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ABSTRACT: Controlling the molecular chirality under external
pressure is particularly challenging in low-dimensional hybrid
halides, as the constrained structure and strong hydrogen bonding
hinder significant conformational changes in bulky organic
molecules. Here, by incorporating flexible disulfide-based molecules
into the one-dimensional (1D) Pbl, framework, the chiral hybrid
halide [NH;(CH,),S—S(CH,),NH,]Pbl;-H;O undergoes a trans-
formation from conglomerate to racemate at a hydrostatic pressure
of approximately 0.10 GPa. This reversible acentric-to-centric
transformation is accompanied by the second-harmonic generation
(SHG) “on—off” switching and significant conformational changes
in the cystamine cations within the structure. In the high-pressure
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racemic phase, two enantiomers with left- and right-handed conformers (M- and P-helicity) coexist within the lattice structure and
their deformations under compression resemble those of a compressed mechanical spring, ultimately leading to considerable
distortions of the 1D zigzag Pbl; chains through strong organic—inorganic H--I interactions. Furthermore, both experimental and
theoretical results reveal that the unique phase transformation induces minor alterations in the electronic structures and optical
bandgaps. Our findings provide insights into the manipulation of molecular chirality and SHG properties in hybrid halides by

introducing flexible organic molecules into inorganic frameworks.

Bl INTRODUCTION

The molecular chirality conversion under external stimuli
presents a significant challenge for the synthesis and
production of chiral compounds, particularly in the pharma-
ceutical and food industries.’ In solid crystalline materials,
racemates are defined by the coexistence of both enantiomers
within the crystal lattice in equal proportions. The mechanical
mixture of crystals containing the two pure enantiomers is
termed a conglomerate, which represents the case of
spontaneous resolution.” Previous studies on soft matter,
such as liquid crystals and coordination polymers, have
demonstrated that the chiral inversions can be induced by
external stimuli, e.g,, chemical solvents,>™> light,ﬁ’7 and strain.®
However, molecular chirality switching (or conglomerate-
racemate transformation) remains more challenging to achieve
in the solid crystalline phase due to the presence of a restricted
structure and strong hydrogen bonding, which impedes large
conformational changes even under extremely high pressure.
For example, DL-mandelic acid exhibits a lower density than
its D and L enantiomers, retaining its racemic structure and
undergoing a phase transition at 0.65 GPa. Its crystal structure
becomes more compacted under compression, suggesting that
it is unlikely to resolve into enantiomers, even at pressures as
high as 2.6 GPa.”'’ The hexagonal L-cystine, which contains
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highly flexible molecules, features right-handed helices
connected by disulfide bridges. Its ambient-pressure P6,22
structure remains stable over a wide pressure range (0—25
GPa) owing to strong interlayer NH---O hydrogen bonds.'""
The strong preference for either the racemate or the
conglomerate under compression can be attributed to the
substantial internal energy contributions to the Gibbs free
energy from the strong directional hydrogen bonds and the
conformational energy of organic molecules, which are
considerably larger than the work contributed by external
pressure.”>~"> Therefore, pressure-induced transformations
that resolve the racemate into the conglomerate, or vice
versa, are rarely reported.

When a perovskite material incorporates chiral organic
molecules (e.g, phenylethylamine) into the inorganic frame-
work, it typically forms low-dimensional chiral structures with
interesting physical properties, including ferroelectricity,'®"”
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Figure 1. Crystal structures of 1 viewed along the [100] direction. (a, b) Phase « at 0.1 MPa (M- and P-helicity). (c) Phase /3 at 0.43 GPa. (d)
Phase /3 at 10.83 GPa. The conformational changes of the organic cations [NH;(CH,)S—S(CH,),NH;]** during the phase a-f phase transition are

shown for comparison.

. 18,1 . . .
nonlinear optics,"®'” and circularly polarized lumines-

cence.”””" When subjected to external pressure, these halides
typically undergo significant distortions of the inorganic
framework due to the elevated steric hindrance of the bulky
organic cations under compression.n_25 In contrast to the
robust organic cations, acyclic disulfides R—SS—R’ (where R
and R’ are nonchiral organic groups) adopt a screw-like
geometry in the crystalline state, with two enantiomeric
conformers exhibiting chiral M- and P-helical configurations.
The ideal C—S—S—C torsion angle is 90°, and the energy
barrier for interconversion between the two conformers is
relatively low (ca. 6 kcal mol™).>* In the hybrid halide system,
incorporating flexible disulfide-based organic cations into the
inorganic framework generally results in the formation of
enantiomorphous systems,”’ which leads to intriguing non-
linear optical properties.”*”” Previous studies on cystamine-
based perovskites have demonstrated that the molecular
chirality can be switched by external stimuli, such as
temperature® and electric field.’' Pressure has been shown
to be an effective approach of modulating lattice distortions,
unique organic molecular arrangements, as well as the
electronic properties in hybrid halides.’*™*° However,
investigations into the effects of external pressure on hybrid
halides incorporating A-site chiral disulfide-based molecules
have not yet been explored.

