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The chirality effect in bulk silicene has been studied under uniaxial tension, and Dirac Fermion chirality has

also been observed in silicene on Ag (111). Despite these significant findings in bulk and surface-supported
silicene, the existence and nature of chirality in molecular silicene, remain unknown. Herein, we report the
“conformational chirality” in molecular silicene rings. This work also reports a computational study on

silicene-based chiral magnetic systems that combines the structural flexibility of silicon with the spin

functionality of organic radicals. Structural distortion introduces conformational chirality, making silicene

an ideal platform for developing chiral magnetic materials. By coupling with silicene frameworks, organic
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nitronyl nitroxide (NN) radicals, a new class of diradicals are designed that exhibit both magnetism and

chirality. These findings establish silicene-based chiral diradicals as promising candidates for applications

DOI: 10.1039/d6ra01088a

rsc.li/rsc-advances

1 Introduction

Chirality is a fundamental concept that plays a significant role
in human life. It has tremendous importance in the chemical,
pharmaceutical, and agricultural industries." The origin of
chirality in molecules and materials arises from different
structural features, such as stereogenic centers, helicity, and
symmetry breaking. In molecules, chirality commonly arises
from (i) the presence of chiral stereocenters (R/S configura-
tions), (ii) helical structures, and (iii) restricted symmetries that
generate nonsuperimposable mirror images. Depending on the
origin, these are termed stereogenic chirality, helical chirality,
or axial chirality. For example, cumulenes exhibit axial chirality
associated with helical molecular orbitals, whereas helicenes
are classic examples of helical chirality.?

In recent years, chirality has gained importance from
a technological viewpoint after the discovery of the chiral-
induced spin selectivity (CISS) effect.** This effect demon-
strates that electron spins can be preferentially filtered by chiral
molecules, opening an entirely new field linking chirality with
spintronics. Consequently, interest in the design and synthesis
of chiral magnets and related systems to probe the origin of
spin selectivity and explore their potential for future technolo-
gies has been increased.

Chiral magnets hold great promise for spin-optoelectronics
because they can associate light and electron spins in new
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in spintronics, quantum information science, and light-induced spin manipulation, setting the pathway
for silicon-centered materials that describe chirality and magnetism.

ways.>® This connection makes it possible to control electron
spins via circularly polarized light, helping to achieve low-power
and contactless spin manipulation.>”® The breaking of spatial
symmetry results in chirality, and broken time-reversal
symmetry generates magnetism. However, determining exactly
how chirality and magnetism work together is still a major
scientific challenge.”'® Recently, researchers' "> have actively
explored materials that combine chirality with ferromagnetism,
hoping to create systems with enhanced magneto-optical
effects.

Although chirality in bulk silicene has already been investi-
gated by H. Zhao."”® However, molecular silicene has not yet
been synthesized, although several theoretical and computa-
tional studies are available.’**® The concept of silicene—a 2D
silicon-based analog of graphene—was first coined by Guzman-
Verri and Lew Yan Voon in 2007.* Silicene® is similar to gra-
phene,* where a single layer of atomic Si is used as a building
material. The experimental**** and theoretical'****** studies of
silicene are still limited. However, interest in silicene increased
after Kara and colleagues successfully fabricated silicene
nanoribbons on silver (Ag) surfaces,*** expanding the land-
scape of two-dimensional materials beyond carbon-based
systems.

Unlike graphene's perfectly flat structure, silicene's atoms
form a slightly buckled, honeycomb pattern because silicon
atoms are larger in size and can mix sp” and sp® hybridizations.
Depending on its geometry and the presence of 7 electrons,
silicon atoms in silicene can adopt either sp> or sp® hybridiza-
tion. As a result, silicene rings such as hexasilicene prefer chair-
like conformations because of this hybridization mixing.”” In
contrast, all the carbon atoms in polyacene rings are strictly sp*

RSC Adv, 2026, 16, 16069-16079 | 16069


http://crossmark.crossref.org/dialog/?doi=10.1039/d6ra01088a&domain=pdf&date_stamp=2026-03-21
http://orcid.org/0000-0001-5330-4081
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra01088a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA016018

View Article Online

Paper

RSC Advances

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)
"INd OT#E'S 9202/L /7 U0 popeo|umod "920z UoR N €2 UO paus!|and 91y Sse00y usdO

(A) Silicene couplers from |-V. (B) Molecular structures of silicene-based diradicals |-V with bis NN radical units. [I(a)-V(a)] Odd atom

connectivity [I(b)-V(b)] even atom connectivity along the silicene backbone. The rings are represented as A, B, C, D, and E for the coupler as well

as for the diradicals for all the optimized molecules at the B3LYP/def2-TZVP level of theory.

