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Undistorted perovskite layers are formed in Pdsed hybrid perovskites incorporating-¥CH,),—
NHst (X = Br, Cl) cations. The outstanding structural feature of these compounds is the result of halogen
and hydrogen bonding at the organioorganic interface, leading to the absence of hydrogen bonds
between equatorial iodine atoms of the perovskite layer and ammonium parts, these last being located
out of perovskite layers. As a consequence, these red salts display a reduced band gap (2.2 eV) which
is assigned to a more disperse HOMO band compared to other salts sueH@bl)b—NH3).Pbl.

Introduction incorporating selected cations which are able to impact the
bonding features of the inorganic framework. In the last way,
The large field of hybrid organieinorganic compounds  seyeral results that relate the effect of steric interactions in
is continuously of high interest due to the opportunity to organic sheets on the electronic properties of hybrids have
combine useful properties of both components, and the peen reporte@More recently, extended kel tight-binding
possibility to tune the physical properties thanks to small phangd structure calculations on a series of idealized; Snl
modifications at the organiginorganic interface. Hybrid  perovskite sheets indicate that theM—I bond angle is a
perovskites, which have the great advantage of being dominant structural factor influencing the electronic structure
processed into thin films by room-temperature techniques of such organie-inorganic hybrid compoundsin fact, the
such as spin-coatingcan possess semiconducting properties main interaction responsible for rotation and/or the tilt of
depending on the nature of the inorganic framework. Mm!X; octahedra is the H bonding between ammonium parts
Extensive work has been notably devoted to materials basedand halide atoms. For instance, the change of hydrogen
on iodostannate perovskite layers which can be used as &onding during structural transitions which involves a change
semiconducting channel in thin-film field-effect transistors of geometrical characteristics of inorganic sheets results in
(TFTs)23 with the potential of relatively high electrical  thermochromism in some related materfa®.lt seems

mobility (0.6 cnt V™' s in (CeHsCoHsNH3),Snl? for obvious that with restriction of the ammonium/halide interac-
instance). This value nevertheless remains 2 orders oftions, as shown recently in the first example (H@H,).—
magnitude smaller than the one evidenced insHeSNk, NHa).Pbl, salt)1° less distorted perovskite layers could be
which is a 3D perovskite with metallic conductivityTwo obtained.

main strategies have been considered to improve the charge Herein, we first report on the preparation, X-ray structural

carrier mobility of a given halogenometallate network: (1) characterization, optical absorption spectra, and electronic
to achieve hybrids with enhanced structural dimensionality,

either multilayer perovskite materidl®r materials with
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Table 1. Crystallographic Data for 1, 2a, 2b, and 3

1 2a 2b 3
(Cl=(CH)2—NH3)2Pbl  al-(Br—(CH2)2>—NHz)oPblh  a2-(Br—(CHy)2—NH3),Pbls  (I—(CHz)2—NH3)2Pbl
Fw (g/mol) 875.86 964.78 964.78 1058.76
space group Pbnm Qlc Pbnm Ri/a
a, A 6.4703(2) 9.126(1) 6.4824(3) 8.753(1)
b, A 12.839(7) 9.143(1) 12.9046(8) 8.747(1)
c, A 20.797(2) 21.450(2) 21.141(2) 12.720(2)
a, deg 90 90 90 90
p, deg 90 98.65(1) 90 97.63(1)
y, deg 90 90 90 90
Vv, A3 1727.7(5) 1769.4(3) 1768.5(2) 965.3(2)
z 4 4 4 2
obs. reflns (1> 20(l))/parameters ~ 2027/66 1673/71 2597/66 1954/63
R1( > 20(l))/wR2(all data) 0.039/0.098 0.041/0.103 0.039/0.089 0.034/0.103

structures of Phtbased hybrid perovskites incorporating
X—(CH,),—NH3* (X = I, Br, CI) bifunctional ammonium

Table 2. Selected Bond Distances (A) and Angles (deg) for 1
((C1=(CH2)2—NH3)2Pbl,)?

cations. In contrast with the Pdhyers found in the structure EE.::E%M %%213((%)) Eg:%#z %'.22%51?3((%))

of (I—(CH).—NH3)2Pbl, (3), almost undistorted perovskite  Pb-I(1) 3.2019(8) PHI(2)#3 3.2657(9)

layers are formed in structures of (JICH,),—NHz).Pbl, I(1)#1—Pb—1(1) 174.255(19)  1(3)Pb—1(2) 92.736(19)