In this work, we synthesized the one-dimensional (1D) lead
halide [NH,(CH,),S—S(CH,),NH,;]Pbl;-H;O (1), which
exhibits a perovskite-like structure. In this compound, the
diprotonated cystamine molecules exist as helical conformers
in M or P forms, which are incorporated into the corner-
sharing Pblg octahedra inorganic framework. By employing
high-pressure single-crystal X-ray diffraction, we observed a
pressure-induced reversible acentric-to-centric transformation,
accompanied by the disappearance of second-harmonic
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generation (SHG) signal. Remarkably, the M or P conformers
in the ambient pressure phase transform into a high-pressure
racemic phase, where both M and P conformers coexist within
the lattice. As the pressure increases, the strong organic—
inorganic interactions induce considerable distortions of the
1D zigzag Pbl; chain and significant conformational changes in
the helical organic cations. The transformation also leads to a
slight reduction in the energy bandgap, as demonstrated by the
UV—vis absorption measurements. Furthermore, variations in
the electronic structures of phases a and f were investigated by
the density functional theory (DFT) calculations, which
demonstrated that the constituents of the density of states
near the Fermi level are primarily contributed by the inorganic
octahedral framework in both phases.

B RESULTS AND DISCUSSION

Light yellow, needle-shaped single crystals of 1 were
synthesized via the solvothermal method at 353 K in a Teflon
autoclave using Pbl,, cystamine dihydrochloride and con-
centrated HI in acetonitrile, as described previously.” At
ambient conditions, compound 1 crystallizes in the polar
monoclinic space group P2;, with lattice parameters a
10.4199(17) A, b = 8.8820(19) A, ¢ = 11.701(3) A and 8 =
104.458(7)° (Z = 2, denoted as phase a, M-helicity, left-
handed helical form, crystal A). Variable temperature single-
crystal X-ray diffraction (SXRD) measurements at ambient
pressure reveal that phase a is stabilized upon cooling the
sample to 100 K (see Table S1). However, upon warming to
348 K, phase a transforms into the centrosymmetric phase
(space group P2,/n) with disordered cystamine molecules.”
Interestingly, the f phase is denser than the ambient pressure
phase a at room temperature, which contradicts the general
rule. Furthermore, randomly selected single crystals charac-
terized by SXRD exhibit either P- or M-helicity in the organic
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Figure 2. Lattice parameters and structural parameters of compound 1 under pressure. (a, b) Lattice parameter a, b, ¢ and formula-unit volume (V/
Z) as a function of pressure. The inset shows the optical image of single crystal A compressed in the DAC chamber for SXRD measurements. The
full and half-filled symbols indicate the data from single crystals A and B, respectively. (c, d) Changes of Pb—I bond lengths as a function of
pressure. The 1D zigzag Pbl; chain in phases a and f under compression are shown in the inset. (e, f) Evolution of average quadratic elongation
(<2>) and average bond angle variance (c,2) under compression. The dashed lines in all the panels indicate the phase a-# transition at ~0.1 GPa.

cations [NH;(CH,),S—S(CH,),NH;]*", thereby confirming
the presence of only one enantiomeric form of cystamine in
the structure of phase a. Hence, compound 1 exists as a
conglomerate at ambient conditions (P-helicity, right-handed
helical form, crystal B, see Table S1). The crystal structure of
phase a consists of 1D zigzag chains of corner-sharing Pblg
octahedra extending along the [010] direction and separated
by the skewed cystamine cations [NH;(CH,),S—S-
(CH,),NH;]*" and H;O" hydronium cations (Figure lab).
As with other reported lead iodide perovskites, the Pb—I bond
lengths range from 3.1132(13) to 3.2595(13) A, consistent
with previous reports.””® The cystamine cations exhibit a
screw-like structure, with the C(2)—S(2)—S(1)—C(3) torsion
angle of —85.1(9)° for M-helicity and —85.4(4)° for P-helicity,
respectively. The —NHj; groups located at the head and tail of
organic cations interact with the neighboring 1D Pbly chains
through NH---I hydrogen bonds (ranging from 2.686 to 2.982
A at 0.1 MPa/296 K), whereas no strong intermolecular
interactions are observed around the C and S atoms (Figure
Sla). The hydronium cation H;O", with its hydrogen atoms
treated as riding models also interacts with the inorganic Pbl;
network, exhibiting the shortest OH--I distance of 2.656 A
(O-1I distances range from 3.530 to 3.700 A).

