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ABSTRACT

Chiral hybrid metal-halide semiconductors (MHS) pose as ideal candidates for

spintronic applications owing to their strong spin-orbit coupling (SOC), and long spin

relaxation times. Shedding light on the underlying structure-property relationships is

of  paramount  importance  for  the  targeted  synthesis  of  materials  with  optimum

performance. Herein, we report the synthesis and optical properties of 1D chiral (R-/S-

THBTD)SbBr5 (THBTD  =  4,5,6,7-tetrahydro-benzothiazole-2,6-diamine)

semiconductors  using  a  multifunctional  ligand as  a  counter-cation  and a  structure

directing  agent.  (R-/S-THBTD)SbBr5  feature  direct  and  indirect  bandgap

characteristics,  exhibiting  photoluminescence  (PL)  light  emission  at  RT  that  is

accompanied  by  a  lifetime  of  4  ns.  Circular  dichroism  (CD),  second  harmonic

generation (SHG), and piezoresponse force microscopy (PFM) studies validate  the

chiral  nature  of  the  synthesized  materials.  Density  functional  theory  (DFT)

calculations  revealed  a  Rashba/Dresselhaus  (R/D) spin-splitting,  supported  by  an

energy splitting (ER) of 23 meV and 25 meV, and a Rashba parameter (αR) of 0.23

eV·Å  and  0.32  eV·Å  for  the  R and  S analogs  respectively.  These  values  are

comparable to those of 3D and 2D perovskite materials. Notably, (S-THBTD)SbBr5 is

air-stable for  a  year,  a  record  performance  for  chiral  lead-free  MHS.  This  work

demonstrates that low-dimensional, lead-free, chiral semiconductors with exceptional

air stability can be acquired, without compromising spin splitting and manipulation

performance. 
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INTRODUCTION

Hybrid (organic-inorganic) metal-halide semiconductors (MHS) is a versatile

class  of  materials,1,2 exploited  for  a  plethora  of  applications  spanning  from

photovoltaics3-4 and  photocatalysis,5-6 to  light  detection7-8 and  emission.9-10 Their

hybrid  nature  allows  for  manipulation  of  their  structural,11-12 mechanical13-14 and

optoelectronic15-17 properties to an extent that is difficult to be realized by other classes

of semiconductors. Of particular interest are the chiral MHS, which have proven to be

quite promising for cutting-edge applications such as circularly polarized light (CPL)

emission  and  detection,18-19 non-linear  optics  (NLO),20-21 piezoelectric  energy

harvesting,22-23 and spintronics.24-25 In the latter case, specific MHS attributes, such as

the presence of large and tunable spin–orbit coupling (SOC),26 spin-dependent optical

selection  rules27-28 and  tunable  Rashba/Dresselhaus  (R/D)  spin  splitting,29-30 render

them  exceptional  candidates  for  next  generation  spin-orbitronic  and  quantum

computing devices.31-33 In terms of materials engineering, all the above parameters can

be modeled  and incorporated  into  a  single crystalline  structure.34 The presence  of

heavy  elements,  such  as  Pb,  Bi,  and  Sb  can  give  rise  to  strong  SOC,  while  the

acquisition of a non-centrosymmetric  structure,  by using a chiral  organic linker as

structure directing agent and counter cation, can provide crystalline compounds that

exhibit a large R/D effect.35 Notably, spin manipulation by means of spin-splitting can

be further achieved by kinetically controlled structural transitions, as it was reported

recently by Xie et al.,36 or by means of chiral induction based on the work of Zheng et

al.37 

Since the first report of enantiopure chiral MHS in 2003,38 multiple studies

have enriched the field. However, the majority is based on Pb(II) compounds using a

limited number of chiral organic linkers, such as α-phenylethylamine (α-PEA),39 ((R)-

β-MPA  =  (R)-(+)-β-methylphenethylamine,40 (R-/S-MBA)  MBA  =

methylbenzylammonium,27,  41-43 (R-S-NEA) NEA = -(2-naphthyl)ethylamine44-45 and

(R-BPEA)  (R-BPEA  =  (R)-1-(4-bromophenyl)ethylammonium).46 Considering  the

toxicity of Pb(II), research interest moved towards the utilization of non-toxic, heavy

cations such as Bi(III)47-52 and Sb(III) 37, 53-58 for the synthesis of chiral MHS. 

