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In the organie-inorganic perovskites family, thd 00Horiented type has been extensively investigated
as a result of its unique magnetic, optical, and electrical properties, and only one tyidélébriented
hybrid perovskite stabilized by methylammonium and iodoformamidinium cations or the latter themselves
has been known so far. In this paper, another ndMEHoriented organieinorganic perovskite (§H13N3)-
PbBr, (compoundl) has been prepared by reactiNg(3-aminopropyl)imidazole (API) with PbBiin
hydrobromic acid. The crystal structure is determined, which indicates that the perovskite is stabilized
by API. The introduction of the optically active organic ligand API into the hybrid perovskite results in
a red shift and a great enhancement of photoluminescence in the perovskite with respect to organic
ligand API itself. These results have been explained according to calculation based on density-functional
theory. Moreover, the excellent film processing ability for the perovskitl(€Ns)PbBr, together with
the improved optical properties makes it have potential application in optoelectronic devices.

I. Introduction

Organic-inorganic perovskites have attracted much at-
tention because of their unique magnétaptical? thermo-
chromic? and electrical propertiésnd structure flexibility.

In general, this type of hybrid perovskites forms layered

structures consisting of sheets of corner-sharing metal halide,

of the inorganic sheets and influence the crystallographic
orientation of the inorganic framework. In this way, physical
properties of perovskites are modulatédost of the organic
moieties used in the construction of ammonium-saietal
halide perovskites have been nonfunctional groups such as
alkyl chains that play a secondary role of merely helping to
improve the processability of the hybrigisHybridization

octrahedra separated by monolayers or bilayers of organic finctional organic molecules with perovskites may gener-

cations (usually primary ammonium). The choice of organic

ate new materials with novel properti#sA good example

cations in this structure can both control the dimensionality ¢, this case can also be seen in the recent publication by
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Tang and co-workers, who introduced the polyacetylenes into
the lead bromide perovskite hybrids that have enhanced light
emission efficiency.

On the other hand, among the orgatilcorganic perovs-
kites the[100Horiented type has been extensively investi-
gated! and few with other orientations have been reported
so far®7 Accordingly, the syntheses of organimorganic
perovskites with different orientations will continue to be
an attractive area of research. A series[bf0Horiented
organic-inorganic perovskites with composition [NE(l)=
NH2]2(CH3sNH3)mShil sme2 (M= 1—4) were reported by Mitzi
and co-workerg ¢ These perovskites were stabilized by the
cooperation of methylammonium and iodoformamidinium
cations or the latter themselves. With the increasing of the
m value, they undergo a semiconductonetal transition’2
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Scheme 1. Growth and Formation Processes for the
Organic—Inorganic Perovskite (CsH13N3)PbBr,4 (a) and
API-2HBr (b) Crystals
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In above examples, the iodoformamidinium cations play an
important role in forming1104oriented hybrid perovskites

Li et al.

Furthermore, the hybrid perovskite family is suitable for
forming a thin film which is essential for device application
by a number of simple processing technigtfeshe (1103
oriented perovskite we obtained contains two components
only (API-2HBr and a PbBr part) instead of three in the
known [110Horiented perovskites described by Mitzi et al.
(methylammonium, iodoformamidinium, iodostannétafich

is an advantage to prepare thin films using the spin-coating
technique.

[l. Experimental Section

Materials and SynthesesAPI (98%, Aldrich), PbBs (99.999%,
Aldrich), and HBr &40%, Beijing Chemical Industry Co., Ltd.)
were used as received. A single crystal of compalimcs obtained
in a N, atmosphere by heating a mixture of PhE0.1 mmol),
API (0.1 mmol), and HBr (12 mL) to 70C and then slowly cooling
it (3 °C/h) to room temperature. This organinorganic perovskite
crystallizes in a monoclinic space groBg,/c.26 As a comparative
control, a single crystal (and powder) of the ammonium salt,- API
2HBr, was prepared by evaporating a solution of API dissolved in
40% hydrobromic acid. The growing and formation processes for
the organie-inorganic perovskite (§H:3N3)PbBr and APF2HBr
crystals are shown in Scheme 1.