(@) ardac- ando2-(r-(Ch) NHgPOkpoymomhsgs  O7RNION  Tplely (Gene ooy

and 2b, respectively), as a result of united halogen and 1(3)—Pb-I(1) 88.461(9)  I(2)-Pb-I(3)#2 94.115(19)

hydrogen bonding at the orgarimorganic interface. 1(3)—Pb—1(2)#3 89.191(18) I(1)#:Pb—1(2#3  92.403(9)
I(3)#2—Pb-1(2#3  83.957(18)

Synthesis and Characterization Starting materials X (CHy),—
NH3s*X~, Pbb, and concentrated HI in a 2/1/6 molar ratio were
first added to acetonitrile (20 mL). The solution was then stirred a
few minutes at room temperature, giving a clear yellow phase, and

aHL XY, =2+ Yo #2: =X+ Upy + Yo Z #3: X — 1,y, Z #4: X +
1y, 2 #5 =X+ Yoy — Yy, 2

Table 3. Selected Bond Distances (A) and Angles (deg) for 2a

(al-(Bl‘*(CH 2)2*NH3)2Pb|4)a

was then allowed to evaporate at room temperature. Platelike E?Ir_:(?#l 3;11288%(%) Eg:(i)z; ggi%(g)
crystals of (X-(CHz).—NHjg).Pbl, (X = Br, Cl) were formed Pb—lglg 3.'2187((8)) Pblglg#3 3:2410§83
several hours later. The red crystals were collected by filtration (2)-Pb-IQ#L  177.30(4) (13- Pb-I(L)#1 91.40(3)
anq washed. with colf:i ethyl acgtate. [A.nal. Calcd fQNQP.thb I(W)-Pb-I()#2 178:49(3) I(1)#Pbi(1)42 90:099(9)
(1) C, 5.50; N, 3.20; Pb, 23.7; 1, 58.0; C|, 8.10. Found: C, 6.04; 1(2)—Pb—I(1) 88.04(2) I(2-Pb—I(1)#2 91.86(2)
N, 3.17; Pb, 23.24; 1, 57.31; Cl, 8.01. Anal. Calcd foiNzPbl,- 1(2)-Pb-I(1)#1  90.07(2) I(1)#2Pb-1(1)#3  88.40(3)
Br, (Za or Zb) C, 4.97; N, 2.90; Pb, 21.45; 1, 52.62; Br, 16.56. Pb*|(1)*Pb#4 178.49(3)

Found: C, 5.07; N, 2.86; Pb, 21.39; |, 51.42; Br, 15.85.] Starting

afl: =X+ 3,Y, =2+ %o #2: X — Yy, y — Yo, 2. #3: =X+ 5,y — Ya,

from Br—(CH,),—NH;3" entities, a mixture oRaand2b polymorph
phases was obtained witl2a/2aratio ranging from 0 to 0.5, which
depends on the speed of evaporation. The crystal8 ofere
obtained from a slow evaporation at room temperature for 1 week
of a concentrated HI solution containing-B{CH,),—NHz"Br~ and

Pbl in a 2/1 ratio. Due to the large excess of iodide ions in the ] ) )
solution, the Br atoms on the ethyl groups of organic ligands were ~ X-ay Crystallography. X-ray diffraction data of selected single
replaced by the atoms of | and resulted in the orange crystals of Crystals were collected on a Bruker-Nonius KAPPA-CDD diffrac-
compound3. [Anal. Calcd for GN,Pbl: C, 4.53; N, 2.65; Pb, tometer equipped with graphite-monochromated Mo fddiation