Fig. 1
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hybridized, making those structures completely planar. This
unique bonding flexibility allows silicene to form a variety of
conformers, such as chair, boat, flat, and washboard shapes,*®
unlike the rigid planar geometry observed in purely carbon-
based systems such as cyclohexane conformers.

In this work, we report that buckled six-membered silicene
rings possess inherent conformational chirality due to their
puckered geometry, which is similar to that of cyclohexane.
Building on this chiral molecular silicene, we designed silicene-
based diradical systems that retain chirality while introducing
magnetic centers. The development of silicon-based chiral
magnets thus represents a critical step toward integrating earth-
abundant semiconductor elements with advanced spin func-
tionalities, advancing the design of scalable, sustainable, and
high-performance chiral electronic materials. These radical-
based chiral magnets represent a new class of silicon-
containing chiral molecules that could serve as promising
candidates for future experimental studies on spin-selective
transport and chiral molecular magnetism.

To understand how chirality and magnetism work together,
we introduced diradicals that combine a semiconducting
coupler, specifically, linear chiral silicene rings with organic bis-
nitronyl nitroxide (NN) radicals. We computationally investigate
a new class of molecular silicene-based diradicals, in which
variable length mono to penta silicene units act as semi-
conducting couplers bridging bis-NN radicals. To explore the
effects of the coupler topology on the magnetic and electronic
properties, we constructed two distinct sets of diradicals (Fig. 1).
In the first configuration (a) NN moieties are linked through an
odd number of silicene atoms (odd connectivity), whereas the
second configuration (b) is linked with an even number of sil-
icene atoms (even connectivity) along the linear silicene
framework.

2 Theoretical and computational
details

Heisenberg, with his phenomenological spin Hamiltonian,
expressed magnetic interaction between two magnetic sites as
given in eqn (1):

H = -2J§,S, 1)

where J, §; and 8, denote the effective magnetic exchange
coupling constant and the respective spin angular momentum
operators. The coupling constant J is directly related to the
energy difference between spin eigenstates and can be calcu-
lated as

ES:1 - ES:0 = —2.] (2)

Ferromagnetic interactions are found when J remains posi-
tive whereas negative sign of J, indicates antiferromagnetic
interaction.

Multiconfigurational methods usually produce pure spin
states without spin contamination; however, they are not
commonly used as they are computationally expensive. Here, we

© 2026 The Author(s). Published by the Royal Society of Chemistry
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used an alternative treatment that involves a broken symmetry
formalism, which is less rigorous within the DFT framework.
Note that computations in the DFT framework produce spin-
contaminated wave functions. To remove the spin contamina-
tion, broken symmetry (BS) method was first proposed by
Noodleman*® Ginsberg* and Davidson®! in the DFT framework
for the weak overlap regime. Nonetheless, for the strong overlap
regime, a formula is used by Bencini** and Ruiz.** However,
despite being a strong and weak overlap regime for the
moderate overlap regime (which is well designed for both the
strong and weak overlap regimes), we use Yamaguchi's* widely
applied formula, which is given below:

JY _ (EBS - ET) (3)

<S2>T - <S2>BS
Here, Egs and Er denotes the total energies of the broken-
symmetry (BS) singlet and triplet states, respectively, whereas
(8*)r and (S*)s represent average spin-square values for triplet
and BS states, respectively.

In the present study of silicene-based diradicals, multi-
reference complete active space self-consistent field (CASSCF)
approach have been performed using different active spaces for
different diradicals to accurately predict the magnetic exchange
coupling constant (J) according to the spin alternation rule on the
DFT optimized geometry. As per the spin alternation rule the
diradicals [I(a)-V(a)] should be ferromagnetically coupled
whereas the diradicals [I(b)-V(b)] are antiferromagnetically
coupled. The CASSCF method has been employed with the
resolution of identity (RI) approximation to enhance computa-
tional efficiency, using the def2/JK auxiliary basis set for faster
calculations. Since CASSCF wave functions are pure spin eigen-
states, the value of 2/ can be directly determined from the singlet
and triplet energies using the following relation 2/ = Es — Er.

