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ABSTRACT: We report the growth and photophysical character-
ization of two polar hybrid lead halide phases, methylenedianiline
lead iodide and bromide, (MDA)Pb,I; and (MDA)Pb,Br,,
respectively. The phases crystallize in noncentrosymmetric space
group Fdd2, which produces a highly oriented molecular dipole
moment that gives rise to second harmonic generation (SHG)
upon excitation at 1064 nm. While both compositions are
isostructural, the size dependence of the SHG signal suggests
that the bromide exhibits a stronger phase-matching response
whereas the iodide exhibits a significantly weaker non-phase-
matching signal. Similarly, fluorescence from (MDA)Pb,Brg is
observed around 630 nm below 75 K whereas only very weak
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luminescence from (MDA)Pb,I, can be seen. We attribute the contrasting optical properties to differences in the character of the
halide sublattice and postulate that the increased polarizability of the iodide ions acts to screen the local dipole moment, effectively

reducing the local electric field in the crystals.

KEYWORDS: inorganic—organic hybrid, nonlinear optics, second harmonic generation, solid-state emission, polarizability

B INTRODUCTION

The past decade has seen numerous studies of hybrid metal
halide perovskites due to their high tolerance to defects,
solution processability, and optoelectronic properties,'~* with
the vast majority of attention focused on three-dimensional
structures, like that of CH;NH,Pbl;° While these phases
exhibit exceptional photovoltaic performance, their function-
ality can be largely attributed to the inorganic portion of the
hybrid,*™® with the organic molecules serving primarily as
structural building blocks. Attempts to introduce organic
moieties with optical properties in the more desirable visible
range have demonstrated that the increased size typically
required to achieve these properties results in crystal structures
with reduced dimensionality in the inorganic connectivity
through sheet and chain-like topologies.””™'* While the
reduced connectivity between the metals and ligands in these
phases makes them less attractive for photovoltaic applications,
in which high charge-carrier mobility is required, the ability to
precisely control the separation between the HOMO and
LUMO levels as well as the geometric shape of the molecules
offers a promising avenue for tailoring the functionality of
these materials.*' "¢

Herein, we investigate a pair of hybrids based on 4,4'-
methylenedianiline (C,3H,,N,, MDA), chosen for its strong
intrinsic dipole, in which the organic cations crystallize in a
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chevron-like pattern to create a strongly coherent dipole that
breaks the inversion symmetry of the structure to produce a
polar material. We report the structure for the novel material,
(MDA)Pb,Br, and compare it to that of the iodide analogue,
(MDA)Pb,];, first reported by Lemmerer and Billing.9 Weak
SHG activity is observed in both the iodide, (MDA)Pb,], and
the bromide, (MDA)Pb,Br,, confirming the assignment of a
polar space group, but neither exhibits strong luminescence at
room temperature. Upon cooling, polycrystalline powders of
the bromide exhibit an emission centered around 630 nm
while the iodide shows only very faint emission at the lowest
temperatures. Using density functional theory (DFT) calcu-
lations and temperature-dependent dielectric measurements,
we examine the role of localized vibrations from the organic
moieties in the luminescent lifetime and discuss the influence
of the lattice polarizability on the optical properties.
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B EXPERIMENTAL DETAILS

The organic precursors MDA-2HI and MDA-2HBr were first
prepared by dissolving 0.1 g (0.50 mmol) of MDA in § mL of
acetone; then 0.5 mL of 57 wt % (7.57 M) HI or 48 wt % (8.89 M)
HBr was then added, and the mixture was stirred to combine. This
solution was then transferred to a glass Petri dish and placed on a
warm hot plate to evaporate the solvent.

Crystals of (MDA)Pb,I; were grown following the procedure
reported by Lemmerer and Billings.” First, 0.1 g (0.22 mmol) of
lead(II) iodide [Pbl,, 99.9985% (metal basis), Alfa Aesar] and 0.055 g
(0.28 mmol) of 4,4'-methylenedianiline (MDA, 97%, Sigma-Aldrich)
were dissolved separately in 3 and S mL of hydroiodic acid [HI, §7 wt
% (stabilized), Sigma Alrdich] in 2 and 8 dram scintillation vials,
respectively. Each solution was stirred continuously while being
heated to 110 °C in an aluminum bead bath placed atop a hot plate.

Once the solids were fully dissolved, the solution of lead iodide was
added to that of the MDA, and the mixture was stirred while
continuing to be heated. The solution was allowed to cool naturally to
room temperature within the bead bath to encourage crystallization.
The resulting crystals were subsequently collected via vacuum
filtration and rinsed thoroughly with diethyl ether [>98% (stabilized),
VWR]. Samples were stored in a desiccator or Ar-filled glovebox to
minimize degradation due to atmospheric exposure.