The  development  of  new  lead-free  chiral  MHS  constitutes  a  platform  for

shedding light  on underlying structure-property relationships  in terms of  R/D spin

splitting  for  efficient  spin  manipulation.  In  return,  this  could  be  of  paramount
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importance  for  the  design  of  next  generation  semiconductors  for  spintronic

applications. Another feature that must be considered is the long-term environmental

stability  of  the  corresponding  materials,  a  crucial  information  that  seems  to  be

neglected. This trait ensures not only proper materials characterization, but also paves

the  way  for  commercialization.59 Although  there  are  some  studies  evaluating  the

stability of various lead-free metal halides based on Bi(III) and Sb(III) for up to a

year,60-63 there are only scarce reports about the environmental stability of chiral lead-

free  MHS.  In  particular,  Wu  et  al.  developed  a  1D  semiconductor,  namely

(C9H14N)SbCl4 (C9H14N  =  N,N,4-trimethylaniline)  with  high  second  harmonic

generation (SHG) response, which is air-stable for 3 months,58 Moon et al. reported

the synthesis of 0D [((R/S)-C8H12N)4][Bi2Br10], (C8H12N = 1-phenyl-ethylammonium)

which  is  stable  in  humid  air  for  1  month,50 Tao  et  al.,  acquired  the  0D  (R-α-

PEA)4Bi2I10 and  (S-α-PEA)4Bi2I10  compounds  which  are  air  stable  for  4  months,64

while  Maiti  et  al.,  synthesized  the 0D (R/S-MBA)4Bi2Br10 materials  which  are  air

stable for 15 days.65

Towards addressing the above concerns, we report here the synthesis of chiral

(R-/S-THBTD)SbBr5 (THBTD  =  4,5,6,7-tetrahydro-benzothiazole-2,6-diamine)

semiconductors,  using  an  unexplored  multifunctional  chiral  linker  as  a  structure

directing agent. Both  R and  S enantiomers crystallize in the polar space group  P21,

giving  rise  to  a  1D  corrugated  structure  consisting  of  corner  sharing  [SbBr6]3-

octahedra.  (R-/S-THBTD)SbBr5  feature  direct  and indirect  bandgap characteristics,

exhibiting broad band edge light emission at RT that is accompanied by a lifetime of

4 ns. Circular dichroism (CD), second harmonic generation (SHG) and piezoresponse

force  microscopy  (PFM)  studies  validate  the  chiral  nature  of  the  corresponding

materials, while density functional theory (DFT) calculations revealed the R/D energy

spin splitting,  which is comparable to other low dimensional perovskite and metal

halide compounds.66 Notably, the materials are air stable for a year, a record stability

among chiral lead-free metal halide semiconductors. All the above traits render (R-/S-

THBTD)SbBr5  excellent  candidates  for  elucidating  the  structure-property

relationships that govern the magnitude of the R/D effect.
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RESULTS AND DISCUSSION

Synthetic aspects and structural characterization

Pale yellow single crystals of  (R-/S-THBTD)SbBr5  (R or  S)  can be acquired

through the reaction of Sb(III)  oxide and the chiral  ligand in a hot HBr solution.

Scanning  electron  microscopy  (SEM)  measurements  revealed  well-faceted

rectangular block crystals  (Figure S1), while  energy-dispersive X-ray spectroscopy

(EDS) studies confirmed the  (R-THBTD)SbBr5 formula,  giving an Sb: Br ratio  of

1:4.9 (Figure S2). Single crystal X-ray diffraction (XRD) studies demonstrated that

both enantiomers  are isostructural, crystallizing in the monoclinic polar space group

P21 (Figures 1, 2 and Table 1). The structure consists of 1D corrugated antiparallel

chains of distorted, corner-sharing [SbBr6]3- octahedra that are separated and charge

balanced by the chiral molecules. Adjacent inorganic chains are eclipsed along the α

axis  lying  at  a  distance  of  ~4 Å.  Each  chain  is  based  on  two  types  of  [SbBr6]3-

octahedra, deriving from two crystallographically independent Sb atoms and ten Br

atoms. 

