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ABSTRACT: The complex non-centrosymmetric and chiral nature of helical structures endow materials that possess such motifs
with unusual properties. However, despite their ubiquity in biological and organic systems, there is a severe lack of inorganic crystals
that display helicity in extended lattices, where these unusual properties are expected to be most pronounced. Here, we report a new
inorganic helical structure, gallium sulfur iodide (GaSI), within the exfoliable class of III—VI—VII (1:1:1) one-dimensional (1D) van
der Waals (vdW) crystals. Through detailed structural analyses, including single-crystal X-ray diffraction, electron microscopy, and
density functional theory (DFT), we elucidate the apparent noncrystallographic screw axis and the first example of an atomic scale
helical structure bearing a “squircular” cross-section in GaSL Crystallizing in the non-centrosymmetric P4 space group, we found that
GaSI crystals exhibit pronounced second-harmonic generation. From diffuse reflectance spectroscopy, GaSI displays a sizeable
bandgap of 3.69 eV, owing tostrong covalent interactions arising from the smaller sulfur atoms within the helix core. These results

position GaSI as a promising exfoliable nonlinear optical material across a broad optical window.

Helical motifs, while often observed in biological or
engineered molecules, remain elusive in dense inorganic
crystals. Beyond their structural rarity, materials manifesting
helical motifs have become sought after for the intrinsic lack of
an inversion center, chiral/nonlinear vibrational and optical
modes, topologically protected states, and potential for chiral-
induced spin selectivity (CISS) behavior.'~'* Such properties
are expected to be most pronounced in freestanding, all-
inorganic lattices with atomic scale helicity. Helical hybrid
organic—inorganic solids, including metal—organic frame-
works, lack the exfoliability intrinsic to 1D vdW solids that
enables long-range order at sub-nanometer structures and top-
down access to enantiopure analogues.>'® While hybrid
coordination polymers are exfoliable, they are generally
thermally unstable, lack delocalized states and long-range
order, and are often not mechanically robust compared to
helical 1D vdW crystals.'”'® More importantly, heavier
elements in helical 1D vdW crystals impart stronger spin—
orbit coupling to the system, which could enhance spin
selectivity and chiral-induced properties."”™>' Nevertheless,
building blocks of dense inorganic crystals lack the cooperative
helicity-inducing interactions present in biological, organic,
and hybrid supramolecular structures such as H-bonding and
n—r stacking. As such, dense inorganic extended lattices with
atomic scale helical motifs in weakly bound (noncovalent/
ionic) chains are limited to elemental selenium, tellurium, and
the rare double helix Sn(I/Br)P phase.7’8’22_26

The case of the Sn(Br/I)P crystals suggests that the
propagation of crystallographic screw axes along the lon§—axis
of weakly bound chains leads to helical structures.******”
Encouragingly, the immense interest in exfoliable 1D crystals
has sparked the search for classes of inorganic crystals with
sub-nanometer-thick chains held by vdW interactions.”*™*'
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Thus, the identification of screw axis symmetry within
emergent 1D vdW crystal classes led to our discovery of
helical motifs in III-VI—VII 1D vdW crystals (III = Al, Ga, In;
VI = S, Se, Te; VII = Cl, Br, 1).2%*"**%>%7% We found that
crystals in this class manifest tetrahelical motifs along chains
held by vdW interactions.””*"****~* For example, InSel is a
semiconductor consisting of periodic helical chains defined by
a 4, screw axis and shows highly temperature-sensitive
bandgaps in the visible range (Figure S1).%?"?%#~%
Substitution of Ga atoms to the In site led to GaSel, which
is the first freestanding inorganic tetrahelix that is an
approximate Boerdjik—Coxeter (B—C) helix.”> B—C helices
are characterized by a tetrahelix with vertices formed from a
linear stack of ideal face-sharing tetrahedra with an angular
displacement (or twist angle, 6,) between two adjacent vertices
defined by an irrational angle 6, = cos™'(-2/3) ~ 131.81°,
rendering the helix quasi-periodic. With this modularity, we
leverage the critical role of the chalcogen atom (group VI) in
directing the helicity of III—VI-VII crystals, expecting its
profound influence on the helicity and crystal packing to be
due to its role as one of the elements constituting the covalent
chain scaffold.