Thin Film Deposition. Thin film of the perovskite compount!
was prepared by spin coatingNiN-dimethylformamide (DMF)

as a result of their special structures. Since then no othersolution on a quartz substrate. The coating solution was prepared

[1105oriented hybrid perovskite has been reported. Accord-
ingly, it is worth exploring other organic ammonium cations
that might stabilize thé1105oriented perovskite structure
with novel physical properties.

The substituted imidazoles and their derivatives are a kind
of optically active organic compound which have tunable

fluorescent properties dependent on the solvents and pH

values? In this work we report anothéfl 10doriented hybrid
perovskite which is stabilized by the optically active organic
ligand N-(3-aminopropyl)imidazole (API, for molecular

by dissolving 10 mg of recrystallized hybrid perovskite compound
1in 3 mL of DMF. The film was prepared by flooding the substrate
with solution and a spinning cycle witl s ramping to 1500 rmp
and dwelling for 50 s at 1500 rpm. Then the substrate was heated
at 100°C for 20 min to remove residual solvent.

Characterization. Diffraction intensities for the single crystals
of compoundl and APt2HBr were collected on a Rigaku RAXIS-
RAPID image plate diffractometer using the w-scan technique with
Mo Ka radiation ¢ = 0.071 07 nm). Absorption corrections were
applied using the multiscan technigiélhe structures were solved
by direct methods using SHELXS-%7and refined by means of

structure, see Scheme 1). Other considerations for choosingull-matrix least-squares techniques using the SHELXL-97 pro-
this organic ligand are as follows. First, it possesses a primarygrant® as implemented in WINGX* Non-hydrogen atoms were
amine on one end which usually can be used to constructrefined anisotropically. The positions of hydrogen atoms attached
perovskite structure; second, it has an imidazole (equal to© carbon were generated geometrically. Analytical expressions of
ternary amine) on the other end which has steric hindranceg?u"a|'_at°m Scatt_te”“_g factors t"";;ﬁ egmpLoy;e(d, W'éhﬁ an?_malous
; : ; ispersion corrections incorporated therifthe X-ray diffraction

Ior the. formation of .perOVSklte (usually leading to the (XISD) of the film sample WfIiDS examined onaRiga)I:u-Dmax 2500
ormation of metal halide columnar stacks or chdifie : . o =

. . o diffractometer using Cu K radiation ¢ = 0.154 05 nm). The
two different amine hef':\ds on both ends. of ong organic ligand excitation and emission spectra were taken on a Hitachi F-4500
may .Iead to noyel d'Sthted pe_rovs_klte. It _'S fo_und that spectrofluorimeter equipped with a 150 W xenon lamp as the
reaction of API ligand with PbBrin acid solution yields @ excitation source. The morphology of the thin film was measured
(1104oriented organieinorganic perovskite (§1:3N3)PbBi on an atomic force microscope (AFM, Bermad-2000 SPM) in
(compoundl). The structure and photoluminescent (PL) tapping mode. The band structures of the API ligand and the
properties of the hybrid perovskite were studied. It is of great
interest to find an energy transfer from the inorganic RbBr
sheets (exitons) to the organic component, &R (API
forms a dication in acid solution which is denoted as API
2H*, Scheme 1), and great enhancement of the emission
intensity with respect to the ammonium salt, ABMBr itself.
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Figure 1. Crystal structure of perovskite compoufhdiewed down thea axis
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Figure 2. Comparison of the structure of compourd(a) with the
previously reportedl10Zoriented perovskite [NC(I)=NHa]2(CHsNH3)2-
Snplg (b, Mitzi et al’?).

perovskite were calculated using the CASTEP code (version 3.0,
Accelrys) based on the density-functional theory (DFT).

