”® >’ The average Pb-I-Pb angles for n = 2 and 3 phases
follow the trend that mPDA < 4AMP < BA< 3AMP, as shown in Figure 3a, b. In the
DJ phases, all the axial Pb-I-Pb angles are close to 180°, so the difference in the average
Pb-I-Pb angles mainly comes from the equatorial ones (Table 2). For the n=3

compounds, the band gaps follow the trend mPDA = BA> 4AMP > 3AMP, while for
13



both the equatorial and average Pb-I-Pb angles the trend is mPDA < 4AMP < BA <

3AMP, which suggests that the Pb—I—Pb bond angle is not the only determinant factor.

Previously, we suggested that close interlayer distances via I I interactions may result
in slight widening of the bandwidth in the stacking direction, through a superlattice
effect and concomitant small narrowing of band gap.*® > *® Across the DJ phases with
mPDA, 3AMP and 4AMP, the closest I---I interlayer distance of ~ 4 A is found with
mPDA compared to the longest of ~ 7 A for BA (see Figure 3c). The enhanced
electronic interaction across the interlayer in DJ phases indeed counterbalances the
effect of larger Pb-I-Pb angle distortions on the band gap.” For the DJ phases, all axial
Pb-1-Pb angles are close to 180° and the equatorial angles present main deviations from
180°. All DJ phases exhibit smaller equatorial Pb-I-Pb angles than the RP phases (BA
compound), but the 3AMP compounds still show the lowest band gap for both n = 2

and 3 thanks to sizeable superlattice effects related to short I--I interlayer distances.
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Figure 4. Optical properties of the (mPDA)MA,.;Pb,l3,+1 (n=1, 2, 3) perovskites
crystals. (a) Optical absorption spectra. (b) Steady state photoluminescence (PL)
spectra. Comparison of the PL spectra for the (¢c) n = 2 and (d) n = 3 2D perovskites
(mPDA)MA,..Pb,l3n+1,  (BAMP)(MA),.1Pbylsn+1, (4AMP)(MA),.1Pbolze,  and
(BA)2(MA),.1Pbyls,+1. (Note that the PL spectra of mPDA is bold so it can be seen when
overlapping with BA)

Electronic Structure Calculations

The band structures of the n = 2 and 3 compounds were obtained from density
functional theory (DFT) calculations using the experimental crystallographic structures.
The Generalized Gradient Approximation (GGA) with revised-Perdew-Burke-

58,59 : .
1" °” was used to describe the exchange-correlation term.

Ernzerhof (revPBE) functiona
Spin-orbit coupling (SOC) was included in its fully relativistic spin-DFT formalism.*

Additional corrections of the band gaps, using the revisited Slater half-occupation

15



technique in the so-called DFT-1/2 implementation®" %

, were performed and they
generally exhibit a similar trend as with revPBE (Figure S3, Table S1). More

computational details and results can be found in SI.

The band gaps of the DJ compounds are slightly indirect around the high-symmetry k
points (Y, X or Z) due to slight Rashba spinor splitting as a result of the
noncentrosymmetric nature of their space groups combined with the presence of giant
spin-orbit coupling (Figure 5). The calculated band gaps for the mPDAn=2andn=3
compounds are 0.92 eV and 0.86 eV, respectively, thus exhibiting a decreasing quantum
confinement effect consistent with experimental results (Figure 4a, b). It is well known
that DFT tends to underestimate the band gaps. Unlike the band structures of the
Ruddlesden-Popper (RP) phases (Figure 5e¢), which exhibit flat bands in the stacking
direction (I'-Y), the band structures of the DJ phases show clear band dispersions along
those directions in the Brillouin zone (Table 5). For instance, this can be seen in the
mPDA compounds along Y-My and I'-X directions of the Brillouin zone for n = 2 and
3, respectively (Figure 5a, b). This is related to the short interlayer distance, especially
when the closest I+ -1 distance is similar to the van der Waals radii, that can lead to inter-
layer electronic coupling across the layers, with anti-bonding character at the high

symmetry k-point.* *°

This should be beneficial to the charge transport along the
stacking direction even though the charge mobility is still expected to be much larger

in the in-plane direction (Table 5). The valence band maximum (VBM) mainly consists

of the hybridization between I S5p-orbitals and Pb 6s-orbitals , while the conduction