The synthesis of (MDA)Pb,Br, was adapted from that of the
iodide with substitution of lead(II) bromide [PbBr,, 99.998% (metal
basis), Alfa Aesar] and hydrobromic acid (HBr, 48 wt %, VWR). In
contrast to the iodide, cooling to room temperature did not result in
crystallization; therefore, diethyl ether was layered on top at room
temperature, and the mixture was allowed to sit for at least 24 h.
Attempts to make the chloride analogue did not yield an isostructural
product and instead resulted in a slightly different polymorph that will
be the subject of a later publication.

X-ray powder diffraction (XRD) was used to confirm the purity and
composition of (MDA)Pb,]; and (MDA)Pb,Br,. Samples were
ground using an agate mortar and pestle and characterized with a
Bruker D8 Advance powder diffractometer equipped with a Cu Ka
radiation source and a LynxEye XET detector. Data was collected
from S° to 70° (26 angles) with a 0.02° step size and 1 s per step.
High-resolution synchrotron XRD data were collected using the mail-
in program at beamline 11-BM at the Advanced Photon Source
(APS), Argonne National Laboratory. Discrete detectors covering an
angular 26 range from —6° to 16° were scanned over a 34° 26 range,
with data points collected every 0.001° 26 and a scan speed of 0.01
°/s. The resulting patterns were evaluated using Rietveld refinement
as implemented in TOPAS-Academic version 6'7 and GSAS-IL'®
Single-crystal data for (MDA)Pb,Brs were collected using a Bruker
APEX diffractometer with a CCD area detector. Diffuse reflectance
data were collected from 800 to 250 nm using a PerkinElmer Lambda
950 ultraviolet—visible—near-infrared spectrophotometer equipped
with a 150 mm integrating sphere to determine the onset of
absorption in powders diluted to 3 wt % in MgO and to approximate
the optical band gap using the Kubelka—Munk transform."”

Approximately 2 g of (MDA)Pb,I; and approximately 2 ¢
(MDA)Pb,Br, were ground and sieved into distinct particle size
ranges (<20, 20—45, 45—63, 63—75, 75—90, and 90—125 um) for the
phase matching experiment. The respective powders were transferred
to individual quartz tubes, and the tubes were sealed for measure-
ment. Relevant comparisons with known SHG-active materials were
made by grinding and sieving crystalline a-SiO, and potassium
dihydrogen phosphate (KDP) into the same particle size ranges. The
samples were excited using a Nd:YAG laser source with a 1064 nm
output. Any light emitted at 532 nm was amplified via a
photomultiplier tube and collected at a detector. No index matching
fluid was used in the experiment.

Photoluminescence spectra of (MDA)Pb,Br, and (MDA)Pb,I,
were collected using neat solid samples in a cryostat system as
described below. Each sample was sandwiched between two 1 mm
thick sapphire disks and excited with a 375 nm light-emitting diode.
Steady-state emission spectra were collected from 4 to 290 K using a

Photon Technology International QuantaMaster model C-60SE
spectrofluorimeter in tandem with a Janis model SHI-4-2 optical
He cryostat equipped with a Lakeshore model 335 temperature
controller. Excited-state lifetimes were evaluated from 4 to 150 K and
determined by the time-correlated single-photon counting method
(TCSPC) using an IBH Fluorocube instrument using a 372 nm
pulsed diode for the (MDA)Pb,Br, sample, whereas (MDA)Pb,I; was
not bright enough to evaluate its lifetime at any temperature.
Periodic DFT calculations were performed using the Vienna Ab
Initio Simulation Package (VASP),”°”* using the projector-
augmented wave method to describe the interaction between core
and valence electrons.”* The density of states and band diagram plots
were visualized using sumo.”® Pb 5d electrons were included in the
valence, and all pseudopotentials were scalar-relativistic. Due to the
size of the unit cells, the functional of Perdew, Burke, and Ernzerhof
adapted for solids (PBEsol)*® was used for geometrical relaxation,
while the functional of Heyd, Scuseria, and Ernzerhof (HSE06),>72®
with the explicit inclusion of spin—orbit coupling (HSE06+SOC), was
used for electronic structure calculations, including density of states
and electronic band structure, performed using the PBEsol-relaxed
structures. PBEsol and HSE06+SOC have been previously demon-
strated to be highly accurate in the prediction of structural and
electronic properties, respectively, of hybrid inorganic—organic
materials.”**° The total energies of both bromide and iodide
compounds were found to converge to within 1 meV per atom using a
plane wave energy cutoff of 400 eV and a I'-centered k-point mesh of
4 X 4 X 4. Geometry optimization was considered converged when
the forces on each atom fell below 0.01 eV A™', and the plane wave
cutoff was increased to 560 eV during relaxation to avoid Pulay stress.