I1l. Result and Discussion

Structure Description. Figure 1 shows the structure of
the compound viewed down theé100{(Figure 1a) and001]
(Figure 1b) orientations, respectively. Compared with the
reported series [NKC(1)=NH,]2(CHsNH3)nSnnlsmtz (M =
1-4),/2¢ it can be concluded that compoudds a (1103

Chem. Mater., Vol. 18, No. 15, 2008465

[100J(a) andc axis [001C)(b).

the iodoformamidinium and methylammonium cations in
[NHC(I)=NH_]2(CH3sNH3),Smulg is merged into the two
parts of one single dication of ARIH*. Compared with
[NH2C(1)=NH](CH3NH3),Srplg, "2 it can be seen that the
API-2H" dications replace the methylammonium and iodo-
formamidinium cations and have similar function to the two
cations on formation of perovskite sheets. The primary
ammonium (N1) on one head may be regarded as the
methylammonium, while the imidazolium (N3) on the other
head seems to take an effect similar to that of the iodoform-
amidinium. Such structure of the organic dication brings
about the formation of thEl10Horiented perovskite sheets.
It is the unprecedented one single dication that builds up a
layered[110doriented perovskite.

In Figure 1a for the structure of compouhdiewed along
the a axis, the lead bromine octrahedra in this compound
take a slightly distorted configuration with BPb—Br angles
ranging from 86.35 to 96.42and Pb-Br bond lengths
ranging from 2.788 to 3.261 A, respectively. This indicates
that the lone pair electrons of lead(ll) are stereochemically
active’® Within a given sheet, the PbBoctrahedra share
neighboring corners (Br4) extending down the crystal-
lographicc axis and opposite corners (Brl) along thaxis
(Figure 3), which build up zigzag perovskite sheets in the
acplane. Neighboring sheets are held together by the organic
dication APt2H". In these1104oriented perovskite sheets
the angle PbBrd4—Pb is 162.68 (Figure 3), slightly
deviating from the straight angle. This indicates that the
adjacent octahedra are slightly rotated relative to each other
in the bc plane. Along thea axis the perovskite sheets also

oriented hybrid perovskite. As a representative example, ahave a slight corrugation with the angle of-FBr1—Pb being

comparison of the structure of compouh¢Figure 2a) with
the previously reportedl10doriented perovskite [NEC-
(N=NH3]2(CH3NHz3):Srplg (m = 2; Figure 2b) is shown
Figure 2. Different from the previously reportdd103
oriented perovskite, in the present case the function of

171.85.

The [1104oriented perovskite sheets are stabilized by the
interleaved layers of the ARIH* dications. The dication
contains both protonated primary (N1) and ternary (imidazole
nitrogen N3) ammonium groups. Two types of different
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uniform, consisting of fine and even grains with sizes ranging
from 100 to 200 nm. The film surface has a root-mean-square
roughness of 83.9 nm, as shown in the stereo image (Figure
4b). The XRD study reveals that the film is well-crystallized
and highly oriented, exhibiting well-defined and equal spaced
(0k0) (k= 2, 4, 6, ...) diffraction peaks (Figure 5). The above
results indicate that thé 10doriented perovskite compound

1 is easy to processed into thin films, which provides the
potential opportunity of using the hybrid material for
extensive applications.

Optical Properties. Under longer wavelength ultraviolet
(365 nm from a UV lamp) irradiation, the ARIHBr salt
shows a very weak blue emission which can only be detected
by the spectrophotometer, while the hybrid perovskite
compoundl shows a strong deep yellow emission which
can be seen clearly even by the naked eye. Figure 6 shows
the PL excitation and emission spectra of the hybrid
perovskite (compounti) with respect to those of ARZHBr.

The emission spectrum of ARIHBr contains a broad band
(390-600 nm) with a maximum around 436 nm (Figure 6b),
and the corresponding excitation spectrum (Figure 6a)
consists of a broad band peaking around 360 nm due to the
s—s* transitions in AP12HBr8 The formation of the hybrid
perovskite compounitl changes the luminescence properties
Figure 3. Structure of compounti with the atom numbering and hydrogen greatly. In Figure 6¢ for the excitation spectrum of compound
bonds (shown as red lines). " .