16



band minimum (CBM) is dominated by the Pb 6p-orbitals with a little contribution of
I 5p-orbitals (Figure S4), as expected from space group symmetries in 2D perovskites.'’
Since the I orbitals mainly contribute to the VBM, the close I---I distance leads to
stronger band dispersion in the VBM than in the CBM. The band dispersion increases
with increasing layer-number, as the materials becomes more 3D like. It is also worth
noting that unlike other aromatic cations, the molecular orbitals of the organic spacer
do not show up in the gap, which corresponds to a Type I quantum well structure in all
cases. The calculated effective masses of the electrons and holes in the in-plane
direction are shown in Table 5. The 3AMP compounds show the smallest effective
masses, comparable to those of the BA compounds, which can be attributed to their

large equatorial Pb-I-Pb angles close to 180°.

Comparing the band structures of (mPDA)(MA)Pb,I; with those of (3AMP)(MA)Pb:l;
(4AMP)(MA)Pb,I; and (BA),(MA)Pb:l;, we find that the DJ phases all show larger
band dispersion than the RP phase in the stacking direction (Table 5). The calculated
band gaps follow the experimental trend with E, (mPDA) > E, (4AMP) > E, (3AMP).
As discussed above, when the interlayer distances are similar, the Pb-I-Pb angle
distortion is the main factor that can influence the band gap. Since the mPDA compound
has the smallest Pb-I-Pb angle, followed by the 4AMP and then the 3AMP, the higher

distortion level leads to less overlap between the Pb and I orbitals, thus higher band gap.
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Figure 5. DFT calculations (with revPBE) of band structures for (mMPDA)MA,,.|Pbylsn+1
with n number of (a) n = 2, (b) n = 3, compared with the band structures of (c)
(3AMP)MAPD:I7, (d) (AAMP)MAPbD;I; and (e) (BA),MAPbD;I.

Film properties and solar cell devices

Although single phase sample of the higher members of the series (mMPDA)MA,.
1Pbnlsns (n=4-6) were not prepared in this work, thin films aiming at various 2D
perovskite compositions corresponding (mPDA)MA,, 1 Pb,l3,+1 (n=1-6) were fabricated
by dissolving stoichiometric ratios of the reactant precursors in N,N-
Dimethylformamide (DMF). All the n values discussed in this part correspond to
nominal or targeted values in thin films, but not necessarily to well defined layer-
numbers as in n=2,3 pure 2D perovskite single crystals. The optical absorption edges
of the resulting films shift rather quickly to higher wavelengths (Figure 6a). However,
the absorption peak characteristic of the n = 1 phase at 493 nm is also observed for
films of different nominal n numbers but its intensity is gradually decreased. This

18



indicates a co-existence of n=1 and 3D bulk phases in (mMPDA)MA,,.|Pb,I3,+1 (n = 2-6)
films because of a fast dynamical crystallization process. Moreover, our
crystallographic study of n=2 and n=3 crystals shows that strain accumulation is not
completely released for intermediate n values, as indicated by sizeable octahedral tilting
and lattice mismatch compared to other 2D phases (Table 4). It is therefore not totally

surprising that pure multilayered 2D phases are not favored in thin films.

The photoluminescence (PL) spectra of the films illuminated from the front side exhibit
two peaks, as shown in Figure 6b. The n = 1 emission located at 512 nm decreases its
intensity with increasing targeted n number of (mPDA)MA,,.iPb,l3,:41 (n = 2-6) films,
which is consistent with the decreased absorption intensity mentioned above and
suggests decreased fraction of the n =1 phase. The second emission peak is around 773
nm, which is associated with the 3D bulk phase. These observations indicate that
expected solution-casting of (MPDA)MA,,.iPb,l3,+1 (n = 2-6) films tend to yield mixed
phases of n =1 and 3D. The change in the precursor solution only tune the ratio between
those phases, but since there is no intermediate multilayer phases formed on the fim,
the absorption and PL spectra do not shift with the nominal “n” value. This is also
verified from XRD (Figure 6¢). The n = 1 phase can be observed for n < 4 films.
While for n =5 and 6 films, there is no distinct n = 1 diffraction peaks, which does not
preclude the existence of n = 1 phase, instead it suggests sufficiently coherent

crystallographic regions are not present in these films.

