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ABSTRACT: Hybrid organic-inorganic halide perovskites are under intense investigations because of their astounding physical
properties and promises for optoelectronics. Lead bromide and chloride perovskites exhibit intrinsic white-light emission believed
to arise from self-trap excitons (STEs). Here, we report a series of new structurally diverse hybrid lead bromide perovskites that
have broadband emission at room temperature. They feature Pb/Br structures which vary from 1D face-sharing structures to 3D
corner- and edge-sharing structures. Through single -crystal X-ray diffraction and low frequency Raman spectroscopy, we have
identified the local distortion level of the octahedral environments of Pb®" within the structures. The band gaps of these compound
range from 2.92 to 3.50 eV, following the trend of “corner-sharing< edge-sharing< face-sharing”. Density functional theory (DFT)
calculations suggest the electronic structure is highly dependent on the connectivity mode of the PbBrs octahedra, where the edge-
and corner-sharing 1D structure of (2,6-dmpz);Pb,Br;, exhibits more disperse bands and smaller band gap (2.49 eV) than the face-
sharing 1D structure of (hep)PbBr; (3.10 eV). Using photoemission spectroscopy, we measured the energies of the valence band of
these compounds and found them to remain almost constant, while the energy of conduction bands varies. Temperature dependent
PL measurements reveal the 2D and 3D compounds have narrower PL emission at low temperature (~5K), whereas the 1D com-
pounds have both free exciton emission and STEs emission. The 1D compound (2,6-dmpz);Pb,Br;( has the highest photolumines-
cence quantum yield (PLQY) of 12%, owing to its unique structure that allows efficient charge carrier relaxation and light emis-
sion.

Introduction
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Figure 1. (a) Organic cations used in this work. mpz =1-
methylpiperazine, epz =1-ethylpiperazine, 4amp = 4-
(aminomethyl)piperidine, 2,6-dmpz = 2,6-dimethylpiperazine , hmp =
homopiperazine , hex = hexamethyleneimine, hep = heptamethylene-
imine . (b) Optical microscopic images of the hybrid perovskite com-
pounds synthesized using the cations listed above.

Hybrid organic-inorganic perovskites are emerging semicon-
ducting crystalline materials that are solution-processable,
low-cost and can be easily synthesized."” The diverse nature
of the organic cationic templates lend these materials to be
highly tunable, which, in conjunction with the variable dimen-
sionalities of these materials ranging from single crystals to
nanocrystals and thin-films,* have provided a solid foundation
of a wide range of optoelectronic devices such as photovolta-
ics"*!" and light-emitting diodes (LEDs). '*'*  Hybrid per-
ovskites can be tuned “by design” for specific applications.
The energy band gap is associated with choices of different
metal ions (Pb”", Sn*', Ge*"), halide anions (CI', Br" and I') and
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the dimensionality (0D to 3D) of the structure. For the three-
dimensional (3D) structures, the general formula is ABX;,
where A is methylammonium (MA"), formamidinium (FA")
or Cs", B is Pb”", Sn”" or Ge™', and X is halide (CI,, Br or I
)."® Lowering the dimensionality to two-dimensions (2D) with
corner-sharing octahedral layers and bulky organic cations
separating the perovskite layers, gives rise to increased struc-
tural diversity. The general perovskite formula then becomes
AA, B Xsn1 (A’ = 1+ cation, A = MA", FA" or Cs"), in the
Ruddlesden—Popper (RP) phases, A’A, M, X;,01," in the Di-
on-Jacobson phases (A’ = 2+ cation, A = MA”, FA" or Cs")."
Further reducing the dimensionality to one-dimension (1D),
the formula is then dictated by the connectivity modes of the
[BX4]" octahedra, with the most common connectivity modes
being face-sharing, followed by corner-sharing as well as rare
edge-sharing connectivity. Notably, a single compound can
have one connectivity mode or a combination of connectivity
modes,"” thus producing extremely rich and diverse structural
types. Zero-dimensional (0D) compounds composed of iso-
lated [MX;]" octahedra have also been reported, with repre-
sentative examples being Cs,Snlg (Sn‘”),20 Cs4PbBr621‘22 and
possibly the mixed-metal double perovskites.?

Broadband white-light emission at room temperature from
hybrid perovskite materials is an attractive optical property
and has received tremendous attention, given the poorly un-
derstood and apparently unique photo-physics that gives rise
to this phenomenon.24 It was discovered in various (110)-
oriented 2D lead bromide perovskites, such as
(C¢Hy3N;)PbBr,,” (N-MEDA)[PbBr,] (N-MEDA = N1- meth-
ylethane-1,2-diammonium)® and (EDBE)[PbBr,] (EDBE =
2,2'-(ethylenedioxy)bis(ethylammonium)).”” Subsequent stud-
ies have focused on the correlation between the lattice distor-
tion in order to explain the origins of the broad emission.”**°
The currently debated broadband emission model has been
connected to the highly deformed/deformable crystal lattice
that induces electron-phonon coupling associated with excited
states (i.e., polarons), generating the so-called self-trapped
exciton (STE) states.”® Interestingly, the broad-band emission
does not only exist in layered structures, but also in lower
dimensional structures, such as the recent report on 1D perov-
skite that exhibits bluish white-light emission and a higher
photoluminescence quantum yield (PLQY) compared to the
2D perovskites.”' Because of this, the concept of dimensional
reduction®* provides a new materials’ design principle to

Table 1. Summary of structural characteristics and band gaps of (2,6-dmpz);Pb,Bry,, (epz)PbBr,, (4amp)PbBr,, (hmp)PbBr4,

(mpz),Pb;Bry, (hep)PbBr; and (hex)PbBr;.

