Chiral cation doping for modulating structural symmetry of 2D perovskites
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Abstract

Cation-mixing in two-dimensional (2D) hybrid organic-inorganic perovskite (HOIP) structures
represents an important degree of freedom for modifying organic templating effects and tailoring
inorganic structures. However, the limited number of known cation-mixed 2D HOIP systems
generally employ a 1:1 cation ratio for stabilizing the 2D perovskite structure. Here, we
demonstrate a chiral-chiral mixed-cation system wherein a controlled small amount (<10 %) of
chiral cation S-2-MeBA (S-2-MeBA = (S)-(-)-2-methylbutylammonium) can be doped into (S-
BrMBA),Pbly (S-BrMBA = (S)-(—)-4-bromo-a-methylbenzylammonium), modulating the
structural symmetry from a higher symmetry (C2) to the lowest symmetry state (P1). This
structural change occurs when the concentration of S-2-MeBA, measured by solution nuclear
magnetic resonance, exceeds a critical level—specifically, for 1.4 + 0.6 %, the structure remains
as C2, whereas 3.9 + 1.4 % substitution induces the structure change to P1 (this structure is stable
to ~7% substitution). Atomic occupancy analysis suggests that one specific S-BrMBA cation site
is preferentially substituted by S-2-MeBA in the unit cell. Density-functional theory calculations
indicate that the spin splitting along different k-paths can be modulated by cation doping. A true
circular dichroism band at the exciton energy of the 3.9% doping phase shows polarity inversion
and a ~45 meV blue shift of the Cotton-effect-type line-shape relative to (S-BrMBA),Pbls. A trend
toward suppressed melting temperature with higher doping concentration is also noted. The chiral
cation doping system and the associated doping-concentration-induced structural transition
provide a material design strategy for modulating and enhancing those emergent properties that

are sensitive to different types of symmetry breaking.



Introduction

Two-dimensional hybrid organic-inorganic perovskite (HOIP) semiconductors exhibit
compositional and structural versatility owing to the broad flexibility afforded by substituting
organic and inorganic components.!> As a result, a variety of physical properties, particularly
those sensitive to the detailed perovskite structure, can be modulated and enhanced, such as energy
harvesting,? light-emission,%” ferroelectricity,®® and spin character of energy bands and optical
response, with possible applications in fields ranging from optoelectronics to spintronics.!%-!4
While a wide range of single cations has been incorporated into the 2D HOIP framework, cation
mixing on the organic sites has been demonstrated as an extra degree of freedom for stabilizing
layered perovskite structures with different structural characteristics.!>!” Mitzi et al.!” reported a
1:1 ratio cation-mixed 2D HOIP system, (SFPEA)(NEA)Snls (SFPEA = 2,3,4)5,6-
pentafluorophenethylammonium, NEA = 2-naphthyleneethylammonium), wherein uniform cation
layers of SFPEA and NEA alternate along the stacking direction and fluoroaryl-aryl interactions
stabilize the structures. Subsequently, a series of mixed-cation systems with an alternating
arrangement of two types of cations within individual organic layers were explored.!6!” Compared
with single-cation organic structures, cation mixing offers additional advantages of flexible
combinations of distinct structure-directing characteristics, such as the above mentioned
fluoroaryl-aryl mixing,' alkyl — aryl mixing in (BAosPEA¢.5)2MAPb,Br7 (BA = butylammonium;
PEA = phenethylammonium; MA = methylammonium)!” and chiral-achiral mixing in (S-
MePEA)(C3A)PbBrs (S-MePEA = S-B-methylphenethylammonium; C3A = propylammonium)
and (S-MePEA)(C4A)PbBr4 (C4A = butylammonium).'® Notably, the ratio between the two types
of cations in these systems is generally reported as and limited to approximately 1:1. Often there
are compelling structural reasons for this specific ratio—i.e., the 1:1 cation-mixed phase can be
stabilized by the enhanced noncovalent interaction between the distinct and alternating layers of
the fluoroaryl and aryl cations in the fluoroaryl-aryl mixed system!> or between the alkyl and aryl
cations that pack alternatingly in an ordered fashion within the single layer in the alkyl-aryl mixed
system!, Nevertheless, exploring cation mixing ratios beyond 1:1 may offer important
opportunities to further enhance the range of distortions and possibly allow for further breaking of
structural symmetries in the 2D HOIPs, if structural paradigms can be identified that allow for

such flexibility in the organic cation stoichiometry.



Given such tunable templating effects of the organic cations, mediated by complex
hydrogen bonding contacts between the ammonium groups of these cations and the halogens in
the metal halide perovskite sheets, we hypothesize that the pristine (single cation) structural
symmetry may be broken by distorting the atomic arrangements from their original symmetric
positions if more general cation mixing ratios can be achieved. As a result, structural symmetry
elements can be annihilated, leading to structural change from a higher-symmetry state to a low-
symmetry state. The diverse symmetry elements, such as inversion, mirror, rotational, and time-
reversal symmetries that can be broken in 2D HOIP structures enable the integration of different
degrees of structural distortions and lattice symmetries into the HOIP family. In solid state physics,
many phenomena are known to be unique to specific types of symmetry breaking. For instance,
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inversion symmetry breaking can lead to Rashba/Dresselhaus spin splitting, even-order

nonlinear effects,?! and Ising superconductivity.???* In contrast, rotational symmetry breaking can

t,24 t’25

induce the bulk photovoltaic effect,>* nonlinear Hall effect,”® and valley magnetoelectricity.?®
Thus, the ability to implement different types of symmetry in crystalline structures is an essential
tool to control and enhance specific physical properties of interest.?! Although the inversion
symmetry of the inorganic framework has been broken to a significant degree in some 2D HOIP
systems via chirality transfer,>’28 the typical space groups associated with the isolated inorganic
layers, such as P21, P212:21, and Pmc2,, indicate that some symmetry elements (i.e., screw axis,
mirror plane, and glide plane) remain preserved. The restricted degree of distortions induced by
these chiral cations poses limitations for further enhancing chirality transfer and tailoring the

inorganic sublattice to a lower symmetry state.

Here, we demonstrate that the structural symmetry of 2D HOIPs can be modulated from a
higher symmetry (C2) to the lowest symmetry (P1) state by doping the chiral 2D HOIP system (S-
BrMBA),Pbl4 (S-BrMBA = (S)-(—)-4-bromo-a-methylbenzylammonium) with a small amount (<
5%) of chiral (S)-(-)-2-methylbutylammonium (S-2-MeBA) (Supplementary Figure 1), wherein
the organic layer is rearranged and an additional degree of distortion is induced to break C:
rotational symmetry. Single crystal X-ray diffraction investigation indicates that such doping-
induced crystal manipulation and symmetry breaking can only be achieved when incorporating a
critical amount of dopant (S-2-MeBA) into the host system. A lower doping concentration (i.e.,

1.4 £ 0.6 %) leaves the global system in the original structure with negligible structural change,



while a higher concentration (i.e., 3.9 £ 1.4%) induces the transition. The cation substitution is
found to occur preferentially on one of the four distinct S-BrMBA cation sites within the unit cell
and is likely facilitated by the favorable relative position of the ammonium group of the specific
S-BrMBA cation. The doping concentrations were experimentally verified using solution nuclear
magnetic resonance (NMR), pointing to good agreement with the values of chemical occupancy
determined by single crystal X-ray diffraction. Our work opens a new pathway to stabilize a mixed-
cation system with a mixing ratio other than 1:1 and achieves a controlled doping-concentration-
dependent structural transition, leading to an altered chirality transfer to and symmetry breaking
in the inorganic layer. Density-functional theory (DFT) calculations show split bands along
different k-paths that are known to be associated with spin splitting due to inversion symmetry
breaking in layered perovskites, and the magnitude of the splitting can be modulated due to doping
with S-2-MeBA. The circular dichroism (CD) band at the exciton transition of the 3.9% doping
phase exhibits polarity inversion and blue-shifts by ~45 meV relative to that in (S-BrMBA)>Pbls,
while the linear absorption exciton transition energy is not shifted; moreover, the CD is
demonstrated to be intrinsic. Finally, differential scanning calorimetry (DSC) characterization
indicates that a higher doping concentration leads to a lower melting temperature and points to the
potential for suppressing the melting temperature of 2D HOIPs via cation doping for future film,
crystal or monolith melt processing. We believe the new approaches provided by this study will
benefit future material researchers who are interested in exploring a wider range of 2D perovskite

systems with exceptional structural and symmetry-related properties.