The SEM images of (mPDA)MA,,.;Pb,l3,+1 films indicate that the n = 1 film exhibits
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poor coverage because of randomly stacked plate crystals of the n=1 phase with grain
size of ~1-5 um, Figure S5. Although the higher n films show improved surface
coverage because the grain sizes of the n=1 phase which is present in them decrease to
~200-500-nm, we still observed severe phase separation with some long 2D plates
randomly interspersed within small grains. The above results are consistent with the
optical absorption spectroscopy observations that higher nominal n perovskite films

tend to form a mixed phase of n =1 2D and bulk 3D phases.

In addition, we investigated the light, heat, and humidity stability of (mPDA)MA,.
1Pbulsni1 (n = 1-6, nominal composition) films under the following conditions. The
continuous light illumination test was conducted in air (temperature 22 ‘C, humidity
35%) under standard 1 sun light intensity (AM 1.5G irradiation, 100 mW/cm?). The
long heating stability was conducted on a hot plate with temperature of 85 “C, which
placed in air (temperature 22 ‘C, humidity 35%). The high humidity stability was
conducted in a closed box with temperature of 22 “Cand humidity of 85%. All stability
tests were done with as-fabricated films without any encapsulation. The results are
shown in Figure S6, S7 and S8. The mixed films (n > 2) exhibit considerable heating
stability lasting for over 30 hours before thorough decomposition (Figure S6). For the
light stability, films with n > 2 kept black color until continuous illumination over 20
hours, film with n = 1 decomposed after 10 hours illumination (Figure S7). It is worth
noting that the higher nominal n members do not exhibit the best stability performance.

It is the middle members of n = 3 and 4 that exhibit the best stability. The films do not
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exhibit great stability under high humidity of 85% (Figure S8), and some new phases
form after 1 h. It is possible that the perovskite phase on the film interacts with the H,O
molecules and form a hydrate phase, since the 1,4PDA analogue is known to form the
hydrates. This suggests a sealed in the device architecture or encapsulation, but a full
undestaing and assessment of stability will requires considerably more optimization

future exploration.

The PXRD and optical results discussed above (Figure 6a-c) suggest that dissolving the
chemical precursors and then casting films of nominal n compositions does not give
rise to the pure targeted 2D phases themselves but rather a combination of 2D n=1 phase
and 3D MAPDI; in various fractions. Therefore, any solar cells prepared from the
solutions will reflect this property. In this context, we also evaluated the preliminary
photovoltaic performance of such films. Planar solar cells were fabricated with an
architecture of FTO/TiOa/perovskite/ spiro-OMeTAD/Au for (mPDA)MA,, 1 Pb,lsn1 (n
= 1-6) perovskite films. The efficiencies (PCEs) gradually increase from 0.01% to 6.16%
with increasing n number from 1 to 6 for (MPDA)MA,,_|Pb,l3,+1 (n = 1-6) perovskite
devices (Figure 6d, Table S2). The negligible photovoltaic outcome of devices with
low n values can be attributed to poor surface coverage and the light absorption
limitation of the wide band gap n = 1 phase. As the nominal n value increases, there is
beneficial generation and dissociation of charges, giving significant increases in the
short-circuit current density (Js) from 1.73 to 14.74 mA cm’ , open-circuit voltage (Vo)

from 0.03 to 0.82 V and fill factor (FF) from 0.23 to 0.51. The stability of the
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unencapsulated devices examined under ambient conditions environment (20 °C,
humidity of 40 RH%) was improved compared to the unencapsulated films. Devices
with nominal n = 6 showed better stability than lower n value, as shown in Figure S9.
This can be ascribed to poor film quality for the lower n film, where the large amount

of grain boundaries accelerates moisture attack.
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Figure 6. Film properties of (mMPDA)MA,,_1Pb,ls,¢1 (n = 1-6), (a) UV-Vis absorption
spectra, (b) steady-state PL spectra, the first peak at 512 nm showing the n =1 phase,
the second emission peak at 773 nm showing the 3D bulk phase. (¢) PXRD patterns,
and (d) J-V cures of devices.