Cations Formula Dimensionality

2,6-dmpz, (C¢H¢N,)3Pb,Br 1D

epz (C¢H4N,)PbBr, (110)-oriented 2D

4amp (C¢H;4N,)PbBry (100)-oriented 2D

mpz (CsH4N,),PbsBrq three-layered 2D
hmp (CsH4N,)PbBr, 3D
hep (C;H4N)PbBr; 1D
hex (C¢H4N)PbBr; 1D

space group connectivity modes E, (eV)

P-1 corner- and edge-sharing 3.16

Pc corner-sharing 3.12
Pca2, corner-sharing 2.92
C2/c corner- and edge-sharing 2.97
C2/m corner- and edge-sharing 3.04

Ce face-sharing 3.50

P2, face-sharing 3.41
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access a broader variety of white light-emitting materials.’>’

In general, lower-dimensional structures possess more vibra-
tional degrees of freedom and are more easily polarizable un-
der photo-excitation, thus leading to enhancements in the STE
process and to the amplification of the broad-band emission.*"”

Exploring the above concepts, we report here a variety of
new hybrid lead bromide perovskites, representative of each
kind, focusing on their white-light emission properties. We
investigate the templating effect’ of asymmetric diammonium
organic cations based on the piperazinium and piperidinium
backbone as seen in Figure la in the lead bromide system,
since these types of cations are known to interact strongly with
the anionic perovskite lattice.'"™ * The resulting compounds
present a library that includes 1D face-sharing structures, 1D
corner- and edge-sharing structure, 2D (100)-oriented and
(110)-oriented corner-sharing structures, to 3D corner- and
edge-sharing structures as summarized in Table 1. We find
that all the compounds reported here have broad-band PL
emission at room temperature with different emission charac-
teristics. We investigate the temperature-dependence of the PL
emission and find the width of the broad-band emission for 2D
and 3D structures becomes narrower when the temperature
decreases, presumably due to deactivation of some STE states.
The difference in the temperature dependence of the spectra
with some displaying blue and others exhibiting red shifts,
additionally suggests that different mechanisms are responsi-
ble for the different structure-types.

Notably, the 1D compound (2,6-dmpz);Pb,Br,, stands out,
having a PLQY of 12%, much higher than the rest of the ex-
amined compounds (<1%). The superior light emission prop-
erties of this 1D compound and the temperature evolution
characteristics of the spectra provide new insights on struc-
ture-property relationships of halide perovskites and point to
new design strategies (i.e. tuning the connectivity modes and
dimensionality) towards white-light optoelectronic applica-
tions.

Results and discussion
Crystal structure

The hybrid lead bromide compounds presented here cover a
wide variety of structural types in the perovskite family. Di-
rect combination of the cation source in Figure 1a and PbBr,
mixing in aqueous HBr at 122°C followed by slow-cooling of
the solutions to room temperature yields colorless crystals, as
seen in Figure 1b. Detailed synthesis procedures are listed in
Methods section.

The 1D “perovskitoids™* (which refers to exclusively face-
sharing ABX; compounds) (hep)PbBr; and (hex)PbBr; belong
to the common CsNiBr; structure-type,” with face-sharing
polymeric [PbBr;]" chains (Figure 2). **>* Usually, a bulky
cationic template, which is capable of separating the inorganic
sections far apart, will lead to the formation of such low di-
mensional structure type.44’ > (hep)PbBr; and (hex)PbBr; crys-
tallize in non-centrosymmetric monoclinic space groups Cc
and P2,, respectively. In Figure 2a, b, the infinite [PbBr;]
chains in the structure extend along the c-axis for (hep)PbBr;
(a-axis for (hex)PbBr;), and the individual chains are crystal-
lographically nonequivalent, which lower the symmetry. The
monovalent organic cation rings are aligned parallel to the b-

(hep)PbBr,

(hex)PbBr,

Figure 2. Crystal structures of (a), (c), (e) (hep)PbBr; and (b), (d), (f)
(hex)PbBr;. (a) and (b) show the side-view of the face-sharing 1D
chains. In (e) and (f), it is clear that (hep)PbBr; has a more distorted
structure than (hex)PbBr; (Br-Pb-Br angle 100.4° vs. 93.9°, Pb-Br bond
length 2.91 A (shortest) and 3.18 A (longest) vs. 2.98 A (shortest) and
3.10 A (longest).

axis for (hep)PbBr; (c-axis for (hex)PbBr3), surrounding the
inorganic chains. Due to the larger size of hep than hex, the
lattice parameter along the longest axis of the unit cell in-
creases from 37.860(2) A for hex to 39.660(8) A to hex. As
shown in Figure 2e and 2f, the difference between the shortest
and longest Pb-Br bond length is larger for (hep)PbBr; than
that for (hex)PbBr; (2.91 A and 3.18 A vs. 2.98 A and 3.10
A). The Br-Pb-Br angles depicted in Figure 2e and 2f show a
larger distortion for (hep)PbBr; (100.4° than that for

a (:2,6-dmpz)3F’b._,_E!r10 b .