Results and Discussion

Chiral cation doping to induce the structural transition. The steric effects associated with the
spatial arrangement and conformation of the organic cations directly impact the structural
distortions and symmetries of the inorganic sublattice.?® Incorporating diverse functional groups
into the organic cations can be one avenue to enhance the steric hindrance™ 2°-3, In this context,
S-BrMBA, comprising rigid benzene, bromine substitution, and chirality (Supplementary Figure
l1a), was selected and predicted to be able to stabilize a strained structure with enlarged distortions
and lower symmetry. To explore the structural characteristics templated by this cation, single-
crystal X-ray diffraction (SC-XRD) was performed to characterize the crystal structure of (S-
BrMBA),Pbl4 (Supplementary Table 1). The compound crystallizes as a Ruddlesden—Popper type



(S-BrMBA),Pbl, 1.4% doping 3.9% doping

Fig. 1: a-c Schematic single-crystal structures of (S-BrMBA),Pbl4 (a), and the 1.4% S-2-MeBA-doped
(b) and 3.9% S-2-MeBA-doped (c) variants. Unit cells in a-c are indicated by shaded parallelograms.
Four types of chiral cations are labeled as A, B, C, and D for undoped (S-BrMBA ),Pbls and for the 1.4%
doped structure, versus A’, B’, C’, and D’ for the 3.9% S-2-MeBA doped structure. d-f, Conformation
of chiral organic cations and chemical occupancy of Br atoms corresponding to the structures (a-c).
Chemical occupancy values in red point to cations that are preferentially substituted by S-2-MeBA.

Blue, purple, red, black, turquoise, and beige spheres denote Pb, I, Br, C, N, and H atoms, respectively.

structure, with bilayers of well-ordered organic cations intercalated between 2D inorganic layers
of corner-sharing Pbls octahedra (Figure 1a). Reflecting the incorporation of the chiral cation, (S-
BrMBA),Pbly crystallizes in a non-centrosymmetric C2 space group. To study the inorganic
structural symmetry, PLATON analysis was performed for the isolated inorganic sublattice (after
removing the organic cations from the structure®!; see Methods), which points to a nominally
centrosymmetric C2/c space group (using the default positional/angular tolerance criteria, i.e., 0.3°,
0.25 A, 0.25 A, 0.25 A). Notably, there are two different inorganic layers (designated as layer 1

and layer 2; see Figure 1a) contained in the unit cell. The symmetry of the individual inorganic



layers is determined to be C2 for layer 1 and C2/m for layer 2 (Supplementary Table 2). As shown
in Figure 1a, there are four types of S-BrMBA cations with different conformations in the unit cell.
Type A and B cations are alternatingly arranged within the same organic layers and interact with
inorganic layer 1 via hydrogen (H) bonding interactions. Correspondingly, type C and D cations
are arranged in a similar fashion in the remaining organic layers and bond to inorganic layer 2.
The relatively different steric effects of the two subgroups (A, B vs. C, D) of S-BrMBA cations

result in the two inorganic layers (layers 1 and 2) with distinct structural characteristics.

To investigate the impact of the individual functional groups contained in S-BrMBA on
inorganic structural symmetry and distortions, the global vs. inorganic space groups and distortion
parameters of several 2D HOIP systems templated by aromatic cations, including (BzA):Pbls,*°
(S-MBA):Pbl4,?” (4-BrBzA),Pbls,** and the presently investigated (S-BrMBA),Pbls, with
different selections of functional groups (i.e., benzene, bromine substitution, and chirality) are
analyzed and listed in Table 1. The inorganic structural distortions are quantified by a list of

indicators. The equatorial Pb-I-Pb bond angle 3 is used to evaluate the inter-octahedral distortion.
The bond length distortion, Ad = (%) (d; —dy)?/ do? (d; are the six Pb-I bond lengths and d, is

the mean Pb-I bond length within a Pbls octahedron), and bond angle variance, 02 =
212,(6; —90)%/11 (8; are the twelve I-Pb-I bond angles within a Pbls octahedron),?? are used to
evaluate the intra-octahedral distortion. Compared to (S-MBA),Pbls, additional bromine
substitution in S-BrMBA leads to a relatively lower structural symmetry (C2 vs. P2:2:21) and
larger inter-octahedral distortion, revealed by the smaller bond angle 0 that deviates more from
the ideal 180°. Compared with (4-BrBzA),Pbls, although the structural symmetries are comparable
(C2 vs. P21), the chirality included in (S-BrMBA ),Pbl4 results in larger inter- and intra-octahedral
distortions. Thus, this analysis suggests a possible strategy that incorporating chirality and bromine
substitution into the organic cation (i.e., S-BrMBA) may enlarge the steric hindrance and enhance
the structural distortion and symmetry breaking within the inorganic sublattice. Additionally, we
also used tighter tolerance criteria, i.e., 0.2°, 0.05 A, 0.05 A, 0.05 A, to analyze the space group
symmetries for this array of 2D HOIP systems (Supplementary Table 3) and find that the space
group for the global structure is unchanged; however, the glide plane symmetries within the
inorganic layers of (S-MBA),Pbl4, (4-BrBzA),Pbl4, and (S-BrMBA),Pbl; are missing, indicating

the impact of the tolerance criteria on the detection of symmetry elements (i.e., that comparisons



need to be made at a consistent level of tolerance factors). Note that C> rotational symmetry
remains in (S-BrMBA):Pbls, leading to the interesting question of whether we can further

modulate the structure to adopt an even lower symmetry state.

Table 1. Summary of global vs. inorganic layer space group symmetries and distortion parameters for
several previously reported 2D HOIP systems (references given), as well as for the presently reported (S-
BrMBA),Pbls-related systems. (Default positional/angular tolerance criteria, i.e., 0.3°, 0.25 A, 0.25A,
0.25 A, are used in PLATON, which can only approximate the structural symmetries.)
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We therefore targeted doping a small amount of chiral organic cation S-2-MeBA into (S-
BrMBA).Pbl4, with the goal of introducing heterogeneity into the chiral organic layer. This
heterogeneity might be expected to disturb the cation arrangement and break the symmetry within
this layer and, through asymmetric steric and hydrogen bonding interactions, perhaps impact the
inorganic sublattice as well. Initial attempts at mixing the organic cations during solution-phase

synthesis (see Methods) led to a product (labeled as “3.9% doping”) that adopts a triclinic P1 rather



than monoclinic C2 (as for (S-BrMBA ),Pbls) crystal system (Supplementary Table 1). We observe
different crystal morphology between the two phases (Supplementary Figure 2). (S-BrMBA),Pbl4
shows uniformly shaped cubic crystals, while the S-2-MeBA “3.9% doping” material shows less
uniform and smaller plate-shape crystals. Notably, as we decrease the doping concentration by
tuning the ratio between the two organic cations in the precursor solution during crystal growth
(see Methods), the structural transition is absent in the lower-dopant-concentration material
(labeled as “1.4% doping”™), although the associated lattice parameters are slightly smaller than
those of (S-BrMBA ),Pbl4 (Supplementary Table 1) owing to the smaller volume occupied by S-2-
MeBA relative to S-BrMBA. Thus, the observed global structural transition is doping-
concentration-dependent and cannot be induced until the doping concentration reaches a critical

value.