Here, we describe the discovery and comprehensive
characterization of GaSl, a wide-bandgap 1D vdW III-VI—
VII crystal that displays a rare and unnatural helical motif
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Figure 1. Crystal structure of the helical GaSI phase with the squircular motif projected along the basal plane (A) and long-axis (B) directions. (C)
GaSI bulk crystals grown from the melt. Scale bar, S mm. (D) SEM image of micromechanically unbundled GaSI nanowires. Scale bar, 50 ym (E)
AFM image of ~10 nm-thick exfoliated GaSI nanowire. Scale bar, S00 nm. (F) HRTEM image of micromechanically exfoliated GaSL. Inset is the
FFT with indexed (003) and (—110) periodic spots in red. Scale bar, S nm.

(Figure 1A,B). Through single crystal X-ray diffraction (SC-
XRD), high-resolution transmission electron microscopy
(HRTEM), second-harmonic generation (SHG) imaging,
and density functional theory (DFT), we establish the
structural helicity and the unusual “squircular” helix cross-
section in this unprecedented structure. We systematically
elucidated the compositional dependence of the helicity and
photophysical and nonlinear optical properties of GaSI
compared to other III-VI-VII 1D vdW crystals.

Single crystals of GaSI were grown via a 500 °C melt of the
constituent elements in a 1:1:1 ratio (Figure 1C). Colorless,
fiber-like crystals retained their 1D morphology after micro-
mechanical exfoliation, as evidenced by well-defined nanowires
observed using scanning electron microscopy (SEM) (Figure
ID). These are exfoliable into nanowires with a thickness of
~10 nm through a sonication-assisted liquid-phase route
(Figure 1E). Energy dispersive X-ray spectroscopy (EDS) and
mapping, as well as X-ray photoelectron spectroscopy (XPS),
confirm the elemental identity, oxidation states, 1:1:1
stoichiometric ratio, and uniform distribution of each element
throughout analyzed crystals (Figures S2 and S3). HRTEM
images of exfoliated GaSI crystals oriented along the [110]
zone axis show that the crystalline order is retained upon
exfoliation, with the covalent c-axis making up the long axis,
implying its expected exfoliation along the a- and b-axes.
HRTEM imaging also highlights the atomic-scale helical motif
within the structure (Figure 1F). Persistent sharp peaks in the
air exposure-dependent Raman spectra demonstrate the
relatsige stability of GaSI crystals compared to GaSel (Figure
S4).

The refined unit cell of GaSI is characterized by two left-
handed and two right-handed helices propagating along the z-
axis which crystallize in the non-centrosymmetric tetragonal

22882

space group, P4 (No. 81; Figure 1A,B; Figure S5; Tables S2—
SS). Each helix is constructed from corner-sharing GaS;I quasi-
tetrahedral building blocks with bridging sulfur atoms. Within
each are three projectable concentric atomic tetrahelices
comprising Ga, S, and I atoms that possess a unique set of
helical parameters (radius, rise, and twist angle; Figure S6;
Table S6). Ga and S atoms compose the inner cylinder of the
helix, while the I atoms form the outer cylinder and are almost
perpendicular to the long axis. The asymmetric unit is a helical
tubule that displays noncrystallographic screw axes (~41;s),
with a 132(2)..° twist angle between two consecutive Ga
atoms within a helix. Adjacent chiral chains of opposing
handedness are arranged in a primitive-like manner within an
overall achiral but non-centrosymmetric unit cell.

