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Abstract

Two-dimensional (2D) halide perovskites exhibit excellent potential for optoelectronics because
of their outstanding physical properties and structural diversity. White-light emission is one
property of 2D perovskites that originates from self-trapped excitons (STE) in the highly distorted
structures. The so-called (110)-oriented 2D perovskites are generally distorted and believed to be
good candidates for white-light emitting devices. Here, we report (110)-oriented 2D perovskites,
C4N2H12PbXs (X = 1, Br, Cl), templated by the small cyclic diammonium cation, 3-
aminopyrrolidine (3APr). Structural characterization by single-crystal X-ray diffraction reveals
that the distortion of the inorganic part of the structures is influenced by the stereochemical
conformation of the cation between the perovskite layers. The experimental bandgaps follow the
trend | < Br < Cl (2.56 eV, 3.29 eV, 3.85 eV, respectively). DFT calculations reveal a weak but
significant electronic band dispersion along the stacking axis, suggesting a non-negligible
interlayer electronic coupling caused by the short proximity of adjacent inorganic layers. The high
level of distortion results in the emergence of white-light emission, rarely seen in iodide
perovskites, as well as the bromide and chloride isostructural analogues, which provides perfect
platform to compare the broad emission mechanism for all three halides. The bromide and chloride
perovskites show longer lifetimes and higher color rendering index (CRI) (83 and 85), relevant to
solid-state lighting. Temperature-dependent PL measurements confirm that the broad emission
comes from different STE mechanism for different halides, with the peak broadening persisting

even at low temperature for the chloride compound.
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Introduction

Hybrid halide perovskites are remarkable emerging semiconductors that are being widely studied
as light-absorbers for solar cells,* lasers,*® and emitters for light emitting diodes (LEDs)’-®
because of their exceptional optical properties and high tunability.!%? After reaching power
conversion efficiencies (PCE) of 23% for solar cells in just a few years,!® perovskites have
achieved new record external quantum efficiencies (EQE) of 20% for LEDs in just four years.”®
In addition to the three-dimensional (3D) perovskites AMXs (A = Cs*, CHsNH3z* (MA), or

HC(NH.)." (FA); M = Ge?*, Sn?*, Pb?*; X=CI-, Br-, I-), two-dimensional (2D) perovskites have

further boosted this field because of their chemically adjustable structures and tunable bandgaps
which enable more stable solar cells***8 and new types of LEDs%?L. One of the most unanticipated
properties of the 2D perovskites is the room temperature emission of white light, which opens the
exciting prospect of understanding how white light can be generated and also possibilities of using
these materials for solid-state lighting applications. The general concept and appeal lie in utilizing
the structural diversity of two-dimensional (2D) perovskites to synthesize single-source white-
light emitters with desirable chromatic coordinates.?>?® 2D perovskites can be obtained by
chemically slicing the 3D perovskite lattice through different planes, giving (100)-, (110)- and
(111)-oriented perovskites.?® Since the report of 2D perovskites as white-light emitters by
Karunadasa and coworkers in 2014,222 several other 2D perovskites?>-2 31-% and even some
lower-dimensional metal halide hybrids®-*® have been demonstrated to exhibit white-light
emission at room temperature. The broad emission is associated with lattice distortion to generate
self-trapped excitons (STE), facilitated by the phonon-assisted emissive relaxation of the strongly
bound exciton resulting from quantum confinement.3% 4% The precise mechanism of action in these
materials is still under debate,?>?% 3! put it is generally accepted that it is strongly correlated to the
structural distortion of the perovskite layers in the ground state.