Examining closer the  R analog, corresponding Sb(1)-Br and Sb(2)-Br bond

lengths span from 2.5264(18) Å to 3.2966(19) Å, and 2.5253(18) Å to 3.251(2) Å

respectively (Table S3). Similar  variation is observed for the Br-Sb-Br angles that

range from 83.58(5)° to 177.03(6)° for the cis and trans arrangements respectively

(Table S4). Although the Sb lone pair is not stereochemically active, there is still a

small degree of octahedral distortion which is ascribed to the presence of multiple

moderate hydrogen bonds, ranging from 2.5 Å to 2.8 Å, among the hydrogen atoms of

the amine groups of the organic counter-cations and the axial and equatorial bromide

atoms  of  the  octahedra  (Figure  3).  This  magnitude  of  the  hydrogen  bonds  is

responsible for asymmetric helical 21 screw distortions in the octahedra, causing the

asymmetrization of the inorganic chain, thus breaking the centrosymmetricity of the

structure.
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The  octahedral  distortion  can  further  be  quantitatively  evaluated  by  the

calculated bond length distortion (Δd), Δd=16∑i=16 (di
2❑−d0

2

d0
2 ), (di are the six Sb−Br

bond lengths and d0 is the mean Sb−Br bond length within an octahedron), and bond

angle variance (σ2),  σ 2= 1
11∑i=1

12

(θi−90 ° )2, (θi are the 12 Br−Sb−Br bond angles within

an octahedron).67-69 The corresponding values for [Sb(1)Br6]3- and [Sb(2)Br6]3-  of 0.09

and 22.25 deg.2 and 0.09 and 15.08 deg.2  for Δd and  σ2 respectively, correlate well

with  other  distorted  1D  bromoantimonates(III)  based  on  corner  sharing  [SbBr6]3-

octahedra, such as (R-EBAH)2SbBr5 (EBAH = (R)-(+)-α-ethylbenzylammonium) and

[3-hydroxy-azetidinium]2SbBr5.55, 70 It is pointed out that there are very few literature

reports of the same 1D structural motif, despite the fact that it can be templated by

using both mono and double protonated organic counter cations, as in the cases of

(AMPY)BiI5, (C3H7NH3)3SnI5 and (piperidinium)2SbCl.71-73 

The organic counter-cations are eclipsed along the  a axis, featuring an anti-

configuration of brick wall packing arrangement at a distance of 3.3 Å. Under current

reaction conditions only two of the three amine groups are protonated, the aliphatic

primary amine (R-NH3)  and the aromatic  secondary amine (-NH=), which are the

most basic ones. The lone pair of the nitrogen atom of the aromatic primary amine is

in conjunction with the aromatic thiazole ring, rendering the group significantly less

basic than the other two. Interestingly, this asymmetric protonation of the functional

groups templated the corresponding uncommon structural motif. 

In-house powder X-ray diffraction studies (PXRD) verified the uniform phase

purity and record air stability of the corresponding materials, as the experimental and

calculated  patterns  from single  crystal  XRD studies  are  identical  (Figure 4a).  We

point out that during the crystallization of the (R-THBTD)SbBr5 enantiomer, another

crystal phase was identified based on PXRD studies (Figure S3a). Single crystal XRD

studies revealed a structure with the same general formula as the (R-THBTD)SbBr5

main phase, crystallizing in the P21 space group. The notation (R-imp)SbBr5 will be

used to describe the impurity phase throughout this work. (R-imp)SbBr5 is composed

of the same type of corrugated inorganic chains as the pure enantiomers, albeit much

less distorted, as evident by the corresponding  Δd and  σ2 values of 0.06 and 16.71

deg.2 respectively.  The  different  packing  arrangement  of  the  organic  part,  where
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THBTD cations are displaced in-plane along their stacking axis to a lower extent, as

compared to the higher offset arrangement in the pure enantiomers, is responsible for

the  lower  degree  of  distortion  (Figures  5  and  1  respectively).  In  this  regard,

corresponding moderate hydrogen bonds among the equatorial and axial Br atoms and

the aliphatic R-NH3
+ hydrogens are located on opposite sides of the octahedra (top

and bottom), whereas in pure enantiomers these interactions are located on one side

only (bottom), thus leading to an asymmetric distortion of the octahedra (Figure S4).

