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ABSTRACT: The layered perovskite (MA)2PbI2(SCN)2 (MA = CH3NH3
+) is a member of an emerging series of compounds derived 

from the hybrid organic-inorganic perovskites. Here, we successfully synthesized (MA)2PbI2-xBrx(SCN)2 (0  x < 1.6) by using a solid 

state reaction. Despite smaller bromide substitution for iodine, 1% linear expansion along the a axis was observed at x ~ 0.4 due to a 

change of the orientation of the SCN− anions. Diffuse reflectance spectra reveal that the optical band gap increases by the bromide 

substitution, which is supported by the DFT calculations. Curiously, bromine-rich compounds where x ≥ 0.8 are light sensitive leading 

to partial decomposition after ~24 h.  This study demonstrates that the layered perovskite (MA)2PbI2(SCN)2 tolerates a wide range of 

bromide substitution toward tuning the band gap energy. 

1. Introduction 

Layered hybrid organic-inorganic perovskites have recently 

attracted attention for their promising properties for photovol-

taic, radiation detection, lasing, and light emission applica-

tions.1-12 The Ruddlesden-Popper-type layered perovskite with 

a general formula A’2An-1BnX3n+1 consists of corner-shared two-

dimensional (2D) perovskite layers (An-1BnX3n+1) and inter-

layer cation A’, where A’ and A is organic or inorganic cation; 

B is a main-group cation; X is halide; n is an integer. Since the 

interlayer space is flexible, the A’ cation can accommodate a 

variety of organic cations, including bulky cations such as dec-

ylammonium or phenylethylammonium.5,13 This is different 

from the three-dimensional (3D) ABX3 perovskite where the A-

site space is determined by the size of B and X ions. Such a 

tolerance of the chemical composition in the layered perovskite 

is advantageous for tuning their properties.2,3,12 

Furthermore, this structural framework can also accommo-

date bulky anions.  While cyanide, formate, and hypophosphite 

linkers can adopt three-dimensional perovskite-like frame-

works,14 the mixing of anions can drive dimensional reduction.  

(MA)2PbI2(SCN)2 (MA = CH3NH3
+) adopts a n = 1 layered 

Ruddlesden-Popper perovskite derived structure with two dif-

ferent anions I− and SCN− (Figure 1).15,16 The anions are fully 

ordered where bulky SCN− lies in the apical site. S is bonded to 

Pb2+ and the SCN chain is directed to the interlayer space where 

the angle of Pb-S-C is 103.5°.16 The optical band gap was 

originally reported as 1.57 eV,15 but a subsequent study on a 

thin film17 and a single crystal16,18 samples suggested that the 

intrinsic band gap is ~2.1 eV. MA-site substitution for Cs dras-

tically changes the band structure, leading changing photo-re-

sponse.19 In addition, mixed-halide Cs2PbI2−xBrx(SCN)2 allows 

to tune the band gap from 2.1 eV to 2.7 eV.19  Further inves-

tigation into this system is of interest to control the optical prop-

erties, although the halide-site substitution of (MA)2PbI2(SCN)2 

was not reported so far.   

Herein, we report bromide substitution for 

(MA)2PbI2(SCN)2. We found that, using solid state reactions, 

approximately 80% bromide substitution for iodine is possible. 

Unexpectedly, a 1% linear expansion along the a axis was ob-

served at x ~ 0.4 despite smaller bromide substitution. Single 

crystal X-ray diffraction (XRD) measurement revealed that the 

expansion is derived from a change in the orientation of the 

SCN− anions. Diffuse reflectance spectra reveal that the optical 

band gap increases by the bromide substitution.  

 



 

Figure 1. Structure of (MA)2PbI2-xBrx(SCN)2.  

 

2. Experimental Procedure 

Methylammonium iodide (MAI) and methylammonium 

bromide (MABr) were synthesized by dissolving 1 g of me-

thylammonium chloride (99 %, BTC) powder in 4 ml of 

57 %w/w hydroiodic acid (for MAI) or 4 ml of 48 %w/w hy-

drobromic acid (for MABr). After addition of acid the solution 

was left stirring for 5 minutes at 50 °C with adding 3ml of eth-

anol. Then, cooling in the iced bath with adding 30 ml of diethyl 

ether. Plate-like white precipitates were washed with diethyl 

ether and dried at 60 °C for overnight. Lead thiocyanate 

Pb(SCN)2 was synthesized by dissolving 0.9027 g of KSCN 

(98.5%, Alfa Aesar; 9.279 mmol) and 1.5366 g of Pb(NO3)2 

(99%, Alfa Aesar; 4.639 mmol) in 10 ml of distilled water. 