H‘K‘ 4r 4? k&
4'- EEg
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Figure 3. Crystal structure of (2,6-dmpz);Pb,Bry, which consists of
two types of 1D chains as seen in (a) and (b). (c) Hydrogen bonding
network associated with both chains.
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(hex)PbBr; (93.9°), with respect to a regular octahedron (90°).

An exotic type of 1D structure combining edge- and corner-
sharing double chains and single corner-sharing chains result-
ed from the use of the 2,6-dmpz cation (Figure 1a). Because of
highly asymmetric unit, (2,6-dmpz);Pb,Br, crystalizes in the
triclinic space group P-1. The edge- and corner-sharing double
anionic chain  backbone has previously seen in
(CIOHIZNZ)Z[PbZBrg].S(’ The hydrogen bonding pulls out a Br-
anion from the perovskite lattice, in a similar fashion to the
(en),PbBrg compound,57 breaking the double-chain into a sin-
gle corner-sharing chain and isolated Br anions, which is
shown in Figure 3a, making this structure unique. In Figure
3c, the discrete hydrogen bonding networks help to keep the
continuity of the 1D single chains and double chains. The
closest donor-acceptor distances (N-H~Br distance) occur with
the isolated Br” and the cations, which are 3.28 A and 3.29 A.

(4amp)PbBr, and (epz)PbBr, represent (100)-oriented and
(110)-oriented 2D perovskites, respectively, which are com-
posed only of corner-sharing octahedra. The (110)-oriented
type is much rarer as the corrugated layers are only able to
form under specific hydrogen bonding interactions.”> * The
(100)-oriented 2D perovskite (4amp)PbBr, crystalizes in the
non-centrosymmetric orthorhombic space group Pca2;. The
4amp cations align in an unusual pattern, with the -CH,NH;"
arms ordered in pairs, and with each pair arranged in an up-
down configuration normal to the ac-plane (Figure 4a). The
inorganic layers of (4amp)PbBr, exhibit large in-plane distor-
tion, where the Pb-Br-Pb angle is 146°, one of the smallest Pb-
Br-Pb angles reported. The highly distorted layers are induced
by strong hydrogen bonding, where the closest donor-acceptor

a._ . {4amp}PbBr4 b

(epz)Pb Br4

2nee

oF A
i L
€8
A e . fiS o
o i ,,.__.(. ' o
€c 1 7 t(H

bl §

e
A o
c

Figure 4. Crystal structures of (a), (c) and (¢) (4amp)PbBr, and (b), (d)
and (f) (epz)PbBr.. (¢), (d) Viewing perpendicular to the layers. (e), (f)
Hydrogen bonds between the organic cations and inorganic layers.
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Top-down view

a (mpz),Pbs;Br,; b

building
unit -

Figure 5. Crystal structures of (a) (mpz),Pb;Bry. (b) Top-down view of
(mpz),Pb;Bry. Structure of (hmp)PbBr, (¢, d and e). (d) and (e), basic
building block of (hmp)PbBr;.

distances are 3.33 A and 3.35 A.

(epz)PbBr, crystalizes in the non-centrosymmetric mono-
clinic space group Pc. The ability to stabilize a (110)-oriented
2D perovskite is closely related to the position of the protona-
tion site of the organic spacer.”>”” Here, the protonation of the
cation happens at 1 and 4 positions on the aliphatic ring as
seen in Figure 4f, which fits exactly in the perovskite pockets
to form the hydrogen bonds (closest D-A distances: 3.23 A
and 3.24 A). The use of piperazinium derivatives as organic
cation yield the (110)-type as demonstrated in a (110)-oriented
2D structure (pipzH,)[PbCly] which forms from the use of
piperazinium as templates.

Thicker layered 2D and 3D structures are also accessible
from the use of asymmetric diammonium cations, with
(mpz),Pb;Bryy (2D) and (hmp)PbBr,; (3D) forming unique
perovskite-related structure types. The crystal structures of
(mpz),Pb;Bryy and (hmp)PbBr, are both centrosymmetric,
crystalizing in the monoclinic space groups C2/c and C2/m,
respectively. The unique three-layered structure of
(mpz),Pb;Bry, is constructed from the basic building unit of
edge-sharing [Pb,Br;,]", linked in a corner-sharing fashion to
form ([Pb,Bro]s) cages that encapsulate in-plane oriented
mpz2+ cations (Figure 5a). The layer expansion is interrupted
at the third layer, terminated by organic cations lying parallel
to the layers. Similar organization of the inorganic layers and
organic cations has been seen in C¢HoN;PbBr,,” which is a
single-layered perovskite constructed from ([Pb,Bry4],) cages.