In  our  quest  to  acquire  phase  pure R and  S materials,  we  realized  that  the

commercially available ligands were purchased from different suppliers and were of

different  purity,  95% for the  R versus 97% for the  S.  Upon replacing  the 95%  R

analog  with  a  97%  one,  a  phase  pure  (R-THBTD)SbBr5 was  acquired,  as

demonstrated by PXRD studies (Figure S3b).  

Thermogravimetric (TGA) analysis demonstrated that the chiral materials are

thermally  stable  up to 220 °C, where a  sharp weight loss appears.  There are  two

decomposition  steps  at  ~220 °C and ~350 °C (Figure S5a).  The first  weight  loss

(~80%) corresponds to the decomposition of the organic part of the structure and HBr

along with SbBr3; the second step (~10%) can be potentially ascribed to the further

sublimation of SbBr3, in agreement with previous studies on bromoantimonates(III).56,

74 Differential  scanning  calorimetry  (DSC)  measurements  support  the  absence  of

phase transitions in the examined temperature range (25 – 250 °C) (Figure S5b). 

  

DFT studies

The electronic structure and optical properties of these chiral MHS materials

have been investigated using density functional theory (DFT) calculations with SOC

included (see Supporting Information for computational details). The band structures

of  (R-THBTD)SbBr5 and  (S-THBTD)SbBr5 are  shown  in  Figure  6  (a  and  b,

respectively). Both materials exhibit a direct and indirect band gap character due to

the  R/D effect;  at  the  high-symmetry  X point  for  the  former  and  near  the  high-

symmetry  Z  point  of  the  Brillouin  zone  (BZ)  for  the  latter,  with  values  for  the

indirect/direct  transitions  of  2.28/2.303 eV and 2.30/2.325 eV,  respectively.  These

values are a little lower than the experimental ones, (for the indirect transition: 2.65

eV and 2.62 eV for the S and R analogs, for the direct transition 2.82 eV and 2.80 eV

for the S and R analogs respectively, see next section), due to the chosen level of

theory (Here DFT-PBE). Similar to the intrinsic inversion symmetry breaking in two-
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dimensional  (2D)  metal  halide  perovskites,  these  MHSs  also  exhibit  strong  SOC

effects in their valence and conduction bands, as shown by the splitting bands near the

band  edges  in  the  insets  of  Figure  6.  Our  calculations  reveal  the  presence  of

significant  Rashba  parameters  and  energies  in  both  compounds.  Specifically,  the

calculated values of the Rashba parameters (αR) and energies (ER) in the conduction

region are  found to  be  as  large  as  0.23 eV .Å and 23 meV for  (R-THBTD)SbBr5

around the high-symmetry point X and 0.32 eV.Å and 25 meV for (S-THBTD)SbBr5

along the high-symmetry line Z-H, respectively. These values correlate pretty well to

higher dimensionality MHS, such as 2D (phenylethylammonium)2PbI4 (ER = 40 meV

and αR  = 1.6  eV·Å),35 2D  (4-aminotetrahydropyran)2PbBr4  (ER = 41 meV and αR  =

0.65 eV·Å)75 and 3D (methylphoshonium)SnBr3 (ER = 3.3 meV and αR = 0.62 eV Å).76

It is evident that reducing the dimensionality from 3D and 2D to 1D can improve the

air stability substantially, maintaining at the same time the beneficent spin splitting

features.

 The  calculated  charge-carrier  effective  masses  around  the  valence  band

maximum (VBM) and the conduction band minimum (CBM) of (R-/S-THBTD)SbBr5

are found to be approximately 2.15/2.75 m0 and 3.5/7.16 m0 for electrons and holes,

respectively.  The total and projected density of states are plotted in Figure S7. For

both materials, the conduction band region near the CBM is dominated by the 5p

orbitals of the Sb atoms and the 4p orbitals of Br atoms, similar to other metal halide

semiconductors. On the other hand, the region near the VBM, the states are dominated

by the 4p orbitals of the Br atoms, with a lesser contribution from the p orbitals of C,

N, and S atoms. Unlike in other metal halide perovskites, these states belong to the

species composing the organic chiral linker and are close to the VBM edge, which

suggests  that  they  might  contribute  to  some  extent  to  the  electrical  and  optical

properties of the materials.  