White precipitates of Pb(SCN)2 were filtered and dried at 60 °C 

for overnight. Pb(SCN)2 was stored away from light. 

    Powder samples of (MA)2PbI2-xBrx(SCN)2 (x = 0, 0.4, 0.8, 

1.2, 1.6, 2.0) were prepared by using solid state synthesis. Stoi-

chiometric amount of MAI, MABr, and Pb(SCN)2 were mixed 

and pelletized. The pellets of x = 0, 0.4, 0.8, 1.2 were heated at 

50 °C for 24 hours with an intermediate grinding (12+12 hours 

heating of the pellets). The pellets of x = 1.6, 2.0 were heated at 

30 °C for 24 hours with an intermediate grinding since they 

melted at 50 °C. Single crystal of (MA)2Pb(I2-xBrx)(SCN)2 (x = 

0.4) was prepared by solid state reaction of stoichiometric 

amount of precursors at 100 °C. 

Powder X-Ray diffraction (PXRD) data were collected on a 

Bruker D8 Discover DaVinci Powder X-ray diffractometer us-

ing Cu Kα radiation and a Lynxeye XE-T position-sensitive de-

tector. Samples were prepared on a “zero-diffraction” Si wafer 

by sprinkling the microcrystalline powder directly onto the sub-

strate. The lattice parameters were calculated by Le Bail fitting 

with TOPAS v5 software. High-resolution synchrotron XRD 

experiments for x = 0, 0.4, 0.8, and 1.2 were performed at 300 

K using the large Debye-Scherrer cameras with a semiconduc-

tor detector installed at the beamline BL02B2 (JASRI, SPring-

8). Incident beams from a bending magnet were monochroma-

tized to  = 0.421018(1) Å and 0.779570(1) Å for x = 0, 0.4 and 

x = 0.8, 1.2, respectively. Finely ground powder samples were 

sieved through a 32-m mesh sieve and were packed into Pyrex 

capillaries with an inner diameter of 0.2 mm, which were then 

sealed. The sealed capillary was rotated during measurements 

to improve randomization of the individual crystallite orienta-

tions. The Rietveld refinements were performed by Rietan-FP 

software.20  

Single crystal XRD data of x = 0.4 was collected at room 

temperature using a Bruker D8 Quest ECO diffractometer 

equipped with a microfocus Mo Kα radiation source and Photon 

50 CMOS half-plate detector. Single crystals were mounted 

onto a glass fiber with 5-minute epoxy. Bruker SAINT was used 

for integration and scaling of collected data and SADABS was 

used for absorption correction.21 Starting models for the com-

pounds were generated using the intrinsic phasing method in 

SHELXT.22 SHELXL2014 was used for least-squares refine-

ment.23 The PLATON suite was used to determine higher sym-

metry and for structural validation.24 Structural details of the re-

finement, crystallographic parameters, and atomic positions can 

be found in Tables S1 and S2 in Supporting Information. 

UV-visible diffuse reflectance spectra were collected on 

powdered samples of each compound using an Agilent (Cary) 

500 Scan UV-Vis-NIR spectrophotometer with a Praying Man-

tis mirror setup from λ = 350 to 1000 nm.  FT-IR spectra of the 

powder samples were obtained by using Nicolet iS-50 FT-IR 

spectrometer. 

DFT calculations for (MA)2PbI2-xBrx(SCN)2 (x = 0.5, 1.0, 

1.5) were performed using the Vienna Ab initio Simulation 

Package (VASP),25-28 with interactions between the core and 

valence electrons described using the Projector Augmented 

Wave (PAW) method.29 Electronic properties were calculated 

using the Heyd–Scuseria–Ernzerhof (HSE06) hybrid DFT func-

tional30 with the addition of spin orbit effects, which is known 

to accurately predict the properties of hybrid halide perovskite 

systems.31 Both k-point sampling and the plane wave basis set 

were checked for convergence, with a cutoff of 520 eV and k-

point grid of Γ-centered 1 × 4 × 4 for the 50 atom unit cell. All 

structures were geometrically optimized and considered to be 

converged when the forces on all the atoms totaled less than 10 

meV Å–1. All theoretical electronic structure and optical figures 

in this work were plotted with the aid of the sumo package.32 

 