Among the most distorted 2D perovskites are the (110)-oriented members, which are relatively
uncommon.?’-3 This type of structure was first reported by Mitzi and co-workers, who described
tin based perovskites templated by the small iodoformamidinium (IFO) cation.** Other examples
of (110)-oriented Sn perovskites include (C(NH2)3)2Snls,***  a-(NH3zCsH1oNH3)Snls,** a-
(HA)Snls (HA = histammonium).*® For the Pb perovskites, examples include the (IFO).Pbl4*¢ and
(C(NH2)3)2Pbls,*?> 4748 which are the analogues of the Sn compounds, and (EDBE)PbX, (EDBE =
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2,2-(ethylenedioxy)bis(ethylammonium), X = 1, Br),”® (MEDA)PbBrs (MEDA = N
methylethane-1,2-diammonium),?? a-(DMEN)PbBrs (DMEN = 2-(dimethylamino)ethylamine),?®
(epz)PbBr;4 (epz = 1-ethylpiperazine),®” (CeH13N3)PbBra,*® CsH1:SN3PbBrs>° and C4H12N2PbCls,>
most of which are bromide perovskites. Another related emerging branch of corrugated perovskites
is the so-called (210)-oriented  series, [CH(NH2)2]J[C(NH2)3]Pbls®® 525  and
[CH(NH2)2][HSC(NH2)]Pbls®? , which also create highly distorted structures and exhibit
broadband emission. The extensive lattice distortion in (110)-oriented perovskite derives from the
need of the organic cations to pack efficiently within the pockets of the inorganic layers (gallery
space) and the soft malleable nature of the inorganic halide framework. In practice, the strongest
organic-inorganic interactions occur in the bromide perovskites where hydrogen bonding appears
to be the major structure-directing force. This is different from iodides, where hydrogen bonding
stabilization is weaker, and chlorides, where the inorganic lattice conformation is dominated by
strong ionic interactions. Because of this it is rare to find a cation that can template the same (110)-
oriented isostructural 2D perovskite for all three halides. Therefore, the opportunity is rare to study
optical response as a function of changes in the ionicity of the perovskite lattice structure with
different halides as well as the dielectric contrast between the inorganic and organic components.
30

In this paper, we report that 3-aminopyrrolidine (3APr) is a cation which permits the formation of
(110)-oriented 2D perovskites for all three halides, in the form of (3APr)PbXs (X =1, Br, Cl). We
find that all three closely related compounds exhibit broadband white-light emission at room
temperature. We further investigate the origin of the broad emission, by performing temperature-
dependent photoluminescence measurements and find that a different STE mechanism is

responsible for the observed broadband emission for each halide.

Experimental Section

Materials. PbO (99.9%), 3-aminopyrrolidine dihydrochloride (98%), hydroiodic acid (57 wt % in
H20, distilled, stabilized, 99.95%), hydrobromic acid (ACS reagent, 48 wt % in H.0),
hydrochloric acid (ACS reagent, 37 wt % in H20) and hypophosphorous acid solution (50 wt % in
H20) were purchased from Sigma-Aldrich and used as received.

Synthesis



(3APr)Pbls. PbO (1 mmol, 223.2 mg) powder was dissolved in a mixture of 1 mL of HI solution
and 0.2 mL of H3PO: solution under heating to boiling and vigorous stirring. 3-aminopyrrolidine
dihydrochloride (0.25 mmol, 39.75 mg) was added to the clear yellow solution with continuous
heating and stirring until the precipitate was dissolved again. Then the temperature was lowered
to 125 °C and kept constant until the orange crystals started to form. Further decrease of the
temperature to 75 °C resulted in the precipitation for most of the crystals, after which the hot plate
was turned off and the solution was left to cool to room temperature. After 30 min, the product
was isolated by suction filtration and dried on the filtration funnel for a further 30 min. Yield 106.0
mg, 52.8% based on the cation. Gradual decrease of the temperature and usage of sub-
stoichiometric ratio of the cation were to avoid the precipitation of undesired light-yellow phase.

(3APr)PbBrs. PbO (2 mmol, 446.4 mg) powder was dissolved in a mixture of 2.5 mL of HBr
solution and 0.5 mL of HsPO. solution under heating to boiling and vigorous stirring. 3-
aminopyrrolidine dihydrochloride (0.4 mmol, 63.6 mg) was added to the clear solution with
continuous heating and stirring until the precipitate was dissolved again. Then the heat was turned
off and thin transparent plate-shaped crystals started to form after slow evaporation of the solvent
for several days. Since no second phase was detected for the bromide analogue, there was no need
of gradual cooling. The product was isolated by suction filtration and dried on the filtration funnel
for a further 30 min. Yield 64.3 mg, 26.1% based on the cation. Sub-stoichiometric ratio of the
cation and diluted concentration were used to improve the quality of the crystals.