We  have  also  calculated  the  dielectric  function  and  the  optical  absorption

coefficients  as  a  function  of  the  incident  photon  energy,  within  the  independent

particle approximation, as shown in Figure S8. The static dielectric constants of both

materials  (Figure  S8a)  are  almost  identical  with  values  of  4.22  and  3.98  for  (R-

THBTD)SbBr5 and (S-THBTD)SbBr5, respectively. The real and imaginary parts of

dielectric function of (R-THBTD)SbBr5 are slightly red-shifted compared to those of

(S-THBTD)SbBr5,  consistent  with  the  difference  in  the  band  gaps  of  the  two

materials.  As  the  photon  energy  increases,  Re(ε) of  both  compounds  exhibits
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prominent sharp peak around 2.4 eV, reaching its maximum value, and two additional

peaks in the range of 3.8-4.4 eV, and 7-7.8 eV and then decreases. The imaginary part

and the absorption coefficient show two main peaks in the range of 2-5 eV for both

materials  (Figure  S8).  The  peaks  at  maximum values  of  2.7  and 2.9  eV indicate

electronic transitions from the occupied Br(4p) energy states of the valence band to

unoccupied 4p and 5p states of Br and Sb atoms, respectively. The peaks at around 4.3

and  4.5  eV correspond  to  the  transitions  from the  occupied  Br(4p)  states  in  the

valence bands to the unoccupied C(p) states in the conduction region. The results

indicate  that  the  compounds  may  be  appropriate  for  visible-light  and  UV

optoelectronic applications.

Optical absorption and photoluminescence

UV-VIS  diffuse  reflection  spectra  of  (R-/S-THBTD)SbBr5 reveal  a  sharp

absorption edge for both analogs (Figure 7a ), while Tauc plots validate the presence

of both a direct  and indirect  bandgap,  corroborating the DFT studies  (Figure S9).

Apparently, for the indirect transition (Figures S9a, b) corresponding bandgap values

are 2.65 eV and 2.62 eV for  the  S and  R analogs,  while  for  the direct  transition

determined values  are  2.82 eV and 2.80 eV for the  S and  R analogs  respectively

(Figures S9b, c). Evidently, the S enantiomer features a slightly higher bandgap than

the  R enantiomer, a trend that is further supported by the DFT studies (see above).

This indicates the presence of a potential miniscule distortion of the inorganic part of

the  S analog over the  R one.  However,  this  is  not  evident  by just  comparing the

corresponding Δd and σ2 values for the two analogs, which are exactly the same. In

halide perovskites, it has been demonstrated that the higher the octahedral distortion

the wider the band gap, due to the reduction of the orbital overlap among the metal’s

s orbitals and halogen’s p orbitals.77-78 

Upon excitation of the as made crystals at 360 nm (R-/S-THBTD)SbBr5 exhibit

broad, band edge light emission centered at 460 nm (2.69 eV) and 466nm (2.66 eV)

for the  S and  R analog respectively (Figure 7a). The observed values are consistent

with recorded bandgap energies, suggesting a band edge light emission mechanism.

Corresponding emission peaks exhibit a full width at half maximum (FWHM) of 71

nm for the S and 70 nm for the R analog. We ascribe the broad character of the PL
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peaks to the nature of the bandgap which features both direct and indirect transitions

within a close energy range.  

Multiexponential  fitting  of  the  PL  decay  curves  from  time  resolved  PL

(TRPL) studies revealed two decay constants of 0.4 ns and 3.9 ns for R enantiomer,

while for the  S material similar values were recorded at 0.5 ns and 3.9 ns (Figure

S10). Photoluminescence excitation (PLE) studies support a uniform emission peak

profile centered at 460 nm and 465 nm for S and R, upon exciting the samples from

350 nm to 385 nm (Figure 7b), which is the same for both compounds. Interestingly,

metal halides that display this type of 1D corrugated structural motif usually exhibit

broad  white  light  emission,  such  as  [(H2O)-(C6H8N3)2Pb2Br10],79 (3AMP)BiI5,

(3AMPY)BiI5, (4AMP)BiI5 and (3AMPY)BiI5) (AMP = (aminomethyl)piperidinium,

AMPY = (aminomethyl)-pyridinium).73 In the latter cases, broad emission is ascribed

to  the  presence  of  self-trapped  excitons  (STEs)  (transient  lattice  defects  that  trap

generated carriers), which relates closely to the distortion of the inorganic lattice.80