 

Figure 2. XRD patterns of (MA)2PbI2-xBrx(SCN)2 (x = 0, 0.4, 

0.8, 1.2, 1.6, 2.0). • indicates peaks from perovskite 

MAPb(I,Br)3 phases. Simulation pattern of MAPbBr3 is shown 

for comparison.33 

 

3. Results and Discussions 

The laboratory XRD pattern of the samples for nominal val-

ues of x = 0, 0.4, 0.8, 1.2, 1.6, and 2.0 are shown in Figure 2. 

The patterns for x = 0.4, 0.8, and 1.2 are similar with 

(MA)2PbI2(SCN)2 (x = 0)15,16 suggesting formation of 

(MA)2PbI2-xBrx(SCN)2 phase. These patterns can be indexed us-

ing Orthorhombic unit cell (SG; Pmn21, a ~ 18.6 Å b ~ 6.4 Å, c 

~ 6.2 Å),16 which is the same cell as x = 0, with tiny unknown 

impurity peaks. The pattern for x = 2.0 can be assigned as the 

peaks from perovskite MAPbBr3 and Pb(SCN)2 with unknown 

impurities (Figure S1 in Supporting information). The sample 

for x = 1.6 includes (MA)2PbI2-xBrx(SCN)2 phase with perov-

skite MAPb(I,Br)3, suggesting the solubility limit of x ~ 1.6. 

The sample for x = 0.8, and 1.2 are light sensitive: It partially 

decomposes under light irradiation to reveal Pb0 (Figure S2). 

This trend in stability is opposite to what is observed in the 

MAPbI3 vs MAPbBr3, in that the MAPbI3 is more light sensi-

tive;34 however, mixed anion MAPbI3–xBrx phases exhibit phase 

separation under light exposure due to the destabilizing chemi-

cal pressure.35,36 



 

 

 

Figure 3. Lattice parameters and volume of (MA)2PbI2-

xBrx(SCN)2 as a function of x. 

 

As shown in Figure 2, some peaks, such as 001, 110, and 

101, shift to higher angle with increase of x, in consistency with 

small Br-substitution. However, the 200 and 400 peaks shift to 

lower angle from x = 0 (2 = 9.54°) to 0.4 (2 = 9.43°) and 

closely maintain the same angle in  x  0.4. This suggests the a 

axis increases by Br-substitution at x  ~ 0.4. As expected, the 

peak shifts in the b and c axes decrease while the a axis in-

creases by Br-substitution (Figure 3). Namely, linear expansion 

occurs by applying chemical pressure. Note that the volume de-

creases linearly with increasing x, which is consistent with Ve-

gard’s law. The a axis expands by 1.0% (x = 0.4) Br substitution, 

while the b and c axes decrease by 0.85% and 1.5%, respec-

tively. The a axis expansion is nearly saturated above x ~ 0.8.  

The single crystal XRD measurement for x = 0.4 revealed 

the crystal structure (Tables S1 and S2), with a refined compo-

sition of (MA)2PbI1.59(2)Br0.41(2)(SCN)2. There are two halide 

sites, where I1/Br1 and I2/Br2 bond to Pb along the b and c axes, 

respectively. The Pb-I1/Br1 distances (3.124(1) Å and 3.086(1) 

Å) are shorter than the Pb-I2/Br2 distances (3.201(6) Å and 

3.195(6)), in consistency with the lattice parameters. In x = 0, 

the bond lengths are more asymmetrical, where dPb-I1 = 

3.1453(7) Å and 3.1462(7) Å and dPb-I2 = are 3.293(1) Å and 

3.183(1) Å.16 The occupancy of Br− in I2/Br2 (gBr2 = 0.222(13)) 

is slightly larger than the other site (gBr1 = 0.191(14)), which is 

opposite to the bond length. This is possibly related with inter-

action between I−/Br− and SCN−, where the SCN− ion is close to 

the I1/Br1 site. The bond distances in the SCN− anions are quite 

similar between x = 0 and 0.4, where C-N distances are 1.17(1) 

Å (x = 0) and 1.19(3) Å (x = 0.4) and S-C distances are 1.60(1) 

Å (x = 0) and 1.59(2) Å (x = 0.4). 