The 3D structure (hmp)PbBr, consists of similar building
units as the 1D (2,6-dmpz);Pb,Br;y, which are however con-
nected in a different fashion. This structure represents a new
structural type in the hybrid perovskite family. Rather than
isolated 1D chains, the edge-sharing double chains (highlight-
ed in blue, Figure 5d) and corner-sharing threads (highlighted
in orange, Figure 5d) are linked to form the 3D framework.

4
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Both the chains and the threads run down along the b-axis, and
they are connected along the ac-plane through corner-sharing.
The connectivity resembles the triangles seen in
(mpz),Pb;Bry, but because of the linkage of asymmetric
[PbBr5]3' (corner-sharing) and [szBrw]G' (edge-sharing) build-
ing blocks, as well as the larger ring size of hmp”" over mpz>"
the triangles remain “open” (Figure S5e). Within the 3D
framework, the extended cavities host the hmp2+ cations, with
each thus formed channel filled with four organic cations.
Although for the vast majority of cases, A,PbX, compounds
(A= organic cation) are 2D structures, the use of the relatively
small size di-cation of hemp here seems to promote a new
example of a [PbX,]” stoichiometry, that adopts a 3D rather
that a 2D structure. This increase in dimensionality can ration-
alized by the so-called “counterion effect” which favors higher
anion dimensionalities as the size of the counterion shrinks.”
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Figure 6. (a) Low frequency Raman spectra of hybrid lead bromide
crystals. The spectral region between =15 cm™ has been deleted because

of the use of notch filter. (b) bond length distortion of bond angle vari-
ance of the compounds calculated based on the crystal structures.

Raman spectroscopy and structural distortion

To get a better picture of the local structural dynamics of
the hybrid lead bromide perovskites, we performed low-
frequency Raman measurements. The Raman spectra were
obtained with 473 nm laser excitation in ambient condition.
Unlike the 3D ABX;-type perovskite CH;NH;PbBr; and CsP-
bBr; that exhibit broad un-resolved peaks at room tempera-
ture,60 most of the compounds reported here have well-
resolved spectra (Figure 6a). Depending on the dimensionality
and connectivity mode of the crystal structure, the spectra
show very different characteristics, consistent with the differ-
ent connectivity modes of the [PbBrs]" octahedra. The peaks
at lower wavenumbers (15-100 cm™) correspond to the bend-
ing of the Br-Pb-Br bonds, while the peaks at higher wave-
numbers (100-180 cm™) originate from the stretching of the
Pb-Br bonds, thus providing indirect information for the local
environment of the compounds.®'

For the face-sharing 1D compounds (hep)PbBr; and
(hex)PbBr;, the strong bonding pushes the symmetric mode to
relatively high energy (142 cm™), and the rigidity of the face-
sharing bonding increases the peak intensity. Edge- and cor-
ner-sharing compounds, by contrast, where the bonding be-
comes less rigid exhibit weak stretching modes. The other 1D
compound, (2,6-dmpz);Pb,Br;o, with corner- and edge-sharing
connectivity shows many weak peaks with two pronounced
symmetric modes at 135 cm” and 148 cm™ likely correspond-
ing to corner- and edge-sharing connectivity, respectively. The
weak intensity and the diffuse underlying spectrum suggests
the presence of anharmonicity in the structure, analogous to
that observed for the MAPbBr; and CsPbBr; perovskites.(’0

The 2D compounds (4amp)PbBry, (epz)PbBr, and
(mpz),PbsBr;, all have strong Raman stretches at relatively
low wavenumbers (~130 cm™), due to their strongly intercon-
nected structures that promote concerted bending (octahedral
tilting) than individual octahedral stretching. The 3D com-
pound, (hmp)PbBr,, has a less-resolved spectrum compared
with other compounds, indicating a more dynamically disor-
dered structure consistent with its higher dimensionality and
its corner-sharing connectivity.*

Based on the refined crystal structures, we calculated the
distortion levels of the individual [PbBrg]* octahedron for the
individual compounds (Figure 6b). The bond length
distortion™** (eq.1, where d is the mean Pb-Br bond distance
and d, are the six individual Pb-Br bond distances) and bond
angle variance® (eq.2, 0i is the individual Pb-Br-Pb angle)
reflect the deviation of the octahedron from the one with no
distortion.

ad = Oz [ 1)
02 = 512,(0i - 90)* /11 &)

Previously, we have associated the distortion level of the
2D lead bromide perovskite with the width of the PL emission,
where the larger the distortion, the broader the width of the PL
emission. > *’ Although this correlation may apply to the 2D
systems, it cannot be generalized to the 1D and 3D systems
that have different connectivity modes. Here, we do not yet

5
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glean a correlation between the emission band width and the
distortion level. However, most compounds display a large
PbBry distortion in the crystal structure. From the calculation,
only (mpz),Pb;Bry, has a relatively small distortion level for
both the angular and bond length distortion. The highest bond
length distortion in observed in (110)-oriented 2D perovskite
(epz)PbBr,. For the angular distortion, (hep)PbBr; has the
highest due to the face-sharing connectivity of the octahedron
that requires bent angles (i.e. Br-Pb-Br angle). In general, the
high distortion level of the local octahedral environments im-
plies a more malleable structure which is more susceptible to
generating STE states upon photo-excitation, thus producing a
broad-band emission spectrum.