To quantify/verify the doping concentration that dictates this structural transition (and to
justify the naming convention for the doped systems), we performed solution NMR
characterization for the samples with different doping levels. 'H NMR spectra were collected for
the dissolved single cation materials (S-2-MeBA)>Pbls and (S-BrMBA),Pbl; individually at first
(Supplementary Figure 3) for reference, to determine the degree of spectral overlap, and
unambiguously identify which peaks can be used for quantification (Figure 2a). One peak from
the S-BrMBA cation is particularly isolated from the rest of the peaks (the quartet—i.e., a single
hydrogen peak that is split into 4 peaks, as it is immediately adjacent to a CH3 group—at ~4.5
ppm, representing the CH group of the molecule) and affords the opportunity to quantify the level
of S-2-MeBA cation incorporation utilizing peaks at approximately 2.7, 2.6, 1.6, 0.9, and 0.8 ppm
for the latter cation. Integrating these peaks with respect to the peak at 4.5 ppm and accounting for
the number of hydrogens that each peak represents results in a measured value of 1.4 £ 0.6%
incorporation of S-2-MeBA cation in the relatively lower doping concentration sample ((S-2-
MeBA)o.028(S-BrMBA)1.972Pbl4) and 3.9 + 1.4% of S-2-MeBA cation in the relatively higher
doping concentration sample ((S-2-MeBA)o.078(S-BrMBA)1.922Pbls) (Figure 2b-c). In the
following, in accordance with the above results (which will be further validated by crystal structure
refinement, as described below), we designate these two structures as “1.4% doping” and “3.9%

doping”, respectively.
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Fig. 2: a-¢ '"H NMR spectra of (a) S-2-MeBA (maroon) and S-BrMBA (cyan) cations by dissolving single-

cation (S-2-MeBA).Pbls and (S-BrMBA).Pbls in DMSO, (b) relatively low concentration S-2-MeBA

doping sample (1.4+0.6%) ((S-2-MeBA)o.02s(S-BrMBA);97,Pbly crystal), and (c) relatively high

concentration S-2-MeBA doping sample (3.9 +1.4%) ((S-2-MeBA)o.073(S-BrMBA); 92Pbls crystal).

Integration values noted in blue and * denote signals used for analysis.

SC-XRD characterizations for the 1.4% and 3.9% doping materials were performed to
investigate the impact of different degrees of S-2-MeBA doping on the structural characteristics
(structural difference relative to (S-BrMBA).Pbls) and to gain further insight into the positioning
and occupancies associated with the S-2-MeBA dopant. In the x-ray crystallographic structures,

instead of assuming that the chemical occupancy of each atom is 1 (full occupancy) during the

10



process of structure refinement, we initially freed the chemical occupancies of Pb, I, and Br atoms
in the three structures for assessing the actual occupancies based on the SC-XRD data. The
observed occupancies of essentially 1 (to within £0.04) for Pb and I atoms (Supplementary Table
4) indicate that these sites are fully occupied, independent of the doping in the organic layer.
Considering that Br is not contained in the dopant S-2-MeBA, the chemical occupancy of Br can
directly reflect the incorporation of the dopant S-2-MeBA relative to the host cation S-BrMBA.
As shown in Figure 1d-f and Supplementary Table 4, the chemical occupancies of the four types
of Br atoms in (S-BrMBA),Pbls are shown to be 1.012 (type A), 0.991 (type B), 0.995 (type C),
and 1.000 (type D), which are all near full occupancy. In the 1.4% doping structure, the chemical
occupancy of one specific type of Br atom (0.900, belonging to type B S-BrMBA) is significantly
lower than the other three types of Br atoms (0.999, 0.976, 0.973), which points to the possibility
that type B S-BrMBA is partially substituted by S-2-MeBA. As the doping concentration increases
to 3.9% and a structural transition is induced, the chemical occupancy of the corresponding type
B’ Br atom further decreases to 0.840, corresponding to the higher proportion of S-2-MeBA dopant
on this site. The chemical occupancies of the other three Br atoms in the 3.9% doping structure are
similar to those of the (S-BrMBA),Pbl4 and 1.4% doping structures. To validate that the doping
induced structural transition is due to the doping of S-2-MeBA, and not to a simple vacancy on
this cation site, a reference precursor solution with the same recipe as for the 3.9% doping sample,
except for removing the dopant S-2-MeBA, was prepared. The as-synthesized crystals
(Supplementary Table 5) show the same structure type and similar lattice constants as (S-
BrMBA),Pbly, indicating that the structural transition cannot occur without substituted S-2-
MeBA. In addition, the occupancy of 0.840 determined for the type B' Br in the 3.9% doping
structure corresponds to a ~0.16 substitution of S-2-MeBA on this S-BrMBA site and therefore a
calculated doping level of ~4% in the material (considering four types of S-BrMBA cations in the

unit cell), which is consistent with the doping level of 3.9 £ 1.4% measured by solution NMR.

Notably, because of the expected low level of S-2-MeBA within the doped structures (and
no heavy atoms in the dopant molecule), we do not expect to be able to detect/refine a well ordered
and distinct set of sites for the dopant cation. On the other hand, the dopant may be reflected in
the refinement parameters for the majority S-BrMBA cation sites. In this regard, we further

analyzed the chemical occupancies of C and N atoms within the type B’ S-BrMBA in the 3.9%
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doping structure. In contrast to the low occupancy of 0.840 for the Br atom, a series of the C atoms
(and the N atom) all show distinctly higher occupancy (> 0.95 on average, labeled in yellow in
Supplementary Figure 4). The other two C atoms within the S-BrMBA cation (labeled in black in
Supplementary Figure 4) show similar occupancy values as the Br atom. We hypothesize that this
difference in the C atom occupancy may indicate that the C atom sites with high occupancy (>
0.95) are occupied by both S-BrMBA and S-2-MeBA; in contrast, the C atom sites with low
occupancy are only occupied by S-BrMBA. Interestingly, we observe that the positions of the C
atoms with high occupancies (> 0.95) roughly coincide with the molecular structure of S-2-MeBA
(Supplementary Figure 4). It is noted that the C atom next to the Br atom is not expected to be part
of S-2-MeBA; however, its chemical occupancy of 0.970 is close to 1, which we assume is due to
the disorder of S-2-MeBA at this site. Such structural similarity leads to compatibility between S-
BrMBA and S-2-MeBA in the doping process and may point to a reason why S-2-MeBA can be
accommodated successfully within the (S-BrMBA ),Pbls structure. Furthermore, we find that the
ammonium groups of type A’ and C’ cations are located at similar positions relative to the
inorganic lattice as indicated by their similar N — Pb/I distances (within +0.2A) (Supplementary
Table 6 and Supplementary Figures 5-6), and correspondingly, the ammonium groups of type B’
and D’ cations are also located at similar positions (within £0.2A). We hypothesize that the relative
position of the ammonium group of type B S-BrMBA is favorable for the S-2-MeBA substitution.
Owing to the similarity between type B’ and D’ cations, there may also be a small amount of S-2-
MeBA substitution at the type D’ cation site, which leads to the slightly lower occupancy of Br
(0.957) compared with type A’ and C’ cations. Thus, we here establish that one specific host cation
site in the unit cell is preferentially occupied by dopant S-2-MeBA and the structural transition

can only be driven when the proportion of the dopant reaches a critical level.