We have determined the crystal structures of compound 1
up to 10.83 GPa by means of single-crystal X-ray diffraction at
room temperature. With increasing the pressure, phase a
stabilizes within a narrow pressure range at room temperature
and transforms into the f phase as the pressure reaches 0.15
GPa. High-pressure SXRD measurements on both crystals A

2955

and B revealed that the f phase is centrosymmetric, with the
monoclinic space group P2,/n (crystal B at 0.43 GPa, Z =4, a
=13.7859(17) A, b = 8.8435(7) A, c = 16.4488(16) A, and f =
97.225(8)°, Table S2). The packing arrangements of the
inorganic framework in the f phase are similar to those in
phase @, with significant changes occurring in the organic
molecules. Phase f adopts the same structure as the high
temperature phase, but with the organic molecules ordered
(Figure 1¢,d).” The emergence of the inversion center in the
structure of phase f# implies that both M and P cystamine
conformers coexist, making phase f as a racemic compound.
To the best of our knowledge, such uncommon phenomenon
of a conglomerate converting to a racemate under external
pressure represents an extremely rare example in 1D hybrid
halides.’” The unit-cell relationship between phases @ and
can be expressed by the following matrix equation

) (10 1 \%
byl=[0 -1 0 |b
[ 1 0 —1)lc,

During the phase transition, the lattice parameter b remains
continuous, whereas the lattice parameters a and ¢ expand
largely and angle B undergoes a sudden reduction of ~7.2°
(Figures 2 and S2). The changes in symmetry element from
phase a to f3 reveal that the transformation can be classified as
a ferroelectric phase transition according to the Aizu notation
2/mF2 (Figure S3).” The symmetry-breaking transformation
from phase a to f was further confirmed by second harmonic
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generation (SHG) measurements. As shown in Figure 3, the
SHG signal was detected from the ambient pressure phase a in

S |Phase aat0.1 MPa
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Figure 3. Second harmonic generation (SHG) signal of compound 1.
The phase o at 0.1 MPa prior to the compression and the released
data at 0.1 MPa are plotted in black and pink, respectively. The signal
corresponding to phase f at 0.12 GPa is shown in blue.

the range of 400—1100 nm. However, when the pressure was
increased to 0.12 GPa, the signal disappeared. Upon releasing
the pressure to 0.1 MPa, the SHG signal became observable
again, thereby verifying the acentric-to-centric phase trans-
formation of compound 1 under compression. In contrast to
other reported crystals,*”*' compound 1 exhibits rather rare
SHG “on—oft” switching at the megapascal pressure range,
suggesting its potential for application in pressure-controlled
SHG switches in deep-sea environments.

As shown in Figure 2b, a distinct volume collapse of ~ 2.4%
appears during the phase a-f transformation, indicative of the
first-order phase transition (Figure 2b). In the high-pressure
SXRD measurements, two different single crystals of
compound 1 were loaded in the diamond anvil cell chambers,
with the initial organic cations adopting M- or P-helicity and
were compressed to 10.83 GPa (crystal A) and 8.83 GPa
(crystal B), respectively. The obtained SXRD results indicate
that no discernible differences in the lattice parameters at
comparable pressures are observed (Tables S2 and S3).
Subsequent to the gradual release of these maximum pressures
to ambient conditions, it was observed that the phase
transformation is reversible (Table S1). Phase 8 remains
stable over a wide pressure range, at least to the experimental
limit of 10.83 GPa. In phase p, the lattice parameters exhibit
anisotropic compressibility (Figures 2a and S4). The
magnitude of the strain tensor f; is 14.7(21) TPa™', which
is inclined by ~18.0° to the a axis, and it is ~1.8 times of that
approximately along the ¢ axis (where /3, equals 8.2(9) TPa™,
inclined by 30.2°). The weakest compressibility is observed
along the b axis, with compressibility coefficient 3, of 4.6(6)
TPa™!, which is about three times smaller than f3; (see Table
S3). The formula-unit volume data (V/Z) of phase f§ were well
fitted to the third-order Birch—Murnaghan equation of state,
yielding a zero-pressure bulk modulus B, of 11.4(8) GPa and
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pressure derivative B’ of 5.9(S). This maénitude is comparable
to those reported for 1D hybrid halides.**’

