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ABSTRACT: Two-dimensional (2D) layered hybrid bromoplumbate perovskites are
promising candidates for solution-processed light-emitting materials. Here, we report
the synthesis and characterization of two novel layered bromoplumbates:
(4BrPhMA)2PbBr4 (1) and (4BrPhA)6Pb3Br12 (2), where 4BrPhMA is (4-
bromophenyl)methylammonium and 4BrPhA is (4-bromophenyl) ammonium.
Despite similar optical absorption, these materials show remarkably different
photoluminescence properties: 1 emits a narrow exciton band at ca. 395 nm with a
very small bandwidth (particularly at low temperatures of 15−50 K) and Stokes shift,
while 2 exhibits a broad emission at ca. 560 nm with a large Stokes shift, both at low
and ambient temperatures. However, under several kbar of hydrostatic pressure, the
broad emission diminishes and a new band reversibly develops at ca. 395 nm, similar
to that in 1. Our results emphasize organic layer flexibility as an important design
factor for this class of perovskite-like materials featuring broadband emission.

■ INTRODUCTION

Organic−inorganic hybrid lead halide perovskites have
attracted much attention since CH3NH3PbX3 (X: halide)
was used for the first time as light absorber for solar cells,
which presently reach conversion efficiencies of up to
22.7%.1−5 In addition to photovoltaic applications, hybrid
perovskites are potentially suitable for other optoelectronic and
photonic devices such as photodetectors, waveguides, lasers,
and light-emitting diodes.6,7 The optical and electrical
properties of these materials are mainly determined by the
dimensionality and geometry of their inorganic framework.
The organic cation, however, can modify this framework and
thereby alter and tune the optoelectronic characteristics.8,9 For
instance, alkyl or aryl ammonium cations usually lead to
formation of 2D layered perovskites with a general formula
A2PbX4 (A: monovalent organic cation, X: Cl, Br, and I),10−16

which consist of (001)-oriented lead halide semiconductor
sheets placed between organic insulating layers. The layered
configuration naturally results in 2D charge confinement.
Excitons confined in the inorganic layer demonstrate large
binding energies enhanced through a dielectric confinement
effect17 and display typical narrow-band free-exciton photo-
luminescence (PL).16,18 In contrast, a broad (in some cases
white-light), lower-energy emission has also been observed
recently for a few 2D layered lead halide systems.19−27

Although only moderate emission efficiencies have been
reported thus far, these systems have immediately attracted
attention, as white-light phosphors are rare.28 A general feature
of such lead halide perovskites is a “distorted”, e.g., (110)-

corrugated, arrangement of the inorganic layers, which
correlates with the emission properties.26 However, the
broad emission has also been observed at low temperatures
in the “usual” (001) lead halide systems.23,29

Here, we report the synthesis and characterization of two
new 2D layered perovskite compounds with structurally close
organic cations: (4BrPhMA)2PbBr4 (1) and (4BrPhA)6Pb3Br12
(2) (4BrPhMA: (4-bromophenyl) methylammonium, 4BrPhA:
(4-bromophenyl)ammonium, Figure 1a,b). These compounds
demonstrate that a small variation of the cation can result in
notably distinct organic−inorganic layer arrangements and
fundamentally different optical properties. 1 mainly displays
narrow violet emission due to free excitons, while 2 only shows
a broad, low-energy emission covering a large part of the visible
spectrum. Interestingly, the PL properties of 2 change
dramatically and reversibly under a few kbar hydrostatic
pressure: The broad emission blue shifts and strongly
diminishes, whereas the free exciton emission (similar to that
in 1) appears.
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■ RESULTS AND DISCUSSION
1 crystallizes in the centrosymmetric orthorhombic space
group Pccn. The crystal structure shows the usual 2D periodic
arrangement of single inorganic sheets formed by (001)-
oriented, corner sharing, quite regular PbBr6 octahedra and
separated by organic double layers (Figures 1c and S1 and
Table S1). However, 2 crystallizes in the centrosymmetric
monoclinic space group P21/c, and the crystal structure
consists of alternate double 4BrPhA layers and inorganic
single layers formed by slightly distorted octahedral PbBr6
units and capped octahedral PbBr7 units (Figures 1d and S2
and Table S2). Each PbBr6 unit (green polyhedra) is linked to
four PbBr7 units (pink polyhedra) in a corner-sharing fashion.
This arrangement is unusual and, to our knowledge, has not
been reported previously. Unit cell parameters for both
compounds are given in Table S3. The distinct coordination
patterns of the inorganic layers are reflected by the different
Raman spectra of 1 and 2 in the low-frequency region of ∼10−
90 cm−1 (Figure S3). This region of strong Raman signals is
associated with contributions of vibrational modes of PbBr
units.30 In comparison, the Raman spectra within ∼200−2000
cm−1, mostly contributed by the organic layers, look rather
similar (Figure S3).
The absorption spectra of both materials measured as