Nuclear-independent chemical shift (NICS*) values are
calculated for each of the hexagonal rings of the silicene coupler
and diradicals. The NICS values are calculated at the center of
the ring, which is called NICS(0); however, as NICS(0) values are
affected by the ¢ framework of Si-H and Si-Si bonds due to the
perturbation of the m-cloud density by the ¢ network to obtain
a more effective value of NICS, one must put the dummy atom at
1 A above the m-ring system, which is the region above the 7
surface where the density of m-electrons is maximum and called
NICS(1). NICS(1) is calculated above the plane defined by the
four silicon atoms. Four Si atoms are in the plane out of the six
Si atoms. The NICS has been calculated using the gauge-
independent atomic orbital (GIAO)** methodology with the
B3LYP functional and the def2-TZVP basis set with Gaussian16
software.*”

Geometry-based aromatic quantitative index harmonic
oscillator model of aromaticity (HOMA) is defined on the basis
of changes in bond length. A higher aromaticity, indicated by
a HOMA value closer to its higher ideal value of 1, and a lower
value of nonaromatic conditions, indicated by a 0 value. Inter-
estingly, it cannot be limited to the carbon framework; rather,
HOMA indexing is far appreciated for its wide range of
applicability.

RSC Adv, 2026, 16, 16069-16079 | 16071
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The HOMA index was computed alongside the NICS to verify
the consistency of the results. The HOMA values are calculated
using the following formula.?®

HOMA =1 — % 3" (R, - R)? (4)
i=1

where « and R, are constants specific to Si-Si bonds in
a hydrocarbon m system, n denotes the number of 7 bonds, R;
represents the observed or calculated length of the Si-Si bond
within the ring, and summation is taken over all the 7 bonds.
The HOMA values have been calculated using Multiwfn3.7 **
based on the B3LYP/def2-TZVP optimized geometries.

To date, the optimal bond length (R,,) and empirical
constant alpha for Si-Si bonds have not been determined. We
have calculated the values a« = 101.6260 and R, (Si-Si) = 2.225 A
via the following equation given by Krygowski*® to calculate the
HOMA indices.

Ropt = [R(s) + 2R(d))/3 (5)
o = 2([R(s) = Ropd” + [R(d) = Rop”) ™ (6)

To calculate that, we took the single bond length of Si-Si as
R(s) and the double bond length of Si=Si as R(d) as 2.3511 A and
2.1629 A, respectively, from the optimized geometry at the
B3LYP/def2-TZVP level of theory.

A system must exhibit a significantly negative zero-field
splitting (ZFS) parameter (D) to demonstrate single-molecule
magnet (SMM) behavior. The ZFS parameters can be calcu-
lated using perturbative approaches within DFT,** where the
spin-orbit coupling contributions are evaluated through unre-
stricted Kohn-Sham theory.**** The axial (D) and rhombic (E)
ZFS parameters are related to the anisotropy tensor components
(Yyx, Yy, Y;;) as follows:

Hyes =D {S} - %S(S + 1)} +E[S - S,)7] )

where S denotes the total spin quantum number and S,
denotes the spin matrices.

A negative D value indicates easy-axis anisotropy favorable
for SMM behavior,** whereas a positive D value implies easy-
plane anisotropy, which is not preferred for SMM.

The magnetic exchange coupling constants (J) for silicene-
based nitronyl nitroxide diradicals are calculated with
different DFT functionals, namely, GGA (e.g., BP86, PBE), meta-
GGA (e.g., TPSS, M06L), global hybrid (B3LYP), hybrid M06 and
range-separated hybrid (CAM-B3LYP) in two different configu-
rations (a) and (b). A positive J value signifies ferromagnetic
coupling, while a negative J indicates antiferromagnetic
coupling, with the magnitude representing the coupling
strength. All the molecular geometries have been fully opti-
mized using the B3LYP functional paired with the def2-TZVP
basis set, and J has been calculated employing multiple
density functionals—B3LYP, BP86, TPSS, M06, M06-L, PBE, and
CAM-B3LYP—to assess functional dependence comprehen-
sively. Despite the spin contamination observed across all
functionals, consistent results from the GGA functional PBE
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and the range-separated CAM-B3LYP functional led us to select
PBE for all subsequent calculations, as it offers a balanced
treatment while minimizing spin contamination. Circular
dichroism (CD) spectra were evaluated via time-dependent DFT
(TD-DFT) at the tight SCF PBE/def2-TZVP level for both the
coupler and the full silicene-coupled diradical systems. All the
calculations were performed using ORCA 6.0 software.*