To understand the exceptional transformation to the
racemate, along with the associated conformational changes
in the organic cations (NH;(CH,),S—S(CH,),NH;)*" under
compression, we have determined the crystal structures of
compound 1 at various pressures. In phase a, the torsion angle
C—S—S—C within the organic cation at ambient pressure is
approximately —85° for M- or P-helicity crystals (Figure 1a),
which is larger than that observed for the 2D hybrid lead halide
[(NH,(CH,),S—S(CH,),NH,)]Pbl, (=75°).** The torsion
angle increases to —90.1(16)° in phase f at 0.43 GPa and
gradually increases to — 96.7(25)° as the pressure reaches
10.83 GPa (Figures 1d and S6b). Furthermore, we have
refined the decompression SCXRD data at 0.1 MPa and found
that the values of the Hooft parameter close to 0 (e.g,
—0.015(5) for M-helicity, crystal A).*> These findings reveal
the reversibility of the conformational changes of the organic
cations. Moreover, the transition also induces pronounced
changes in the —C(4)H,—N(2)H, fragments, which exhibit a
disordered state in the high-temperature phase. However,
under external pressure, half of the organic molecules with left-
handed helical form (M-helicity) in crystal A undergo
conformational changes to right-handed form with the —
C(4)H,—N(2)H; groups ordered (here C(4) atom resembles
a chiral carbon, Figure 1a). The torsion angle N(2)—C(4)—
C(3)—S(1) equals 59.9(7)° (P-helicity) at ambient pressure, it
abruptly increases to 161.3(14)° at 0.43 GPa following the
phase transformation. It remains roughly unchanged as the
pressure increases to ~6.0 GPa and starts to reduce
considerably and finally reaching 9.5(31)° at 10.83 GPa.
Such significant directional alterations of —C(4)H,—N(2)H,
fragments are primarily due to changes in the packing
arrangements of the organic cations, which must adjust their
positions to accommodate the available space within the
constrained lattice (Figures 2d and SS). Through theoretical
calculations, it was determined that the energy difference
between phases a and f is 4.74 eV/cell. This energy difference
can be overcome by external work (PAV), resulting in the
formation of the f phase. Under compression, the screw-like
organic cations act as molecular springs and thus undergo
significant conformational alterations in the B phase, which
ultimately influence the geometry of 1D zigzag chain by tilting
the Pbl octahedra out of the ab plane. The extent of the Pbl
octahedral distortion can be qualified by the quadratic
elongation ((4)) and bond angle variance (o,*), which are
defined as follows™

6
()= (/1) /6

i=1

(1)

12
oy =Y. (6, — 90°/11

i=1

()

where [, is the Pb—I bond length, I, is the average Pb—I bond
length, and 6, is the I-Pb—I bond angle of neighboring
iodides. In phase @, the Pb1—I4 and Pb1—I4' bond distances
are 3.2419(15) and 3.2271(16) A and they increase slightly to
3.262(2) and 3.279(2) A at 043 GPa after phase trans-
formation (Figure 2c,d). Meanwhile, the octahedral distortion
parameters <A> and 6, for the Pbl octahedra in phase a are
(0.9969, 12.08) and subsequently increase to (1.0003, 13.44)
during the phase transition. Upon compression, the Pb1—I4
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Figure 4. Raman spectra of compound 1 at different pressures. (a) Selected Raman spectra upon compression to 6.63 GPa. (b) Evolution of the
Raman modes under pressure. The inset highlights the newly emerged selective vibration modes during the phase transition.

bond length gradually decreases from 3.262(2) A (at 0.43
GPa) to 2.982(5) A (at 10.83 GPa), whereas the apical Pb1—
I3 bond length slightly changes by ~3.0%. Furthermore, the
<A> parameter slightly decreases to 1.0000 at 10.83 GPa due
to the decrease in the Pb—I bond distances under pressure.
The Pbl—I4'—Pbl’ angle between the neighboring Pblg
octahedron along the b axis does not undergo abrupt changes
during the phase transformation, indicating that the inorganic
framework is maintained. For example, the Pb—I—Pb angle is
169.95(5)° at 0.1 MPa and it decreases slightly to 168.4(1)° at
0.43 GPa after the phase a-f transition. Subsequently, it
continues to decrease slightly until ~6.0 GPa and then
ultimately increases to 176.2(1)° at 10.83 GPa (Figure 2d).
For the bond angle variance 6,7 it increases monotonically
until ~6.0 GPa and then undergoes an abrupt increase due to
conformational changes in the organic cations. These changes
lead to substantial distortions in the Pbls octahedra through
strong H---I interactions as described above. Therefore, it is
emphasized that the organic—inorganic interactions play a
significant role in inducing distortions in the 1D Pbl; chains
under pressure.