crystalline powders in an integrating sphere (Figure S4)
resemble those of the previously reported 2D lead bromide
perovskites.11,15,16,30 The bandgaps estimated from the onset
of absorption are 3.1 and 3.3 eV for 1 and 2, respectively.
Despite the similar absorption, 1 and 2 show strikingly

different PL (Figures 2 and S5−S9). Under UV photo-
excitation, 2 displays a broad (0.77 eV fwhm) visible emission

centered at 560 nm (2.21 eV) under ambient conditions. The
Commission Internationale de l’Eclairage (CIE) chromaticity
coordinates (0.38, 0.45) of this emission are depicted in Figure
S9 and show a larger contribution from the green region as
compared to white light. By decreasing the temperature down
to 16 K, the emission maximum slightly shifts to 568 nm and
the bandwidth reduces to 0.37 eV. Similar to 1, the PLE
spectra of 2 show a narrow band at the edge of absorption at
353/363 nm (3.51/3.42 eV) at 16/295 K, which may also be
attributed to excitons in the inorganic layer of 2. However, no
corresponding sharp excitonic emission (like A in 1, see below)
could be detected, indicating that this relaxation channel is
inefficient in 2. The PL quantum yield of the broad emission at
ambient temperature was determined as 1.5 and 3.2% when
excited at 330 and 370 nm, respectively. The former value
increases, however, to ∼50% below 100 K, as can be estimated
from the temperature dependence in Figure 2. Interestingly,
the PL lifetime of 2 dramatically depends on the temperature,
increasing from 10 ns at 295 K to 4.5 μs at 14 K (Figure S8).
In contrast, 1 emits violet light as a narrow band (denoted as

A in Figure 2) at about 395 nm (3.14 eV). A counterpart band
at the edge of the PL excitation (PLE) spectrum is also narrow
and overlaps the emission, demonstrating a very small Stokes
shift. These features become particularly sharp at low
temperatures: at T = 16 K the PLE and PL bands peak at
387.5 and 389.5 nm, respectively, corresponding to a Stokes
shift of ca. 15 meV. The emission line width (FWHM) at T ∼
15−50 K is about 2 nm (15 meV). Such a small line width,
measured on a powder sample, indicates a high degree of

Figure 1. Structures of (4-bromophenyl)methylammonium
(4BrPhMA) (a) and (4-bromophenyl)ammonium (4BrPhA) (b);
crystal structures of compounds 1 (4BrPhMA)2PbBr4 (c) and 2
(4BrPhA)6Pb3Br12 (d). Dark gray, yellow, blue, and light gray atoms
represent Pb, Br, N, and C, respectively. Green and pink polyhedra
correspond to PbBr6 and PbBr7 units, respectively.

Figure 2. Photoluminescence emission (PL) and excitation (PLE)
spectra of compounds 1 and 2 at low (16 K) and ambient (295 K)
temperatures. The PL/PLE spectra were excited/recorded at 330/392
nm (330/440 nm at 295 K) and 320/560 nm for 1 and 2,
respectively. The inserts show the relative integral PL intensity vs
temperature. The PLE spectra of 1 are vertically shifted for clarity.
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crystallinity. All these features are characteristic for free 2D
excitons which are photogenerated in the inorganic layers of 1.
This behavior is analogous to numerous other (100)-oriented
2D bromoplumbates.8,11,13,16,18 By increasing the temperature
to 295 K, the emission of 1 redshifts to ca. 395 nm, decreases
in the integral intensity by a factor of 5, and significantly
broadens up to ca. 150 meV (FWHM). We attribute the latter
to mostly inhomogeneous broadening. It is also evidenced by
changes in the shape of the exciton PL and PLE bands by
varying, respectively, the excitation and emission wavelengths
close to these bands. The PL quantum yield for 1 under
ambient conditions and excitation at 357 nm was determined
to be 2.1%.
Besides the major sharp emission A, 1 also shows a