Electronic structure calculations

To further understand the electronic properties of these ma-
terials, we use density functional theory (DFT) for the calcula-
tion of the band structures. Because of the presence of heavy
elements, spin-orbit coupling was taken into account. We
chose two 1D structures and two 2D structures as representa-
tive examples to distinguish the effect of dimensionality and

a (2,6-dmpz),Pb,Br,o b (hep)PbBr,
5 7 5 E =
4 4]
=3 BN = =
3 3
52 52
2 Sql p1oev
[ = 1 [=4
w w
0 0
-1 -1

zr XV Yr UR T YT A MO YO TY M

c (4amp)PbBr, d (epz)PbBr,
5 SR = N 5
4 4 S
<3 < Y
: S <
5° 52
@ 1 o 4t |2p12ev
w w
0 0
-1 1

z rXx U rvys RT Y I'B AT Z C AOEOD EA

Figure 7. Calculated electronic band structures of (a) (2,6-
dmpz);Pb,Bryy (2.49 eV), (b) (hep)PbBr; (3.10 eV), (c) (4amp)PbBry
(2.09 eV) and (d) (epz)PbBry (2.12 eV).

connectivity on the band gap. Notice that dimensionality is
defined in the present manuscript by the nature of the bonding
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network. (2,6-dmpz);Pb,Br, is referred in the text as a 1D
material for this reason. The band dispersion diagram in Fig-
ure 7a reveals flat electronic dispersions close to the band gap
along both X-V and U-R directions. (2,6-dmpz);Pb,Br;, can
thus also be considered as an array of quantum wires along the
ox direction. The 2D materials (4amp)PbBr, and (epz)PbBr,
can thus be considered as quantum well superlattices with the
same criterion (Figures 7c¢ and 7d). Comparison among the 1D
structures (2,6-dmpz);Pb,Br;y and (hep)PbBr; reveals that the
former (the 1D material with edge- and corner-sharing) has
much more dispersive bands and smaller band gap (2.49 eV)
than the latter (1D face-sharing), which has flat bands and
much larger band gap (3.10 eV), clearly illustrating that the
connectivity of the octahedra is detrimental to the electronic
structure. Mixed corner- and edge-sharing affords significantly
more dispersion than face-sharing connectivity, especially for
the CBM states.

The difference in the band structure for the (100)-oriented
and (110)-oriented 2D structures are not very significant in
Figure 7c and 7d, which the (100)-oriented (4amp)PbBr, has a
slightly smaller band gap (2.09 eV) than the (110)-oriented
(epz)PbBry (2.12 eV), consistent with the experiment. Both
compounds have similar dispersion for both the valence and
conduction bands. Note that the calculated band gaps are un-
derestimated but still follow the same trend with respect to the
experimental result, as shown in Figure S2. All compounds are
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Figure 8. (a) Experimental energy band alignment of hybrid lead bro-
mide compounds. VBM and CBM of the various compounds compared
with the 3D MAPbBr; perovskite and PbBr,. (b) Optical absorption
spectra of the compounds reported here. Detailed values are listed in
Table 1. Steady-state PL (excited at 330 nm) at room temperature for
(¢) (hmp)PbBr4, (2,6-dmpz);Pb,Bryy and (mpz),Pb;Bryg, (d) (hep)PbBr;
and (hex)PbBrs;, (e) (4amp)PbBr, and (epz)PbBr,.
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direct gap semiconductors, with the valence band maximum
(VBM) composed of hybridization of Br p and Pb s orbitals
and conduction band minimum (CBM) composed of empty Pb
p orbitals as seen in the corresponding pDOS in Figure S3.

Optical properties

Because the new perovskite compounds could potentially
be used in future devices it is of fundamental importance to
have knowledge of the energy positions of their valence and
conduction bands and to understand the trends with which
they vary from one member to the next. Experimental deter-
mination of such energy values in most perovskites are rare
and often frustrate device design in terms of the correct design
of interface assembly. Therefore, valance band maxima
(VBM), of the different compounds were measured by ambi-
ent photoemission spectroscopy (APS) (Figure 8a). The con-
duction band minima (CBM) were calculated by adding the
band gap energy, measured by diffuse reflectance spectrosco-
py in Figure 8b. We cluster the compounds according to their
octahedra connectivity modes. The samples with both corner-
and edge-sharing octahedra (2,6-dmpz, hmp, mpz), show vari-
ation in their VBM, while their CBM is almost constant. In
contrary, the compounds with corner-sharing (epz, 4amp), or
face-sharing (hep, hex), octahedra has strong variation of the
CBM while the VBM remains almost constant.

The optical properties of these materials are dominated by
the connectivity mode of the [PbBrs]* octahedra, where the
band gap follow the general trend of “corner-sharing< edge-
sharing< face-sharing”, as expected from the corresponding
Pb-Br orbital overlap. The same trend has been observed in
the lead iodide system.*® Specifically, for the corner-connected
compounds, (4amp)PbBr, consists of only corner-sharing oc-
tahedra and has the smallest band gap (2.93 eV) in the series
(see Figure 8b). This bandgap is slightly larger than some oth-
er (100)-oriented 2D perovskites, such as (DMAPA)PDbBr,
(2.88 ¢V) and (DMABA)PDbBr, (2.85 eV) because of its sizea-
ble in-plane distortions.”” The (110)-oriented 2D perovskite
(epz)PbBr, has a larger bang gap of 3.12 eV because of the
highly corrugated character of the layer.

