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ABSTRACT: We establish that the formally 0D (R-/S-MBA)2CuBr4,
containing R-/S-α-methyl benzylamine (R-/S-MBA) connected to
highly distorted CuBr4 tetrahedral units in alternating layers, possesses
extraordinary chiro-optical properties. The concentration and path
length-independent chiral anisotropy factor, gCD, for this compound is
the highest in the orange-red part of the visible spectrum reported so far
from any hybrid material, arising from a chirality transfer from the
organic component to the inorganic layer through the extensive
asymmetric hydrogen bonding network and electronic coupling, driving
the CuBr4 tetrahedral units to follow the 21-screw axis. This sensitivity
in the orange-red part of the visible spectrum is achieved by
incorporating bromine in the copper coordination sphere, which
significantly red-shifts the band edge absorption to ∼710 nm compared
to ∼490 nm reported for the chloride analogue. DFT/TDDFT calculations allow us to understand the underlying electronic
structure responsible for its remarkable optical properties. We find that this compound gets a partial 2D character, crucial for
its broadband chiro-optical properties, arising from Cu−Br···Br−Cu interactions connecting the otherwise isolated CuBr4
units.

Many chiral materials exist in nature, ranging from
small amino acids to macromolecular proteins and
macroscopic crystals. Due to a lack of inversion

symmetry, chiral materials exhibit various interesting physical
properties such as circular dichroism (CD),1 circularly
polarized photoluminescence (CPL),2 nonlinear optical
(NLO) effects,1 ferroelectricity,3 bulk photovoltaic effects
(BPVE),4 and the ability to rotate the polarization plane of
light.5,6 Chiral organic molecules are abundantly available;
however, these generally have very large bandgaps, thereby
exhibiting chiro-optical activities in the UV region.7 In
addition, the structural softness of such organic molecules
makes it difficult to stack them suitably, and this inability often
results in a poor charge transport capability in optoelectronic
devices made from such molecules. In this regard, organic−
inorganic hybrid (OIH) materials have recently emerged as
ideal candidates for optoelectronic devices due to their color
tunability through compositions engineering,8−10 small carrier
effective mass,11 long diffusion length,12 and high carrier
mobility.13,14 Therefore, it becomes a naturally intriguing issue
to seek ways to transfer the abundant chirality of organic
molecules to the inorganic units of suitable hybrid materials in
order to tailor suitable chiro-optical properties. Accordingly,
there exist several reports on lead-based 2D chiral OIH

materials,2,15−22 but the toxicity of Pb remains a major
concern. To overcome this barrier, two Cu-chloride-based
chiral and polar 2D OIH materials have been explored so
far.1,3,23 Refs 1 and 23 established giant chiro-optical activities
extending until 490 nm, being limited by the bandgap, along
with second harmonic generation in (R-/S-MBA)2CuCl4
(MBA+ = α-methyl benzylammonium ion),1 while ref 3
pointed out a significant magnetoelectrical coupling in (R-/S-
MPA)2CuCl4 (MPA+ = β-methyl phenethylammonium ion).
The inorganic layers of (R-/S-MPA)2CuCl4 consist of corner
sharing CuCl6 octahedra, giving rise to a structurally 2D layer,
whereas inorganic layers of the compound (R-/S-MBA)2CuCl4
consist of distorted isolated [CuCl4]2− tetrahedral units
defining an essentially 0D structure.
In the present work, we report the Br analogue of this 0D

structure, (R-/S-MBA)2CuBr4, which contrastingly forms in a
nonpolar space group. This compound has been reported
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once24 in the recent literature with the same crystal structure as
that determined by us in the present work. Unexpectedly,
however, all optical properties, of our sample, such as the
absorption edge, and chiro-optical properties, are significantly
different, both qualitatively and quantitatively, from those
reported in ref 24. While these differences are discussed at a
later stage in this article with specific comparisons between the
two sets of results, we emphasize here that the properties of
our sample are unique and interesting, exhibiting the highest
concentration and path length-independent chiral anisotropy
factor, gCD (1.1 × 10−2) in the orange-red part of the visible
spectrum among all hybrid halides. This value is comparable to
the giant values reported18,21,23 for only a few other 1D Pb
iodide based chiral hybrid materials but at considerably shorter
wavelengths (≤400 nm). It is approximately one order of

