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ABSTRACT: Noncovalent through-space conjugation (TSC), a unique property of
π-charge delocalization, has emerged as a powerful strategy for modulating the
optoelectronic properties of organic materials. However, the quantitative relation-
ship among the molecular structure, the strength of TSC, and optoelectronic
properties has not yet been established. Here, using typical conjugated aromatic
compounds as model systems, it is revealed that TSC arises from the interaction of
π-orbitals, and a molecular descriptor, composed of geometric parameters, is
proposed to characterize the strength of TSC. This descriptor exhibits a strong
linear correlation with the orbital splitting energy of symmetric and antisymmetric π-
orbitals, achieving a linear fit coefficient (R2) as high as 0.935. More importantly, A
shows a strong positive correlation with the spectral red-shift of organic materials,
suggesting that TSC can effectively tune the luminescent properties of organic
materials. The descriptor is helpful for the rational design and machine-learning-
based high-throughput screening of advanced organic luminescent materials.

I n recent years, tuning of intramolecular noncovalent
interactions has emerged as a significant method to

modulate the optoelectronic properties of organic materials.1−4

Herein, through-space conjugation (TSC) is a noncovalent
interaction between aromatic rings with π electron delocaliza-
tion.5 It has been gradually proved as an important strategy for
enhancing optoelectronic properties, such as aggregation-
induced emission (AIE), circularly polarized luminescence
(CPL), multichannel conductance, high charge mobility, and
so on.6−18 For example, the strength of TSC in trinaphthyl-
methane isomers was found to increase with the number of
naphthalene units, and the strong TSC induced highly efficient
long-wavelength clusteroluminescence with an impressive
quantum efficiency of 55%.6 By combining free radicals
coupled with strong TSC, a remarkable full-spectrum emission
spanning from blue to near-infrared (NIR) has been achieved.7

The chiral foldamers tailored by TSC exhibit reversibly
switchable dual circularly polarized luminescence with
opposite signs at different emission wavelengths.12,13 TSC
enabled the construction of single-molecule wires with
multichannel conductance, compensating for conductivity
losses caused by poor conjugation through bonds.14−17 For
phenanthrene derivatives, the electron mobilities of folded
molecules with TSC are 3 orders of magnitude higher than
those of widely used linear and planar ones.18 It can be seen
from the above findings that adjusting the strength of TSC has
a significant impact on the optoelectronic properties. Many
efforts have been made to strengthen TSC, such as introducing

electron-donating groups,19 increasing the conjugated chain
length,20,21 and expanding the number of benzene rings on the
conjugated plane.22 However, a direct quantitative relationship
among molecular structure, TSC strength, and optoelectronic
properties has not yet been established, which hampers the
rational design and high-throughput screening of high-
performance optoelectronic materials.

Tracing the development history of TSC in theory,
Hoffmann first proposed the concept of through-space
interaction (TSI) in 1968, defining it as the interaction of
orbitals among radical lobes in the same molecule separated by
a number of intervening σ bonds and describing its strength
using the energy splitting.23,24 The study of TSI began with the
di-p-xylylene structure, where two phenyl rings face each other
and the π-electrons are delocalized between closely aligned
benzene rings.25 The distance between the two rings (3.09 Å)
is shorter than the sum of the van der Waals radii (3.40 Å) of
the atoms involved,26 and the energy gap (3.72 eV) between
the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) is much smaller
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Figure 1. (a) Molecular models for TSC with orbital delocalization indices (ODIs). (b) Molecular structures for 18 compounds, using 1,2-
ethanediyl (Ethy), benzene (Bz), (Z)-1,2-diphenylethene (TPE), phenanthrene (Pn), carbazole (Cz), and naphthalene (Np) as bridging units,
respectively.