19.6; 1, 71.9. Found: C, 4.70; N, 2.61; Pb, 19.09; I, 70.98] CPMAS (4 = 0.71073 A). A summary of crystallographic data and
1H—13C solid-state NMR experiments which were carried ouon  'efinement results for all compounds is listed in Table 1. Structures
and @a+ 2b) unambiguously confirm the presence ef(CH,),— were solved and refined using the ShelxI97 package. Heavy atoms
NHs entities in 3 (see SI). Powder X-ray pattern of the three (Pb, I, Br, Cl) were first located using direct methods, C and N
homogeneous Samp|es showed that all reflections are indexed inatoms then being located from the analysis of the Fourier difference
the orthorhombic cell oﬂ_, and the monoclinic cells d@a and3’ maps. A statistical disorder affects the Organic molecule in the
respectively. Thermogravimetric analysis measurements (TGA-2050 structure of2a, the carbon atom bearing the halogen atom being
Instruments System), which consist of a@min ramp from 25 located on two positions. The occupation rate of each position was
to 900 °C under a flowing nitrogen atmosphere, show that first refined, agitation parameters being constrained to be equal,
compounds decompose in two steps with a first weight loss of and was finally fixed to 0.5. All hydrogen atoms were treated with
43.9% (., T=150°C), 51.0% Ra+ 2b, T = 210°C), 54.3% B, a riding model in all three structures. Positions and anisotropic

T = 200 °C), which probably corresponds to the departure of displacement parameters of the non-H atoms were refined by full-
X(CH2)2,NH; and HX molecules (Calcd: 47.4%)( 52.2% Qaor matrix least-squares routines agaifét Absorption effects were

2b), 56.4% @)), and the second weight loss @&t = 400 °C corrected using the Gauss method. Selected bond distances and
corresponding to the sublimation of the MXemaining salt. angles forl, 2a, 2b, and3 are provided in Tables25. A complete
Differential scanning calorimetry (DSC) measurements were per- list of crystallographic data, along with the atomic coordinates, the
formed on a DSC-2010 TA Instruments system. F2a ¢ 2b), anisotropic displacement parameters, and bond distances and angles
the two endothermic peaks at= 107 °C andT = 153°C that are for each compound are given as Supporting Information.

—z+ Sy #h4: X+ Yp, y + Yp, z

observed before the decomposition are assigned to a solid-state
reaction between the organic cations and the inorganic network.
This study will be reported in the near future.
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Table 4. Selected Bond Distances (A) and Angles (deg) for 2b
((12-(BI’—(CH2)2-NH3)2Pb|4)a

Pb-1(3) 3.1798(8) PbI(2)#2 3.2168(8)
Pb—1(1)#1 3.1858(6) PbI(2) 3.2679(8)
Pb-1(1) 3.1858(6) PBI(3)#3 3.2799(8)
I(L#1-Pb-I(1)  175.37(2)  I(3¥-Pb-1(2) 90.30(2)
I(Q#2—Pb-1(2)  176.92(3)  I(1)}-Pb-1(2) 91.763(12)
I(3)—Pb-I(3)#3  175.104(12) I(1)#Pb—I(3)#3  91.650(13)
1(3)—Pb—I(1)#1 88.494(13) I(Q#2Pb—I(3)#3  92.12(2)
1(3)—Pb-I(2)#2 92.78(2)  I(2Pb-I(3)43 84.80(2)
I(1)#1-Pb-I(2)#2  88.320(12)

Pb#4-1(2)—Pb 176.92(3)  PbI(3)—Pb#5 177.55(3)

a1l X, y, —z+ Yo #2: x+ 1,y, 2 #3: —x + 35,y — Yo, 2. #4: x —
1y, 2.#5 =X+ 3,y + Yp 2.

Table 5. Selected Bond Distances (A) and Angles (deg) for 3
((1=(CH2)2—NH3)2Pblg)?

Pb—1(2)#1 3.1775(6)  PbI(1) 3.2225(5)
Pb-1(2) 3.1775(6)  PbI(1)#2 3.2243(5)
Pb—I(1)#1 3.2225(5) Pbl(1)#3 3.2243(5)
I(2)#1-Pb-1(2)  180.0 I(2#E-Pb-I(1)#2  89.452(15)
I(1)#1-Pb-I(1)  180.0 I(2)-Pb—I(1)#2 90.548(15)
I(2)—Pb-I(1)#1  91.342(13) I(L)#EPb—I(1)#2  87.668(9)
1(2)—Pb—I(1) 88.658(13)  I(1)-Pb—I(1)#2 92.332(9)
Pb-I(1)—Pb#4  147.379(15)

afl: —x+1,-y—1,—z— 1. #2: =X+ Yoy — Yy, —z— 1. #3: X
+ Yo, =y = Yo, z. #4: —x+ Yo,y + Yy, —z— 1.