magnitude higher than the maximum gCD (∼10−3) for similar
2D Pb-based iodide compounds; moreover, in those cases, the
chiro-optical properties are limited to wavelengths ≤575 nm
due to their larger bandgaps. 2D Pb-based bromides also
exhibit similarly small (gCD ∼ 10−3−10−4) chiral activities while
being limited to even shorter wavelengths. Specifically, the Pb-
bromide compound, (MBA)2PbBr4, with the same organic
chiral molecule, has a corner-shared 2D layered structure and
does not exhibit17 any chirality, in contrast to the present Cu
compound, (MBA)2CuBr4, with semi-isolated CuBr4 tetrahe-
dral units. Combining detailed theoretical calculations with
experimental results, we show that the chirality transfers from
the organic component to the quasi-0D CuBr4 tetrahedral
units through an extensive asymmetric hydrogen bonding
network, inducing these inorganic units to follow the crystal 21-

Figure 1. (a) Crystal structure of (R-/S-MBA)2CuBr4 projected along the b-axis (vertical line shows these compounds are mirror images of
each other). (b) The tetrahedral [CuBr4]2− units are connected by 21 screw axes, shown by the green line. (c) The 0D [CuBr4]2− tetrahedral
units interact via halide pathways (Cu−Br···Br−Cu), imparting the system with a weak 2D character.
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screw axis. While this quasi-0D structure of CuBr4 units makes
it possible for the inorganic units to structurally follow the
chirality dictated by the chiral organic components more
effectively than in the case of the more rigid corner-shared 2D
PbX6 (X = I, Br, or Cl) units in the lead halide case, structural
data together with theoretical analyses suggest an interesting
connectivity between the otherwise isolated 0D CuBr4
tetrahedral units established via a range of Cu−Br···Br−Cu
halide pathways. This imparts a weak 2D character to the
network of CuBr4 units within the inorganic layer that is crucial
for broadband chirality-dependent absorption properties.
The crystal structures of (R-/S-MBA)2CuBr4 (Figure 1a)

have a central Cu atom coordinated by four Br atoms, forming
[CuBr4]2− tetrahedral units that are sandwiched between two
layers of chiral R-/S-MBA spacer molecules. Both (R-/S-
MBA)2CuBr4 crystallize in the orthorhombic crystal system
having a nonpolar but chiral space group P212121 with Z = 4
(crystallographic details are given in the Table S1). The
asymmetric unit in both structures contains two R-/S-MBA
cations and one CuBr4 tetrahedral unit where all atoms are in

general crystallographic Wyckoff position “4a” of the space
group P212121. The CuBr4 tetrahedral units in both crystals are
highly distorted and away from regular geometry of 109.47°
with Br−Cu−Br angles ranging from ∼97° to 134° (Figure S1
and Table S2). Hence, we used the bond angle variance
equation 109.47i itet

2 1
5

2= [ ] (where αi are individual
Br−Cu−Br bond angles) to quantify the amount of distortion
in both the tetrahedral units.25 The calculated σtet2 values of
269.3 and 268.9 for R and S configurations, respectively,
confirm the high distortion for the CuBr4 tetrahedral units.
This could be due to the high Jahn−Teller distortion for Cu2+
ions. Unlike in the cases of lead halides with corner-sharing
PbX6 (X = I, Br, or Cl) units leading to a 2D layered structure,
the connectivities between otherwise isolated CuBr4 tetrahe-
dral units are established via short (3.86 Å) halide pathways
(Cu−Br···Br−Cu), further strengthened by longer (4.43 Å)
halide connectivities, giving rise to a 1D zigzag network of
CuBr4 units along the a axis, as shown in Figure 1c. These
zigzag 1D networks of CuBr4 are in turn, connected along the b