Apparently,  despite  the  noticeable  distortion  of  the  inorganic  chain  in  (R-/S-

THBTD)SbBr5,  band-edge emission seem to dominate,  similarly to the case of 2D

Cs3Sb2I9, which exhibits asymmetric band edge PL emission.81 

It is pointed out, that after 1 year air exposure, the absorption, TRPL, PL and

PLE emission spectra of the S analog are intact demonstrating the robustness of the

optical properties (Figures 7c,d and S11). Notably, the recorded stability performance

is among the best reported for lead-free metal halide semiconductors.61, 63, 82 

 

CD and SHG studies

Diffuse-reflectance  CD  (DRCD)  measurements  using  powder  samples

revealed  CD  signals  symmetrical  to  each  other  (mirrored),  as  expected  for

enantiomers. In particular, (R-/S-THBTD)SbBr5 exhibit multiple CD peaks located at

406 nm, 326 nm, 253nm and 218nm. A zero crossing of the CD spectra in the vicinity

of the corresponding absorption edge at 448nm (Figures 7a, 8a) was observed, along

with the inversion of their positive or negative signals, which is known as the Cotton

effect.83  Completely different CD spectra for the hybrid semiconductors versus the

chiral molecules S-THBTD and R-THBTD indicate that the CD signals do not derive

by states of the chiral organic cations, but rather by perturbation of the energy states

constituting the band edges of the chiral material (Figure S12).48 Anisotropy factors
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(gCD)  were  calculated  from the  wavelength  range of  500−200 nm.  The maximum

anisotropy factor of (S-THBTD)SbBr5  and (R-THBTD)SbBr5 was 3.4 × 10−4 and 4.9

× 10−4 at 324 nm, respectively, comparable in magnitude to values observed in other

low dimensional metal halide semiconductors.50, 84 

Second Harmonic Generation (SHG) is a nonlinear optical process in which a

photon with frequency ω interacts with matter and generates a photon with doubled

frequency  (2ω).  In  the  electric  dipole  approximation,  only  materials  with  broken

inversion  symmetry  possess  the  2nd-order  nonlinearity.85 To  measure  the  angle

resolved SHG we used a femtosecond oscillator laser that delivered pulses of 120 fs at

800  nm  and  at  a  80  MHz  repetition  rate.  The  excitation  beam polarization  was

controlled by a halfwave plate and in the detection (SHG) part a polarizer was used in

the co-polarization configuration (Figure S13a). The laser beam was focused onto the

sample  by  a  20x-objective.  Both  R and  S show efficient  SHG with  the  expected

quadratic  dependence of the emitted  400 nm SH light  on the applied laser  power

(Figure S13b). The rotational anisotropy of the SH intensity was measured by the

azimuthal angle φ for selected input and output polarizations. As shown in Figures 8b

and c, the strongest SH response is observed for parallel polarization configuration at

45°  and  90°  azimuth  angles  for  the  (S-THBTD)SbBr5 and  (R-THBTD)SbBr5

enantiomers, respectively. See Supporting Information for additional data and more

details on the optical setup. While the SHG signal of the  S- sample shows a strong

anisotropic with 4-lobs SHG in the polar plot, the SHG signal of the R- sample only

shows 2-lobs SHG indicating the breaking of inversion symmetry in the b-axis only.

PFM studies

The  piezoelectricity  of  (R-/S-THBTD)SbBr5 as  the  result  of  the  non-

centrosymmetric  crystal  structure  of  the  chiral  material  was  further  confirmed  by

PFM measurements  on corresponding thin film samples  following the method we

demonstrated before.68 Stiff conductive AFM cantilevers (spring constant ~ 3 N/m)

were used to minimize the electrostatic contribution to the overall signal and thus to

eliminate  potential  artifacts  in  the  PFM  data.86-89 We  further  harness  the  AFM

cantilever resonance to enhance the electromechanical piezoresponse signal90 and to

suppress the electrostatic component via dynamic stiffening.86 At randomly selected

points  on  each  sample,  the  PFM amplitude  A was  recorded  as  a  function  of  the
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driving frequency ω in a frequency range that contains the first contact resonance ω0

of the AFM cantilever. The AFM cantilever dynamics can be modeled by a damped

simple harmonic oscillator (DSHO)68, 90-91 

A (ω )=
A piezoω0

2

√(ω2−ω02 )
2
+(ωω0/Q )2

, 

where Q and Apiezo are the quality factor of the resonance peak and the piezoresponse

signal, respectively. Figures 9a and b show representative PFM spectra from R- and