Conclusions
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We have shown new series of 2D perovskites of (mMPDA)MA,..iPbplsni (n =1, 2, and
3) with the DJ type structures. The short aromatic spacer cation of mPDA influences
the structure and properties of 2D perovskite. The Pb—I—Pb angles of the (mPDA)MA,..
1Pbulsne1 (n = 2 and 3) are among the smallest observed because of large octahedral
tilting compared with the other 3AMP, 4AMP and BA series. Therefore, the
(mPDA)MA,,.1Pb,l3,:1 (n = 2 and 3) series show larger band gaps than the other DJ
structures. This is despite the fact that they show very close - -1 interlayer distances
imposed by the compact size of the spacer cation. The analysis suggests that the mPDA-
based series have suitable properties for optoelectronic devices. Interestingly, the film
growth properties of this class are different from those of the AMP and AMPY based
series. Solutions of nominal composition (MPDA)MA,,_|Pb,lsn¢1 (n = 1-6) give films
that are composed of with n = 1 2D and 3D MAPbDI;. These results suggest that
dissolving the precursors and casting films of nominal compositions cannot guarantee
formation of the desired 2D perovskite pure phases. For n > 1, strain accumulation in
the perovskite lattice is one of the possible mechanisms to explain why the multilayer
2D phases cannot form in thin films, but a mixture of, 2D n=1 and 3D phases is favored
instead. By comparison, multilayer BA-based RP and 4AMP-based DJ phases with
reduced internal strain in n>2 phases,’® can be obtained in the thin films . This indicates
the importance of precise structural investigations by single crystal X-ray
crystallography to understand the bonding details and interplay between the organic
and inorganic components in these hybrid systems. The study also suggests that it is

important to investigate many different organic spacer cations in the DJ class of
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perovskites to complete the emerging picture of structure-property relationships.

Experimental Section

Materials. Lead oxide (PbO, 99%), methylamine hydrochloride (CH3NH;Cl, 99%),
hydriodic acid (HI, 57 wt % in H,0O), hypophosphorous acid (H;PO,, 50 wt % in H,O)
and m-Phenylenediammonium were used as received from Sigma-Aldrich without
further purification. N, N-dimethylformamide (DMF, anhydrous, 99.8%), Dimethyl
sulfoxide (DMSO), TiCl; were purchased from National drug group chemical reagents
Co., Ltd., Lead iodide (Pbl, 99.99%), methylammoium iodide (CH;NH;3I) were

purchased from Xi’an Polymer Light Technology Corp.

Synthesis of (mPDA)(MA),-1Pb,I3,+1. For n = 1, an amount of 446.4 mg (2 mmol) of
99.9% PbO powder was dissolved in 3 mL of hydrochloric acid and 1 mL of
hypophosphorous acid solution by heating under stirring for 5—10 min at ~200 °C until
the solution turned clear. Then 64.9 mg (0.6 mmol) of mPDA were added directly to
the above solution under heating and stirring until dissolve totally. White plate-like
crystals precipitate of (mPDA)PbCls were obtained when cooling to 120 °C. Then the
white powder (mPDA)PbCl, was separated and added into 3 mL of hydroiodic acid and
I mL of hypophosphorous acid solution and the hot plate was heated at 200 °C until the
crystals were dissolved. Then the temperature was cooled to 120 °C, orange plate-like
crystals of (mPDA)Pbl, were obtained. The product was isolated by suction filtration

followed by drying on the filtration funnel for 30 min. Yield: 368 mg (22.3% based on
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total Pb content).