The IR bands around ~ 2100 cm−1 correspond to CN 

stretches (Figure S3).37 2098 cm−1 at the peak for x = 0 is con-

sistent with the previous studies.15,38 The double band feature 

(peaks with 2098 cm−1 and 2115 cm−1) can possibly be ex-

plained by the vibrational coupling or vibrational excitation 

transfer between two adjacent SCN− anions.38 The peak position 

shifts to higher wavenumber with increase of x, suggesting 

stronger C-N bond. Simultaneously, the band becomes broader 

with increasing x, indicating the CN stretches becomes limited 

by a decrease of the volume of the interlayer space. 

 

Figure 4. Structure comparison between x = 0 and 0.4 of 

(MA)2PbI2-xBrx(SCN)2. The heights along the a axis are shown. 

 

The linear expansion along the a axis can be rationalized by 

a change of the orientation of SCN− anion by Br-substitution. 

Figure 4 shows the heights of the atoms along the a axis. The 

height of SCN− anion along the a axis clearly increases with Br-

substitution. This increase is mainly derived from orientation of 

SCN− anion along the a axis since bond distances in the SCN− 

anions are quite the same. In fact, the angle of (pseudo-linear) 

SCN− anion from the bc plane increases from 21.8(2) for x = 0 

to 22.8(3) for x = 0.4. Note that the height of Pb-S slightly de-

ceases by Br-substitution due to decrease of Pb-S bond distance 

from 2.964(3) Å for x = 0 to 2.960(4) Å for x = 0.4 with increase 

of the distortion of PbX4S2 octahedra (X = I or Br). However, 

the increase by SCN− anion is superior to slight decrease of the 

Pb-S height. Thus, the molecular anion, SCN−, plays important 

a role for the linear expansion along the a axis. In some molec-

ular complex materials, such as MIL-53 and Ag3[Co(CN)]6,
39,40 

negative linear compressibility was reported by the so called 

‘wine-rack’ mechanism; relative orientations of the molecular 

framework play a key role.41 Although a negative linear com-

pressibility was not reported in (MA)2PbI2(SCN)2,
16 the mate-

rial having molecular ions, like the present compound, may be 

advantageous for seeking a compound with negative linear 

compressibility. 

We also performed synchrotron XRD measurements for x = 

0, 0.4, 0.8, and 1.2 at 300K (Figure S4). Rietveld refinement 

was carried out assuming the (MA)2PbI2(SCN)2 structure (SG; 



 

Pmn21) obtained by single crystal diffraction.15 The refinements 

for x = 0 and 0.4 converged reasonably, with the goodness-of-

fit indicator S = 2.82 and 3.78, respectively (Figure S5 and 

Table S3 and S4). However, the refinements for x = 0.8 and 1.2 

did not converge (S > 8), possibly due to highly disordered 

structures or poor crystallinity. It should be noted that structural 

refinement of the single crystal for x = 0.8 was also unsuccessful. 

Further investigation is needed for understanding the structure 

of highly Br-substituted samples. The interesting difference be-

tween the single crystal and powder samples for x = 0.4 is anion 

distribution. The occupancy of Br− in I1/Br1 (gBr = 0.26(2)) for 

the powder sample is larger than the other site (gBr = 0.14(2)), 

which is opposite to the trend obtained by single crystal sample. 

Since the reaction temperatures are different (50 °C and 100 °C 

for powder and single crystal, respectively), the anion distribu-

tion may be able to control the reaction procedures, as anion 

order can be engineered in complex layered perovskite deriva-

tives.42 Note that the slightly different lattice parameters be-

tween the powder (a = 18.7675(5) Å, b =6.2112(3) Å, c = 

6.3758(2) Å) and single crystal (a = 18.686(5) Å, b = 6.2090(16) 

Å, c = 6.875(17) Å) support existence of structural difference 

between them. In addition, we obtained a powder sample with 

the similar lattice parameters to the single crystal by heating the 

powder at 100 °C (Figure S6). 

 

 

Figure 5. Diffuse reflectance spectra (a) and optical gap energy 

(b) of (MA)2PbI2-xBrx(SCN)2. Inset in (a) show the pellets of the 

powder samples. The optical gaps for onset region in (b) are 

determined by the intersection of linear fitting curves of the 

baseline and onset regions of the data. Indirect gap obtained 

DFT calculations are also shown in (b), where the value for x = 

0 is from ref 43. . 