The presence of bridging sulfur atoms in the helical chains
composed of corner-sharing GaS;I quasi-tetrahedral building
units results in the unusual twisting of these units, opening of
bridging Ga—S—Ga angles between units, and overall
reconfiguration of the cross-sections of the constituent helices.
We comprehensively compared the GaSI structure to the
GaSel B—C helix structure to systematically understand this
distortion (Figure 2A—C). Based on the smaller atomic radius
of S compared to Se, the constituent Ga, S, and I atomic
tetrahelices in GaSI were expected to have smaller radii, given
that there are no drastic changes in the structure of the
asymmetric unit that were observable. Interestingly, only the
radius of the chalcogen (S) atomic tetrahelix was reduced by
0.15 A (Figure 2B; Table S6), while the longest cross-sectional
distance of the distorted Ga and I atomic tetrahelices remained
generally unchanged. However, their cross-sectional motifs
unexpectedly distorted into a Fernandez-Guasti “squircle”
(Figure 2A,C, Table S6).*

https://doi.org/10.1021/jacs.4c06487
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Figure 2. Cross-sections of the tetrahelices corresponding to the
concentric Ga (A), chalcogen (S or Se; B), and I (C) elements in the
GaSI (blue) and GaSel (red) crystal structures. Filled (GaSI) and
empty (GaSel) circles correspond to experimental crystallographic
positions, while lines correspond to fitted cross-sections. (D) Average
experimental bond angles around the [GaS;I], and [Ga;S],
polyhedral building units. (E) Calculated adhesive formation energies
of the experimental GaSI structure bearing the squircular motif
compared to several hypothetical structural models and packing
motifs.

The squircle is a cross between a circle and a square
mathematically described by eq 1:

S_xzyz
r (1)

r2=x2+y2—

where r is the shortest path from the center to the edge of the
squircle and s is the squareness factor. In this expression, s = 1
corresponds to a square and s = 0 to a circle. Fitting the cross-
section of the GaSI helices results in a squaredness factor of
0.69 and 0.65 for Ga and I cross-sections, respectively, which
lies appreciably between a perfect square and a circle. The
manifestation of a squircular helical motif in GaSI is the first of
its kind and has never been observed at the atomic scale in

either naturally occurring or engineered helical crystals. The
noncrystallographic nature of the screw axis (approximated as
~41,5), coupled with the twist angle and helical distortion, also
suggests that GaSI exhibits a distorted B—C helix structure. We
found through bond angle analysis in GaSI that the [GaS,I],
quasi-tetrahedra remained rigid, while the [Ga;S], polyhedral
subunits expanded, implying that the strain induced by the
smaller S atoms (compared to Se) is accounted for by the
increase in the Ga—S—Ga angles (Figure 2D; Table S7). This
is enabled by the characteristic lattice flexibility between
corner-sharing tetrahedra that possess tethering points (sulfur)
that can be reconfigured to stabilize the rigid tetrahedral unit
((GaS,1],).

To elucidate the origin of the unusual squircular distortion,
we calculated from first-principles the adhesive formation
energies of the experimental GaSI structure bearing the
squircular cross-sectional motif and compared it with various
hypothetical helical cross-sections and packing motifs using the
following equation (eq 2):

Ebulk(GaSI) - nEsingle-chuin(GaSI)
ad — B (2)

where Ej,;(GaSI) is the energy of the bulk GaSI (n = 4 single
chains of GaSI per unit cell) and Esingle_cham(GaSI) is the energy
of an individual one-dimensional chain. We found that the
squircular helices packed with alternating handedness in the
experimental tetragonal unit cell had the most negative
adhesive formation energy (energetically favorable structure)
compared to other hypothetical structures (Figure 2E; Figures
S7 and S8; Supplementary Text A).