S- samples, respectively. Both spectra manifest symmetric resonance peak well-fitted

by the DSHO model with no frequency-dependent background when ω is away from

the cantilever resonance. Furthermore, the extracted  Apiezo are linearly correlated to

the applied alternating current (AC) bias for both R- and S- samples (Figures 9c and

d).  Other  mechanisms  that  can  give  an  PFM signal  have  either  a  non-symmetric

resonance peak with frequency-dependent background (ion-migration induced Vegard

strain)  or  a  nonlinear  Apiezo vs. V AC relationship  (electrostriction  or  induced

polarization).86, 91-93 These results suggest that the PFM measured piezoresponse signal

indeed arises from the piezoelectricity of (R-/S-THBTD)SbBr5 due to the polar crystal

structure.68 The confirmed piezoelectricity in our materials can further extend their

application into areas where electromechanical coupling of semiconductor materials is

crucial, e.g., motion energy harvesting.94 

CONCLUSIONS

Two new  1D  chiral  MHS,  namely  (R-/S-THBTD)SbBr5, were  synthesized

using an unexplored organic counter cation (THBTD) as structure directing agent. We

elucidate the optical and electronic properties of the two enantiomers, where they both

feature  direct  and  indirect  bandgap  character,  exhibiting  broad,  band  edge  light

emission at RT that is accompanied by a lifetime of 4 ns. CD, SHG and PFM studies

validate their chiral nature, while DFT calculations uncovered the corresponding R/D

energy spin split performance. The corresponding ER and αR values are similar to those

of 3D and 2D perovskite  materials,  demonstrating that  low dimensional,  lead-free

MHS  pose  as  excellent  candidates  for  spintronic  applications.  Their  potential  is

further supported by the unparallel one year air stability of (S-THBTD)SbBr5, a record

trait among chiral, lead-free MHS.
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Figures 

Figure 1. (a), (b) Part of the crystal structures of (R-/S-THBTD)SbBr5 viewing along

the  c-axis, demonstrating the 1D corrugated inorganic chain. Inset figures highlight

the difference in the configuration of the S-THBTD and R-THBTD organic molecules

in the two enantiomers, (S-THBTD)SbBr5 and (R-THBTD)SbBr5. The unit cell in (a)

is indicated by a black parallelogram.
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Figure 2. (a), (b) Part of the crystal structures of (R-/S-THBTD)SbBr5 viewing along

the  α-axis, showcasing the enantiomorphic nature of the two analogs. The 21 screw

axis  that  is  responsible  for  the propagation of  the  organic part  of  the  structure is

highlighted with a dash and dot line. 
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Figure 3. Representation of part of the (R-THBTD)SbBr5 structure, demonstrating the

number and magnitude of the hydrogen bonds that are responsible for the octahedra

distortion. Corresponding hydrogen bond distances range from 2.5 Å to 2.8 Å, among

the hydrogen atoms of the three amine functional groups (R-NH2, RNH3, -NH=) of

the  organic  counter-cations  and  the  axial  and  equatorial  bromide  atoms  of  the

[SbBr6]3- octahedra.
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Figure 4. (a) Comparison of the PXRD patterns for the as made (R-/S-THBTD)SbBr5

compounds to the calculated pattern based from the solved single crystal structure. (b)