Figure 2. Hydrogen bonding network (N−H···Br and C−H···Br) connect the organic spacer (R-/S-MBA) with the inorganic CuBr4
tetrahedral unit. The magenta dotted line represents H-bonding between Br and H. (a, b) Left: all the possible H-bonding interactions
within the van der Waals limit of (H···Br) for the R- and S-chiral configured MBA2CuBr4 samples, respectively. Right: the H-bonding
distances are mentioned. Other atoms are omitted for clarity. Cyan, olive, blue, yellow, and gray color denotes the Cu, Br, N, H, and C
atoms, respectively.
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axis by intermediate range (4.18 Å) halide interactions,
establishing the weak 2D network of CuBr4 units (see Figure
1c). Here the smallest Br···Br separation between adjacent
tetrahedra is only 3.86 Å, approximately twice the ionic radius
of the bromide ion (∼1.96 Å). The halide pathways (Cu−Br···
Br−Cu) reported here (Figure 1c) for the compounds
(MBA)2CuBr4 are significantly smaller than the other reported
compounds (see Table S3) consisting of similar halide−halide
(Cu−Br···Br−Cu) connectivity between otherwise isolated
[CuBr4]2− tetrahedral units. With the help of theoretical
results, appearing in Figure S2, we have also shown that the
Br···Br interactions in this structure lead to a substantial
bandwidth of the Br p partial DOS with the extensive band
dispersions along the inorganic layer directions, evidencing the
weak 2D character. An extensive strong hydrogen bonding
network (N−H···Br and C−H···Br) connects the organic
spacer (R-/S-MBA) with the inorganic [CuBr4]2− tetrahedra
units (Figure 2 and Table S4). All hydrogen bonds present in
both the crystals are within the van der Waals limit of (H···Br),
i.e., 3.05 Å. The organic spacer transfers the chirality into the
inorganic layer through these asymmetric hydrogen bonding,
resulting in the symmetry related CuBr4 tetrahedral units in the
crystal to follow the 21-screw axis (Figure 1b). We note that
the existence of individual CuBr4 units without any corner
sharing of common ligand ions in this quasi 0D structure,
contrasting Pb-based 2D systems, makes it easier to transfer
the chirality from the organic to the inorganic layer through
hydrogen bonding. We have recorded the powder X-ray
diffraction (PXRD) pattern of both samples (Figure S3a)
which exactly matched the simulated PXRD patterns from
single crystal structures, confirming the phase purity of the
compounds. Additionally, we have carried out the profile fitting
of PXRD patterns, which also confirm the same result (Figure
S3b,c). Further, the X-ray diffraction patterns of film samples
(Figure S3d) exhibit very narrow and sharp diffraction peaks,
confirming the crystallinity of the as-prepared films, and
display preferential orientation along the (00l) direction.
Figure 3a depicts the UV−vis absorption and CD spectra of

the chiral amine bromide salts. Both R-MBA·HBr and S-MBA·
HBr salts start to absorb in the UV region below ∼275 nm
with a peak at ∼269 nm due to the π → π* transition. Both R-

and S-chiral salts showed a mirrored CD below ∼275 nm,
confirming their chirality. The absorption and CD spectra of
the (R-/S-MBA)2CuBr4 films are shown in Figure 3b. Both the
films start to absorb at ∼710 nm and continue down to ∼470
nm. This broad absorption is due to partial 2D connectivity
(Figure 1c) between individual CuBr4 tetrahedral units, as
ascertained by our theoretical results, discussed later in the
text. The absorption in this entire region is due to the ligand-
to-metal charge transfer (LMCT) transition, as previously
reported for the tetrahedral CuCl42− species.26,27 This
absorption can be assigned to Br_pσ → Cu_dx2−y2 (centered
at ∼525 nm) and Br_pπ → Cu_dx2−y2 (centered at ∼607 nm)
and, therefore, are associated with charge transfer (CT) states
from ligand related orbitals to the antibonding half-filled Cu
dx2−y2 orbital. The absorption below ∼450 nm is related to the
transitions from both occupied states of organic and inorganic
to the unoccupied states of inorganic moieties. (R-/S-
MBA)2CuBr4 films showed a mirrored CD in the entire
UV−vis region (∼710−325 nm), with the range being limited
by the specific spectrometer used here. The chlorine analogue,
(R-/S-MBA)2CuCl4, in contrast, has CD limited1,23 to below
∼490 nm due to a considerably larger bandgap than the Br
compound here. A comparison of both the absorption and the
CD spectra of chlorine1,23 and bromine samples establishes a
marked redshift of the band edge by ∼220 nm along with
tuning the optical chirality over a larger wavelength region
upon replacing the Cl with Br, in contrast to the results in ref
24. We show in Figure S4 a comparison of the absorption
spectra of our sample and that of ref 24. along with the
absorption spectrum of the Cl analogue, (R-MBA)2CuCl4.
While our result for the Br compound shows the expected red
shift of the absorption edge with respect to the Cl sample, the
absorption spectrum of the Br compound of ref 24. shows a
blue shift. We note that our chiro-optical results in Figure 3b
are also qualitatively different from those presented in ref 24,
apparently for the same compound. These differences are
illustrated in Figure S5 in terms of a direct comparison of our
results with those obtained from results in ref 24.
The chiro-optical response is mainly governed by the