1, apart from the characteristic absorption band around 360

hydrogen bonds form in this organic-based perovskite "M due to the APRH™ organic ligand component, a strong
structure. On one hand the three hydrogen atoms of thenarrow excitation band at 398 nm is present. This band is
primary ammonium N1 (Figure 3) adopt the bridging halide the typical exciton absorption arising from the two-
hydrogen bonding configuration in one sh&ein the other dimensional PbBf~ layers in organic/inorganic perovskite
hand, as a result of the steric hindrance, the hydrogen atomstructure’® further confirming the formation of the layered
of the imidazolium N3 forms hydrogen bonds with the Perovskite structure in compourid Upon excitation into
terminal bromine (Br2) of the neighboring sheet. The two the absorption band of the ligand at 360 nm, the obtained
special types of hydrogen bonds together with the electro- emission spectrum consists of a broad band ranging from
static interactions between the organic cations and inorganic400 to 650 nm, with one narrow peak at 424 nm and another
anions stabilize thEl10oriented perovskite sheets to some broad band peaking at 503 nm, as shown in Figure 6d. The
extent. former emission peak (424 nm) is the characteristic exciton
Film Morphology. AFM topology images for the spin-  emission arising from the two-dimensional PiBrlayers

coated film of compound are shown in Figure 4. From the in the perovskite compound with the corresponding
planar image (Figure 4a), it can be seen that the film is excitation peak at 398 nm, and the latter is mainly from the

(a) (b)

Figure 4. AFM topology planar (a) and stereo (b) images for the spin-coated film of hybrid perovskite compound
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excitation condition 4ex = 360 nm), accompanied by the
red shift of the emission maximum (503 nm in the former
vs 436 nm in the latter). To explain these changes, the crystal
structure of the free ligand ARIHBr was obtained and is
shown in Figure S1 (Supporting Information). Compared
with the free ligand ammonium ARZHBr crystal, ther—x
stacking interactions among neighboring imidazolium rings
in compoundl increase with the reduced separation of
neighboring imidazolium in the perovskite (interplanar
distances between two neighboring separate imidazolium ring
are 3.823 A in the free ligand and 3.558 A in the perovskite,
respectively). It is generally thought that the center-to-center

50 distance ofr—s stacking intramolecular interactions ranges
from 3.3 to 3.7 A. Confinement by the hydrogen bonds
Ze(degree) together with the electrostatic interactions between perovskite

Figure 5. XRD pattern for the thin film of hybrid perovskite compoumhd
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Figure 6. PL excitation (a, ¢) and emission (b, d) spectra for RPIBr
(a, b) and the perovskite compoutidc, d) under the same instrumental
conditions.
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organic component ARP2H" in the perovskite compound

sheets in compountileads the arrangement of API dications
in the crystal to become more ordered and close. Although
a quenching of luminescence may be noticed if quite strong
intermolecular interactions occur, some compounds still show
fluorescence with a shift to longer wavelenditin the case

of the perovskite structure, the increasing-w stacking
intermolecular interactions of the ammonium ligand in the
perovskite lowers ther—s* transition energy and brings
about the red shift for the emission of APHBr.2°

Fluorescence emission intensity of the imidazole ligand
is generally weak. The ligand’s contribution to the fluores-
cence properties of the complex is very limiféd.he greatly
improved emission intensity in the perovskite compodnd
can be attributed to two factors. One comes from the
additional contribution to the emission from the excitons,
and another is resulted from the energy transfer from the
excitons (from two-dimensional PbBr layers) to the
organic ligand AP12H". This can be seen clearly from the
presence of the excitation band of the excitons in the
excitation spectrum (Figure 6a) monitored by the emission
of the APF2H" (Aem = 503 nm). In general, the emission of
exciton is of narrow bandwidth<50 nm)?22 With maximum

(398 nm) and emission (424 nm) as well as the narrow excitons have no or very little emission at 503 nm. So the
bandwidth of the peaks is characteristic of excitbiThe  presence of the excitation band of the excitons in the
perovskite compound can be considered as a semiconduc- excitation spectrum (Figure 6c) is absolutely indicative of

the exciton also has moderate absorption at this wavelengthihe organic ligand APRH" in the perovskite compount
although the maximum is located at 398 nm), an electron