(3APr)PbCls. PbO (0.4 mmol, 89.3 mg) powder was dissolved in a mixture of 2.5 mL of HCI
solution and 0.5 mL of HsPO; solution under heating to boiling and vigorous stirring. 3-
aminopyrrolidine dihydrochloride (1.2 mmol, 190.8 mg) was added to the clear solution with
continuous heating and stirring until the precipitate was dissolved again. Then the heat was turned
off and thin transparent plate-shaped crystals started to form after slow evaporation of the solvent
for several days. Since no second phase was detected for the bromide analogue, there was no need
of gradual cooling. The product was isolated by suction filtration and dried on the filtration funnel
for a further 30 min. Yield 83.9 mg, 48.0% based on total Pb. Extra amount of the cation was
added to prevent the formation of PbCl..

Single-Crystal X-ray Diffraction. The compounds were collected either using a Bruker DUO or
Molly instrument with a Mo Ka IuS microfocus source (A =0.71073 A) with MX Optics at 298 K
for all three compounds and at 250 K for the bromide compound. The collected data were



integrated and applied with numerical absorption corrections using the APEX3 software. The
structures were solved by charge flipping and refined by full-matrix least-squares on F? using the
Jana 2006 package.>* The PLATON® software was used to validate the space groups of the
compounds.

Computational Details. First-principles calculations are based on density functional theory (DFT)
as implemented in the SIESTA package.’®>’ Calculations have been carried out on experimental
structures with the GGA functional in the revPBE form.%® Core electrons are described with
Troullier-Martins pseudopotentials.>® The valence wavefunctions are developed over double-{
polarized basis set of finite-range numerical pseudoatomic orbitals.®° In our calculations, spin-orbit
coupling is taken into account through the on-site approximation as proposed by Fernandez-
Seivane et al.%! In all cases, an energy cutoff of 150 Ry for real-space mesh size has been used.
The Brillouin zone of the I, Br and CI structures are sampled with 3x1x5, 5x1x3 and 5x1x3

Monkhorst-Pack k-grids, respectively.

Steady-State and Time-Resolved Photoluminescence. The samples were excited at 330 nm with
an optical parametric amplifier, which was pumped by a Ti:sapphire amplifier (Spectra-Physics)
with 800-nm output at 2 kHz repetition rate. Time-integrated and time-resolved
photoluminescence spectra were acquired with a CCD camera and a streak camera (Hamamatsu),
respectively. During the photoluminescence measurements, the samples were mounted in a closed-
cycle vacuum cryostat under a pressure below 107 Torr. A long pass filter of 370 nm was used

before the detection to remove the excitation light.



Results and Discussion

Crystal structures. All compounds reported here belong to the (110)-oriented class of perovskites.
They can be synthesized by direct combination of PbO and the cation source (3-aminopyrrolidine
dihydrochloride) in the corresponding concentrated hydrohalic acid as a solvent. The ratios of the
starting materials and the concentrations were varied because of the different solubilities of the
products, with detailed synthesis procedures listed in the experimental section.