 

UV−visible diffuse reflectance spectra performed on pow-

dered samples show a blue shift with increasing bromide con-

tent (Figure 5a), suggesting an increase of the band gap. The 

absorption edges are observed at approximately 790, 730, 680, 

and 620 nm for x = 0, 0.4, 0.8, and 1.2, respectively. However, 

according to the previous studies, 16-18,44 this low energy absorp-

tion may be attributed to trace impurities (e.g., MAPbI3, though 

undetectable by synchrotron XRD) or defect states. The intrin-

sic band gap of (MA)2PbI2(SCN)2 was reported as ~2.1 eV,16-

18,44 which roughly corresponds to onset region of the sharp ab-

sorption at around 600 nm (x = 0).  Figure 5b shows x depend-

ence of the onset region, which is determined by the intersection 

of linear fitting curves of the baseline and onset regions of the 

spectra. The onset region, which roughly corresponds to optical 

gap, monotonically increase with x. This tendency was also re-

ported in Cs2PbI2−xBrx(SCN)2.19 

We carried out DFT calculations for x = 0.5, 1.0, and 1.5 

(Figures 6 and S7). We considered all possible structures of the 

symmetrically independent I/Br configurations within the unit 

cell and found 2, 4, and 2 non-equivalent configurations of for 

the x = 0.5, 1.0, and 1.5 compositions, respectively (Figure S8). 

No particular energetic preference for anion ordering was seen 

for all the possible configurations, with the total energies of all 

ordered structures for each composition within 25 meV of each 

other after relaxation, which is consistent to the experimental 

result of the disordering of anion site in x = 0.4. Thus, we took 

the average over all the electronic structures for each composi-

tion, giving HSE06+SOC indirect gaps of 1.79 eV (direct gap 

of 1.80 eV), 2.02 eV (2.06 eV), and 2.04 eV (2.10 eV), for x = 

0.5, 1.0, and 1.5, respectively. These values are slightly under-

estimated  since this study does not use an increased percentage 

of Hartree-Fock exchange in the HSE06 functional, which was 

used by Xiao et al. to obtain a 2.1 eV theoretical band gap for 

(MA)2PbI2(SCN)2.
17 Increased exchange was not used here as, 

while the rigid shift in band gap with higher exact exchange 

would lead to a closer agreement with experimental optical gaps 

for the pure iodide phase, it would lead to significant overesti-

mation at increased bromide concentrations; standard HSE06 

has previously showed a consistent description of the band edge 

effects in other perovskite-derived bromide/iodide mixed sys-

tems,42,45 and remains consistent with DFT calculations of re-

lated pseudohalide systems.46 However the tendency towards 

higher gaps with higher Br substitution is consistent with the 

experimental optical gaps (Figure 5b), and may primarily result 

from the reduction in the splitting of both the valence and con-

duction bands around the E0 and A0 points in the Brillouin zone 

as the contribution from Br increasingly dominates, widening 

the gap.  

 



 

 

Figure 6. (a) Calculated HSE06+SOC band structure along the 

high symmetry directions and (b) absorption for the lowest en-

ergy polymorph of (MA)2PbI1.5Br0.5(SCN)2 (x = 0.5). The high 

symmetry points in this figure use the definitions of Bradley and 

Cracknell.47  

 

4. Conclusion 

Using a solid state reaction, (MA)2PbI2-xBrx(SCN)2 (0  x < 

1.6) was successfully synthesized. Structural characterization 

revealed a linear expansion of along the a axis at x ~ 0.4, which 

is derived from change of orientation of the molecular anion by 

shrinkage of the bc plane. Diffuse reflectance spectra showed 

that the optical band gap increases by the bromide substitution, 

which is supported by the DFT calculations.  Compounds with 

significant bromine content (x ≥ 0.8) are light sensitive and par-

tially decompose after ~24 h of room light exposure.  This study 

demonstrates that the layered perovskite (MA)2PbI2(SCN)2 tol-

erates wide range of bromide substitution toward tuning the 

band gap energy. 
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Mixed-anion hybrid organic-inorganic layered perovskites, (MA)2PbI2-xBrx(SCN)2, exist across a broad compositional range 

(0  x < 1.6). The optical band gap increases by Br-substitution in agreement with density functional theory calculations.   

 