The doping variability within a single doping level batch was further considered by
analyzing the chemical occupancies of an additional two 3.9% doping crystals, for which the
occupancy values of type B Br atom show some range of values (i.e., 0.807 — 0.908; see
Supplementary Table 7). NMR provides the average doping level (3.9 + 1.4%) for the entire
sample batch and we expect to see a distribution (e.g., Gaussian) of the occupancy values among
the crystals within the same batch. The determined doping levels observed for the three crystals
fall within the compositional error reported for the NMR analysis. Additionally, the powder XRD

12



spectra of (S-BrMBA),Pbls4 and the 3.9% doping sample batches (Supplementary Figure 7) are
consistent with their respective simulated XRD spectra (from the single crystal structures) and the
distinct diffraction peaks between these two phases (changes in peak positions and intensities)

indicate the impact of cation doping on the structures.

To investigate the possible impact of further doping level increase on the structure, we
targeted materials with higher doping concentrations, by incorporating higher ratios of S-2-MeBA
within the precursor solutions (see Methods). As for the previously discussed samples, the doping
concentrations are evaluated through solution NMR (Supplementary Figure 8) and chemical
occupancy analysis, yielding doping levels of 7.3 £ 0.9% and 7.8 + 1.5% (subsequently labeled as
“7.3% doping” and “7.8% doping” samples, respectively). Investigation of the 7.3% doping
structure reveals lower chemical occupancy values for the Br atoms (Supplementary Table 7),
indicating a higher doping concentration. This structure maintains the same P1 space group as the
3.9% doping phase, with slightly smaller lattice constants to accommodate the increased
proportion of the smaller S-2-MeBA cation (Supplementary Table 1). Further analysis of the
structural distortions in the 7.3% doping structure (Supplementary Table 8) indicates a comparable
degree of distortions to the 3.9% doping phase. These findings suggest that a slightly higher doping
concentration does not have a significant impact on the structural symmetry and distortions. Upon
further increasing the doping level in the 7.8% doping phase, SC-XRD investigation reveals a new
structure type (P2 space group) with larger superstructure (i.e., 65.699(2) A along the b axis). We
hypothesize that the higher concentration of S-2-MeBA leads to the rearrangement of organic
cations, therefore contributing to the observed phase transition and adoption of a higher symmetry
(relative to PI). Given the target of achieving lower symmetry in a well-ordered structure, our
focus in this paper will be centered on the doping level range from 0% to 3.9% (i.e., the range of
the first structural transition). The quality of the preliminary 7.8% doping level structure was not

sufficient to establish the ordering of the organic cations and it is not further discussed.

Structural symmetry breaking in 2D HOIPs. To investigate the impact of chiral cation doping
on structural symmetry, the space groups of the global and isolated inorganic structures were
analyzed for each of the three structures with different degrees of S-2-MeBA doping (0%, 1.4%,
and 3.9%). The (S-BrMBA),Pbls and the 1.4% doping structures adopt the same structure type and
space group C2 (Supplementary Tables 1 and 2). However, upon further substitution, the 3.9%
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doped system crystallizes in a new triclinic structure type with a global Pl space group.
Importantly, the space group of the isolated inorganic layer is also found to be P1 (Supplementary
Table 2). The change of the global space group from C2 to P1 (individual inorganic layer: C2 and
C2/m to Pl) indicates that all existing symmetry elements (except for one-fold rotational
symmetry) can be broken by a critical amount of S-2-MeBA doping and the associated structural
transition. Notably, here we refer to the symmetry of the time and space-averaged structure.
Clearly, on a local level, the introduction of a foreign cation will break the local symmetry in the
immediate environment of that site. However, in the study of extended solid-state materials, many
optical, electrical, and spin-related properties will rely on the time/space averaged structure,

depending on the detailed scale of the fluctuations.

This symmetry breaking correlates with a rearrangement of organic cations (upon 3.9% S-
2-MeBA doping). In (S-BrMBA ),Pbls and the 1.4% doping structure, two subgroups of S-BrMBA
(A, B and C, D) result in two types of inorganic layers. The corresponding cations are of the same
type above and below the individual inorganic layers (Figure 3a-b). Such a symmetric arrangement
leads to symmetric organic-inorganic interactions, which preserve the C: rotational symmetry axis
within the inorganic sublattice along the b-direction (see Figure 3). To explore the different cation
arrangements caused by 3.9% S-2-MeBA doping in detail, we further analyzed and compared the
cation conformations between the (S-BrMBA)>Pbls vs. 3.9% doping structures. Since the organic-
inorganic interactions mainly rely on the H-bonding between the ammonium groups and halogens,
the relative N atom positions to the inorganic sublattice may impact the degree of strain introduced
in the inorganic sublattice. Four types of organic cations possess four distinct relative N atom
positions, due to the different conformations. As shown in Supplementary Figures 5-6 and
Supplementary Table 6, we measured the distances between the N atoms and the adjacent Pb and
I atoms within the puckered square pattern formed by four interconnected distorted Pbls octahedra,
which are one set of parameters to describe the relative position of the N atom and distinguish the
different conformations of the organic cations. By calculating the deviation of N — Pb/I distances
between (S-BrMBA )>Pbl4 and the 3.9% doping structures, we can rationalize designating type A’,
B’, C’, and D’ cations in the 3.9% doping structure, in correspondence to type A, B, C, and D
cations in (S-BrMBA),Pbl4, according to the arrangement that provides the lowest deviation
among the N — Pb/I distances (on the level of ~1% or less). The radar charts of the N — Pb/I
distances (Figure 4) further suggest that the ammonium groups of S-BrMBA cations mainly adopt
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two types of positions (i.e. A, C vs. B, D). The strong correspondence between the two structures
indicates that the relative N atom position (ammonium group) of each single S-BrMBA cation is
relatively stable and only subtly impacted by S-2-MeBA doping. As shown in Figure 3c, two
distinct organic layers, consisting of one layer with an alternating arrangement of type A’ and B’
cations and the other layer with type C’ and D’ cations, interact with the single inorganic layer
within the 3.9% doping unit cell (Figure 3c), wherein the symmetric arrangement of the organic
cations is broken. From this analysis, we find that 3.9% S-2-MeBA doping promotes the subtle
rearrangement of S-BrMBA cations, leading to a different structural symmetry (P1) and varying
degrees of inter -and intra-octahedral distortions within the inorganic sublattice (Supplementary
Table 8). In contrast, the difference in distortions between (S-BrMBA),Pbls and the 1.4% doping
structure and between the 3.9% doping and the 7.3% doping structure is negligible, indicating that
a significant impact on the global structural symmetry and distortions is primarily engendered by

the doping induced structural transition.
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(S-BrMBA),Pbl, 3.9% doping
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Fig. 3: a-¢c Arrangement and orientation of S-BrMBA chiral cations that bond to the inorganic layer 1 (a)
and layer 2 (b) in (S-BrMBA),Pbls, and the inorganic layer in the 3.9% doping structure (c). In (S-
BrMBA),Pbl4, the two types of organic layers with alternating arrangements of A, B and C, D are
highlighted by grey and tan shaded boxes, respectively. Grey, purple, red, black, and turquoise spheres
denote Pb, I, Br, C, and N atoms, respectively. d-f, Schematic in-plane views of the inorganic layers
corresponding to panels (a-c), respectively. Selected Pb-I-Pb bond angles and Pb-I bond lengths are labeled,
indicating the two-fold (C:) rotational symmetry within layer 1 and layer 2 in (S-BrMBA),Pbly; in contrast,
rotational symmetry breaking is noted in the 3.9% doping structure. The two-fold (C>) rotational symmetry
axes are represented by the red-shaded lines in layer 1 and layer 2. Axial I atoms are excluded in these
images for visual clarity. In (S-BrMBA),Pbl, grey, orange, blue-green, and purple spheres denote Pb, I(1),
I(2), I(3) atoms in layer 1, and Pb, 1(4), I(5), I(6) atoms in layer 2, respectively. In the 3.9% S-2-MeBA
doping structure, blue, orange, blue-green, purple, and light green spheres denote Pb, 1(1), I(2), I(3), and