(©) is excited from the valence band (VB) to the conduction

(18) (a) Cheng, Z. Y.; Wang, Z.; Xing, R. B.; Han, Y. C.; Lin,Ghem.

band (CB), leaving a holeg) in the VB. The electron&)
and the hole®) move freely in the CB and VB, forming an

exciton. The recombination of the electron and hole in the

exciton yields an emission around 424 #m.

Furthermore, the integrated emission intensity of the

perovskite compound increases greatly>(6 times) with
respect to that of the ligand salt ARHBr under the same
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Figure 7. PL emission spectra of perovskite compouhda) and AP{ —"" | |
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Under excitation into the exciton absorption at 398 nm, the (b)
obtained emission spectrum for perovskite compound
consists both of the emission from the exciton (424 nm) and
that from the ligand (503 nm; similar to Figure 6d), but no
emission is observed for the ARHBr salt (Figure 7). This
confirms the occurrence of the energy transfer from the
excitons to the organic ligand in the perovskite compound ]
1, which enhances the emission of the ligand &Pt to a N
great extent.
To prove the proposed mechanism, the band structures of 4.
the API ligand and the perovskite were calculated using the z GY AB D E c
CASTEP code based on the DFT, and exchange andFigure 8. Calculated band structures of ABPHBr (a) and perovskite
correlation have been treated by generalized gradient ap-compoundl (b).
proximation (GGA) within the scheme due to Perdew
Burke—Ernzerhof (PBEY2 The method has been applied in
some hybrid perovskites materidfsThe calculated band
structures of APRHBr and compound are given in Figure

Energy (ev)

that a red shift is observed for the emission of A in

perovskite compound with respect to the free ARP2ZHBr.

At the same time, the relatively low conduction of the organic

8a,b, respectively (the calculated density of states (DOS) of molecules in the hybrid compound makes it po;s@le for the
energy transfer from the excitons to the organic ligands. It

the two compounds are shown in Supporting Information ) .
Figures S2 and S3, respectively). The calculated band galoshould be noted that the calculated band gaps in semiconduc-

is 3.8 eV for APF2HBr. The CB and VBs of the AP2HBr tors may be upderestimated using this first-principles energy
are primarily composed of p states associated with the band c_alculatlon, probab_ly because of many factors sgch as
mixture C 2p&*), N 2p(*) and C 2pf), N 2p@) of the the action (_)f the crystal field, the structure model, the limits
imidazolium, respectively. This suggests that the lumines- of method itself, and so fort#. These factors are expected

cence of the APRHBE arises from ther—a* transition. The to give some contributions to the change of the calculated

CB of the compound can be separated into two parts. The energy level but were not included in view of the difficulty
CB minimum is located at 1.0 eV as a result of the C2( of doing so correctly. Nevertheless, the results of the
and N 2p&*) of the imidazolium (see Figure S3, Supporting calculation can WeII-eprailj the luminescence phenomenon
Information). The second lowest CB edges are located atand the proposed me_chamsm. .

2.5-5.0 eV which is mainly composed of Pb 6p with afew ~ As asummary, a simple model for the luminescence and
contributions from the C 2pf) and N 2p¢*). It can be energy transfer process occurred in the organic ammonium
seen that the calculated ligand's band gap in compduisd ~ Salt APF2HBr, and the perovskite compoudds schemati-
smaller than that in free ARZHBY, indicating that formation ~ cally shown in Figure 9. For the free ligand ARHBr, upon

of the perovskite lowers ther* energy of the organic ~ €xcitation with 360 nm UV, an electron is excited from

molecules in the conductive band. Thus it is understandable(VB) to higherz* (CB) levels and then relaxes to the lower

(23) (a) Segall, M. D.; Lindan, P. L. D.; Probert, M. J.; Pickard, C. J.; (25) (a) Fu, Z.; Zhou, S.; Zhang, 3. Solid State Chen2005 178 230.