Optical Properties. Absorption spectra were measured on thin
films for the most interesting compoundsand Qa + 2b) or on
powder for 3 using a Lambda 19 Perkin-Elmer spectrometer
equipped with a Specac variable temperature cell P/N 21525
(vacuum environment). Crystallized films have been prepared by
the spin-coating technique in the solvent of acetonitrile. The purity
of the expected phases was provided by XRD patterns (ESI). It
must be noted that the thin film of the bromine derivative is that
of 2b, although the starting samples contain b&h and 2b
polymorphs.

Electronic Band Structure Calculations. All calculations and
geometry optimizations were carried out at the DFT level of theory
using the PBE96 functionat.In the first step, to check the accuracy
of the DFT/GGA approach to describe the electronic structure of

these hybrid materials, structural optimizations have been done for

the1 and3 compounds having respectively distorted and undistorted

Sourisseau et al.

in the WIEN2K packagé? This method is often used for the
analysis as it allows an easier decomposition of the wave function
into atomic-like orbitals. However, when one has to deal with small
atomic radii like the C, N, and H atomic radii, the WIEN2k code
is very computer-demanding. So only the inorganic part was
introduced for the FLAPW calculation and various methods have
been tested to simulate the charge transfer coming from the organic
part (charged system, insertion of alkaline metals into the slab).
The best agreement for the DOS and electronic gap between the
VASP (complete structure) and FLAPW (inorganic part only)
calculations was obtained by putting a sodium atom on the
ammonium site. The electronic gaps were found to be 2.27 and
1.86 eV with WIENZ2k for the iodine and chlorine compounds,
respectively, compared to the 2.23 and 1.89 eV previously found
with VASP. k-point meshes similar to previous ones were used.
The PAW pseudopotential that has been chosen for the VASP
calculations uses the following atomic configurations to describe
the valence states: Pb8db< 6p?), 1(5s 5p°), CI(3< 3p°), C(2¢

2p9), N(2¢ 2p°), H(1s). For the FLAPW calculation, aRur x

Kmax = 8.0 was used to define the size of the basis set, using the
same muffin tin radiusRyr = 1.58 A) for all the atoms.

Results and Discussion

Crystal Structures. The crystal structures df-3 are built
up from sheets of corner-sharing Pbttahedra alternating
with organic cation bilayers. The degree of distortion of
perovskite layers in terms of tilt of octahedra related to the
mean equatorial Pplplane can be easily visualized from
Figures 1 and 2a: while no tilt occurs I 2a, and2b, a
quite strong tilt is observed in the structure »fAnother
remarkable structural feature concerns the position of
molecules between perovskite layers, and especially the
position of ammonium parts: they clearly fit in the perovskite
sheets i3 (Figure 2a), and in contrast, they are protruded
toward the interlayer space i 2a, and2b (Figure 1). In
the four structures, we can easily find that the carbon,
halogen, and nitrogen atoms of molecules approximately lie
in a plane. Nevertheless, considering the@bond of ethyl
parts, the terminal substitutes, ammonium and halide groups,
are either in trans conformation in the structuregFigure
2b) or in cis conformation in the structureshf2a, and2b

perovskite layers. Keeping experimental cell parameters, the internal(Figure 1). The existence of two polymorphs, namely;

atomic coordinates of all the atoms were adjusted, using VASP
packag& based on the efficient projected augmented wave (PAW)
approachg by minimizing Hellmann-Feynman forces. All calcula-
tions were converged with regard to the kinetic energy cutoff used
for the plane wave (PW) basis set expansion and toktheint
density needed for the Brillouin zone integration. A cutoff of 500
eV and a (6x 6 x 4) Monkhorst-Pack-point mesh for3 ((8 x 4

x 2) for 1) were sufficient to achieve convergence. Accuracy on
the optimized bond lengths will be discussed later.