1(4) atoms, respectively.
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Fig. 4: Radar charts of the N-Pb/I distances of type A, B, C, and D cations in (S-BrMBA),Pbls and of the
corresponding type A’, B’, C’, and D’ cations in the 3.9% doping structure. The detailed N-Pb/I distances
are listed in Supplementary Table 6. The charts highlight the strong correspondence among A(A’)/C(C’)
and B(B’)/D(D’) sets of cations in the two structures.
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We further investigated the impact of organic-induced rotational symmetry breaking on the
inorganic sublattice (distortion and symmetry) by analyzing changes in Pb and I atom positions
upon doping. The fractional coordinates of Pb and I atoms of (S-BrMBA).Pbls4 and the 3.9%
doping structure are listed in Supplementary Table 9. We aligned the axis choice and unit cell of
the 3.9% doping structure with (S-BrMBA ),Pbls for comparison (Supplementary Figure 9). In (S-
BrMBA),Pbly, two rotational symmetry axes, (0.5, 0, 0.5) and (0.5, 0, 0) (Figure 3d-e), are present
in layer 1 and layer 2, respectively, based on atom I(1) and I(2) (layer 1) and 1(6) and 1(7) (layer
2) positions (Supplementary Table 9), coinciding with the C2 symmetry. In the 3.9% S-2-MeBA
doping structure, Pb and I atoms deviate from their symmetric positions (Supplementary Table 9)
and are no longer symmetric around (0.5, 0, 0.5), leading to the space group change from C2 to
P1. Moreover, the deviation of Pb and I atoms further changes the Pb-I bond lengths and I-Pb-I
bond angles. The symmetric bond lengths and angles across the C> rotation axis are preserved in
layer 1 and layer 2 of (S-BrMBA),Pbls (Figure 3d-e). After 3.9% S-2-MeBA doping, these bond
lengths and angles deviate from their symmetric values (Figure 3d-f), where an additional degree
of distortion for breaking the rotational symmetry is engendered. Notably, within the puckered
square pattern, the C2 rotational symmetry breaking leads to four types of independent I atoms, in
contrast to the three types of I atoms in the single layer of (S-BrMBA).Pbls4 (Figure 3d-f). In
summary, owing to the 3.9% S-2-MeBA cation doping, the structural-transition-induced
asymmetric arrangement of S-BrMBA cations distorts the Pb and I atoms from their symmetric
positions, which breaks the C2 rotational symmetry and lowers the single crystal structure (i.e.,

space/time averaged) space group symmetry to P1.

Spin-orbit Coupled Hybrid DFT Band Structure Calculations. To explore the effect of the
doping induced structural transition on the electronic structure of the 2D HOIPs, we performed
DFT calculations for the (S-BrMBA),Pbls and the 3.9% S-2-MeBA doping phase. The hybrid
density functional HSE0633-3* with spin-orbit coupling® as implemented in the FHI-aims code’*-
37 was employed as further described in the Methods section. For the calculations reported in the
main text of this work (Figure 5), the experimental structures obtained from SC-XRD were
employed as the input data for investigating and comparing the electronic characters of the two
phases, without any further structure optimization in DFT. The experimental structure for the 3.9%
S-2-MeBA doping phase reflects a spatial average that does not include the local, site-specific

structure changes surrounding a specific S-2-MeBA substitution. Also, the experimental unit cell
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of the averaged 3.9% S-2-MeBA doping phase only contains eight molecules, i.e., a larger
supercell model would have to be used to accommodate the concentration of 3.9% S-2-MeBA
(which is below 12.5%, i.e., below one in eight molecules). However, even in such a larger model,
the exact short-range order (if any) of the substituted S-2-MeBA molecules is not clear, and the
Brillouin zones of the undoped and doped supercells would no longer be easily comparable. We
therefore opted to employ the fixed, experimentally determined spatial average atomic positions
of the 3.9% S-2-MeBA, to gauge the effect of the observed global symmetry breaking on the
energy band structures. Importantly, for these fixed-geometry structures, we assume that each
organic site is fully occupied by S-BrMBA, since no detailed S-2-MeBA atomic positions are
available. However, the inorganic structural characteristics resulting from cation doping remain
preserved. For comparison, structural relaxation was also attempted and the relaxed structures
(although for a S-2-MeBA substitution of one in eight S-BrMBA molecules, i.e., a higher
concentration than for the experimental structures studied) were used for additional electronic

structure calculations, which are reported in detail in Supplementary Section S1 in the SI.

The calculated full band structures for the experimental atomic structures (Figure 5)
indicate that the conduction band edges are derived from Pb states and valence band edges are
derived from I states, which highlights the importance of the inorganic lattice (symmetry and
distortions) in determining the electronic properties, especially the splitting of the conduction
bands, i.e., spin splitting associated with inversion symmetry breaking in layered perovskites. We
did not observe any significant participation of the Br component (part of the S-BrMBA
molecules) in the frontier bands. To examine the splitting of the frontier bands, the conduction
bands near the I" point were recomputed with a 25-times denser sample grid along each k path.
Note that the k-space paths shown in Figure 5a were chosen to be oriented in the directions of the
plane defined by the real-space lattice vectors a and b (i.e., the inorganic plane), not the reciprocal-
space directions a* and b*, which are not coplanar with the inorganic plane if the real-space c axis
is not perpendicular to both real-space axes a and b. As shown in Figure 5b, (S-BrMBA),Pbl4
exhibits a Rashba/Dresselhaus-like spin splitting of AE=23.1 meV (as defined in the caption of
Figure 5) along the I' — X k-path and no such spin splitting along I' — Y, as well as intermediate
magnitudes of spin splitting along the diagonal I' — L and I' — K k-paths (14.3 meV). For the 3.9%

doping phase, the band structure calculated using the experimental data shows a similar
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Rashba/Dresselhaus-like spin splitting of AE=21.0 meV along the I' — X k-path and AE=0.3 meV
along the I' — Y k-path (Figure 5b). Different from (S-BrMBA),Pbl4, the 3.9% doping phase
exhibits different magnitudes of spin splitting (8.4 meV and 12.0 meV) along the diagonal I' — L
and ' — K k-paths, associated with the rotational symmetry breaking within the inorganic
sublattice. We note that the C2 rotational symmetry along the b axis does not, in itself, preclude

spin splitting along the I' — Y path. This follows from the symmetry allowed spin Hamiltonian?®
H = by SxKyx + by, S, Ky, + b, S, K,

where Sy, S,, S, are spin operators and K, and K,, are K vector components along the I' — X and
[' — Y paths. Therefore, spin splitting is permitted along both the I' — X and the I' — Y paths. We
surmise that the dominant term in the present structures is the b,, term, which corresponds to R/D-

like splitting, and that term is forbidden along the I' — Y path.
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Fig. 5: DFT-based HSE06+SOC electronic band structure calculations for (S-BrMBA),Pbl4 and the 3.9%
doping phase, completed using the experimentally determined lattice parameters and atomic positions. a
Schematic of the real space unit cell (left) and the reciprocal unit cell (right) and the corresponding
definition of the axis choice used for computational modeling, taking the (S-BrMBA),Pbl, structure as an
example. b Full band structures of (S-BrMBA),Pbls and the 3.9% doping phase. More finely resolved
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calculations (relative to the full band structures) with 25 times denser sample grids are conducted to examine
the spin splitting in the band structures along different k-paths, which are shown next to the full band
structures. Spin splitting can be detected in the CBM of the two phases and the corresponding splitting
magnitudes AE (the energy difference between the upper and lower conduction band branches at kg, which
is the momentum where the lower band branch attains its minimum value) are labeled. Purple, green, and

black colors denote Pb-, I-, and organic-derived electronic states, respectively.