B RESULTS AND DISCUSSION

The preparation described above yielded small yellow (iodide)
or white (bromide) needle-like crystals, which differ slightly
from those reported by Lemmerer and Billing for (MDA)-
Pb,l;, who noted their crystals adopted a plate-like habit.”
Rietveld refinement”' against synchrotron XRD scattering
from ground crystals, shown in panels a and b of Figure 1,
shows the bulk of the product is a highly pure single phase with
the refined parameters listed in Tables S2 and S3.

The structure of the hybrid crystallizes in noncentrosym-
metric space group Fdd2 (No. 43) and is illustrated from two
different perspectives in the insets of panels a and b of Figure
1. The fully inorganic region consists of edge-sharing chains of
lead-centered octahedra running along the c-axis with the
MDA cations positioned between them and held in place
through hydrogen bonding between the amine group and
iodide ions. Interestingly, the molecules adopt a chevron-like
configuration with the methylene bridge of each pointing in a
coherent fashion along the c-axis, parallel to the inorganic
chains, which creates an obvious macroscopic dipole running
throughout the material. Such an ordered dipole within a polar
space group should be expected to give rise to nonlinear
optical signals, which will be revisited in detail below.

The calculated densities of states (DOSs) for (MDA )Pb,Br,
and (MDA)Pb,],;, shown in Figure 2, reveal a contribution
from the lead halide octahedra to both the conduction and
valence band edges. The MDA cations make a greater energy
contribution to the valence band maximum in (MDA)Pb,Br,
than in (MDA)Pb,],. As expected, the band gap energy for the
bromide hybrid increases relative to that of the iodide hybrid
with a direct band gap of 3.54 eV in (MDA)Pb,Br, and a direct
band gap of 2.69 eV in (MDA)Pb,I,. The lead 6s and bromine
4p/iodine Sp orbitals in both materials are at the top of the
valence band, but the carbon 2p orbital is much closer to the
band edge in (MDA)Pb,Br,. The lead 6p orbital sits at the
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Figure 1. Results of the Rietveld refinement of the (a) (MDA)Pb,I,
and (b) (MDA)Pb,Brs structures against synchrotron X-ray
diffraction data collected on beamline 11-BM at Argonne National
Laboratory.

conduction band minimum with the carbon 2p orbital very
close to the band edge in both hybrids.

Diffuse reflectance spectra in the ultraviolet—visible range
were collected from powders of (MDA)Pb,l;, (MDA)Pb,Br,
Pbl,, PbBr,, MDA-2HI, and MDA-2HBr to examine their
optical properties. A Kubelka—Munk transformation was
applied to each data set to estimate the optical band gap of
each sample. Transforms for Pbl,, PbBr,, MDA-2HI, and
MDA-2HBr can be found in Figure S2. Figure 3 shows the
Kubelka—Munk transforms for (MDA)Pb,l; and (MDA)-
Pb,Brg along with insets of the bulk powder for each sample.
The band gaps for (MDA)Pb,I; and (MDA)Pb,Br, are 2.65
and 2.90 eV, respectively, as determined by a linear fit to the
onset of absorption. The absorption onsets for both Pbl, and
MDA-2HI were red-shifted compared to that of (MDA)Pb,],
whereas the absorption onsets for PbBr, and MDA-2HBr were
blue-shifted compared to that of (MDA)Pb,Br,.

(MDA)Pb,Bry emits weakly at 595 nm at 290 K and
strongly at 630 nm when cooled to 4 K (Figure 4), while
(MDA)PD,]; emits only very weakly at temperatures below 80
K. In addition to the overall peak shape, the temperature
dependencies of the principal emission band for bromide and
iodide compounds show similar behavior. (MDA)Pb,I, has an
emission maximum of 620 nm at 4 K with a red shift to 628
nm at 75 K. At temperatures of <40 K, there is a clear peak at
450 nm that can be attributed to free exciton emission in
(MDA)Pb,Bry. Figure S3 shows the complete emission profile
that includes spectra at more temperatures, and Figure S4
shows the emission profile of (MDA)Pb,l,.
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Figure 2. Density of states for (a) (MDA)Pb,I; and (b) (MDA)-
Pb,Br,.
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Figure 3. Kubelka—Munk transforms of (a) (MDA)Pb,I¢ and (b)
(MDA)Pb,Brg with photos of the powders inset.
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Figure 4. Variable-temperature emission of (MDA)Pb,Br, from 4 to