nonzero electric and magnetic transition dipole moments in a

Figure 3. (a) CD (top panel) and absorption (bottom panel) spectra of chiral amine bromide salts dissolved in DMF (10 mg/mL). (b) CD
(top panel, left axis) and absorption (bottom panel) spectra of the (R-/S-MBA)2CuBr4 films. Top panel on the right axis describes the
anisotropic factor gCD of CD signal as a function of wavelength. Intraionic Cu d−d absorption in NIR region is shown in the inset of b,
bottom panel.
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chiral space group, leading to a nonzero rotational strength (R)
as

R Im m Im mCD g e e g ge eg= [ | | | | ] = [ ] (1)

where, Ψg and Ψe are the ground and excited state wave
functions and μge and meg are the electric and magnetic
transition dipole moments, respectively. Since (R-/S-
MBA)2CuBr4 crystallizes in a noncentrosymmetric chiral
space group, P212121, both μge and meg are finite, making the
compounds CD active. The anisotropy factor, gCD is calculated
as28

g
A

CD mdeg
32980CD = [ ]

× (2)

where A is the conventional absorbance of nonpolarized light
and CD is the differential absorbance of left and right circularly
polarized lights, respectively. The anisotropy gCD factor is
independent of concentration and path length, since both
absorbance and CD measurements are performed on the same
sample. CD signals of these samples have the highest gCD value
of 0.011 (Figure 3b, top panel right axis) at the LMCT band
(∼650 nm). We note that this is the highest value of gCD in the
orange-red part of the visible spectrum reported for any hybrid
material so far.
We compare all reported gCD values of hybrid compounds in

terms of their maximum values in Table 1 along with the
wavelength at which this maximum appears; we have also
indicate the dimensionality of the structure involved and the
absorption edge in each case. In collecting these data, we have
uniformly referred to the maximum gCD observed within the
LMCT band of the Cu halide systems, as it pertains to the
electronic structure of the inorganic part; there are often chiro-
optical activities in such systems at much shorter wavelengths
arising purely from the participation of the chiral organic
molecules. In all cases, we find that the absorption edge is at a
shorter wavelength than ∼650 nm, where our sample exhibits
the highest gCD value. The comparison of the gCD values
between different compounds in Table 1 reveals some
interesting trends. For example, we did not find any example
of a chiral system with a 3D structure. Moreover, the 2D chiral
systems appear to have the maximum gCD in the range of
∼10−3, in contrast to lower dimensional 1D and 0D structures
that exhibit gCD typically an order of magnitude higher. An
order of magnitude change in the gCD value with a change in
dimensionality can be attributed to the structural rigidity
within the inorganic layer. While the 1D and 0D structures of
inorganic units make it possible for the inorganic units to

structurally follow the chirality dictated by the chiral organic
components more effectively than in the case of the more rigid
corner-shared 2D BX6 (B = Pb and Sn; X = I and Br) units in
the lead/tin halide case. The relationship between the structure
and the chiro-optical activity of chiral hybrid lead halide
materials has also been discussed based on 2D and 1D systems
in ref 29.
It is interesting at this stage to contrast the structure and