For n = 2, an amount of 446.4 mg (2 mmol) of 99.9% PbO powder was dissolved in 3
mL of hydroiodic acid and 1 mL of hypophosphorous acid solution by heating under
stirring for 5-10 min at 200 °C until the solution turned clear bright yellow. The 67.7
mg (1 mmol) of methylammonium chloride (MACI) and 64.9 mg (0.6 mmol) of mPDA
were added directly to the above solution under heating and stirring until dissolved
totally. Then the temperature was lowered to 120 °C and red plate-like crystals
precipitated. The product was isolated by suction filtration followed by drying under

vacuum for 30 min. Yield: 418 mg (39.3% based on total Pb content).

For n=3, an amount of 669 mg (3 mmol) of 99.9% PbO powder was dissolved in 5 mL
of hydroiodic acid and 1 mL of hypophosphorous acid solution by heating under stirring
for 5-10 min at 200 °C until the solution turned clear bright yellow. 135.4 mg (2 mmol)
of methylammonium chlorine (MACI) and 77.9 mg (0.6 mmol) of mPDA were added
directly to the above solution under heating and stirring until dissolved totally. Then the
temperature was cooled to 120 °C, and dark red crystals precipitated. The product was
isolated by suction filtration followed by drying on the filtration funnel for 30 min.

Yield: 469 mg (36.1% based on total Pb content).

Crystal Materials Characterization. Single-crystal X-ray diffraction experiments
were performed using a STOE IPDS II or IPDS 2T diffractometer with Mo Ko radiation
(A = 0.71073 A) and operating at 50 kV and 40 mA. Integration and numerical

absorption corrections were performed using the X-AREA, X-RED, and X-SHAPE
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programs. The structures were solved by charge flipping and refined by full-matrix
least-squares on F2 using the Jana2006 package. The PLATON software46 was used to
identify the twinning domains and validate the space groups of the compounds. Powder
X-ray diffraction measurements were carried out on a Rigaku MiniFlex600 X-ray
diffractometer (Cu Ka radiation, A = 1.5406 A) operating at 40 kV and 15 mA. Optical
diffuse reflectance measurements were performed using a Shimadzu UV-3600 UV-vis-
NIR spectrometer operating in the 200-1000 nm region using BaSO, as the reference
of 100% reflectance. The band gap of the material was estimated by converting
reflectance to absorption according to the Kubelka-Munk equation: /S = (1-R)*(2R) ",
where R is the reflectance and o and S are the absorption and scattering coefficients,
respectively. Steady-state PL spectra were tested by HORIBA LabRAM HR Evolution

confocal RAMAN microscope with 473 nm laser.

Solar Cell Device Fabrication. The FTO-coated glass substrates (Pilkington, 15 Qsq ")
were cleaned by ultrasonic bath sequentially with acetone, ethyl alcohol, and deionized
water for 15 min respectively, followed by a 15 min UV Ozone treatment. The
electronic transport layer of TiO, was prepared by chemical bath deposition with the
clean substrate immersed in a 0.2 M TiCl, aqueous solution with the at 70 °C for 1 h.
Before the perovskite films preparation, the cleaned FTO/TiO; substrates were exposed
to ultraviolet light and ozone for 10 min. Precursor solutions were made by mixing
mPDAI,, MAI and Pbl, in stoichiometric ratio with the formula of (mMPDA)MA,.

1Pbulsni1 (n = 1-6). Then an appropriate amount of (mPDA)MA,_iPb,l3m+1 (n = 3)
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precursor solution was dropped on the TiO; surface and spin-casted at a low speed of
500 rpm for 3 s followed by a high speed of 4000 rpm for 60 s, and at ca. 45 s before
the end of the last spin-coating step, 300 puL of chlorobenzene solvent was dropped onto
the substrate. Then films were annealed at 100°C for 10 min. The spiro-MeOTAD
solution was prepared by dissolving 72.3 mg of spiro-MeOTAD in 1 ml of
chlorobenzene, to which 28.8 pl of 4-tert-butylpyridine and 17.5 ul of
lithiumbis(trifluoromethanesulfonyl)imide(Li-TFSI) solution (520 mg LI-TSFI in 1 ml
acetonitrile, Sigma-Aldrich, 99.8%) were added. The spiro-MeOTAD solution was spin
coated on perovskite films with the speed of 5000 rpm for 30 s. At last, 80 nm Au was

evaporated. The active area of the device was 0.09 cm”.