290 K. The inset shows the (MDA)Pb,Br; lifetime curve and fit from
10 to 90 K. Data were fit using a two-level model.

The lifetime data for (MDA)Pb,Br, show that at low
temperatures, the material is frozen into a state with a
markedly longer lifetime as seen in the inset of Figure 4. The
integrated intensities of the emission bands (replotted onto an
axis of inverse centimeters) are constant in the range of 10—90
K (Table S1). It is unlikely that the radiative and nonradiative
rates would have the same temperature dependence, so the
changes in lifetime in this temperature regime are due to a
decrease in the radiative rate at lower temperatures. Fitting of
the lifetime data to an Arrhenius model (Figure 4 inset) gives
an activation energy between the long- and short-lived states of
23 meV. Unfortunately, luminescence from (MDA)Pb,l, is too
weak to give accurate lifetime data, even at the lowest
temperatures. Above 100 K, a nonradiative decay process(es)
begins to compete with the radiative decay of the excited state,
and the luminance efficiency decreases continuously to a
photoluminescence quantum yield of <1% at room temper-
ature for both compounds.

The polar nature of the space group encouraged us to
investigate the nonlinear optical properties, which revealed
SHG activity for both halides. When compared with that of a-
Si0,, the SHG intensity of (MDA)Pb,I; is ~0.5 times as
strong in the range of <20 um, whereas the response for
(MDA)Pb,Bry is slightly larger in the range of 95—125 um,
with the iodide showing non-phase-matching behavior and the
bromide showing phase-matching behavior as shown in Figure
S. A comparison of the phase-matching performance of
(MDA)Pb,Bry with KDP is also shown in Figure SS. It is
curious, however, that despite what appears to be a substantial
well-aligned molecular dipole, neither (MDA)Pb,l; nor
(MDA)Pb,Br; displays a strong SHG intensity.

To better understand the polar nature of the material,
temperature-dependent capacitance measurements were per-
formed and are shown in Figure S1. The real part of the
capacitance for both samples follows the typical dependence
expected for a simple thermal contraction of the lattice upon
cooling, and it is notable that there are no peaks or significant
changes in slope, which rules out any ferroelectric transitions
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Figure S. SHG phase matching curves of (a) (MDA)Pb,I, and (b)
(MDA)Pb,Br; relative to a-SiO,.

below room temperature. More interestingly, there appears to
be a strong correlation between the evolution of luminescence
in the two phases and features in the dielectric loss. We
attribute this observation to a freezing of the rotation degrees
of freedom on the ammonium portion of the MDA cations as
previously described by Fabini et al.,””** which would suppress
a source of nonradiative quenching of the excited state and
allow the observation of luminescence.

Aside from the weak SHG, there are no signatures in the
dielectric properties to suggest that the ordered dipole on the
MDA molecules introduces any novel functionality, which is
somewhat surprising given the highly coherent alignment
within the structure. We, therefore, postulate that the
polarizability of the halide sublattice acts to screen the internal
electric field created by these dipoles.”* A recent report by
Shen et al. offers deeper insight into this phenomenon. Their
report on noncentrosymmetric morpholinium lead chloride
and bromide systems shows phase-matching SHG effects of
0.70 and 0.81 times KDP, respectively, which would seem to
contradict what is seen in the MDA hybrids.'> However, in
contrast to the materials we report, the dipole in their hybrids
primarily arises from the acentric coordination environment of
the metal halide octahedra. Therefore, while we believe the
local electric field on the MDA molecules serves to polarize the
charge cloud of the inorganic sublattice to produce a screening
effect, the dipole of the morpholinium compounds is actually
expected to increase in more polarizable lattices as this allows
for greater displacement of lead from the center of its
octahedra, in good agreement with their observations.
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While the dielectric constant was difficult to evaluate at
room temperature due to very high dielectric loss resulting
from non-negligible electrical conductivity through the pellet,
data collected at 2 K and 20 kHz indicate values of 11.0 and
8.3 for (MDA)Pb,Bry, and (MDA)Pb,],, respectively. This
supports the idea that the reduced polarizability of the
(MDA)Pb,Br; inhibits its ability to screen the internal electric
field and allows it to exhibit a stronger SHG response.”>*® This
finding provides a powerful materials design principle for
guiding the development of hybrids with polar or nonlinear
optical properties and points toward chloride- and fluoride-
based hybrids to ensure low electrical conductivity and small
screening of any resulting electric fields.

B CONCLUSION

In summary, we have demonstrated that (MDA)Pb,I; and
(MDA)Pb,Br, both adopt noncentrosymmetric structures and,
consequently, exhibit weak SHG activity. Counterintuitively,
the dielectric constant of the iodide is weaker than that of the
bromide, and as a result, the iodide shows a weaker SHG
response. This behavior suggests that the increased polar-
izability of the iodide screens the ordered dipole on the MDA
molecules. While neither material exhibits a ferroelectric
transition, this trend in SHG activity may suggest that the
design of polar hybrids should focus on chloride-based phases
to maximize the attainable dipole moment.
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