The uncommon transformation of a conglomerate into a
racemate results in new hydrogen bonding patterns due to the
directional changes of —C(4)H,—N(2)H; ethylammonium
groups within the flexible organic cations in phase f (see
Figures 2 and S1). At ambient pressure, the ammonium —NH,
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head and tail groups separately interact with two Pbly
octahedra (2.775-2.982 A for N(1), 2.686—2.868 A for
N(2)) and they elongate at 0.43 GPa (2.992—3.063 A for
N(1), 2.745-3.021 A for N(2)), indicative of the NH--I
interactions became weaker in phase f (Figure S6a). As
pressure increases, the crystal structure becomes more
compacted in phase f, with more NH--I contacts forming
and new CH-1 interactions from the -C(4)H, groups
emerging due to the directional alterations of —C(4)H,—
N(2)H; groups (Figure S7b,c). For example, the —N(2)H,
group interacts with three Pblg octahedra, with distances
ranging from 2.551 to 2.888 A, whereas the CH:+I interactions
are significantly stronger (2.311—2.786 A). These enhanced
NH--I and CH:-I interactions are likely responsible for the
large distortions of the Pbl, octahedra, as displayed in Figure
2f. The evolution of organic—inorganic interactions in both
phases @ and f is further illustrated by the differences in
Hirshfeld surfaces and two-dimensional (2D) fingerprint plots
(Figure S7). In phase «, large red spots appear around the —
NH; groups, indicating the presence of strong H---I
interactions (Figure S7a). In phase f3, large conformational
changes of the organic cations give rise to distinct Hirshfeld
surfaces (Figure S7b). As pressure increases, the distances of
H--I interactions are gradually shortened, characterized by
large red spots on the Hirshfeld surface at 10.83 GPa (even
around the —CH, groups). The H--I interactions correspond
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to a sharp spike in the 2D fingerprint plots, with a relative
contribution of 59.7% at 0.43 GPa, which then gradually
decreases to 54.2% as the pressure increases to 10.83 GPa
(Figure S7).

The occurrence of the a — f phase transformation is also
clearly evident in the Raman spectra under high pressure, as
indicated by significant changes in the Raman modes of the
organic cations (see Figure 4). The Raman modes of sample 1
at ambient pressure are assigned according to previous studies
(Table $4).">***7** For phase a at 0.1 MPa, the Raman mode
designated as vy, locates at 460.1 cm™" and corresponds to the
torsional vibrations of NH;*. The Raman mode v,, exhibiting
the strongest intensity in the low frequency region, is
associated with S—S stretching vibrations. Another mode v;
at 636.1 cm™' is associated with C—S stretching vibrations.
The Raman peaks within the 700 to 1270 cm™' range can be
categorized as follows: CH, rocking vibrations (modes v, and
vs), C—N stretching vibrations (5 and v; modes), CH,
twisting vibrations (modes vg and 1), and CH,—NHj rocking
vibrations (modes v,y and v;;). Meanwhile, the Raman peaks
in the 1370—1700 cm™' region are primarily composed of
bending vibrations of —CH, and —NHj, while those in the
2700—3400 cm™ region are assigned to N—H stretching, C—
H stretching, and O—H stretching modes (see Table S4 for
details). As the pressure was gradually increased to 0.14 GPa, a
number of new Raman peaks emerged in the spectra, indicative
of the occurrence of the phase transition (Figure 4a). For
example, the new modes v,’, ;" and v,," are associated with
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the NH;" torsional vibration, C—N stretching and the CH,—
NH; rocking vibrations, respectively, revealing significant
conformational changes in the cystamine cations at 0.14
GPa. Upon compression, the majority of Raman modes shift to
higher wavenumbers (blue shift) due to the compressed lattice.
However, some Raman peaks were observed to demonstrate
the opposite trend. For example, the Raman modes v,,, 115 and
Vyg at 1450.0, 1564.6, and 3134.0 cm™" at 0.14 GPa correspond
to symmetric —NH; bending, asymmetric —NH; bending and
O—H stretching vibrations, respectively. These unusual
redshifts reveal enhanced NH---I and OH---I hydrogen bonding
between the cystamine (hydronium) cations and the inorganic
framework. Previous studies have demonstrated that the
Raman spectra of the C—S—S—C moiety in different
conformations exhibit significant distinctions. The ggg-type
conformer manifests a single marker at ~630 cm™’, whereas
the ggt-type conformer exhibits a double marker at ~630 and
~660 cn~".* Therefore, it can be argued that the appearance
of the new Raman peak at 661.1 cm™" (mode v5') at 1.58 GPa
can be assigned to C—S stretching vibrations, revealing the
torsion angle changes of the C—S—S—C moiety under
pressure. These observations demonstrate that compound 1
undergoes significant conformational changes in the organic
cations during the conglomerate to racemate transformation,
which is well consistent with the aforementioned SXRD data.