The gauge-including magnetically induced current
(GIMIC)*** analysis has been performed using the GIMIC
software, based on the formatted checkpoint file from the
Gaussian program. The resulting current density maps and
animations have been generated using the ParaView visualiza-
tion tool.*®

3 Results and discussion

3.1 Structural features and emergence of conformational
chirality

Compared with graphene, silicene has a puckered or crinkled*
structure and is less stable. Takahashi et al.'* investigated
polycyclic Si-hexagonal molecules via density functional theory
(DFT) framework and reported that substituents having sp-
hybrid orbitals with electron-donating ability increase the
stability of the polycyclic structure. In Si;3Hg to SigoHas, the H
atoms at the edge of silicene are not flat but rather conforma-
tionally weakly buckled.™ Ab initio calculations predicted
a buckled honeycomb geometry for silicene, in contrast to the
planar structure of graphene, despite their analogous electronic
characteristics.”®** The buckling-induced symmetry breaking
eliminates the instability of the high-symmetry planar config-
uration, an effect associated with the pseudo-Jahn-Teller (PJT)
distortion.**>* Jose et al.*® further carried out a -1 separation
analysis of SigHe and benzene as a function of the puckering
angle, revealing that buckling stabilizes the c-framework while
destabilizing the m-framework. This distortion promotes c-7m
mixing, leading to significant energetic stabilization of SigHs, as
supported by natural bond orbital (NBO) analysis.

We have calculated the silicon-silicon single- (2.351 A) and
double-bond (2.162 A) lengths for H;Si-SiH; and H,Si-SiH, at
the B3LYP/def2-TZVP level of theory. The calculated silicon—
silicon bond lengths (2.20-2.29 A) of all the molecules are given
in Table 1 and lies between the Si-Si single and double bond
lengths. The representation of all the bond length can be seen
in Fig. 2(A). The silicon-silicon bond lengths are equal in
hexasilabenzene (coupler I) owing to the onset puckering from
Dgp, — Dsq via by, distortion in hexasilabenzene.*

Jose et al.> reported that the stability of silicene clusters
increases as the puckering angle becomes larger, which corre-
lates with the increase in the number of rings from SigHg to Si,
H,,. The puckering angles ¢ (defined as the dihedral angles
between atoms 1, 2, 3, 4, and 5 shown in Fig. 2(B)) calculated for
all optimized geometries of silicene couplers at the B3LYP/def2-
TZVP level of theory. The ¢ values for all the rings increase from
coupler I to III; in the case of couplers IV and V, one of the ¢
values is lower than that of the previous smaller ring. One
important point from the values of ¢ is that they are not
equivalent to each other at the two ends of the silicene couplers

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The notation r;—rs represents the bond length between the Si atoms shown in Fig. 2
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(A) Silicene couplers from |-V. The notation r1—rs represents the bond lengths between the adjacent Si atom at the B3LYP/def2-TZVP level

of theory. (B) Representation of the puckering angle (¢1, ¢2, ¢z, ¢4, ¢s) and their values of all the silicene couplers (I1-V).
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(where more than one ring is considered). For example, if we see
the coupler V at one end, ¢ is 31.62°, and at the other end, it is
33.41°, which is true for all the couplers. The buckled structure
of the silicenes can be attributed to the greater number of H-
atoms at the end than in the center. Therefore, it is not
possible to make a symmetric structure for these types of linear
silicenes; hence, they show chiral behavior, which comes from
their structural distortion. The chirality is discussed in the
upcoming section.

3.2 Chiroptical response: simulated circular dichroism
spectra

Circular dichroism (CD) spectroscopy®® is used to detect chiral
molecules through the absorption of circularly polarized light
passing through them. It is commonly used to determine the
chirality, absolute configuration, and structural features of
molecules, as well as to study electronic transitions. Weer-
awardene et al® studied polysiloacenes, which are silicon
versions of acenes, via TDDFT calculations. The absorption
spectra of these molecules showed three main peaks, called the
o, B, and p bands, similar to those found in carbon acenes.
These results indicate plasmon-like behavior in polysiloacenes,
and as the number of fused rings increases, both the intensity
and wavelength of the peaks also increase.