The formation of the same type of (110)-oriented structures for all iodide, bromide and chloride
perovskites templated by the same cation is rare, because tolerance factors of the inorganic
framework to the same cation change for the different Pb-X bond lengths. However, when the
spacer cation is small, it is possible to satisfy the formability conditions for all three halides.?® The
Pb-I bond length is the longest among Pb-X and creates the largest space to accommodate the
cation. Besides, the electronegativity of iodine is the smallest among X, so the hydrogen bonding
strength of the iodine atoms with the N-H is the weakest. Therefore, the cation in the iodide
perovskite has the largest “freedom” to choose the most suitable conformation without a significant
energetic penalty. In the case of (3APr)Pbls, the preferable conformation has the pyrrolidine ring
lying perpendicular to the stacking axis (Figure 1). It is worth pointing out that the conformation
of the cation is identified directly by the electron density of the carbon and nitrogen atoms and is
refined without ambiguity. The iodide compound adopts the Pna2; space group, with all -NHx"
groups on the pyrrolidine ring pointing in the same direction, resulting in a polar non-
centrosymmetric space group. The alternative centrosymmetric space group Pnma was eliminated
because the mirror plane results in doubled (disordered) nitrogen atoms in the ring. The bromide
and chloride analogues adopt the centric P21/c space group, with the ring lying parallel to the
stacking axis. The two cations, related by the glide plane, have the pyrrolidine -NH2* groups
pointing in opposite directions, resulting in the centrosymmetric space group. We note that the
cation is chiral and the reagent we use in the synthesis is a racemic mixture. Because of the
existence of the glide planes, cations related by any sort of mirror must be enantiomers. So we can
infer that enantiomers are 50% R and 50% S, which make sense according to the starting materials
we used.

The unit-cell dimensions (Table 1) of the bromide and chloride compounds can be estimated by a

~ 2*x (x is the length of Pb-X bond), ¢ ~ v/2*a and the stacking axis b ~ 2*c +d (d is the spacing



between the inorganic planes). This rough estimation can provide the correct trend, but the values
may not be accurate because the X-Pb-X angles are not exactly orthogonal (see below). The a and
c axes are switched for the iodide compound, but the trend is similar except that the b axis is shorter
due to the different conformation of the cation. The closest interlayer halide-halide distances for
I-1, Br-Br and CI-Cl are 4.1353(30) A, 4.3227(23) A and 4.2202(27) A, respectively. The close X-
X distance may result in some X-X interaction and weak electronic coupling between the inorganic
layers (more discussion in the section of the electronic structure calculation below). The tightly
packed layers lead to distorted Pb-X bonds in order to tolerate the large geometric constraints
imposed by the large cation. Some Pb-X bonds are elongated, with the longest Pb-I, Pb-Br and Pb-
Cl bond lengths being 3.3540(12) A, 3.139(4) A and 3.010(2) A, respectively (Table S1). The X-
Pb-X angles are also expanded, with the largest X-Pb-X angles being close to 100° for all three
compounds (Table S2).

Here in, we calculated the mean distortion level of each octahedron in each compound (Table 2).
The bond length distortion is defined by equation (1),52® where d is the average Pb-X bond
distance and dy, are the six individual bond distances. Similarly, the bond angle variance®* (equation
(2), where 6; is the individual X—Pb—X angle) reflect the angle deviation from 90° of the non-

distorted structure.

12
sa= (5[ ®
a2 = Y12 (6; —90)2/11 (2)

All three compounds exhibit high degree of bond distortion and are more distorted than the more
commonly seen (100)-oriented 2D perovskites (Table 2). It has been argued that the broad PL
emission is associated with high level of distortion of the structure.?>2® In this context, the bond
length distortion for the iodide compound is larger than the other two because of the tighter packing
of the cation in the perovskite layer pockets, as a result of its distinctive stereochemical
conformation. The conformation of the ring lying perpendicular to the stacking axis requires more
space in the ac plane than in the cross-plane direction, so the Pb-I bonds along the perovskite plane
are the most distorted. In the case of the lower halide analogues the most distorted layer direction

is along the stacking axis, owing to the influence of extensive hydrogen bonding that stretches the



perovskite perpendicular to its natural expansion plane. This trend is more clearly shown as

discussed below.

Differential scanning calorimetry (DSC) (Figure S1) on the compounds in the temperature range
of 125 ~ 400 K shows that the bromide compound exhibits a phase transition at ~280 K. The
reconstructive character of the phase transition between the high and low temperature distortions
of the bromide structure is consistent with the first order heat flow anomaly measured by DSC.
Measurement of the crystal structure at 250 K (Figure S2) shows that the bromide structure at 250
K is similar to the iodide structure at 298 K, with the ring lying perpendicular to the stacking
direction, accompanied by a significant contraction of the b-axis and an expansion along the ac
plane (Table S3). Upon the phase transition, the inorganic part becomes more distorted to
accommodate the cation, with the Pb-Br distance along the a axis elongated to 3.40 A, which is
much longer than the Pb-Br bond length in the 3D structure (2.97 A). The bond length distortion
Ad (35.2x10*#) and the bond angle variance o2 (43.6) are also much larger than the values at room
temperature, which implies that the structure with perpendicular ring conformation is more

distorted than that with the parallel one.