To investigate the variation in the bandgap of 1 under
pressure, in situ UV—vis absorption spectra were collected up
to 11.57 GPa at room temperature (Figure S). The Tauc plots
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for the bandgap calculations under different pressures are
shown in Figure S8. At ambient pressure, the sample appears
light-yellow with a bandgap of 2.78 eV (phase a). The
absorption edge exhibits a slight redshift during the phase a-f
transition, with the bandgap decreasing to 2.73 eV at 0.12 GPa
(phase f3). As the pressure increases to 11.57 GPa, the color of
the single crystal gradually darkens and changes to dark brown.
Consequently, the bandgap decreases monotonically to 1.98
eV. The reduction in bandgap arises from the decrease in the
Pb—I bond distances under compression, as observed in other
reported low-dimensional halides.>*™* As shown in Figure Sc,
the rate of bandgap reduction increases significantly when the
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pressure exceeds 6.0 GPa. This feature is most likely attributed
to the shortened Pb—I bond lengths under compression (as
shown in Figure 2c—f). Upon releasing the pressure to 0.1
MPa, the measured bandgap equals 2.76 eV, slightly smaller
than the initial value, indicative of the reversibility of the phase
transformation and consistent with the results observed in the
SXRD measurements (Table S1).

To elucidate the changes of optical behavior of compound 1,
the electronic structures of phases @ and j at selected pressures
were calculated using the PBE functional. As shown in Figure
6a, phase a at 0.1 MPa is a direct semiconductor with the
conduction band minimum (CBM) and valence band
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maximum (VBM) at the B point of the first Brillouin zone. The
calculated bandgap of 2.85 eV is in good agreement with the
experimental value. As observed in the reported hybrid
halides,’>** the VBM of the @ phase is predominantly
composed of I-5p and Pb-6s orbitals, while the states near
the CBM are primarily derived from Pb-6p and I-Sp orbitals,
indicating a Pb*" (6s®) configuration. The projected crystal
orbital Hamilton population (pCOHP) analysis shows a strong
antibonding interaction between Pb-6s and I-5p at the top of
the valence band, which is commonly observed in the systems
containing lone-pair electrons.”” After the phase trans-
formation, an indirect electronic bandgap is observed. The
band dispersion and main constituents of VBM in phase f§ at
0.43 GPa remain largely unchanged from phase «@; however,
the S-p orbital begins to shift downward, contributing more to
CBM, likely as a result of the conformational changes of the
organic cations. As the pressure increases, the Pb—I bond
lengths are gradually shortened, thereby increasing the orbital
overlap between Pb-6s and I-Sp as well as that between Pb-6p
and I-5p, which leads to broadening of the valence and
conduction bands and consequently, a smaller electronic
bandgaﬁp (from 2.82 eV at 0.43 GPa to 2.22 eV at 10.83
GPa).” Interestingly, the locations of the CBM and VBM shift
to the I point (0, 0, 0) and the midpoint of the line (0, 0.32,
0) between the I" and Y points at 10.83 GPa, respectively. All
calculated bandgaps are consistent with the trend observed in
experimental results. Meanwhile, the primary contributions of
the CBM are changed to Pb-6p orbital and VBM remains the
same as that of 0.43 GPa. The analysis of the projected density
of states under variable pressures indicates that the energy
bands near the Fermi level of compound 1 are predominantly
influenced by the Pb and I atoms. In contrast, alterations in the
organic components appear to exert minimal impact on the
overall energy band structures.