properties1,23 of the chloride analogue (MBA)2CuCl4 with the
present bromide compound since the chloride compound
exhibits an order of magnitude higher gCD value (see Table 1).
(MBA)2CuCl4 crystallizes in a monoclinic crystal system with a
chiral and polar space group C2 with Z = 2. The CuCl4
tetrahedral units in both R and S configured compounds are
considerably more distorted compared to its bromide analogue
and deviate from regular tetrahedron of 109.47° with Cl−Cu−
Cl angles ranging from ∼91.5° to 96° (Figure S6 and Table
S5), thus [CuCl4]2− complex ions are closer to the square
planar geometry. Significantly for the chloride analogue, the
halide pathways (Cu−Cl···Cl−Cu) distances are 4.26 and 4.30
Å along the a and b axis, respectively (see Figure S7), much
longer than the double of the ionic radius of chloride ion (1.81
Å), essentially forming isolated CuCl4 tetrahedral units in 0D
arrangements, unlike the weakly 2D nature of the Br
compound presented here. This makes it a lot easier to drive
the isolated CuCl4 units to adopt the screw axis, making its
electronic structure prominently chiral. The Br···Br con-
nectivity, imparting the weak 2D nature in the bromide
compound, makes it somewhat more difficult to make the
inorganic units chiral, but not as difficult as in the case of truly
2D structures found for the Pb and Sn based compounds. In
addition, the Br···Br interactions also help achieve the large Br
derived bandwidths, as shown later in the text with the help of
theoretical calculations, thereby extending the chiral activities
to a considerably longer wavelength. In this sense, the Br
compound presents a unique compromise of a partial 2D
character of the inorganic layer that allows for the chirality
driven from the organic to the inorganic while also at the same
time allowing for a broadband chiro-optical activity extending
to long wavelengths.
A comparison of the results in Figures 3a and b clearly

establishes that the incorporation of R- and S-configured chiral
organic cations induces optical chirality in a wavelength range
that is way beyond those of the chiral molecules themselves
and into the range contributed by the inorganic components of
the 2D layered compound. The asymmetric H-bonding
between the NH3

+ group of the chiral amine and Br− of the

Table 1. Comparison of Chiral Anisotropy Factor (gCD) of Chiral Hybrid Materials with Different Structural Dimensionality

Chemical formula Dimensionality gCD Peak wavelength (nm) Absorption edge (nm) Refs

(R-/S-MBA)2SnI4 2D ∼1.3 × 10−3 ∼450 ∼500 16

(R-/S-MBA)2PbI4 2D ∼6 × 10−3 ∼513 ∼520 17

(R-/S-MePEA)2PbBr4 2D ∼10−4 ∼400 ∼400 30

(R-/S-BPEA)2PbI4 2D ∼3 × 10−3 476 ∼552 31

(R-/S-β-MPA)2MAPb2I7 2D bilayered ∼2 × 10−3 518 ∼575 32

(R-/S-NEA)2PbI4 2D ∼3 × 10−3 488 ∼500 33

R-/S-NEAPbI3 1D ∼0.04 395 ∼550 33

R-/S-PEAPbI3 1D ∼0.02 400 ∼425 18

(R-/S-1, 1-NEA)2CuCl4 0D ∼0.01 ∼386 (within the LMCT band) ∼450 34

(R-/S-1, 2-NEA)2CuCl4 0D ∼2.9 × 10−3 ∼386 (within the LMCT band) ∼450 34

(R-MBA)2CuCl4 0D ∼0.1 380 (within the LMCT band) ∼490 23

(R-/S-MBA)2CuBr4 Partial 2D 0.011 ∼650 (within the LMCT band) ∼710 This work
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[CuBr4]2− tetrahedra makes the inorganic layer itself chiral,
and this is responsible for the chirality transfer from the
organic component to the inorganic layer, resulting in the
chiro-optical property of the 2D layered compound over a
wide range of wavelengths. An additional contribution to the
absorption spectra of (R-/S-MBA)2CuBr4 is present below the
bandgap with weaker and broad features ranging from 730 to
1200 nm (see inset of Figure 3b bottom panel). This
absorption band can be assigned to d−d transitions within
the d orbitals of Cu.26 Unfortunately, our experimental
facilities cannot measure the CD beyond 725 nm, although
we expect these d-d transitions also to be chirally active.
To gain insight into the electronic structure of the (R-/S-

MBA)2CuBr4 compound, Density Functional Theory (DFT)
calculations were carried out for both the R- and S-
configurations. As expected, the two enantiomers show the
same electronic and linear optical properties; here we present
results from calculations on the R-compound. Figure 4a shows
the spin-polarized site-projected partial densities of states
(DOS) with the contributions of different atomic species with
α and β denoting the up- and down-spin channels. It is evident
in this figure that there is a substantial (∼2.6 eV) bandwidth
associated with the leading occupied states that are dominated
by Br contributions. This is a reflection of the Cu−Br···Br−Cu
connectivity highlighted in Figure 1c, imparting this otherwise
0D system a partial 2D character. This is critically important to
reduce the bandgap in this material and also to give rise to a
broadband absorption and chiro-optical properties. Further-
more, we see that the leading states of Br are also strongly
admixed with electronic states coming from the organic unit in
the energy interval between −1 and −2.4 eV. This strong
electronic coupling between the organic and the inorganic
units is crucial to drive the rotation of the CuBr4 along the 21
screw axis transferring the chirality of the organic molecule to
the inorganic subunits. The calculated HOMOβ−LUMOβ
band gap is 1.45 eV. As we can see from the DOS and the
band edge wave functions in Figure 4a, the main contribution