The experimental powder X-ray diffraction (PXRD) patterns at room temperature match very well
with the calculated PXRD (Figure S3). At room temperature, the PXRD patterns of the bromide
and chloride compounds exhibit similar trends in the low angle ranges, with the bromide peaks
shifted to the lower 26 (because of larger d-spacing), emphasizing their structural similarity. The
first low angle peak in the powder patterns corresponds to the (0k0) planes in the crystal structure,
which reflect the length of the b axes in the unit cells. At room temperature, the bromide compound
has the longest b axis, followed by the chloride compound and then the iodide one. The difference
of the iodide pattern from the other two indicates the pronounced difference between the two

structure types.

Electronic structure calculations. We calculated the electronic band structures using DFT for
(BAPIr)PbX4 (X =1, Br, Cl) (Figure 2), using the experimentally determined crystal structures at
298 K. The calculated fundamental bandgaps for (3APr)Pbls, (3APr)PbBrs and (3APr)PbCl, are
1.71eV, 2.12 eV and 2.58 eV, respectively, which follow the experimental trend that Eqqy < Egr)
< Eg(c1) even though the actual numbers are underestimated by DFT. The valence band maximum

(VBM) consists of Pb s-orbitals and halide p-orbitals while the conduction band minimum (CBM)



is dominated by empty Pb p-orbitals (Figure S4—S6). Increasing halide electronegativity from I to
Clwould lower the VBM while keeping the CBM almost unchanged, thus increasing the bandgaps.
The band structures for the (110)-oriented 2D perovskites are similar to those of the (100)-oriented
ones, but it is worth pointing out that there are low but significant dispersions along the stacking
axes, as shown in the zoomed in pictures in Figure S7. The band dispersions are easier to observe
for the direct bandgap bromide and chloride compound, but they become more complicated for the
iodide compound because of the Rashba splitting effect arising from the simultaneous presence of
large spin-orbit coupling and the polarity of the crystal lattice.®® Here, the polar axis lies along the
c axis (the binary axis of the Pna2: structure), which is perpendicular to the stacking axis.
Therefore, an incomplete Rashba effect is expected with no splitting of the non-dispersive bands
marking the stacking. The fact that the splitting can be seen in two directions (Figure S7a) instead
of only one direction for the totally flat bands of the most commonly seen (100)-oriented 2D
perovskites'® % confirms the existence of dispersion. This comes from electronic coupling of
inorganic layers along the stacking axis because of the short halide-halide distances between the
inorganic layers. But since the inorganic layers are not stacking exactly on top of each other, the
interlayer electronic coupling also may show up in the band dispersion along the other two
directions. The band dispersion of this series is not as large as the (100)-oriented 2D perovskites
stacking on top of each other such as Dion-Jacobson phase with similar small distances between

the inorganic layers.t’

Optical properties. The absorption spectra of the compounds are shown in Figure 3a and their
optical properties are summarized in Table 3. The absorption spectra are similar to those of the
(100)-oriented 2D perovskite, all exhibiting a pronounced exciton peak and an absorption edge.
We estimate the bandgap by extrapolating the high-energy absorption edge to imaginary axis
parallel to the x axis where the absorption edge is interrupted by the low energy exciton peak.®%¢’
They exhibit the same trend as the calculated bandgaps that Egqy < Eg@n < Eg(ci).