Comparison of the PXRD patterns for the (S-THBTD)SbBr5 after 1 year air exposure

(RH = 35-55% ± 5%) to the calculated pattern based from the solved single crystal

structure. (c) Zoom into the highlighted area of the PXRD patterns from 11° to 23° 2θ

verifying the high crystallinity, phase purity and structural integrity of the air treated

sample. 
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Figure 5.  (a) Part of the crystal structures of impurity phase (R-imp)SbBr5 viewing

along the  b-axis and (b) α-axis.  The structure consists of the same 1D corrugated

inorganic chain of corner sharing [SbBr6]3- octahedra as the pure enantiomers, albeit

much less distorted. 
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 Figure  6.  Band  structures  of  (a)  (R-THBTD)SbBr5 and (b)  (S-THBTD)SbBr5

compounds depicting the band energy split due to the non-centrosymmetric nature of

the materials.
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Figure 7.  (a) The recorded absorption and emission spectra of  (R-/S-THBTD)SbBr5

compounds at RT, b) TRPL decay curves of the pristine material at RT, comparison of

absorbance (c) and PL spectra (d) for the fresh sample and the air treated one. The

material maintains its optical properties after 1 year exposure in air.
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Figure  8.  (a) DRCD  spectra  for  the  (R-THBTD)SbBr5  and  (S-THBTD)SbBr5

materials. (b) Azimuth SHG signal in the parallel polarization configuration for (S-

THBTD)SbBr5 and (c) (R-THBTD)SbBr5 as a function of polarization angle.
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Figure  9.  Representative  AFM  cantilever  vibration  amplitude  vs. AC  driving

frequency spectra around the first contact resonance peak from PFM measurements of

(a)  (R-THBTD)SbBr5 and  (b)  (S-THBTD)SbBr5.  The  red  curve  indicates  DHSO

model fitting. (c) and (d) are the extracted piezoresponses from (R-THBTD)SbBr5 and

(S-THBTD)SbBr5, respectively, plotted as a function of the AC bias voltage. The red

lines indicate the linear fitting.
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Table 1. Crystal and structure refinement data for (R-THBTD)SbBr5, (S-THBTD)SbBr5 and  (R-imp)SbBr5

at 296 K.

Compound (R-THBTD)SbBr5 (S-THBTD)SbBr5 (R-imp)SbBr5 

Crystal system monoclinic monoclinic monoclinic

Space group P21 P21 P21

Unit cell dimensions

a = 8.0595(11) Å, α = 90°
b = 22.371(3) Å, β = 
99.224(2)°

c = 9.8016(13) Å, γ = 90°

a = 8.0556(5) Å, α = 90°
b = 22.3743(13) Å, β =

99.2680(10)°
c = 9.7987(6) Å, γ = 90°

a = 9.7928(8) Å, α = 90°
b = 7.6749(6) Å, β =

104.1260(10)°
c = 11.5269(9) Å, γ = 90°

Volume 1744.4(4) Å3 1743.05(18) Å3 840.15(12) Å3

Z 4 4 2

Density (calculated) 2.637 g/cm3 2.639 g/cm3 2.738 g/cm3

Independent reflections 8637 [Rint = 0.0396] 8602 [Rint = 0.0322] 3962 [Rint = 0.0391]
Completeness to θ =

29.33° 100% 100% 100%

Data / restraints /
parameters 8637 / 8 / 328 8602 / 8 / 328 3962 / 5 / 178

Goodness-of-fit 0.994 1.020 0.901

Final R indices [I>2σ(I)] Robs = 0.0374, wRobs = 0.0620 Robs = 0.0322, wRobs = 0.0606 Robs = 0.0301, wRobs = 0.0497

R indices [all data] Rall = 0.0644, wRall = 0.0689 Rall = 0.0445, wRall = 0.0644 Rall = 0.0425, wRall = 0.0536
Largest diff. peak and

hole 0.959 and -0.937 e·Å-3 1.019 and -0.924 e·Å-3 0.497 and -0.565 e·Å-3

Flack parameter 0.028(15) 0.023(14) 0.019(10)
R = Σ||Fo|-|Fc|| / Σ|Fo|, wR = (Σ[w(|Fo|2 - |Fc|2)2] / Σ[w(|Fo|4)])1/2 and w=1/(σ2(I)+0.0004I2)
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Synopsis:  We report  the synthesis,  characterization and optical  properties of  two
new 1D chiral MHS, namely (R-/S-THBTD)SbBr5. The corresponding materials exhibit
broad, band edge light emission at RT, and are air stable for a year. DFT calculations
uncovered the corresponding R/D energy spin split performance, demonstrating that
low  dimensional,  lead-free  MHS  pose  as  excellent  candidates  for  spintronic
applications. 
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