vibronically structured band B at ∼480 nm (only observed
below ∼50 K) and a broad band C at ∼600 nm (especially
pronounced below ∼100 K). The absolute intensities of B and
C at T = 16 K are by a factor of 300−500 lower than that of A.
In contrast, the integral intensity of these broad emissions is
not negligible and amounts to ca. 15% of the value for the
sharp band A at 16 K. The PLE spectra corresponding to B and
C resemble that of A but demonstrate a strongly reduced
exciton band at the edge of absorption (Figure S5). Different
origins of A, B, and C are further evidenced by their decay
kinetics under pulsed UV laser excitation. As typical for free
exciton PL, emission A decays fast, within nanoseconds (both
at low and ambient temperatures), whereas C and B decay on
the time scale of a few and hundreds of microseconds,
respectively (Figure S7). Two frequencies of ∼1050 and 1550
cm−1 can be roughly estimated from the vibration progression
of B, indicating coupling to vibrations of the organic cation.
We tentatively assign emission B to triplet excitons in the
organic layer of 1. They may be generated either by UV
excitation of the organic cation or via energy transfer from the
inorganic layer. Emission C might have a similar origin as the
broad emission of 2 described above. Additional information
on the correlation between PL and structure can be delivered
by high pressure experiments. Figures 3 and S10 present PLE

and PL spectra of 1 and 2 measured at ambient temperature in
a diamond anvil cell up to ca. 20 and 30 kbar pressure,
respectively (for details see the Supporting Information).
Referring to high-pressure studies on comparable 2D hybrid
perovskites, no phase transition but only compression, mostly
of the organic layers, are expected under such relatively
moderate pressures.31 Both exciton PLE and PL bands of 1
demonstrate a moderate linear redshift of ca. -(5−6 meV/kbar)
up to 10 kbar (Figure S11). This shift is consistent with those
observed for other 2D and 3D perovskites in the low-pressure
regime. Emission broadening and a strong intensity decrease
accompany a further rise of pressure. The PL only recovers to
about 10% of the initial intensity after release of 19 kbar
pressure (Figure S10). This indicates structural degradation of
the inorganic layer in 1 under relatively moderate pressure. In
contrast, the broadband emission of 2 at 560 nm shows a linear
blueshift of as much as +45 meV/kbar up to 10 kbar pressure
(Figure S11) and thereby increases in intensity by a factor of
1.5. More interestingly, a further rise of pressure results in
reduction and flattening of the (blueshifted) broad emission
and development of a new PL band at ca. 395 nm. Its shift
under pressure follows that of the photoluminescence
excitation (PLE) exciton band which linearly redshifts at ca.
−4 meV/kbar up to 30.5 kbar (the highest pressure probed).
Consequently, the new PL band can be assigned to exciton
emission. Applying moderate hydrostatic pressure to 2
apparently strongly affects (elevates in energy and suppresses),
the deep state(s) producing the broadband visible emission
and thus gives rise to the exciton emission at ca. 395 nm, which
is missing under normal conditions. After 30.5 kbar pressure
release, the PL of 2 recovers almost completely, with the
intensity of 70% of the initial value (Figure 3). Importantly,
these results evidence that the specific arrangement of the
inorganic layer in 2 does not preclude free exciton emission.
This arrangement and its interplay with the organic layers
rather provide for an additional competing relaxation channel
(leading to the broadband low-energy emission). The latter is
very efficient in 2 under normal conditions but becomes
strongly damped under pressure.
As mentioned above, a broad visible emission with a large

Stokes shift, similar to that of 2, has recently been observed for
several other 2D lead halide systems.19−27 Parameters of this
emission (spectral position and width, Stokes shift, lifetime,
and temperature dependence) differ from one system to the
next. It is presently not certain to which extent its mechanism
is generic or system-dependent. It has been shown that 2D lead
halide layers can provide for large deformation potential
resulting in self-trapping of excitons, i.e., in formation of
polarons, with binding energies up to many hundreds of
meV.32−34 The localized polaron midgap states may act as
recombination states producing the above emission. This
mechanism has been commonly proposed.19,23,26,27 On the
other hand, solution-processed lead halide perovskites are well-
known to be defect-rich materials. For some 2D compounds
with a moderately (∼0.5 eV) Stokes shifted broad emission
permanent defects have been considered as related recombi-
nation centers.29,35 In the case of 2, a candidate mechanism
should comply with the experimental observations described
above. Namely, the broadband PL is related to a rather deep
emissive state(s). Its average depth can be estimated as 1.2−
1.3 eV by referring the emission maximum at 2.2 eV to the
excitation band at ca. 3.5/3.4 eV (16/295 K) (Figure 2). A
visual appearance of 2 (snow-white polycrystalline powder,