Hasnip, P. J.; Clark, S. J.; Payne, M. L.Phys.: Condens. Mater. (b) Fu, Z.; Zhou, S.; Yu, Y.; Zhang, £hem. Phys. Let2004 395,

2002 14, 2717. (b) Perdew, J. P.; Ernzerhof, B. Rhys. Re. Lett. 285.

1996 77, 3865. (26) Crystal data for compountt monoclinic, space group2lic; a =
(24) (a) Knutson, J. L.; Martin, J. D.; Mitzi, D. Bnorg. Chem2005 44, 6.1661(3) A,b = 27.6363(12) Ac = 8.4503(4) A g = 95.7120,

4699. (b) Chang, Y. H.; Park, C. H.; Matsuishi, K. Korean Phys. V = 1432.85(12) & Z = 3; T = 293 K; R1= 0.0667 and wR2=

So0c.2004 44, 889. 0.1882; and R* 0.0688 and wR2= 0.1909 (all data). CCDC 283056.
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CB[C2p(m¥) N2p(m#)]  CB[C2p(m) N2p(T+)] CB[Pb(6p)] IV. Conclusions

Optically active organic molecules API in dication form
(API-2H") interact with the PbB#~ inorganic layers through
electrostatic interactions and hydrogen bonding, resulting in

Exciton
level

EX EM EX the formation of the rarely observétilOSoriented organie
360 nm 424 nm 398 nm . . . . . .
inorganic perovskite structure. The optical properties (mainly
emission intensity and wavelength) of the orgafifmrganic
perovskite compound have been improved greatly with
VB[C2p(T) N2p(m)] VB[C2p(T) N2p(m)] VB[Pb(6s)+Br(4p)] respect to the organic ammonium salt (A&ZMBr). The easy
C ~ J processing to even film makes thid104oriented hybrid
API - 2HB . perovskite a good candidate for optoelectronic device ap-
T Perovskite

Figure 9. Schematic diagram for the luminescence and energy transfer p"CaF'c?r,‘: The current .synthetlc methOd()lOgy opens .Up
processes that occurred in the ammonium salt 2RBr and the perovskite possibilities for assembling novel types of hybrid perovskite
compoundl (the compositions of the VB and CB in the free ligand APl through the incorporation of different types of amine into

2HBr and perovskite, the—s* transitions in API2HBr, and the excitation : T ;
and emission of the excitons together with the energy transfer from excitons one Smgle organic Ilgand’ and further studies on these are

to API-2HBr in the hybrid perovskite are clearly shown in the diagram; for iN progress.
details, see text).

w* levels, from V\_/hi(;h it radiatively returns to thzelevel to ' th:\ cfl;r&cr)]v&/ﬁrjo%mgp t;BgTr'anr?iﬁS;,l,s ;rn?éﬁgzes%fgégergybzf
produce the emission of 436 nm. In the hybrid perovskite, gciences, the MOST of China (No. 2003CB314707), and
intermolecular interactions of the ammonium ligand lowers National Natural Science Foundation of China (20431030,
the m—x* transition energy and brings about the red shift 50225205, and 00310530). The authors are very grateful to Prof.
for the emission of ARRHBr (503 nm). Excitation with the  Zhijian Wu for the help in calculation.

398 nm UV (from VB to CB) leads to the formation of

excitons in the hybrid perovskite, and the excitation energy  Supporting Information Available: Crystal data of perovskite

in the excitons will release by self-emitting (at 424 nm) and compoundl and the free ligand AP2HBr in CIF format; crystal
transferring to the lowerr* levels of the Organic molecules structure of the free Ilgand ARIHBr; and calculated DOS of the
(AP1-2HBr, emitting at 503 nm) simultaneously, resulting !igand.API-ZHBr and perovski.te compourid(PDF). This material

in the totally enhanced emission intensity in the hybrid is available free of charge via the Internet at http://pubs.acs.org.
perovskite. CMO060714U