(Br—(CHz)Z—NH3)2Pb|4 (2a) and(x2—(Br—(CH2)2—NH3)2PbI4

(2b), that are obtained together as synthetic products is quite
original. There have been extensive studies reporting such
systems that exhibit polymorphism. However, in contrast
with our study, polymorphs resulted from temperature-
dependent transitions (due to changes in the ordering or
hydrogen bonding of the organic catiofi2}.>The structure

of 2b is isomorphous to that ofl. The main difference
between structures of botka and 2b polymorphs is the

In a second step, electronic structure calculations for the density relative disposition of two consecutive organic bilayers along

of states (DOS) and band dispersion analyses have been made on: while molecular planes are all parallel to each other in
these optimized structures using the very accurate full potential 2b (or in 1, Figure 1a), molecular planes of cations belonging
linearized augmented plane wave (FLAPW) method, as embodied

(11) Perdew, J. P.; Burke, S.; Ernzerhof, Rhys. Re. Lett. 1996 77,
3865.

(12) (a) Kresse, G.; Furthiiiar, J. Comput. Mater. Scil99§ 6, 15. (b)
Kresse, G.; Furthriiler, J. Phys. Re. B 1996 54, 11169.

(13) (a) Blachl, P. E.Phys. Re. B 1994 50, 17953. (b) Kresse, G.; Joubert,
D. Phys. Re. B 1999 59, 1758.

(14) Blaha, P.; Schwarz, K.; Madsen, G. K. H.; Kvaniscka, D.; Luitz, J.
An Augmented Plane Wa+ Local Orbitals Program for Calculating
Crystal Properties K. Schwarz: Techn. UniversitaAustria, 2001;
ISBN 3-9501031-1-2.

(15) For example: (a) Chapuis, G.; Kind, R.; Arend,Rfhys. Status Solidi
A 1976 36, 285. (b) Chapuis, GActa Crystallogr., Sect. R978 34,
1506. (c) Vacatello, M.; De Girolamo, M.; Busico, V. Chem. Soc.,
Faraday Trans.1981, 77, 2367.
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Figure 1. View of the layered hybrid perovskite structures of{§CHz),—NH3)2Pbl: (a) 1 (X = CI); (b) 2a (X = Br).

ammonium part. Thus, the strong tilt observedinan be
attributed to the position of ethyl parts which are located
out of the inorganic sheet, the-MH; bond being almost
perpendicular to the layers (Figure 2). This situation is partly
induced by the quite strong interaction between the iodine
atom of the organic cations (I3) and the apical iodine atom
of octahedra (12). Please note that the distance ofIBin
compound3 is 3.89(1) A, which is less than twice the van
der Waals radius of | (4.0 AY, and the angle of C-k312
equals 177.6(3) (Figure 2b). The concept of halogen-
bonding interaction, which was introduced by Dumas et al.
in inorganic halogen complexé%js found to be applied to
the organic halogern$. The nature of halogen bonding is
electrostatic interaction, and its origin consists of the
anisotropy of the electron density around the organic halogen
nucleus which can be represented by an ellipsoid elongated
in the direction across the €X bonding axis. Thus, the
electron-deficient region in the vicinity of the halogen atom

is the direction of maximum attractive electrostatic interaction
Figure 2. Structure of3: (a) general view down along (b) part of the tq\yard electron-rich regions of Lewis bases (B). The stronger
layered structure showing hydrogen and halide interactions at the organic . . . .
inorganic interface. the halogen bonding is, the shorter the B distance will

be, and the closer to 18@he angle of C-X---B bond will
to two consecutive organic bilayers are approximately be. This is the real case for C+t312 in 3. It must be noted
perpendicular to each other #a (Figure 1b). that there is no evidence of interaction involving the electron-

The reasons for the different configurations of perovskite "Ch region of 13 in the direction perpendicular to the C-13
layers can be explained by an accurate examination of weakP0nd in 3. Certainly due to steric considerations in the
interactions in the organic bilayers or at the organic Structure of3, the relative situation of molecules is com-
inorganic interface. As is well-known, ammonium parts Pletely different in the structures df 2a, and2b. Figure 3
interact with halogen atoms of perovskite layers in two main ilustrates halogen and hydrogen interactions between per-
ways, either with two bridging halogens and one terminal OVSKite layers in2a, only one position (C1A) of this
halogen (bridging halogen configuration) or with one bridg- disordered carbon atom being drawn (see Experimental
ing halogen and two terminal halogens (terminal halogen S€ction). The distance of the halogen bonding between Br
configuration)® as in3 (Figure 2b). If the hydrogen bonding of the organic ligands and apical iodides (12) is 3.652(3) A,
involves the rotation of corner-sharing Mictahedra in the

(17) Bondi, A.J. Phys. Chemi964 68, 441.

equatorial Phi plan, the tilt of these polyhedra is mainly (18) Dumas, J. M.; Gomel, L.; Guerin, Mlolecular interactions inolving

due to the position of the carbon fragment bearing the organic halides. The chemistry of functional groups, supplement D
Wiley: New York, 1983; pp 9851020.