Figure 3. PL spectra of 2 in a diamond anvil cell at ambient
temperature. Emission was excited at 330 nm and the excitation
spectra were recorded at 550 (until 2.9 kbar), 500 (until 20.2 kbar),
480 (30.5 kbar), and 550 nm (pressure release). The spectra are
vertically shifted for convenience. The asterisks denote the residual
second order excitation line and ruby emission at 660 and 694 nm,
respectively. For comparison with 1, see Figure S10.
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Figure S2) and its reflection spectrum (no notable absorption
within ∼500−800 nm, Figure S4) argue for the transient
character of those states and against the presence of permanent
deep level traps (color centers) at high concentrations. In
addition, the dramatic changes in the PL of 2 under moderate
hydrostatic pressure suggest PL-related structural reorganiza-
tion. These results strongly suggest self-trapping of excitons as
the origin of the broadband emission, likely without the
assistance of possible structural defects. A further argument for
this mechanism is provided by the linear dependence of the
emission intensity versus ns-pulsed UV laser excitation
intensity up to ∼3 MW/cm2 (Figure S12). This measurement
was done at T = 20 K, whereby the emission of 2 is a major
relaxation channel with the quantum efficiency of ∼50% (see
above) and relatively long decay time of a few microseconds. A
rough estimation shows that the concentration of excitations
photogenerated at such laser intensity amounts to ∼0.1% of
the number of all PbBr6 and PbBr7 units. The observed
unsaturated PL in such regime is consistent with self-trapping
associated with dynamic structural distortions − non limited
by defects.

■ CONCLUSION
In summary, we have synthesized and characterized two novel
2D bromoplumbate perovskite compounds (4BrPhMA)2PbBr4
(1) and (4BrPhA)6Pb3Br12 (2). These related compounds
show arrestingly how a small variation of the organic cation
(PhMA vs PhA, presence of a −CH2− group), constituting PL-
“inactive” organic layers, can modulate the structure and
properties of lead halide layers, thus resulting in rather different
optoelectronic (PL) properties. 1 shows pronounced and sharp
PL excitation and emission bands at ca. 390 nm with a very
small Stokes shift, attributed to free excitons in the lead halide
layers. The emission linewidth down to ca. 15 meV at
temperatures below ∼50 K, measured on a polycrystalline
sample, is unusually small for 2D perovskite compounds, likely
indicating a high degree of crystallinity of 1. In contrast, 2
displays a similar PL excitation band at ca. 360 nm, but a broad
green-white emission at ca. 560 nm with a respectively large
Stokes shift. The latter indicates a quite different major
relaxation mechanism for photoexcitations in 2 versus 1.
Moreover, the broad emission of 2 decreases, and the free
exciton band at ca. 390 nm (similar to that in 1) reversibly
appears under application of a few kbar pressure in diamond
anvil cell. The broad emission can be attributed to deep self-
trapping of excitons associated with (dynamic) structural
distortions of the bromoplumbate octahedra. Correspondingly,
this emission channel is damped (and the higher energy free
exciton emission enabled) under pressure which stiffens the
structure of 2. Our results point to the indirect but important
role of the organic layer, namely, its structural flexibility (or
stiffness), in development of low-energy emissive states in 2D
hybrid lead halide perovskites. A consideration of this aspect
may be helpful when designing broadband light emitters based
on this class of materials.