The electron localization function (ELF) was computed for
phases @ and f to analyze Pb—I bond variations within Pbl
octahedra. Figure S9 presents spherical ELFs around Pb atoms
in both phases, lacking a fixed orientation, indicating a
nonstatic spherical distribution of lone pair electrons.””*®
The ELF value for Pb—I approaches zero, with electrons
predominantly localized on I atoms, fully occupying the Sp
orbital. This indicates significant electron delocalization and
predominantly ionic interactions between Pb and I within the
inorganic framework. Under compression, the electrostatic
potential overlap between Pb and I atoms intensifies,
strengthening their interactions and shortening the Pb-I
bond lengths.

B CONCLUSIONS

In summary, we report the conglomerate-to-racemate tran-
sition in the 1D chiral hybrid halide 1, facilitated by the
incorporation of flexible cystamine cations under a low
hydrostatic pressure of ~0.1 GPa. The reversible acentric-to-
centric phase transition is accompanied by significant
conformational changes in the cystamine cations and the
disappearance of SHG behavior. In the high-pressure racemic
phase f, the cystamine cations deform considerably under
compression, resembling a compressed mechanical spring. The
deformation leads to large distortions in the 1D zigzag PbI;
chains through strong H--I organic—inorganic interactions.
Intriguingly, the transformation induces a slight reduction in
the bandgap, indicating that the electronic structures near the
Fermi level are primarily derived from the corner-sharing Pblg
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octahedra inorganic framework, with minor contributions from
the organic moieties. The reversible acentric-to-centric phase
transition of compound 1 at ~100 MPa makes the material an
excellent candidate for a variety of deep-sea applications,
including use in optical switches for underwater communica-
tion networks and pressure-sensitive sensors for submersible
instruments. With potential advantages including high on/off
contrast in SHG output and fast reversible switching, these
devices promise energy-efficient and robust performance.
However, the practical deployment of these devices will
require careful attention to packaging, long-term cycling
stability, precise integration with optical systems, and control
of hysteresis effects. Addressing these challenges will be
significant to making the application prospects both practical
and attractive for deep-sea environments. This study offers
novel insights into the pressure-induced conglomerate to
racemate transformation in solid crystalline halides, thereby
providing an approach to manipulating molecular chirality
structures in hybrid halides through the incorporation of
flexible disulfide-based molecules with a low energy barrier of
C—S—S—C conformations.

B EXPERIMENTAL SECTION

Synthesis of Single Crystals of 1. The [NH,(CH,),S—
S(CH,),NH;]PbI;-H;O (1) single crystals were synthesized via a
solvothermal method in a 25 mL hydrothermal reaction autoclave, as
previously reported.®® 0.4 mmol cystamine dihydrochloride H,N-
(CH,),SS(CH,),NH,-2HCI (98%, Macklin) was dissolved in the 4
mL acetonitrile with stirring, followed by the addition of 0.4 mmol
Pbl, (99.9%, Aladdin), and the mixture was stirred until all
components were dissolved. Subsequently, 1 mL of concentrated
HI was added dropwise and stirred for 10 min. Finally, the autoclave
was sealed, heated to 353 K for 30 min, maintained at this
temperature for 2 h, and then cooled to room temperature at a rate of
1 K/h. The yellow, needle-shaped single crystals were finally obtained
by rapidly washing with cold ethyl acetate.