35 3 25 2 1.5(eV)
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The compounds possessing both corner- and edge- sharing
octahedra (mpz, hmp and 2,6-dmpz) have larger band gaps
2.97 eV, 3.04 eV and 3.16 eV, respectively than the purely
corner-sharing (4amp)PbBr,. As mentioned earlier, the com-
pounds (hep and hex) with face-sharing octahedra have the
largest band gap of 3.41 eV and 3.50 eV. For the 1D face-
sharing structures, (hep)PbBr; has a slightly larger band gap
than (hex)PbBr; as the 1D chains are more distorted as de-
scribed above.

Despite that the optical spectra show sharp absorption edge,
the PL spectra of all compounds exhibit broad band emission
features at room temperature. Except for (hep)PbBr; and
(hex)PbBr; which emit in the red, the rest of the compounds
emit white-light with different emission width and peak posi-
tion. In the following discussion, we group the PL emission of
these compounds based on the connectivity mode as seen in
Table 1. The centers of the PL emission for (mpz),Pb;Bry,
(2.20 eV), (hmp)PbBr, (2.04 eV) and (2,6- dmpz);Pb,Bry,
(2.12 eV) are relatively close together (Figure 8b). In addition
to the broad emission peak at 2.04 eV, (hmp)PbBr, has anoth-
er well-resolved higher energy emission peak at 2.81 eV. For
(hep)PbBr; and (hex)PbBr; the emissions are very similar,
Figure 8c. Both 1D face-sharing compounds have a weak high
energy emission peak at ~2.75 eV and the main emission peak
at ~1.84 eV. The main emission peak of (hep)PbBr3 at 1.84
eV is far away from the absorption edge at 3.5 eV, demon-
strating a large Stokes shift of 1.66 eV. Compounds such as
(tms)4Pb3Br1067 and (C(,H14N)PbBr3,68 which are also partially
composed of face-sharing components, have similar emission
characteristics, in the sense that there is a huge Stokes shift
and the emission starting around 3 eV and peaking at 1.77-
1.90 eV. Compared to (100)-oriented (4amp)PbBr,, the (110)-
oriented (epz)PbBr, has a more red-shifted peak emission
(2.08 eV), but the emission center for (4amp)PbBr, occurs at
lower wavelength (2.38 eV), Figure 8e. Except for
(hmp)PbBr, which as a shoulder peak at higher energy, all
compounds fit the trend where the larger the band gap, the
more red-shifted the center of the emission peak is.

Among all compounds, (2,6-dmpz);Pb,Br;, has a PLQY of
12%, which is much higher than the rest (<1%, see Table 2). It
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Figure 9. (a) Temperature-dependent (5 — 293 K) steady-state PL spectra of (2,6-dmpz);Pb,Bro. Inserted shows the sample emitting white-light under UV
flashlight. (b)-(e) 2D TRPL of (2,6-dmpz);Pb,Br|, at various temperatures; the colorbar shown on the right of each 2D plot is in log10 scale.
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is also among the highest PLQY reported for hybrid perov-
skite white-light emitting materials.”' The reason for the high
PLQY may be attributed to the unique mixed 1D edge-sharing
and corner-sharing structure, which shares some similarities
with the 1D edge-sharing compound C,N,H;,PbBr, that
demonstrates a high PLQY of 20%.”'

To investigate the mechanistic aspects of the broad-band
emission, we performed variable-temperature PL. The temper-
ature-dependent PL measurement of (2,6-dmpz);Pb,Br,
shows the unusual evolution of the PL emission from 295K to
5K in Figure 9. At 293K, the PL emission is a broad peak
from 400 nm to 750 nm (1.65-3.1 eV), centered at 585 nm
(2.12 eV). Upon decreasing the temperature, the broad peak
starts to become narrower and shifts to longer wavelengths
(from 585 nm at 295K to 620 nm at 5K). A new higher energy
peak then appears at 115 K, centered at 432 nm (2.87 eV).
The two distinct peaks have different intensities and decay
lifetimes as seen in Figure 9b-e.

For (2,6-dmpz);Pb,Br,y, the averaged lifetime of the broad
emission peak at 295K is 23.03 ns, which is the longest among
all the compounds reported here. The rest of the compounds
have much shorter PL lifetimes ranging from 2-4 ns (Table 2,
Figure S9), which are comparable to previously reported hy-
brid lead bromide perovskites.”” At 195K, the lifetime of the
emission of (2,6-dmpz);Pb,Br;, at ~600 nm (2.07 eV) is 28.02
ns, whereas the lifetime of the emission at ~450 nm (2.76 eV)
is 0.56 ns. The lifetime of the emission at ~600 nm (2.07 eV)
becomes increasingly shorter as the temperature decreases,
where it reaches the shortest (0.78 ns) at 5K in Figure 9b,
whereas the lifetime of the emission at ~450 nm increases to
2.95 ns. Intensity-wise, the peak at ~600 nm reaches its maxi-
mum at 235K (Figure S8) and decreases to its minimum value
at 5K. The emission at ~450 compound (2,6-dmpz);Pb,Br,
nm on the other hand, reaches the maximum intensity value at
15K.