Chiroptical properties. The impact of chiral cation doping and associated structural symmetry
change on chiroptical properties was studied by measuring the circular dichroism (CD) of films of
(S-BrMBA),Pbls and the 3.9% doping phase. CD is based on the diastereomeric interaction
between chiral enantiomers with circularly polarized (CP) light®®, which is revealed by the
differential absorption of left and right CP light. However, besides this intrinsic mechanism, the
CD properties of anisotropic samples, including thin films in principle, can also originate from the
interference of macroscopic anisotropies (linear dichroism (LD) and linear birefringence (LB))*%
39, According to the theoretical model based on the Mueller matrix analysis®®, the CD signal in

anisotropic samples can be expressed by the following equation:
CDyps = CDiyy + % (LD'-LB — LD - LB") + (—LD cos 260 + LD’ sin 26) sina
+ (P — P?) sin 2a (—LB cos 26 + LB' sin 260),

where CD;,; is the intrinsic CD component of the CD response of the anisotropic sample. The
second term, ; (LD" - LB — LD - LB"), accounts for the interference of macroscopic anisotropies,

where LD and LB represent the linear dichroism and linear birefringence along x and y axes
(perpendicular to the optical axis z); LD’ and LB’ are along the bisectors of the x—y axes (i.e., with
a + 45° shift about the z-axis). The third and fourth terms are associated with a potential artifact
that depends on the azimuthal angle 6, which indicates the angular orientation of the sample about
the optical axis. These terms can be eliminated (if needed) by averaging the CD spectra over angle
6.8 Before comparing the CD properties and associating them with the structural symmetry, it is
critical to demonstrate the origin of the CD signals—i.e. whether it is intrinsic, or whether it
originates from the macroscopic LDLB effect or a combination of the two. One straightforward

approach for confirming the presence of the LDLB effect is to flip over the sample, i.e. rotating by
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180° around the x or y axes, and observe the difference in the CD spectra. The CD spectra will
invert in sign or even yield a mirror profile if there is a sizable LDLB contribution. Otherwise, the
CD spectra will be nominally consistent under these transformations and will reflect the intrinsic

CD component CD;,; in the equation above.

To examine the possible LDLB effect, the CD measurements in the current study were
performed on the front and back sides of each film of (S-BrMBA)Pbls and 3.9% doping phase.
The CD spectra measured on the front and back sides of each film are consistent, with only minor
differences in peak magnitude (Supplementary Figure 12). This consistency suggests that the
measured CD properties of (S-BrMBA),Pbls and the 3.9% doping phase are not due to the LDLB
effect. However, in contrast to the 3.9% doping phase, which shows consistent CD spectra among
different films, (S-BrMBA),Pbls shows distinct variation in CD peak intensities at the exciton
energy among the different films (Supplementary Figure 12). To test whether such inconsistency
relates to the artifacts from the instrument, such as the photomultiplier used as a planar polarizer
that depends on azimuth angle (), two representative films with distinct CD peak intensities at
the exciton energy were selected and azimuth angle (6)-dependent CD spectra were measured by
performing the measurement after progressively rotating the films by 90°, coupled with front and
back side measurement at each angle. As shown in Supplementary Figure 13, the CD spectra
measured at different azimuth angles show similar profiles and peak shapes, with difference in the
CD spectral magnitude, thereby indicating that the distinct peak shapes at the exciton energy do
not arise from artifacts related to film orientation. Besides, we noticed that the difference in the
CD spectral magnitude of film 2 (Supplementary Figure 13b) is obviously larger than film 1
(Supplementary Figure 13a) despite the two films having very similar absorbance. Considering the
possible impact of film morphology on CD signals, we further performed SEM characterization
for these (S-BrMBA),Pbly films. As shown in Supplementary Figure 14, pinholes were observed
in some films; the presence of pinholes was found to be correlated with azimuthal-angle-
dependence of the CD spectra and anomalous azimuthal angle dependent CD magnitude at the
exciton energy, which could also be the reason for larger difference in the spectral magnitude at
different azimuth angles of film 2 (Supplementary Figure 13b). Our observation preliminarily
highlights the possible impact of morphological defects on detailed CD properties. In the future, a
broader study is needed to further clarify the impact of film morphology on CD.
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To compare the absorption, photoluminescence (PL), and CD spectra of (S-BrMBA ),Pbls
and the 3.9% doping phase, one representative film with good morphology (i.e., good uniformity
and no large number of pinholes) was selected for each phase and the measured CD spectra were
averaged over angle 8 (Supplementary Figure 14-15). As shown in Supplementary Figure 16, (S-
BrMBA),Pbl4 and the 3.9% doping phase show the same exciton peak position (centered at 2.50
eV), which is primarily associated with the electronic transitions from the valence band maximum
(VBM) to the conduction band minimum (CBM)—i.e., states associated with the inorganic
components of the hybrid. As noted by Du ef al., the enlarged inter-octahedral distortion decreases
both valence and conduction bandwidth and, thereby, increases the bandgap and associated exciton
energy.’? Correspondingly, the 3.9% doping-induced subtle deviation of Pb and I atoms
(Supplementary Table 9) leads to a similar degree of inter-octahedral distortion (Pb-I-Pb bond
angle 8) between (S-BrMBA),Pbls (147.87°) and the 3.9% doping structure (148.90°), which
contributes to similar exciton energy for the pure and mixed phases. As a result, an excitonic
emission centered at 2.44 eV is observed for both phases (Supplementary Figure 16) in the
photoluminescence (PL) spectra. Interestingly, the subtle structural symmetry and distortion
change have an impact on the CD properties. As shown in Figure 6, (S-BrMBA),Pbls shows one
first-derivative-featured CD band at the exciton energy. The corresponding CD band of the 3.9%
doping phase shows polarity inversion relative to (S-BrMBA),Pbls, which we associate with the
change in the structural symmetry arising from the chiral cation doping. The polarity inversion of
the 3.9% doping phase indicates that the cotton effect can be impacted by the chiral cation doping
and the symmetry change. Moreover, we also found a ~45 meV blue shift of the center of the
Cotton effect type line-shape (defined as the center between the two opposite peak points) of the
3.9% doping phase compared with that of (S-BrMBA),Pbls. By normalizing the CD to the
absorbance, we also can assess the dissymmetry spectra of the two phases (Supplementary Figure
17), where the highest dissymmetry values for (S-BrMBA),Pbl4 and the 3.9% doping phase are
1.79 x 10~* and 1.88 x 10™* , respectively. Our work indicates that the polarity and position of
the CD band at exciton energy (associated with inorganic lattice) can be modulated by the chiral

cation doping.
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Fig. 6 CD spectra of (S-BrMBA),Pbls (blue) and the 3.9% doping phase (red). The corresponding

absorption spectra are shown below. The term “OD” refers to optical density.