(19) Lommerse, J. P.; Stone, A. J.; Taylor, R.; Allen, FJHAm. Chem.

(16) Mitzi, D. B. Prog. Inorg. Chem1999 48, 1-121. Soc.1996 118 3108.

a) b)
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ally close to 180 in 1, 2a, and2b (176.9-178.5 range,
see Tables 25). Except for a 2,2biimidazolium lead(ll)
iodide compound, the highestqlatoria— P—lequatorial bONd
angle reported up to now in several iodometallate hybrid
perovskites is close to 1831%2°In the 2,2-biimidazolium
salt, the quite undistorted perovskite layers (17 &qatoriar
Pb—lequatoria DONd angle) are nevertheless built up from
irregular Pb§ octahedradPb—I in the 3.10-3.36 A range,
I—Pb—1 bond angle (adjacent iodides) in the 79®4.2
range), revealing stereoactivity of 6s lone-pair electrons of
lead(ll) atoms? In contrast, the geometry of the Rhlnit

is close to the ideal octahedron in(dPb—I in the range
3.17-3.26 A, I-Pb—I bond angle in the range 84-®4.1°),
2aand2b (dPb—I in the range 3.173.24 A (2a) and 3.18-
3.28 A (2b); I-Pb—I bond angle in the range 88:091.%
(2a) and 84.8-92.8(2b), see Tables 24).

Optical Properties and Electronic Structures. Such
hybrid materials have an exciton state, associated with the
Figure 3. Part of the structure dfa showing hydrogen and halogen bonding b_ar_]d gap of the morg_amc layers, in the_lr electronlc StrUCtu_re’
at the organie-inorganic interface. giving a sharp peak in the corresponding optical absorption

spectra even at room temperatfté2 The room-temperature

UV —Vis absorption spectra of (X(CH,).—NH3).Pbl, (as
which is much less than the sum Bfpw(l) and Rypw(Br) thin films for 1 and2b; or powder for3, see Experimental
(3.83 A)}7 and the bond angle of €Br-++12 is 152.7(8}, Section) are shown in Figure 5. The exciton peak arises at
comparatively far from 180 As mentioned above, the 1 = 545 nm andl = 550 nm for1 and 2b, respectively,
original feature is the position of ammonium groups which which constitutes the highest observed values fos-Based
are protruded in the interlayer space toward organic bromine perovskites. This red shift of the exciton peak compared to
(C—NHs-+-Br bond angle of 161.6(8), and more accurately  usual situations, as illustrated for the=xX| compound { =
toward the electron-rich region of bromine, the-Br-+-NH3 505 nm), indicates a reduced band gap in corresponding salts.
bond angle being close to 9096.1(9}) (Figure 3). While The correlation between the band gap and the bonding
ammonium groups are located out of the perovskite sheet,features of perovskite layers (MXoctahedra distortion,
the ethyl fragments of the ligands approximately lie in the stereoactivity ofns lone-pair electrons on Pi{n = 6) or
apical iodide planes. Organic hydrogen atoms are certainlySri' (n = 5) atoms, XM—X bond angles) has been
activated by the electron-withdrawing effect of both substitu- established from the careful analysis of several crystal
tion groups, allowing weak €H:**lequatorial iNteractions structures of hybridéMore recently, extended Hkel tight-
(d((C1A)H-++11) = 3.090(3) A). The three hydrogen atoms binding band structure calculations on a series of idealized
of primary ammonium are here bound in-Hapica CONtacts: Snl, perovskite sheets reveal that theM —1 bond angle is
two quite strong interactions, @NH---12: 2.74 and 2.83 A a dominant structural factor influencing the band §aye
shown in Figure 3, and a weaker one with an apical iodide two experimental borderline cases«XCH,),—NH3),Pbl
of the neighboring perovskite layer ((NH---12: 3.13 A, (1, 2a, or 2b) and (F(CH)>—NHz);Pbl, (3), in terms of
not drawn in Figure 3). The absence of MNHlequatorial distortion of perovskite layers, were especially well-suited
interaction and the position of ethyl fragments located in the to estimate the effect of distortions of the'Ky perovskite
perovskite sheets are undoubtedly the key points for the layers on the electronic structures of related compounds