to the occupied band is associated with the Br and organic
cation species coupled with a small Cu contribution, whereas
the first unoccupied band in the down channel is mainly
associated with Cu and Br contributions. Thus, the band edge
contributions establish the fundamental bandgap excitation to
be an LMCT transition from Br to Cu, observable in the
experimental absorbance spectra between 470 to 710 nm. To
accurately quantify the transition, we simulated the absorbance
spectra, as shown in Figure 4b, for the isolated single formula
unit of (R-MBA)2CuBr4, truncated from the periodic structure.
It is noteworthy to mention that the CuBr4 units of the
periodic structure are only weakly connected with each other;
thus, the consideration of the one isolated unit is adequate to
mimic the periodic structure for calculating the absorbance
spectra. Figure 4b shows that the simulated spectrum nicely
matches that from the experiment. While identifying the
orbitals involved with the major transitions in the <500 and
500−800 nm regions, we find that the two major transitions
between 500 and 800 nm are at 582 and 663 nm,
corresponding to the transition from Br p to the antibonding
orbital comprised of a combination of Cu dx2−y

2 and Br p
orbitals (see Figure 4b). On the other hand, the major peaks
below 500 nm are found at 355, 369, and 383 nm,
corresponding to the transitions from the orbitals of organic
σ/π, bonding orbital composed of Cu dxz/dyz/dxy/dz2 and Br p
to the antibonding orbital composed of the combination of Cu
dx2−y2 and Br p orbitals (see right panels in Figure 4b).
Therefore, it is clear from our analysis that the <500 nm
transitions are not fully governed by the organic moiety; rather
these transitions are to be understood as arising from both
organic and inorganic moieties to the antibonding levels of the
inorganic moiety, thus giving an indication of the transfer of
the chirality from the organic to inorganic moiety.
In summary, we have synthesized both single crystals and

films of partial 2D (R-/S-MBA)2CuBr4, exhibiting extensive
chirality over almost the entire visible range. They show the
highest values of gCD, the concentration- and path length-

Figure 4. (a) Left: Projected density of states (black, blue, and red lines represent Cu, Br, and organic states, shaded region represents total
DOS) and right: isodensity plots of the band edge wave functions for the (R-MBA)2CuBr4 compound. The calculated Fermi energy (0.7676
eV) has been set to zero in the DOS plot. (b) Left: TDDFT-simulated absorption spectrum of isolated single formula unit of (R-
MBA)2CuBr4 compared to the experimental spectrum. Right: occupied and unoccupied orbitals involved in the major absorption peaks
(355, 369, 383, 582, and 663 nm). The occupied orbitals with highest coefficient for each transition has been shown. The full list of all the
possible orbitals involved and their corresponding coefficient are provided in the Supporting Information (Figure S8 and Text S1).
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independent chiral anisotropy factor, in the orange-red part of
the visible spectrum among all hybrid materials so far reported.
Our results show that the chirality transfers from organic
molecules to inorganic layers through an extensive asymmetric
hydrogen bonding network and electronic coupling between
the Br states and the electronic states in the organic unit,
forcing the CuBr4 tetrahedral units to follow the 21-screw axis.
At the same time, the use of Br leads to a reduction of the
bandgap by a large amount (∼0.8 eV) compared to the
chlorine analogue, thereby extending the chiro-optical activities
significantly to longer wavelengths. The interesting structural
aspect of this compound that underlies its interesting
broadband chiro-optical properties extending to longer wave-
lengths is that it behaves as a quasi 0D system of CuBr4 units
allowing for the chirality transfer from the organic to the
inorganic, while the weak 2D character arising from Cu−Br···
Br−Cu interactions gives rise to the lowering of the bandgap
and a broadband optical activity.