The photoluminescence (PL) spectra of all the compounds exhibit a broadband feature spanning
across the entire visible range at room temperature (Figure 3b). The main emission peaks of the
PL spectra are summarized in Table 3, which show significant Stokes shift from their absorption
edge for the bromide and chloride compounds. White-light emission is associated with distorted
structures to generate self-trapped excitons (STE) (Figure 4a),?2?* 3! which is more commonly

seen in bromide and chloride perovskites??6 and very rare to be found in iodide perovskites.
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However, because the unique size of the cation, the generally distorted (110)-oriented structures
can be formed for all three halides. More importantly, it has been shown in the bromide structure
that the cation conformation lying perpendicular to the stacking axis needs more space inside the
gallery space than the parallel conformation, so the iodide structure is heavily distorted. The unique
size and conformation of the cation give rise to the highly distorted structure of the iodide
compound and result in the white-light emission at room temperature, more detailed mechanism
will be discussed below.

All three compounds exhibit relatively warm white-light emission, with Correlated Color
Temperature (CCT) below 4500 K. The chromaticity coordinates and CCT were obtained using
the ColorCalculator by OSRAM Sylvania, Inc, as shown in Figure 4b. Their coordinates (Table 3)
deviate from the white point (0.33, 0.33), because of the weak emission in the blue region and the
dominant contribution of the red emission region. The color rendering indexes (CRI) are relatively
high for all the compounds (Table 3), which provides high fidelity of the actual color. In general,
a source with a CRI above 70 would be considered acceptable for interior applications, whereas
that above 80 would be considered good and that above 90 is excellent.®® The high CRI values for
the bromide and chloride compounds (83 and 85, respectively) show significant potential for
further applications.

Mechanism Study by Temperature-dependent PL. To explore the mechanism of the broad
emission, we performed variable-temperature PL for all three compounds. The temperature-
dependent PL spectra for the iodide compound from 295 K to 5 K are shown in Figure 5a. At room
temperature, the PL spectrum is broad spanning from 1.73 eV to 2.61 eV (475 nm to 715 nm),
with the main peak centered at 2.29 eV (540 nm). At room temperature, the PL lifetime of the
whole spectrum range is fitted to a two-exponential decay, t= a; X e™ + a, X e*™2 + b, where T
1 and T2 correspond to the lifetimes of the fast and slow decays. The ratio of photons in each decay
can be calculated by Ph, = (a, X 1,)/(a; X T, + a, X 1), (X = 1, 2). Therefore, the average
lifetime can be defined by t,,; = Phy; X 11 + Ph; X T,, Which equals 0.53 ns, 1.72 ns and 1.01
ns for the iodide, bromide and chloride compounds, respectively (Table 3) and comparable to the
lifetimes of other 2D perovskite of the same halide.?3 25-26:37

As the temperature decreases, the main peak of the PL spectra of the iodide compound shifts to
higher energy, which later evolves into a distinct peak. The lifetime of the peak first increases to

0.96 ns at 235 K, followed by a decrease to 0.46 ns at 205 K as the high energy part starts to
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develop into a separate peak (Figure 5b). Therefore, the PL spectra are cut into two separate parts
of high energy free excitons (FE) peak (2.25 eV to 3.65 eV) and low energy self-trapped excitons
(STE) peak (1.48 eV to 2.25 eV) to get better fitting of the PL decay (Figure S8). Then the lifetime
of the STE increases again to a maximum of 4.61 ns at 55 K as the peak becomes more distinct,
while the lifetime of the FE keeps decreasing from 0.88 ns at 205 K to 0.31 ns at 5K. The self-
trapping depth can be estimated by the difference between the energy minimum of the FE and STE,
which is 0.53 eV, 0.81 eV and 1.05 eV for the iodide, bromide and chloride compounds,
respectively. This suggests that the iodide compound is the easiest one to trap and detrap (Figure
4a) so that the FE and STE are preserved through the entire explored temperature range. Note it is
possible that there are several STE states as shown in Figure 4a.