We also evaluated the role of vdW interactions in the
stability of the squircular cross-sectional motif by computa-
tionally relaxing a single tetrahelix of GaSI in a vacuum and
found that it relaxed to a helix with a circular and isotropic
cross-section (Figure S9). This is indicative that weak
interchain vdW interactions stabilize the squircular distortion
within the cross-section of GaSI helices and suggests that the
distortion arises to counteract the repulsive interactions within
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Figure 3. (A) DRS spectra of GaSI, GaSel, and InSel plotted in terms of the Kubelka—Munk function, F(R).. (B) DFT band structure and
corresponding partial densities of states of GaSI, calculated with the PBE (top) functional and the HSE06 (bottom) functional. (C) Composite
SHG micrograph of the forward (yellow) and epi (blue) channels taken at 400 nm from a micromechanically exfoliated GaSI microcrystallite. The
forward (yellow) and epi (blue) channels are shown on the right. Scale bars: 40 ym.
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the inner tubule of the chain (covalently bound Ga and S) and
the angular strain introduced by the smaller bridging sulfur
atom. We posit that the squircular distortion is facilitated by
the highly reconfigurable corner-sharing tetrahedral motif,
further stabilized by adjacent vdW interactions between
oppositely handed chains. This unique structural motif
presents several implications on the properties in the helix,
as discussed in the Supporting Information (Figure S10;
Supplementary Text B).

We also probed the photophysical properties of GaSL
Diffuse reflectance spectroscopy (DRS) of GaSI powders
shows a significant and systematic widening of the bandgap
with smaller group IIT and group VI atoms in the III-VI-VII
class, from 2.45 eV in InSel to 2.85 €V in GaSel and, finally,
3.69 eV in GaSI (Figure 3A). To understand the origin of the
wide bandgap of GaSI, we calculated the band structure and
partial densities of states of GaSI, at first, using the generalized
gradient approximation (Figure 3B). We found that GaSI is a
direct bandgap semiconductor with a 1.9 eV bandgap, which,
as expected, is underestimated using DFT at the generalized
gradient approximation level, compared to DRS measure-
ments. To this end, we performed hybrid DFT calculations,
which show a similar orbital character from the densities of
states plot (Figure 3B, right panel) but predict a sizable
bandgap of 2.9 eV, which is comparable to experimental
results. The wide bandgap develops from the stronger orbital
overlap along the covalent direction arising from the smaller
sulfur atom (Figure S1; Table S7).

Beyond potential applications in chiral-induced phenomena,
the non-centrosymmetric packing from the helical chains in
wide-bandgap GaSI makes it a suitable nonlinear optical
(NLO) material that approaches the sub-nanoscale. These
materials are of interest toward applications across a wide
optical window including UV. The inherent non-centrosym-
metric lattice of GaSI is poised to exhibit a nonzero second-
order optical susceptibility and, hence, become optically active
in NLO processes like second-harmonic generation. We
confirm this assumption using SHG microscopy in both
forward and epi detection modes, using an 800 nm
femtosecond pulse as the fundamental excitation source
(Figure 3C, Figure S11). GaSI crystals demonstrated a robust
SHG response across a vast portion of micromechanically
cleaved specimens. These experimental findings unequivocally
validate the absence of inversion symmetry within the GaSI
crystal structure (Figure S12). Low-dimensional solids
exhibiting NLO properties remain a rarity, and materials that
approach the theoretical limit have remained in silico.””** To
our knowledge, GaSI is one of the first exfoliable 1D vdW
solids to have experimental evidence for SHG and, in contrast
to GaSel, is significantly more air stable (Figure S4). We
discuss the prospects of accessing enantiopure analogues of
II-VI-VII 1D vdW helices in the Supporting Information
(Figure S9; Supplementary Text C).

Altogether, we presented the creation of GaSI: a wide-
bandgap, non-centrosymmetric, and exfoliable 1D vdW crystal
with a unique “squircular” helical motif. This work demon-
strates the realization of unusual helical motifs in dense
inorganic solids and underscores the significant influence of
constituent atoms on the crystal packing, helicity, and
interchain interactions. Thus, the modularity of the tetrahedral
building unit in III-VI-VII 1D vdW helices presents a
chemical phase space to explore helical structures in inorganic
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extended lattices, their ensuing properties, and applications in
nonlinear optics and optoelectronic devices.
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