Fig. 3 shows the CD spectra of all the silicene couplers and
the diradicals with their optical isomers in the range of 300-
1200 nm. The oscillating pattern of the CD curves, with alter-
nating positive and negative regions, indicates chiral electronic
transitions and strong chiroptical activity. The blue and orange
lines represent the CD spectra of the molecules and their mirror
images. Differences in their CD spectra result from variations in
the molecular environment, such as electronic interactions
through the coupler or slight geometric distortions. The alter-
nating signals suggest distinct chiral exciton coupling between
the radical units, which is mediated by the coupler. As a result,
all the molecules were confirmed to be chiral.

Notably, the chirality observed in these silicene-based di-
radicals arises purely from the puckered geometry, i.e., only
from silicene (here, a coupler), with no classical stereocenters
present; hence, they are among rare examples of geometry-
driven chiral radicals. Hence, we can call them “conforma-
tional chiral” molecules, or the phenomena called conforma-
tional chirality.

3.3 Aromaticity probed through NICS, HOMA, and GIMIC

We evaluated the aromatic characteristics of silicene couplers
as well as diradicals via three complementary indices: nucleus-
independent chemical shifts (NICS), harmonic oscillator model
of aromaticity (HOMA), and gauge-including magnetically
induced current (GIMIC).

The HOMA, NICS(0), and NICS(1) values are presented in
Table 2 for all the silicene couplers as well as their corre-
sponding diradicals. The HOMA values are close to 1 for all
systems, indicating that the silicene rings are strongly aromatic
in nature. The NICS(0) and NICS(1) values further support this
conclusion, exhibiting consistent aromatic trends across the

16074 | RSC Adv, 2026, 16, 16069-16079
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Fig.3 (A) CD spectra of silicene couplers (I-V) without radicals. (B) CD
spectra of the corresponding diradicals containing NN units in both
configurations at the PBE/def2-TZVP level. The blue color represents
the calculated CD spectra, whereas the orange color corresponds to
their mirror images.

series. Notably, both the HOMA and NICS values slightly
decrease with increasing ring size, indicating a slight decrease
in aromatic character, which indicates the changes in electronic
delocalization. Among the rings, the central (middle) ring
displays relatively greater aromaticity, indicating greater delo-
calization within that specific region.

The NICS(0) values of all the coupler and diradicals are
higher than those of NICS(1) (Table 2), which indicates that the
o aromaticity dominates over the 7 aromaticity.*® This could be
explained with the help of structure and orbital concepts. As the
structure of the molecules is not completely planar, only four

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table2 NICS and HOMA values of all the molecules. The ring notation
can be seen in Fig. 1

SI no. Ring A B C D E
I Coupler HOMA 0.99
NICS(0) —11.01
NICS(1) —9.88
() HOMA 0.97
NICS(0) —11.02
NICS(1) —9.72
(b) HOMA 0.98
NICS(0) —11.34
NICS(1) —10.04
1I Coupler HOMA 0.9 0.9
NICS(0) —10.3 —10.29
NICS(1) —9.66 —9.65
(@ HOMA 0.9 0.9
NICS(0) —10.14 —10.11
NICS(1) —9.36 —9.25
(b) HOMA 0.9 0.9
NICS(0) —10.4 —10.38
NICS(1) —9.55 —9.54
111 Coupler HOMA 0.85 0.85 0.85
NICS(0) —9.81 —10.6 —9.81
NICS(1) -9.16 —10.35 -—9.16
(a) HOMA 0.85 0.86 0.85
NICS(0) —9.43 —9.86 —9.42
NICS(1) —8.55 —9.6  —8.62
(b) HOMA 0.9 0.93 0.86
NICS(0) —9.89 —11.7 —10.42
NICS(1) —9.02 —10.93 —9.47
v Coupler HOMA 0.83 0.82 0.82 0.83
NICS(0) —9.33 —10.63 —10.63 —9.33
NICS(1) —8.68 —10.38 —10.39 —8.67
(a) HOMA 0.85 0.82 0.82 0.85
NICS(0) —8.52 —8.33 —8.32 —8.48
NICS(1) -7.53 —7.97 —7.95 —7.58
(b) HOMA 0.83 0.82 0.83 0.84
NICS(0) —-9.33 —10.51 —10.54 —9.37
NICS(1) —8.56 —10.26 —10.29 —8.52
\% Coupler HOMA 0.82 0.8 0.8 0.8 0.82
NICS(0) —8.97 —10.34 —11.06 —10.34 —8.95
NICS(1) -8.32 —10.11 -10.85 —10.14 -—8.31
(a) HOMA 0.92 0.8 0.71 0.81 0.92
NICS(0) —-9.59 —10.15 —10.1 —10.24 —9.63
NICS(1) —-9.23 —10.27 -10.16 —10.18 —9.03
(b) HOMA 0.92 0.8 0.71 0.88 0.97
NICS(0) —9.06 —7.56 —5.73 —7.37 —9.24
NICS(1) -7.89 —6.89 —5.42 —7.15 —847