For the bromide compound, the main peak first shifts to lower energy upon decreasing to 115 K,
then shifts back to higher energy and becomes narrower (Figure 5c) with further decrease. The
lifetime of the main peak first increases to a maximum of 17.70 ns at 55 K (Figure 5d), then starts
to decrease as the sharp FE peak at 2.78 eV (446 nm) appears, which is more obviously seen in
Figure S12cd. Like the iodide perovskite, the PL spectra of the bromide compound are cut at 2.48
eV. Even though it is somewhat arbitrary at which temperature the spectrum may be deemed
separated, it generally gives better fitting of the PL decay after cutting (Figure S8-10). The lifetime
of the FE increases to a maximum of 2.06 ns at 5 K while the STE peak gradually decreases in
prominence. The STE dominates at high temperature because there is enough thermal energy
(higher than Eap) to exceed the barrier from FE to STE. As temperature decreases, the thermal
energy is becoming insufficient to overcome the barrier, so the intensity of the FE increases until
it dominates at 5 K, when very few excitons can cross the barrier to the STE states.

Unlike the iodide and bromide compounds, the STE emission dominates over the entire probed
temperature range for the chloride compound, and a shoulder of high energy FE can be more
clearly seen in Figure S13cd. The lifetimes of the chloride compound follow the same trend as the
bromide one, where the main peak lifetime first increases to a maximum of 19.59 ns at 115 K,
followed by a decrease as the FE peak shows up. This suggests that the trap-states are deeper for
the chloride compounds, possibly because of the larger energy of the associated phonons, and also
because it requires higher energy to detrap (Figure 4a), thus justifying the highest energy difference
between the FE and STE (1.05 eV).**
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Comparing the three compounds, they all have enough thermal energy to cross the barrier at room
temperature (ke T > Eap; ks = Boltzmann constant, T = 295 K), reaching the STE states (Figure
4a). As temperature decreases, the iodide compound first reaches the limit where the thermal
energy becomes insufficient to exceed the barrier, as indicated by the appearance of the FE peak,
then follows the bromide compound and then the chloride compound, suggesting that Etrap, 1 >
Etrap,8r > Etrap,c1. However, since the chloride compound has the largest self-trapping depth (1.05
eV), once the carriers get trapped, it is unlikely for them to detrap back to the FE states, making
the STE states dominating even at low temperature. While the self-trapping depth for the bromide
compound is moderate and that for the iodide compound is small, limited ratio of carriers may
detrap back to the FE states for the iodide perovskite, but it is less probable for the bromide

composition.

Conclusions

We have demonstrated that the small cation (3APr) templates the same (110)-oriented 2D
perovskites for all the three halides, (3APr)PbXs (X =1, Br, Cl). The unique size and shape of the
cation gives rise to the highly distorted structures because the flexible conformation of the organic
cation which can lie either parallel or perpendicular to the layer stacking axis. This results in the
emergence of white-light emission, rarely seen in iodide perovskites, as well as the bromide and
chloride isostructural analogues. The bromide and chloride compounds exhibit longer lifetime and
higher CRI values than the iodide one. The mechanism as studied by temperature-dependent PL
suggests that the broadband emission arises from the STE, where detrapping energy is the highest
for the chloride compound where STE dominates even at low temperature. Comparative studies of
white-light emission for all three isostructural halide perovskites as a set may advance the

understanding of the mechanism for white-light emission in 2D perovskites.
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Table 1. Crystal and Refinement Data for (3APr)PbXs (X = I, Br, CI)*

Compound (3APr)Pbl,4 (3APr)PbBr4 (3APr)PbCl4
Temperature 298 K 298 K 298 K
Crystal system orthorhombic monoclinic monoclinic
Space group Pna2, P2i/c P2i/c
_ a=6.242(4) A a=15.8860(2) A
Unit cell dimensions 12; = ;?(3)32((?) lg b=22.545(13) A b=217573(7) A
¢ =6.580(7) A c=9.236(5) A c=8.9772(3) A
B =94.648(13)° B=94.922(2)°
Volume 1414.5(16) A3 1295.5(13) A3 1145.41(7) A3
Z 4 4 4
Density (calculated) ~ 3.7705 g/cm? 3.1529 g/cm’ 2.535 g/em?
-14<=h<=14 -8<=h<=8 -8<=h<=8
Index ranges -30<=k<=30 -34<=k<=34 -30<=k<=30
-3<=1<=9 -12<=I<=13 -12<=1<=12