formation of undistorted perovskite layers #a and 2b. and3. . o _ _
Similar relative disposition of cations and interactions  Before discussing in detail the electronic structure of the
between X and ammonium groups are observed, iwith 1 and3 compounds, we better have a look at the optimization

nevertheless a weaker ha]ogen bonding, as expected for aﬁesults in advance. Concerning the OrganiC Iigand, structural
organic chlorine compared to organic bromine or organic OPtimization for the hydrogen positions based on DFT is
iodine atoms. The different geometrical characteristics Successful. The resultant bond lengthsd{@—H)ave= 1.10
noticed above for the bromine compound are ford(Cl-* A andd(N—H)ave = 1.04 A. The G-C and C-N distances
“lapica) = 3.798(3) A (to be compared ®,ow(l) + Rypw- (1.51 and 1.50 A, respecyvely) or€Cand -C @s?ances.
(Cl) = 3.73 A), C-Cl-+lapicarbond angle 159.0(8) C—NHa- (1.80 and_2.16 A, respectively) are properly co-incident with
.«Cl bond angle 161.3(5) C—Cl---NH; bond angle 99.1(3) f{he_ experimental ones. According to the bond lengths of the
(N=)H-lapcsi 2.75, 2.76, and 3.017(3) AJ((Cetny)H-+* iodine compoundd(Pb—legave = 3.25 A andd(Pb—1ap)ave
lequatorid) = 3.197(2)A. As shown in Figure 4, it is easy to = 3-21 A) and the chlorine compound(Pb—Iegave = 3.23

find the great difference between two kinds of inorganic A andd(Pb-lapave = 3.20 A), the results of DFT optimiza-

layers constructed by corner-sharing Pbttahedra. 113,
(20) Mitzi, D. B. Chem. Mater1996 8, 791.

strong distortion is observed W_Ith aEhJatO”a'_Pk_)_leq“ato”a_' (21) Tang, Z.; Guan, J.; Guloy, A. M.. Mater. Chem2001, 11, 479.
bond angle of 1474 whereas this bond angle is exception- (22) Ishihara, T.; Takahashi, J.; Goto, Fhys. Re. B 1990 42, 11099.
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a)
Figure 4. PblL?>~ perovskite layer: (a) ia (b) in 3.
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Figure 5. Room-temperature UVVis spectra of (X-(CHy),—NHz3)2Pbls (350—-700 nm range), the exciton peak arisinglat 550 nm (X= Br, 2b), A =
545 nm (X= Cl, 1), andA = 505 nm (X= I, 3), and red and orange samples &+ 2b) and 3 (photo).

tion are also satisfying. On average, the deviation comparedparameters could be extracted from the band structure
to the experimental value is less than 1% for the bond analysis.
distances for each part. The curves of DOS forl and 3 and respective band

It is not so easy to discuss the correct description of the ;tructures calculated along high-symmetry lines are shown

interactions between the organic and inorganic parts asIn Figure 6 (see Bradley and Cracknell for the lab&ighe

o . evolution of the calculated electronic gap corresponds to what
the accuracy on the H positions obtained from X-ray is expected from experiment: 1.9 eV for the undistorted
diffraction IS Very low. Nevertheless, all the hydrogen perovskite layer (chlorine compound, observed 2.2 eV) and
bonds descn_bed above gre well-reproduced after the StUC) 3 eV for the distorted perovskite layer (iodine compound,
tural relaxations. Looking at the halogen bonds, the ,pqered 2.45 ev). The difference between experiments and
distances are also reproduced very well l_)y the calculations:prET is a classical problem of this ground state theory, as
d(l-=1) = 3.78 A andd(Cl--+I) = 3.79 A with, however, a already mentioned by Chang et?alFor 1 and 3, the band
small underestimation of 3% for the-il bond length edge states come mainly from the inorganic,®ofer, while