■ EXPERIMENTAL SECTION
Synthesis of R-MBA·HBr and S-MBA·HBr single crystals: R-
MBA·HBr was synthesized by reacting R-MBA and 48%
aqueous HBr with a molar ratio of 1:1.4. The hydrobromic
acid was added dropwise into the R-MBA in a round-bottom
flask in an ice bath with constant stirring. After ∼1.5 h of
stirring, the resulting solution was evaporated with the rotary
evaporator to get the crystals of R-MBA·HBr. This solid was
washed thoroughly with diethyl ether and then recrystallized
with anhydrous ethanol. Finally, the crystals were collected by
filtration and stored under a vacuum for 24 h. The same
procedure was followed with S-MBA to synthesize S-MBA·
HBr.
Synthesis of (R-MBA)2CuBr4 and (S-MBA)2CuBr4 films:

Glass substrates (1.5 × 1.5 cm2) were washed sequentially with
soap water, deionized water, acetone, and ethanol in an
ultrasonic bath for 15 min each. Then, the substrates were
further cleaned with UV-ozone treatment to improve the
wettability. CuBr2 and recrystallized chiral amine salt with a 1:2
molar ratio were dissolved in 0.5 mL of N,N-dimethylforma-
mide (DMF) with a specific concentration (0.5 M) as the
precursor solution. The thin films were fabricated with the
precursor solution by a spin-coating method at 2000 rpm for
30 s, followed by annealing at 90 °C for 2 h on a hot plate to
induce crystallization. Finally, the films were stored under
vacuum for 48 h, which allows the complete crystallization, and
then used for the measurements.
Synthesis of (R-MBA)2CuBr4 and (S-MBA)2CuBr4 single

crystals: 1:2 molar ratio of CuBr2 and recrystallized chiral
amine salts were dissolved in 2 mL of aqueous (48%) HBr.
The resulting solutions were heated at 60 °C for 2 h with
constant stirring. After complete evaporation of the solvent, the
micrometer-sized crystals formed; finally, these crystals were
washed with diethyl ether and stored under reduced pressure.
Characterization and optical properties: The phase purities

of powder and film samples were confirmed by X-ray
diffraction (XRD) pattern collected with a Panalytical Philips
diffractometer with Cu-Kα as the radiation source. Single-
crystal X-ray diffraction data were collected on a Bruker Apex
II diffractometer equipped with a CCD detector and using a
monochromatic Mo Kα (λ = 0.71073 Å) X-radiation source.
The voltage and current setting of the X-ray generator was kept
at 50 kV and 30 mA, respectively. The data collection,
reduction, and integration were performed using APEX3

software of Bruker. The structure solution and refinement were
carried out using SHELXS and SHELXL included in the
WinGX suite.35−37 UV−visible absorption spectra were
collected in the transmission mode on films using a UV−vis-
NIR spectrometer (PerkinElmer lambda 750 UV−vis spec-
trometer with an integrating sphere). Circular dichroism (CD)
measurements on both films and solutions were carried out in
a J-715 (from JASCO) spectropolarimeter instrument.

■ COMPUTATIONAL DETAILS
First-principles calculations based on density functional theory
(DFT) were carried out as implemented in the PWSCF
Quantum-Espresso package.38 Geometry optimization is
performed using the GGA-PBE39 level of theory, and the
electron−ion interactions were described by the ultrasoft
pseudopotentials with electrons from Br 4s, 4p; N, C 2s, 2p; H
1s; Cu 3s, 3p, 3d, 4s shells explicitly included in calculations,
using a cutoff on the wave functions of 25 Ryd (200 Ryd on
the charge density). Electronic structure calculations were
performed by single-point spin-polarized hybrid calculations
using the HSE06 functional40 including 25% Hartree−Fock
exchange with scalar-relativistic norm-conserving pseudo
potentials with electrons from Br 4s, 4p; N, C 2s, 2p; H 1s;
Cu 3s, 3p, 3d, 4s shells explicitly included in the calculations,
using a cutoff on the wave functions of 40 Ryd (80 Ryd on the
charge density). The experimental cell parameters were used in
all the cases. A k-point sampling41 of 4 × 2 × 1 was used for
both geometry optimizations and electronic structure calcu-
lations. For the TD-DFT calculations, an unrestricted B3LYP
exchange-correlation functional has been used with 6-311G*
basis sets using the Gaussian 09 software package.42
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