Thermal properties. Differential scanning calorimetry (DSC) was performed for (S-
BrMBA),Pbls, 1.4% doping, and 3.9% doping materials to examine the impact of cation doping
on the thermal properties. The melting temperature, 7, as demonstrated in the form of an
endothermic peak upon heating in the DSC (and as verified by observing a sample on a
temperature-controlled hot plate), decreases with an increase in the doping concentration (Figure
7). Notably, the lower T, of the 1.4% doping (229.5 °C) compared to the (S-BrMBA),Pbls (231.6
°C) sample indicates a change of the thermal properties with doping, and this change appears
despite a lack of structural transition to the lower symmetry phase. As the doping concentration
further increases to 3.9%, the melting temperature lowers to 226.7 °C. Overall, we ascribe the
lower melting temperature to the altered (more complex) organic steric effects and the associated
organic-inorganic H-bonding interactions resulting from the re-packing of organic cations after S-
2-MeBA doping. The degree of the melting temperature decrease is scaled with the doping
concentration, pointing to the broader potential of suppressing T for 2D HOIPs via cation doping.
In addition, the degradation points of the 1.4% doping and 3.9% doping materials, manifested as

the broad exothermic peaks after the endothermic peaks in the DSC scans, occur earlier than that

24



of (S-BrMBA)-Pbls. We hypothesize that this reduced degradation temperature may relate to the
enhanced ability of the lighter S-2-MeBA cation to leave the sample relative to S-BrMBA.

To further explore the degradation process, thermogravimetric analysis (TGA) was
performed for these three materials (Supplementary Figure 18). The continuous weight decrease
associated with the loss of organic components occurs from ~170 °C to ~250 °C, followed by the
relatively stable solid residuals of Pblo. The weight proportion of residual Pbl; for the S-2-MeBA
doping materials is theoretically higher than that of (S-BrMBA ),Pbls due to the different formula
weight (1115 g/mol for (S-BrMBA),Pbls, 1112 g/mol for 1.4% doping material, and 1106 g/mol
for 3.9% doping material). Indeed, we observe that the TGA curves for the 1.4% doping and 3.9%
doping material are slightly higher than for (S-BrMBA),Pbls above ~250 °C, which agrees with
the higher theoretical proportions of residual Pbl, owing to the cation doping (expected: 0.4127
for (S-BrMBA ),Pbls, 0.4146 for 1.4% doping material, and 0.4167 for 3.9% doping material). We
note that, in cases where hybrid perovskites are used for film/crystal melt processing, the loss of
the organic components at the melting point can often be effectively prevented by employing a

glass slide (or Kapton sheet) as a protective layer over the materials during the melting process.
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Fig. 7: Differential scanning calorimetry (DSC) scans of (S-BrMBA),Pbl4 (blue), 1.4% doping material
(green), and 3.9% doping material (red) with the heating and cooling rate of 5 °C/min. The melting
transition temperatures are labeled. The insert shows a zoom-in plot for the endothermic peaks

corresponding to the melting transition.
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Conclusions

In summary, we report low-level (<10%) chiral cation doping in a 2D HOIP. At a S-2-MeBA
doping concentration level of ~4%, a rearrangement of BrMBA cations is facilitated and, as a
result, the C> rotational symmetry in the organic layer is broken for the (S-BrMBA),Pbl4 pristine
structure. The asymmetric arrangement of S-BrMBA cations shifts the Pb and I atoms from their
original symmetric positions and induces an additional degree of asymmetric distortion into the
inorganic structure. Therefore, the C>rotational symmetry within the inorganic sublattice is broken
and the structure (global and isolated organic and inorganic sub-structures) transfers from a higher
symmetry state (C2) to the lowest symmetry state (P1), which points to an extra degree of freedom
in organic alloying to modulate structural distortions and symmetries. As a result, the spin splitting
along different k-paths can be modulated, as corroborated by DFT calculations. The intrinsic
chiroptical properties are also modified—i.e., the CD band corresponding to the exciton energy of
the 3.9% doping phase shows polarity inversion and a ~45 meV blue shift relative to that for (S-
BrMBA).Pbls. Moreover, the cation doping effectively impacts the thermal properties—i.e., a
higher doping concentration engenders lower melting temperature, which demonstrates the
potential to suppress the melting transition of 2D HOIPs via cation doping. This, in turn, provides
a crystal structure design paradigm toward even lower melting temperatures and holds promise for
benefitting future film/crystal melt processing.*® This controlled chiral cation doping and the
associated doping-concentration-dependent structural transition manifests the potential for
stabilizing novel 2D HOIP systems with a vast range of prospective combinations of mixed organic
cations with flexible ratios (beyond 1:1) to finely modulate and enhance the emergent properties,
in particular those that are sensitive to different types of symmetry breakings, and further benefit

the development of emerging optoelectronic, magnetic, and spintronic technological advances.

Methods

Single Crystal Growth: All crystals studied in this paper were synthesized using the slow
evaporation method. For (S-BrMBA),Pbls, 0.125 mmol of Pbl; and 0.25 mmol of organic amine
(S-BrMBA) were dissolved into the mixed solvent of 2 mL aq. HI solution and 1.8 mL methanol.
For 1.4% S-2-MeBA doping materials, 0.125 mmol of Pbl, 0.188 mmol of organic amine (S-
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BrMBA), and 0.062 mmol of organic amine (S-2-MeBA) were dissolved into the mixed solvent
of 1.1 mL aq. HI solution and 1 mL methanol. For 3.9% S-2-MeBA doping materials, 0.125 mmol
of Pbly, 0.125 mmol of organic amine (S-BrMBA), and 0.125 mmol of organic amine (S-2-MeBA)
were dissolved into the mixed solvent of 1.1 mL aq. HI solution and 1 mL methanol. For 7.3% S-
2-MeBA doping materials, 0.125 mmol of Pblz, 0.1 mmol of organic amine (S-BrMBA), and 0.15
mmol of organic amine (S-2-MeBA) were dissolved into the mixed solvent of 1.1 mL aq. HI
solution and 1 mL methanol. For 7.8% S-2-MeBA doping materials, 0.125 mmol of Pbl,, 0.075
mmol of organic amine (S-BrMBA), and 0.175 mmol of organic amine (S-2-MeBA) were
dissolved into the mixed solvent of 1.1 mL aq. HI solution and 1 mL methanol. These solutions
were then kept in N2 atmosphere. Slow evaporation of methanol over a one-week period yields
yellow cubic crystals (Supplementary Figure 2a) of (S-BrMBA),Pbls and 1.4% S-2-MeBA doping
materials, and yellow flaky crystals (Supplementary Figure 2b) of 3.9% doping, 7.3% doping, and

7.8% doping materials. The crystals were filtered and washed with ethyl ether and vacuum dried.

Thin-film deposition: Thin films of (S-BrMBA),Pbls and 3.9% S-2-MeBA doping phase were
fabricated by dissolving the crystals in DMF solvent to achieve a 0.2 M solution and spin coating
this solution on glass substrates (precleaned by ultrasonication in deionized water and IPA for 10
mins each, followed by Ar-O; plasma treatment for 10 mins) in an N> glove box. The spin coating

recipe is 3000 rpm for 30 s followed by annealing at 100 °C for 10 mins.