(observed 3.89(1) A). In summary, according to this the highest occupied levels and the lowest unoccupied levels

bond distance analysis and to the inspection of bond
angles (not described here), we believe the DFT calculations(23) Bradley, C. J.; Cracknell, A. Fhe Mathematical Theory of Symmetry
are accurate enough to correctly reproduce the structural,, ,, 1 Solids Clarendon: Oxford, 1972,

9 y rep (24) Chang, Y. H.; Park, C. H.; Matsuishi, K. Korean Phys. So2004

features of these hybrid perovskites and that reliable 42, 889.
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Figure 6. Band structure of th& and3 compounds calculated with the FLAPW method and corresponding DOS on the right part. The contribution of the
Pb 6s levels into the wave function is shown as fat bands evolution.

of the organic part are located aroun®.5 eV belowEr !

3
and around 3.5 eV aboMgr, respectively. A very precise o9 P09 b > s &
analysis of the band structure of layered perovskite was P@ @ 5@ b @ 1
provided by Knutson et & The band structures calculated ° o i ? f !

|
in our work resemble a lot the extended dkel band %O@ %

;\

structure given by these authors. We give here the main
features.

The perovskite layer can be formally considered as a ' @02 é

o o ﬁ
charged (Ph)?~ sheet with thet-2 and—1 oxidations states e - B
for lead and iodine atoms, respectively. So the conduction Figure 7. lIsosurface of the charge density corresponding to the
band (CB) s formed by the empty Pb 6p bands, el o, 2ot e for 8 ara  compaus nd shoung e
py orbitals being highly dispersed in the Brillouin zone due orbitals.
to an antibonding interaction with the iodine 5p states. The
valence band (VB) comes mainly from the | 5p band and
the covalent-bonding interaction between the Pb 6p and thesmaller energy rangex(0.4 eV) for the distorted layer
| 5p states is responsible for the stabilization of the states compared to roughly 0.8 eV for the undistorted one. This is
below —2.5 eV. One should remember that the number of coherent with the band gap reduction as explained by
atoms in the undistorted cell is twice the number of atoms Knutson et alf, if the bottom of the CB (nonbonding Pb
of the distorted one. So the number of bands is double for PPy states) is taken as a reference. A more disperse band,
compoundL. The states of the Na atoms introduced between as found in the case of the regular sheet, will correspond to
sheets to mimic the charge transfer appear as rather flat level smaller DOS at the top of the VB (Figure 6) and

around 3.8 eV. Those levels do not present any covalentconsequently a smaller effective mass. Thus, higher charge
interactions with the other Pplevels. carrier mobility is expected for the regular layer compared

to the distorted one.

For both calculations, a direct band gap is observed
between nonbonding lead/p, states into the CB and, into
the VB, p states of iodine strongly mixed with the Pb 6s
states. The Pb 6s character is expressed as a fat band (width In summary, in the structures of £{CH,),—NH3),Pbl,
of circles proportional to the wave function character), which (X = I, Br, Cl), the X—(CH,),—NH3" bifunctional cations
appears distinctly at the top of the VB (Figure 6), the main involve two supramolecular interactions never combined in
part of the Pb 6s being around7 eV. This Pb 6s/l 5p (RNH;)2,MX 4 layer perovskite structures,MNH-++X— hydro-
interaction is an antibonding one that disperses the iodine pgen bonding, and €Y---X— halogen bonding. In (%
states and push the last occupied band at higher energy. Ar(CH,),—NH3),Pbl, (X = ClI, Br), the united effect of these
isosurface drawing of the charge density corresponding to weak interactions at the organitorganic interface results
these last occupied states is shown in Figure 7 for bothin the formation of undistorted Ppperovskite layers (Pb
compounds. Thus, the larger the overlap is between the Pbl—Pb bond angles close to 18C) consisting of corner-
6s/l 5p states, the stronger the band dispersion. For thesharing regular octahedra. As a consequence, these red salts
distorted layer, the overlap is less than that in the undistorteddisplay a reduced band gap (2.2 eV). According to the results
one. As a consequence, the Pb 6s character appears in af electronic structure calculations, this reducedband gap is

Conclusion
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assigned to a more disperse HOMO band compared to otheffile (PDF) published ASAP January 11, 2007; the corrected
salts based on conventional perovskite layers as i1 (I version of the Supporting Information was published ASAP
(CH2)2—NH3)2Pbl,s and is greatly beneficial to the mobility.  January 18, 2007.
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