Independent
reflections

Completeness to 25°

Data / restraints /
parameters

Goodness-of-fit

Final R indices
[[>20(D)]

R indices [all data]

Largest diff. peak
and hole

1967 [R. = 0.057]

100%
1967/ 6/ 65
1.36

R, =0.0304
wR_, = 0.0402
R, =0.0377
wR_ =0.0410

3
0.91 and -0.67 e-A

2324 [R_ = 0.0848]

98%
2324/6/ 65
1.91

R, = 0.0402
wR_, = 0.0885
R, = 0.0598
wR_ =0.0898

3
1.30 and -1.08 e-A

2064 [R_ = 0.0408]

100%
2064 /6 /65
2.47

R, = 0.0397
wR_, =0.1018
R, =0.0421
wR_ =0.1023

3
1.61 and -2.14 e-A

"R = SIFo| — |Fell/Z[Fel, WR = {Z[W(Fof2 — [FR)ZV/ZIW(IF°F)Z and w = 1/(c%(1) + 0.000412).
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Table 2. Summary of Bond Length Distortions (Ad (x10#)) and Bond Angle Variance (¢?) for
Compounds Reported Here and in Literature

Structure Type Ad (x10%) o’
(3APr)Pbl4 "2x2" (110) 11.9 21.8
(3APr)PbBry "2x2" (110) 9.86 21.1
(3APr)PbCl4 "2x2" (110) 10.4 30.5
(EDBE)PbI,% "2x2" (110) 10.4 14.3
(EDBE)PbBr,= "2x2" (110) 13.7 23.9
(MEDA)PbBr4?? "2x2" (110) 10.8 24.5
o-(DMEN)PbBrs% "3x3" (110) 17.4 17.4
(BA):Pb145%¢ (100) 3.5 4.9
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Table 3. Room Temperature Data of the Optical Bandgaps, the PL Emission Center, the Energy
Difference between FE and STE, the Average PL Lifetime, the Full Width at Half-Maximum
(FWHM), the Commission International de I’Eclairage (CIE) Coordinates (x, y), the Correlated
Color Temperature (CCT) and the Color Rendering Index (CRI) of the Compounds Reported Here

PL emission FWHM

Compound Bandgap (eV) center (eV) E_E.. (eV)  Tavyg (NS) (meV) X y CCT CRI
(3APr)Pbls 2.56 2.29 0.53 0.53 670 0.40 047 4122 77
(3APr)PbBr4 3.29 2.10 0.81 1.72 743 043 045 3456 83
(3APr)PbCl4 3.85 2.01 1.05 1.01 702 0.47 0.45 2835 85
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Figure 1. Crystal structures for (3APr)PbXs (X =1, Br, Cl) at 298 K. (a) (3APr)Pbls (b)
(3APr)PbBr4 and (c) (3APr)PbCls.
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Figure 2. DFT calculations of band structures for (3APr)PbXs (X =1, Br, Cl). (a) (3APr)Pbls (b)
(3APr)PbBr4 and (c) (3APr)PbCls.
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Figure 3. (a) optical absorption spectra and (b) steady-state PL at room temperature for

(3APr)PbX, (X = 1, Br, CI).
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Figure 4. (a) Schematic comparison of self-trapping mechanism for (3APr)PbXs (X = I, Br, Cl).
Self-trapping (blue arrow) and detrapping (orange arrow) are shown only for the iodide perovskite
as an example (FE = free exciton, STE = self-trapped exciton, Ewap = energy for self-trapping,
Edetrap = €nergy for detrapping, self-trapping (ST) depth = energy difference between FE and STE).
(b) CIE color coordinates of (3APr)PbXs (X =1, Br, Cl) in 1931 color space chromaticity diagram.
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Figure 5. Temperature-dependent (5—295 K) steady-state PL spectra and average PL lifetimes for
the free excitons (FE) and self-trapped excitons (STE) of (a)(b) (3APr)Pbls, (c)(d) (3APr)PbBrs4
and (e)(f) (3APr)PbCls. Temperatures change from high to low for the spectra from top to
bottom, temperature interval as indicated by the x-axis on the right.
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