The trend of the temperature dependence for the 2D and 3D
compounds can be generally summarized as the bandwidth of
the PL broadband emission peak gradually decreasing as the
temperature lowers as shown in Figure 10. For example, the
full-width at half-maximum (FWHM) of the (100)-oriented
2D compound (4amp)PbBr, decreases from 420 meV (295K)

Page 8 of 12

to 210 meV (5K). (epz)PbBr,, (mpz),Pb;Bry, and (hmp)PbBr,
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Figure 10. Temperature-dependent (3 — 295 K) steady-state PL spectra
(normalized intensity) of (a)(4amp)PbBrs, (b) (epz)PbBrs, (c)
(mpz),Pb;Bro, (d)(hmp)PbBry, (€) (hep)PbBr;.

have shown the same tendency where their emission band-
width also decreases in Figure 10b, ¢ and d, respectively.

Unlike the higher dimensional compounds, the 1D com-
pound (hep)PbBr;, has similar emission characteristics as the
1D compound (2,6-dmpz);Pb,Br;, discussed earlier, where the
broad peak at 669 nm (1.85 eV) gradually narrows while an-
other high energy peak at ~460 nm (2.70 eV) surfaces at
around 145K. A reported 1D face-sharing compound, [1,5-
Bis(1-methylimidazolium)pentane][PbBr;],, has almost the
exact same PL evolution from RT to 10K,"” suggesting this
trend is dimension-dependent.

Upon cooling the width of the PL emission becomes nar-
rower. The different modes of the PL evolution suggest there
are several energy transfer processes happening when decreas-

Table 2. Commission International de I’Eclairage (CIE) coordinates (X, y), correlated color temperature (CCT), color rendering index (CRI), PL emis-
sion center, PL lifetime at room temperature, full-width at half-maximum (FWHM) and photoluminescence quantum yield (PLQY) of the new com-

pounds reported here.

Compound X y CCcT CRI PL emission center (eV) Tavg (NS) FWHM (meV) PLQY (%)
2,6-dmpz 0.44 0.46 3341 77 2.12 23.03 325 12.24
epz 0.44 0.44 3324 84 2.08 2.7 370 0.97
mpz 0.38 0.42 4242 86 2.20 3.6 485 0.33
hmp 0.41 0.39 3379 90 2.04 2.5 570 0.46
hep 0.52 0.41 1986 89 1.84 43 285 0.63
hex 0.54 0.40 1801 88 1.82 NA 270 0.35
4amp 0.31 0.39 6275 76 2.38 2.5 420 0.54
8
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ing the temperature, where the thermally activated processes
are less pronounced and locally confined. Usually at suffi-
ciently low temperature, (the lowest we can measure is 3~5K),
the free exciton PL, as compared to self-trapped excitons,
should be dominant (higher energy emission, ~450 nm (2.76
eV)). Here we see for 4amp, epz, mpz and hmp the STE emis-
sion (~450 nm, 2.75 eV) still dominates the overall emission,
suggesting the highly distorted structures prevent the STEs
from tunneling back to the free exciton states. Finally, for the
1D structure (hep)PbBr; in Figure 10e, the free exciton emis-
sion at higher energy is dominant over the suppressed broad
STE states at low temperature (3- 45K), which is similar to the
other 1D compound (2,6-dmpz);Pb,Brj,

White-light emission

2,6-dmpz);Pb,Br,, (4amp)PbBry, (epz)PbBry,
(mpz),Pb;Br;y and (hmp)PbBr, have relatively warm white-
light emission as shown in Figure 11 compared to our previ-
ously investigated systems o-(DMEN)PbBr,”  and
EA,Pb;Br;_CL.* The correlated color temperature (CCT) of
most compounds are below 4500K (except (4amp)PbBry,
6275K), producing neutral to warm white-light. The color
rendering index (CRI) are quite high (above 85, see Table 2)
for most compounds, providing accurate color rendition of the
actual objects. (2,6-dmpz);Pb,Br;, has a CIE coordinate of
(0.44, 0.46) which has a reddish white-emission comparing to
the white point at (0.33, 0.33). Although (2,6-dmpz);Pb,Br,
has the highest PLQY, and better potential of actual applica-
tion in solid-state lighting,” the CRI (77) is lower than most of
the compounds reported here. This could be improved by us-
ing halide-mixing strategy as shown in earlier reports.”