Single-Crystal X-ray Diffraction Measurements. Single-crystal
X-ray data for compound 1 were collected using a Bruker D8 Quest
diffractometer with a Phonon III detector and four-cycle kappa
geometry, and Incoatec IuS 3.0 Mo Ka microfocus (4 = 0.71073 A).
High-pressure data were collected by using eight different phi scans,
with the exposure time of 10—15 s for each frame. Two different
single crystals, A (dimensions: 0.096 X 0.060 X 0.030 mm® for M
helicity) and B (dimensions: 0.095 X 0.092 X 0.053 mm?> for P
helicity), were employed for the high-pressure single-crystal X-ray
diffraction measurements. A symmetric diamond anvil cell (DAC)
with an aperture angle of 85° and a culet diameter of 400—500 ym,
was mounted on the goniometer head. Tungsten foils were initially
preintended to a thickness of ~80 pm and the holes were
subsequently drilled to diameter of ~220 ym by a UV laser. The
ruby fluorescence method was employed to calibrate the pressure with
an accuracy of 0.03—0.05 GPa before and after each X-ray data
collection.®” To ensure good hydrostaticity, daphne oil 7575 was used
as pressure-transmitting medium (PTM).*° Single crystal diffraction
data were measured from 0.1 MPa to 10.83 GPa at 1S pressure points,
with seven points for crystal A and eight points for crystal B. To
confirm the structural stability of crystal A at low temperatures, single-
crystal X-ray data were also collected at 100 K. Data collection,
indexing, and reduction were performed using the APEXS. The
structure was solved with the SHELXS-1997 using direct methods and
refined with the XL refinement package using least-squares
minimization.”" Selected crystallographic details at variable pressures
are presented in Tables S1 and S2. Furthermore, the EoSFit7c
software was used to perform least-squares fitting of P—V data from
the third-order Birch—Murnaghan equation of states (EoS) for phase
S of compound 1.
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High-Pressure Second Harmonic Generation Measure-
ments. Second harmonic generation (SHG) measurements were
conducted to confirm the acentric-to-centric transformation of
compound 1 under compression. The measurements were carried
out using a home-designed goLite Solution-NLO optical system. A
pulsed 1550 nm fiber laser was used as the excitation light source. A
50X objective was used to focus the laser, producing a laser spot with
a diameter of 10 pym. A spectrometer (NVOA2S-EX) was used to
collect the SHG signal. Due to the moderate transition pressure,
silicone oil was used as the PTM to provide good hydrostatic
environment (hydrostatic limit: ~1.0 GPa). The system was validated
with a small KH,PO, (KDP) single crystal prior to starting the
measurements.

High-Pressure Raman Spectroscopy Measurements. High-
pressure in situ Raman spectroscopy experiments were conducted in a
symmetric DAC using ultralow fluorescence type Ila diamonds with a
culet diameter of 350 ym. Daphne oil 7575 was employed as the
PTM. High-pressure Raman spectra were recorded using a 532 nm
green laser. Before the Raman measurements, the system was
calibrated using a silicon wafer. The Raman spectra were collected
in the range of 300—4000 cm™" with the resolution of approximately 1
cm™,

High-Pressure UV—vis Absorption Measurements. High-
pressure in situ UV—vis absorption measurements of compound 1
were performed in a home-built spectroscopy system using a
deuterium-halogen lamp 2-in-1 light source, ranging from 300 and
900 nm. Daphne oil 7575 was used as the PTM. The direct and
indirect band gaps were determined by extrapolating the linear
regions of the (ahv)? and (ahv)"? versus hv curves, where « is the
absorption coefficient, i is Planck’s constant, and v is the photon
frequency.

Theoretical Calculations. First-principles calculations of the
pressure-dependent density of states, band structure, electron
localization function (ELF) and crystal orbital Hamilton population
(COHP) were carried out using Vienna Ab initio Simulation Package
(VASP) based on plane wave pseudo potential methods.”>~ All
theoretical calculations were performed using projected augmented
wave (PAW) formalism of the Kohn—Sham density functional theory
with generalized gradient approximation (GGA) for exchan%e
correlation, as described by Perdew, Burke, and Ernzerhof (PBE). 0
A plane-wave basis set with an energy cutoff of 500 eV was used in all
calculations. For structural self-consistency, the S X 6 X 4 and 4 X 6 X
3 k-points were utilized for phases @ and f, respectively, with the
Hellmann—Feynman force acting on each atom being less than 0.001
eV/A. Based on the self-consistent results, the “LELF” command is
invoked to obtain the ELF information through a static calculation,
and then the visualization of the ELF is realized using the VESTA
software. For electronic structures and energy calculations, a denser
Monkhorst—Pack grid of 8 X 9 X 6 and S X 8 X 4 in the Brillouin
zone was adopted for phases @ and f, respectively. High-symmetry
points of Z,I', Y, A, B, D, E and C in the Brillouin zone correspond to
(0,0, 0.5), (0, 0,0), (0, 0.5, 0), (0.5, 0.5, 0), (=0.5, 0, 0), (=0.5, 0,
0.5), (0.5, 0.5, 0.5), and (0, 0.5, 0.5) points for phases « and f for
band structure calculations, respectively. The following orbitals were
explicitly treated as valence electrons: Pb 5d'°6s*6p? 1 5s°5p°, S
3s*3p*, O 2s%2p*, C 25?2p?, N 2s?2p®, and H 1s'. The COHP analysis
were computed with the Lobster code via transformation of the plane
wave functions obtained by VASP into a localized basis set Slater-
Type orbitals (STO).”" All calculations were performed using the
experimental unit-cell lattice parameters obtained from the high-
pressure SXRD measurements.
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