■ METHODS
All reagents and solvents were purchased from commercial vendors
and used as received without further purification. The reactions were
carried out in air.
To synthesize (4BrPhMA)2PbBr4 (1), PbBr2 (0.150 g, 0.409

mmol) was dissolved in 8 mL of HBr (47 wt %) at room temperature.
Then (4-bromophenyl)methylammonium chloride (0.182 g, 0.818

mmol) was added, and the mixture was heated until dissolution. After
cooling down, transparent crystals were obtained, which were
removed by filtration, washed with diethyl ether, and dried in air.
Yield: 0.260 g, 71%. Calcd for C14H18Br6N2Pb (900.93) (%): C,
18.66; H, 2.01; N, 3.11. Found: C, 18.7; H, 2.0; N, 3.1. EDX analysis
indicated a Pb:Br ratio of 1:5.6. Selected IR data (cm−1, KBr): 3445
w, 3089 vs, 3004 vs, 2905 s, 1592 m, 1492 s, 1475 vs, 186 s, 1013 m,
829 vs, 609 w, 519 m.

For (4BrPhA)6Pb3Br12 (2), PbBr2 (0.119 g, 0.325 mmol) was
dissolved in 5 mL of HBr at room temperature. Then (4-
bromophenyl)amine (0.112 g, 0.650 mmol) was added, and the
mixture was heated until dissolution. After cooling down, transparent
needlelike crystals were formed, which were removed by filtration,
washed with diethyl ether, and dried in air. Yield: 0.148 g, 52%. Calcd
for C36H42Br18N6Pb3 (2618.70) (%): C, 16.51; H, 1.62; N, 3.21.
Found: C, 16.47; H, 1.5; N, 3.2. EDX analysis indicated a Pb/Br ratio
of 1:5.8. Selected IR data (cm−1, KBr): 3450 w, 2993 s, 2561 m, 1559
m, 1479 vs, 1095 w, 1071 m, 1015 m, 810 s, 480 s.

Infrared spectra were recorded in KBr pellets in the 4000−400
cm−1 range with a PerkinElmer Spectrum GX FTIR spectrometer.
Elemental analysis of C, H, and N were carried out on a Vario Micro
Cube. Energy-dispersive X-ray (EDX) measurements were carried out
on a scanning electron microscope Gemini LEO 1530 with an EDX
detector.

Single-crystal XRD for compounds 1 and 2 was carried out using a
STOE IPDS2T diffractometer with graphite monochromated Mo Kα
radiation (λ = 0.71073 Å) at 180 K. Using Olex2,36 the crystal
structures were solved with the SHELXS structure solution program37

using direct methods and refined with SHELXL refinement package38

using least squares minimization. H atoms were added at idealized
positions on their respective parent atoms. Crystal data and
refinement parameters are given in Table S3. CCDC 1571202 and
1571203 contain the crystallographic data for this paper. These data
can be obtained free of charge from the Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/conts/retrieving.html.

Raman spectra were acquired on a WITec CRM200 microscope at
633 nm excitation with the optics modified to include low-frequency
volume holographic grating filters.39 Absorption spectra were
measured at room temperature on a Varian Cary 500 UV−vis−NIR
spectrometer with an integrating sphere attachment, using polycrystal-
line samples dispersed in mineral oil between two quartz plates. PL
spectra were recorded ona Horiba JobinYvon Fluorolog-322
spectrometer equipped with double monochromators and a closed-
cycle optical cryostat (Leybold) operating within a temperature range
of 15−300 K. Hamamatsu R9110 and R5509 photomultipliers
covered an emission spectral range of ∼300−830 and 450−1400 nm,
respectively. Samples were prepared in a similar way as for the
absorption measurements and mounted on the coldfinger of the
cryostat. All emission spectra were corrected for the wavelength-
dependent response of the spectrometer and detector (in relative
photon flux units). The absolute wavelength positions are accurate
with this instrument within ±0.5 nm. PL decay traces on the time
scale of tens of nanoseconds to milliseconds were acquired by
connecting a photomultiplier to a 500 MHz oscilloscope (via a 50
Ohm or larger load, depending on the time scale) and using a
nitrogen laser for nanosecond-pulsed excitation at 337 nm. Faster
decays were measured on a FLS980 fluorescence spectrometer
(Edinburgh Instruments) with a time-correlated single-photon
counting (TCSPC) system and a picosecond-pulsed excitation laser
at 375 nm (EPL-375). This instrument was also used to determine PL
quantum yields of 1 and 2 at ambient temperature, using an
integrating sphere accessory (Edinburgh Instruments). PL of 1 and 2
under high pressure in a diamond anvil cell was recorded with the
Fluorolog-3 spectrometer. These experiments are described in detail
in the Supporting Information.
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