silicon atoms out of six atoms in a ring exist in one plane, which
hinders 7 electron delocalization. The restricted delocalization
of 7 electrons increases the electron density in the ring plane
compared with that above or below the plane. This makes the
silicene rings more ¢ aromatic (high NICS(0)) than 7 aromatic
(low NICS(1)).

The calculated NICS(0)/(1) values of linear silicenes and sil-
icene coupled diradicals follow the similar trend of poly-
acenes,” except in the case of diradical 5(b). In the middle ring,
the highest aromatic condition arises, and hence, the flow of -
electrons from one side of the coupler to the other side is
hindered. This is because the m-electrons from one end to the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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other end of the coupler need to cross a strongly aromatic
environment.

Fliegl et al.® performed a detailed current density analysis
for the model compound SicHe and recognized four distinct
current pathways. One pathway involves a local atomic current
that rotates around each of the six silicon atoms. The diatropic
current encircling the center of the silicon ring, whereas two
additional current pathways involve neighboring Si atoms; one
forms an eight-shaped loop connecting Si and SiR groups—with
a paratropic character at the SiR group and a diatropic character
at the Si atom and another pathway runs diagonally across the
Sig ring from one Si atom to another. These complex current
patterns explain the unique *°Si NMR chemical shift differences
observed experimentally, although variations in bond order
likely exert a stronger influence on these shifts than ring-
current effects.®

The GIMIC plots for all the complexes are given in the SI
(Fig. S1). The GIMIC analysis of silicene couplers (Panel A) and
their corresponding diradicals (Panel B) shows similar current
density patterns, validating the aromatic nature of the silicene
framework. However, the radical-containing systems exhibit
faster current flow, indicating enhanced electron delocalization
and a stronger magnetic response. This accelerated current in
diradicals arises from the coupling between the unpaired -
electrons and the conjugated silicene network, leading to
a greater overall aromatic and spin-delocalized character.

The above discussions about aromaticity (NICS, HOMA, and
GIMIC) indicate that the silicene rings are as aromatic as the
benzenoid rings in polyacene.

3.4 Magnetic exchange coupling

The J values for all the complexes are given in Table 3 and
detailed in the SI (Tables S3-S9) at different levels of theory,
namely, B3LYP, BP86, M06, MO6L, TPSS, CAM-B3LYP and PBE.
For odd atom connectivity I(a)-V(a), J is positive, which means
ferromagnetically coupled, with the exception of IV(a) in MO6L
and V(a) in BP86, TPSS, B3LYP and MO06. For the even atom
connectivity, I(b)-V(b) J is negative which signifies antiferro-
magnetic coupling. The PBE and CAM-B3LYP both give signs of
Js representing both ferromagnetic and antiferromagnetic
states and this follows the spin alternation rule, which means
that the exchange coupling pathway through the coupler will
follow even and odd numbers of bonds for the ferro- and anti-
ferromagnetic paths, respectively.