Experimental characterization: '"H NMR spectra were recorded on a Varian INOVA (800 MHz)
spectrometer with cryogenic probe at room temperature. Samples were approximately 1 mM in
concentration, including the S-2-MeBA and S-BrMBA standards purchased from Sigma Aldrich.
All data were processed and analyzed using MNova (v 14.2.1) and 1 Hz line broadening. Chemical
shifts are reported in ppm from tetramethylsilane (TMS) with the solvent resonance resulting from
incomplete deuteration (DMSO: 6 2.47) as the internal reference. Data are reported as follows:
chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, dt = doublet of triplets, q = quartet,
dq = doublet of quartets, m = multiplet), coupling constant(s) (Hz), and integration shape and value

(Figure 2, Supplementary Figure 3, and Supplementary Figure 8).

Single-crystal X-ray diffraction (SC-XRD) characterization was performed on a Rigaku
XtaLAB Synergy-S diffractometer using Mo Ka radiation (1=0.71073 A) and operating at 50 kV
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and 30 mA at room temperature (298K). Peak hunting, data reduction, and numerical absorption
correction for all collected data were performed using CrysAlisPro. The crystal structures were
solved and refined using SHELXS direct methods and SHELXL least-squares method within the
Olex2 software package. During structure refinement, the chemical occupancies of targeted atoms
are set as free. Symmetry analysis for each global structure and isolated inorganic structure (after
deleting organic cations and, in the case of analyzing individual layers, the inorganic components
associated with the other layer) was performed using PLATON’s ADDSYM-EXT tool. The
default angular tolerance factor is 0.3° for metric symmetry and the distance criterion is 0.25 A for
coinciding atoms for rotation, inversion, and translation symmetry elements. The
positional/angular tolerance criteria were then changed to 0.2° (angular tolerance), 0.05 A, 0.05 A,
0.05 A (distance criteria for rotation, inversion, and translation symmetry elements) for further

symmetry analysis for each global structure and isolated inorganic structure.

Powder XRD analysis was performed for the powder samples using a PANalytical
Empyrean powder X-ray diffractometer operating at 45 kV and 40 mA, with CuKa radiation. The

powder samples were prepared by finely grinding the crystals on glass slides.

Differential scanning calorimetry (DSC) measurements were performed using a TA
Discovery DSC instrument under nitrogen purge at a ramp rate of 5 K/min from 40 °C (313 K) to
300 °C (573 K). A hermetically sealed aluminum pan with lid was used to contain ~5 mg crystal
for each sample. Owing to the decomposition of the hybrid perovskite during the high-temperature

measurement, some bulging of the sealed sample pans was observed after the DSC scan.

Thermogravimetric analysis (TGA) measurements were performed on a TA Q50
instrument at a ramp rate of 1 °C/min from 25 °C (298 K) to 390 °C (663 K). A powder sample of

~5 mg was loaded for each measurement under nitrogen gas flow.

Regarding the room-temperature optical characterizations for the thin films of (S-
BrMBA).Pbl4 and 3.9% S-2-MeBA doping phase, UV-Vis absorption spectra were characterized
using a Shimadzu UV-3600i UV-Vis-NIR Spectrophotometer. The PL measurements were
performed using a Horiba Jobin Yvon LabRam ARAMIS spectrophotometer, a 442 nm HeCd laser
as excitation source, and an InGaAs detector. Circular dichroism (CD) measurement was

performed on an AVIV 420 CD spectrophotometer with 1 nm/s scan speed.
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First-principles calculations: The all-electron, full-potential electronic structure code package
FHI-aims®%7 was used for all the first-principles simulations in this work. All band structure
calculations are based on the Heyd-Scuseria—Ernzerhof (HSE06) hybrid functional®-3* and
second-variational non-self-consistent spin-orbit coupling (SOC).*> “Intermediate” numerical
settings and associated atom-centered orbital (NAO) basis sets and a (3 X 3 X 3) k point grid were
used for the band structure calculations. In addition, the exploratory geometry optimizations
reported in the SI are based on the Perdew—Burke-Ernzerhof (PBE)*' functional plus the
Tkatchenko—Scheffler (TS)** van der Waals correction, using “tight” numerical settings,

associated NAO basis sets and a (3 X 3 X 2) k point grid.

Associated Content

Supporting Information

Molecular structure of S-BrMBA and S-2-MeBA; photo of as-synthesized (S-BrMBA),Pbls and
3.9% doping crystals; 'H NMR spectra of (S-2-MeBA):Pbls and (S-BrMBA),Pbls; 'H NMR
spectra of 7.3 = 0.9% doping and 7.8 = 1.5% doping sample; Schematic of isolated type B’ S-
BrMBA cation with labeled chemical occupancies of C, N, and Br atoms, compared with the S-2-
MeBA molecular structure; Schematic N-Pb/I distances and the radar chart of type A, B, C, D
cations in (S-BrMBA)2Pbl4 and the corresponding type A’, B’, C’, D’ cations in the 3.9% doping
structure; Experimental and simulated powder XRD spectra of (S-BrMBA),Pbls and the 3.9%
doping phase; Schematic unit cell transformation of the 3.9% doping structure; Structural
relaxation and electronic structure calculations, including schematic in-plane views of inorganic
layers of (S-BrMBA)2Pbl4 and the 3.9% doping phase before and after DFT-PBE+TS relaxation,
and DFT-based HSE06+SOC electronic band structure calculations for (S-BrMBA)Pbl4 and the
3.9% doping phase, completed using the DFT-PBE+TS relaxed lattice parameters and atomic
positions; Measured CD spectra on the front and back side of (S-BrMBA ),Pbls and 3.9% doping
thin films; Azimuthal rotation angle (0)-dependent CD spectra of (S-BrMBA),Pbls and the
corresponding SEM images; Azimuthal rotation angle (0)-dependent CD spectra of the 3.9%
doping phase; Dissymmetry CD spectra of (S-BrMBA),Pbl4 and the 3.9% doping phase. room-

temperature UV-Vis linear absorption spectra and photoluminescence (PL) spectra for the (S-
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BrMBA),Pbls and 3.9% doping phase films; thermogravimetric analysis (TGA) measurement
results; single-crystal structural data, summary of structural symmetries, chemical occupancies of
Br atoms, and structural distortion parameters of (S-BrMBA).Pbl4, 1.4% doping, 3.9% doping,
and 7.3% doping phases; list of N — Pb/I distances and fractional coordinates of Pb and I atoms of
(S-BrMBA)2Pbl4 and the 3.9% doping phase; input geometries for all DFT calculations.

Accession Codes

The X-ray crystallographic data for this paper, namely, (S-BrMBA),Pbls, (S-2-MeBA )o.028(S-
BrMBA);.972Pbl4 (1.4% doping), (S-2-MeBA)o.078(S-BrMBA)1.922Pbls (3.9% doping), and (S-2-
MeBA)o.146(S-BrMBA)1 854Pbls  (7.3% doping) have been deposited in The Cambridge
Crystallographic Data Center (CCDC) database under deposition numbers 2261479, 2261482,
2261480, and 2278409 respectively. These data can be obtained free of charge via
https://www.ccdc.cam.ac.uk/structures/ and also from the Hybrid® perovskite database via
https://materials.hybrid3.duke.edu/materials/search using the search terms: “(S-BrMBA),Pbls”,
“(S-2-MeBA)o.02s(S-BrMBA)1.972Pbls  (1.4% doping)”, “(S-2-MeBA)o.073(S-BrMBA)1.922Pbl4
(3.9% doping)”, and (S-2-MeBA)o.146(S-BrMBA)1 854Pbl4 (7.3% doping).
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