Thin Film and Solar Cell Device Characterization. SEM images were characterized
by SEM (FE-SEM; SU-8020, Hitachi) at an acceleration voltage of 3 kV. UV—visible
absorption spectra were acquired on a PerkinElmer UV-Lambda 950 instrument.
Steady-state photoluminescence (PL) (excitation at 510 nm, front-side excitation) and
time-resolved photoluminescence (TRPL) (excitation at 510 nm, front-side excitation)
were measured with a PicoQuant FT-300. Film XRD were carried out in a 6260
configuration with a scanning interval of 20 between 3° and 60° on a Rigaku Smart Lab
(X-ray Source: Cu Ka; A = 1.54 A). Film TG measurement was conducted by
thermoanalyzer systems from 20-500 °C. The J—V cures were collected in air without
any encapsulation using a Keithley 2400 source meter under simulated AM 1.5G

irradiation (100 mW/cm®) generated by a standard solar simulator. The light intensity
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was calibrated by using an NREL-certified monocrystalline Si reference cell to reduce

the spectral mismatch.
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Table 1. Crystal and Refinement Data for (mPDA)(MA),.1Pbulsnii (n = 1-3).

Crystal system
Space group

Unit cell dimensions

Volume
Z
Density (calculated)

Index ranges

Independent reflections
Completeness to 6 =
25°

Data / restraints /
parameters
Goodness-of-fit

Final R indices
[1>20(1)]

R indices [all data]

Largest diff. peak and
hole

(mPDA)Pbl,4
monoclinic

Cc

a=21.727(3) A
b=19.3607(8) A
c=7.9858(11) A
B =105.885(10)°
1562.1(3) A’

4

3.5078 g/cm’
-27<=h<=29
-12<=k<=12
-10<=1<=10
2948 [Rin =0.1]

100%

2948 /18 /75

3.81

Rops = 0.1221
WRGps = 0.1357
Rau = 01692
WRau =0.1388

12.54 and -6.40 e- A"

(mPDA)(MA)Pbl;
monoclinic

Cc

a=34.682(3) A
b=28.8518(9) A
c=8.7227(7) A

B =104.491(6)°
2592.6(4) A’

4

3.7018 g/cm’
-47<=h<=47
-12<=k<=12
-11<=I<=10

4480 [Rin = 0.0648]

99%

4480 /15/ 115

4.12

Rops = 0.0487
WRGps = 0.0728
Rau =0.0666
WRau =0.0739

1.81 and -2.99 ¢-A°

(mPDA)(MA)sz3110
orthorhombic
P mc21

a=23.118(5) A
b = 8.8462(18) A
¢ =8.7530(18) A

1790.0(6) A*

2

3.8273 g/em’
-30<=h<=31
-12<=k<=12
-12<=1<=11

3110 [Rine = 0.0611]

97%

3110/8/86

1.53

Rops = 0.0353
WRps = 0.0306
Rau = 00448
WRau =0.0314

0.85 and -0.77 e- A"
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Table 2. Summary of Pb-I-Pb Bond Angles.