All the functionals show spin contamination in producing S>
values. Interestingly, the GGA functional PBE (Table S9 in the
SI) produced more reliable spin-square (S*) values than did the
meta-GGA and hybrid functionals (Tables S3 and S5-S7 in the
SI). These results showed that GGA functionals tend to provide
a more proper description of the correct spin square values. In
this work we rely on the PBE (GGA) functional for investigating
the magnetic behavior of molecular systems with high diradical
character.®

The J values of the diradicals decrease with increasing
coupler length up to coupler III; however, they increase from
couplers IV to V. Due to the increase in the radicaloid character

RSC Adv, 2026, 16, 16069-16079 | 16075


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra01088a

Open Access Article. Published on 23 March 2026. Downloaded on 4/7/2026 5:34:10 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

™ 2 T_% o259
> S RSB _BJ%
" I I8L s Y
0 0 0 0 0
@ 2202 JgE 2aZ
25 g ghN—9 o T 2
2 Bl $5g8a.383g3
@) 95} <) OO<FI\@LOF]‘—1
Al 90 S8 TG
©° < ol T R o R = T Y
S ] Sl |l = I =5 I < |
o > @ ® 9
& sSfesnlcdes
© Sdafndedal
Q Doy dioilw
= TR ARN S Tan S
o Sl 2a8dnegend
: 2 s R A
% Bl dndiogegsg
M o) R oy od oo
m cnsoo'ogﬁoodgcoo
o ) 2 1% ) ©
w 5 mmxo,_‘w‘_(w,_(v“_‘
n n < N <
& )} IS T N B AN B R R N
'_
é — =~ o~ § +
—
o s, ~8 8 TSm0
= [\ Mt A ilse} S -
] SdnamHe X3 <
o = - e 48 —=
@ O TR AT A e =258
O —~eo "o T /—a v =
(AR} NS~ ~SnN—na
St SddYdNS g &
L2 IS8S3Szadqg
n o =N a2 =g w2
o <+ A =R =" o ¥ N
SY | m| nadewodAaN IS ®
00 | | gV SHXH =K@
o’ A~ Sl = 1ol «al =
ch
=) — —_—
c — —
Y- = [ ~ o
N (e} — i
> Q N — O
E PR RPN TR
[ H\:*,N.mu\—‘vusl
3 i R
T = e e\ e RS o]
. (=4 .
€z FTATTISTEIROL 4
[T I NN ¢ n o
o SnagaRg gy
~— ~— ~— 3 S -
. AN AN A D
?EE w1 n T moO N O
T 3 8 N Xm0 ®m g |nNQ
T E|RTETRTETTY
= C
(%]
9]
S x — —_——
— —
> 0 (72} — §ﬁo83
| & ~TdT 0 ~5wegu
- = AN TN o
T e IS iedi o
M M —
S Sodgon=wa s
Q< PAaRTREE S22
8= 1
o a - NN o g
5 0 B A SEapp ey
T 1 amay—tsq;‘_‘w(\i~
< . . [Te}
T o & DB N AL NN DO
w = = S AN DXV 4T
©c < 1% S © g™ 0 — AN
I S < =
Qg m N1 ol |l &1 | |
T
Q +~
S = T
ye ®_ T _®_ 983
O B8 2 55
= v ~ = =0 = 0o o0
28 et degn=
5= Sd = =288%w
© Sl gploaomw
a2 o3 xenilyg
I < L AaOdSdAN g n
£ 0 SSEIoIES T8
o Ngugvgvdﬁm
s NVl ad
SO @] ndRNnNRNARSS
ﬂg % o TSN G AN G AN
c 2 = PSR S TR N T V- S N B |
T O
= ~— ~—~
wn —~ O <t /0 <t
cQ <
§% B T _003%3
o eI NID sl
o C St i
—
53 :G:G:o‘_‘a:‘_‘
@ H
S BTLTSTLLLB88
SN T AN s
S o STdgam e
0 w» TRTR3 TN N S o
o O — afNhs+" TN m o
c v -4 FO N F NN o O
S O S o NP Te DY S B S B
eS| =S| FITSIRT I 1&
Q0 c
x
o —
o P =9
Al
238 — _ o ¥ _»in 9
© R A B
c = I R R a =
28 SO Sd 22 =% 8
€3> —~aEa =8 =8 =-8<
= mom.v.@.m\—«
- © S o NONO N~
3 > SaaSzsz25E
= O \_z‘—'uc\]uc\]uc\q:t\i
a < © DM al N Vo
[ © MO AL SN QYN O
IS o SO T g™ s oA
LO)U m QI A I = | & 1 |
(92)
(2] %]
M < = — R N S N R R R
O B ERERCHSICESICISICES)
) o EElE2E2ES
LT | ©
cc | g = =5
- © — = = >