Conclusions

Seven new hybrid lead bromide compounds, namely
(hep)PbBr;, (hex)PbBr;, (2,6-dmpz);Pb,Bry,, (4amp)PbBry,
(epz)PbBry, (mpz),Pb;Bry, and (hmp)PbBr,, perovskites and
perovskitoids possess a diverse range of structural types with
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Figure 11. CIE color coordinates of the hybrid lead bromide com-
pounds in 1931 color space chromaticity diagram. The chromaticity
coordinates (x, y), CCT and CRI are calculated using the ColorCalcula-
tor by OSRAM Sylvania, Inc.

different octahedral connectivity. The connectivity modes of
the [PbBr6]4' octahedra determine the optical band gaps of
these materials in a “corner-sharing< edge-sharing< face-
sharing” increasing order. Except for the face-sharing
(hep)PbBr; and (hex)PbBrs;, the rest of the compounds exhibit
white-light emission at room temperature (RT). Temperature-
dependent PL studies have revealed that for 1D compounds a
prominent peak at higher energy emerges (free exciton domi-
nates at low temperature) while for 2D and 3D compounds the
broad emission peak gradually becomes narrower when de-
creasing the temperature (STE dominates). The unique 1D
compound (2,6-dmpz);Pb,Br;, which has a structure that com-
bines corner- and edge-sharing octahedra has the highest
PLQY (12%) and longest lifetime (23.03 ns) among them,
while the remaining compounds have low PLQY (<1%) and
relatively short lifetime (<5 ns). The diversity of the hybrid
bromide perovskite as epitomized by the structural types re-
ported here, enriches the expanding hybrid perovskite library.
The superior PL properties of the 1D compound demonstrate
that dimensional reduction to 1D perovskites can underpin a
new direction for exploring suitable candidates for white-light
solid-state lighting and other optoelectronic phenomena.

Methods

Materials. PbBr, (98%),1-methylpiperazine (99%), 1-
ethylpiperazine (98%), 4-(aminomethyl)piperidine (96%), 2,6-
dimethylpiperazine (97%) , homopiperazine (98%), hexa-
methyleneimine (98%) , heptamethyleneimine (98%), hydro-
bromic acid (ACS reagent, 48%) were purchased from Sigma-
Aldrich and used as received.

Synthesis. The following procedure was used for the synthe-
ses of all compounds. An amount of 1.10 g (3 mmol) of PbBr,
was dissolved in 4 ml HBr under heating and stirring at 122
°C (A). 1 ml HBr was added into a separate vial of 3 mmol of
4-(aminomethyl)piperidine  (B). = The protonated 4-
(aminomethyl)piperidine solution was added into A under
heating for 2 min and cooled to room temperature. Plate-like
crystals precipitate during slow-cooling. Yield 726 mg, (37.8%
based on Pb content). The cation input varies for the rest of the
compound while PbBr, stays constant: 1-methylpiperazine
(200 mg, 2 mmol), 1-ethylpiperazine (342 mg, 3 mmol), 2,6-
dimethylpiperazine (342 mg, 3 mmol), homopiperazine (300
mg, 3 mmol), hexamethyleneimine (297 mg, 3 mmol) and
heptamethyleneimine (339 mg, 3 mmol).

Single Crystal X-ray Diffraction. Full sphere data were
collected after screening for ten frames using either a STOE
IPDS 2 or IPDS 2T diffractometer with graphite-
monochromatized Mo Ka radiation (= 0.71073 A) (50 kV/40
mA) under N, at 293K ((4amp)PbBr,, (epz)PbBr,, (hep)PbBr;,
(mpz),Pb;Br;y and (hmp)PbBr,). The collected data was inte-
grated and applied with numerical absorption corrections us-
ing the STOE X-AREA programs. The rest of the compounds
were collected either using a Bruker DUO or Molly instrument
with MoKa IpS microfocus source (A = 0.71073 A) with MX
Optics at 250K. The collected data was integrated and applied
with numerical absorption corrections using the APEX3 soft-
ware. Crystal structures were solved by direct methods and
refined by full-matrix least-squares on F> using the OLEX2
program package.”

Optical Absorption Spectroscopy. Optical diffuse reflec-
tance measurements were performed using a Shimadzu UV-
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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: o/S = (17R)2(2R)71, where R is the reflectance and o
andSe711re the absorption and scattering coefficients, respec-
tively.

Steady State and Time-resolved Photoluminescence. The
samples were excited with 330 nm photons produced from an
optical parametric amplifier, which is pumped by a titanium:
sapphire amplifier with 800-nm output at 2-kHz repetition
rate. Time-integrated photoluminescence (PL) spectra were
captured with a CCD camera; time-resolved PL spectra were
captured with a streak camera. During the measurements, the
samples were mounted in a vacuum cryostat and maintained
under <107 Torr pressure. Quantum yield measurements were
performed with a Horiba Jobin-Yvon Nanolog Spectrofluo-
rimeter equipped with an integrating sphere. The samples were
measured in powder form following an earlier report. ’*

Electronic Structure Calculations. First-principles calcula-
tions are based on density functional theory (DFT) as imple-
mented in the SIESTA package.”™ Calculations have been
carried out on experimental structures with the GGA function-
al in the revPBE form.” Core electrons are described with
Troullier-Martins pseudopotentials.”® The valence wavefunc-
tions 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.

Supporting Information

X-ray crystallographic data for (hep)PbBr;, (hex)PbBrs, (2,6-
dmpz);Pb,Br;o, (4amp)PbBr,, (epz)PbBry, (mpz),Pb;Br;, and
(hmp)PbBr, (CIF), calculated and experimental powder X-ray
diffraction patterns, additional calculation and PL data (PDF).
This material is available free of charge via the Internet at
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