Label Angles (°) Label Angles (°) Label Angles (°)
Pb(1)-1(4)-Pb(1)
1 144.4(2) Pb(1)-I(1)-Pb(1)#10  152.96(17) Pb(1)-I(1)-Pb(1)#8 155.47(8)
Pb(1)-1(5)-Pb(1)
7 143.2(3) Pb(1)-1(2)-Pb(1)#4 152.51(16) Pb(1)-1(2)-Pb(1)#9 157.72(7)
Pb(2)-1(3)-Pb(2)#4 152.18(15) Pb(2)-1(3)-Pb(2)#10  153.74(5)
Pb(2)-1(4)-Pb(2)#10  151.93(16) Pb(2)-1(4)-Pb(2)#11  153.15(5)
Pb(1)-1(6)-Pb(2) 179.85(17) Pb(1)-1(5)-Pb(2) 179.24(13)
Axial Pb-I-Pb (°) 179.9 179.2
Ave equatorial
143.7 152.4 155.0
Pb-1-Pb (°)
Ave Pb-I-Pb (°) 143.7 157.9 159.9
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Table 3. Summary of Pb-I Bond Lengths.

(mPDA)Pbl, (mPDA)(MA)Pb;I, (mPDA)(MA),Pbsl;
Label Distances (A)  Label Distances (A)  Label Distances (A)
Ph(1)-I(1)#1  3.195(7) Pb(1)-I(1) 3.202(5) Pb(1)-I(1) 3.172(3)
Pb(1)-1(2) 3.197(7) Pb(1)-I(1)#1  3.198(5) Pb(1)-I(1)#1  3.166(2)
Pb(1)-1(4) 3.251(9) Pb(1)-1(2) 3.180(5) Pb(1)-1(2) 3.190(2)
Pb(1)-I(4)#2  3.230(8) Pb(1)-I(2)#2  3.208(5) Pb(1)-I2)#2  3.181(3)
Pb(1)-1(5) 3.235(9) Pb(1)-1(5) 3.059(5) Pb(1)-1(5) 3.1932(16)
Pb(1)-I(5)#3  3.229(9) Pb(1)-1(6) 3.320(7) Pb(1)-I(5)#3  3.1932(16)

Pb(2)-1(3) 3.194(5) Pb(2)-1(3) 3.187(2)
Pb(2)-I3)#2  3.213(5) Pb(2)-I3)#4  3.2311(17)
Pb(2)-1(4) 3.196(5) Pb(2)-1(4) 3.1658(17)
Pb(2)-I(4)#1  3.204(4) Pb(2)-I(4)#5 3.203(2)
Pb(2)-1(6) 3.242(7) Pb(2)-1(5) 3.2991(17)
Pb(2)-1(7) 3.129(4) Pb(2)-1(6) 3.0869(16)

38



Table 4 Summary of the lattice mismatch.

mPDA 3AMP? 4AMP? BA® %
Pb,-"Pb; 9.361 9.213 9.170 / 8.881 8.863
n=1 Pb,-Pbs 7.986 8.673 8.559/8.858 8.682
mismatch®” ** -2.5% +0.5% -0.3% -1.3%
anisotropy 14% 6% 7% 2%
Pb,-Pb; 8.852 8.861 8.844 8.947
n=2 Pb,-Pbs 8.723 8.858 8.841 8.859
mismatch -1.2% -0.4% -0.6% +0.7%
anisotropy 1.4% 0.0% 0.0% 1.0%
Pb,-Pb; 8.846 8.862 8.836 8.927
n=3 Pb,-Pbs 8.753 8.862 8.835 8.878
mismatch -1.1% -0.4% -0.7% +0.1%

anisotropy 1.1% 0.0% 0.0% 0.6%




Table 5. Summary of the electronic band structure calculations with revPBE.

Band Band dispersion * Effective mass (mo) °
Cation gap (eV) (meV)
VBM CBM my, m, U

=2 0.92 6 . 0.26 0.20 0.11
mPDA

n=3 0.86 67 79 0.19 0.17 0.09

n=2 0.93 1 <1 0.21 0.14 0.085
BA

n=3 0.70 | ! 0.14 0.12 0.066
o 2 0.66 53 55 0.22 0.18 0.10

n=3 0.69 ]7 45 0.18 0.16 0.08
3AMP n=>2 0.44 43 32 0.15 0.13 0.07

n=3 0.35 70 46 0.18 0.14 0.08

a. Band dispersion in the stacking direction

b. Average effective mass in the in-plane direction
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