16076 | RSC Adv, 2026, 16, 16069-16079

View Article Online

Paper

of the polyacene couplers, the J values increase with increasing
coupler length,* similar trend of J values observed in this work.
This is due to the generation of radicaloid character in higher
silicene, as tabulated in the SI (Table S2). However, the
magnitude of the J value is greater for silicene-coupled di-
radicals compared to the polyacene based diradicals. Therefore,
we can say that much higher itinerant exchange has occurred
through silicene spacers. This result signifies that the silicenes
behave similarly like polyacenes with respect to the calculated J
values. To validate the values of DFT calculated magnetic
exchange coupling constant we have also employed the CASSCF
method to evaluate the J values (Table 3).

3.5 Frontier molecular orbitals

The molecular orbital plots of all the silicene-based diradicals
are shown in Fig. S2 (SI).

From the plots, it can be observed that in the SOMOs, the
orbitals are mainly localized on the radical sites, whereas in the
LUMOs, they are more localized on the silicene coupler. The
SOMO-SOMO energy gap remains nearly constant across the
series, whereas the HOMO-LUMO gap gradually decreases as
the number of silicene rings increases. We have found that the
highest J values produced by the diradical where the HOMO-
LUMO gap is lowest for the ferromagnetic diradicals (Fig. S3).

3.6 Electron delocalization and spin density analysis

The spin density distribution analysis for these silicene-based
diradicals provides insight about the magnetic interactions
between the radical centers. The spin alternation rule®** states
that in conjugated systems, the spin density alternates in sign
(positive and negative) across adjacent atoms or groups. This
phenomenon arises from the delocalized nature of the unpaired
electron within the molecular framework. This alternation
ensures stabilization of the radical system via resonance and
spin delocalization. If the diradical is connected via odd
number of atoms with 7 orbitals, then the diradical will behave
as a ferromagnet, and for even number of atoms, the diradical
will behave as an antiferromagnet.

Spin density plots can be seen in Fig. 4. The spin population
for both configurations first decreases from diradical (I to III)
and increasing from (IV to V), and one can also see the same
pattern in J values (PBE).

3.7 Zero-field splitting

The zero-field splitting (ZFS) parameter is essential for evalu-
ating the potential of high-spin molecular systems as single-
molecule magnet. In this work, ZFS values have been calcu-
lated for all the ferromagnetically coupled diradical complexes
(Table S1 in SI).

All the ferromagnetically coupled diradicals have negative D
values and small E/D values. This makes these complexes strong
candidates for use as single-molecule magnets. The diradical
I(a) has the highest negative D and low E/D values. This makes
diradical I(a) the most promising candidate for single-molecule
magnets among all the diradicals studied here. The diradical
V(a) has the highest J value with the highest E/D value, which

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Spin density distributions of silicene-based diradicals (I-V) computed at the PBE/def2-TZVP level. Panels (a) show the high-spin triplet
states, whereas panels (b) correspond to the broken-symmetry (BS) states. The blue and green lobes represent a- and B-spin densities,
respectively, highlighting the localization and delocalization of unpaired electrons across the silicene couplers and nitronyl nitroxide radical

centers. The iso value is 0.001.

makes it the least possible single-molecule magnet among all
the diradicals.

4 Conclusion

The molecular silicene shows conformational chirality due to the
buckling of the ring. The chirality of the silicene has been
confirmed from the computed CD spectra. The aromaticity
indices, such as NICS, HOMA and GIMIC, indicate that linear
silicene shows aromatic behavior similar to that of linear poly-
acene. The NICS(0), ie., the ¢ aromaticity of these silicenes, is
stronger than the 7 aromaticity (NICS(1)). This behavior of the
linear silicenes is due to the restricted delocalization of T elec-
trons in the ring plane compared with those above or below the
plane. The magnetic behavior of the silicene-coupled diradicals
makes them potential candidate for a single-molecule magnet,
which is confirmed from the zero-field splitting parameter (D) and
E/D values. The trend of magnetic exchange coupling constant
values of silicene-coupled diradicals resembles that of polyacene-
coupled diradicals. These results confirm that linear molecular
silicene shows similar behavior to that of polyacene with fasci-
nating chiral behavior. This work could lead to the opening of
a new area in the fields of chiral molecules and chiral magnets
and could lead experimentalists in their synthesis.
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