Figure 2. (a) TSC illustrated by orbital interaction; (b) The energies and charge distributions of the symmetric and antisymmetric π orbitals
(Isosurface = 0.02 a.u.); The x-axis corresponds to systems with π-groups being benzene, naphthalene, anthracene, and tetracene, arranged from left
to right. (c) The Esplitting of these orbitals; and (d) The generalized Kohn−Sham energy decomposition analysis (GKS-EDA) results, which is
described in Supplementary Notes S2; The y-axis corresponds to increasing number of phenyl rings and ODI value. (e) The correlation between
Esplitting and ΔEpauli for these studied molecular models.
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than that of single benzene (5.15 eV). These all suggested the
existence of TSI.27−29 TSI in cyclophanes is considered as the
competition between the attractive (dispersive and electro-
static) interactions and the repulsive interactions.30 Many
studies also suggest that the essence of TSI comes from orbital
interaction in aromatic ring systems.31−33 In the context of
TSI, the term “through-space conjugation” first appeared in
2011,34 and it was formally defined using f-TPE-PPy as an
example in 2015.16 Although TSC has been applied to achieve
excellent optoelectronic properties, it has not been investigated
systematically in theory, and its intrinsic nature of TSC
remains underexplored.

In this work, it is revealed from first-principles calculations
that the TSC stems from the interaction of π-orbitals in
organic molecules, and a descriptor A, composed of geo-
metrical parameters (including the number of conjugated rings,
centroid distance, dislocation angle, and dihedral angle), is
proposed to characterize the strength of TSC. This descriptor
not only behaves a strong linear relationship with the splitting
energy between symmetric and antisymmetric π-orbitals but
also exhibits a good positive correlation with both the spectral
redshift of organic materials.

Conjugation refers to the overlap or sharing of the orbitals of
atoms or groups, resulting in the delocalization of charges
across a system of connected atoms and groups. Through-bond
conjugation (TBC) is very common in organic molecules,
especially organic aromantic molecules, whereas TSC occurs
only when two conjugated π-groups are close enough to each
other in space. Keeping this in mind, we constructed a
molecular model in which two methylene groups were used as
a bridge and two π-groups were symmetrically connected in a
face-to-face manner at a constant perpendicular distance of
3.10 Å, less than the sum of van der Waals radii (3.40 Å)
(Figure 1a). The π-groups were appointed as benzene
derivatives with different degrees of charge delocalization,
which can be measured by orbital delocalization index
(ODI),35,36 which is described in Supplementary Notes S1.
The larger the ODI value, the weaker the degree of electron
delocalization. It can be found in Figure 1a that as the number
of phenyl rings (n) increases, the degree of charge
delocalization strengthens with a decreasing ODI value. For
the models with the same number of phenyl rings (e.g., n = 4),
the degree of charge delocalization decreases from p-
quaterphenyl to tetracene and then pyrene due to the
shortened conjugated length.

Based on Hoffmann’s orbital theory in Figure 2a, the
strength of TSC is gauged by the splitting energy between
symmetric and antisymmetric orbitals formed by π-orbital
interactions.37 The symmetric and antisymmetric orbitals of
the molecular models were obtained at the level of M062X-
(D3)/6−31+G(d) and plotted in Figure 2b, and the resultant
splitting energies (Esplitting) are shown in Figure 2c. It can be
noticed in Figure 2b that with an increasing number of phenyl
rings, more than one pair of symmetric and antisymmetric
orbitals are formed owing to the participation of the bridges. In
this case, Esplitting is the energy difference between the
symmetric and antisymmetric highest occupied orbitals. It is
easily seen in Figure 2c that the Esplitting gradually rises with the
increase of the number of phenyl rings, and for the models
with the same number of phenyl rings (taking n = 4 as
example) it decreases from p-quaterphenyl to tetracene and
then pyrene because the charge delocalization is reduced in the
same order. These indicate that the π-orbital interactions make

the molecules with a higher degree of charge delocalization
more stable. As it is also known that the Pauli repulsion is
defined as an interaction between occupied orbitals,38,39 whose
energy (ΔEpauli) can be calculated using the energy
decomposition analysis (EDA) method.40 In these molecular
models, ΔEpauli is dominant among the decomposed energy
terms of total TSI (ΔEpauli, ΔEdisp, ΔEpol, and ΔEele) (Figure
2d). It can be seen that there is a good linear correlation with
fitting index of 0.870 between ΔEpauli and Esplitting (Figure 2e),
which suggests that the strength of TSC can be quantitatively
characterized by the two methods. Furthermore, it can be
found that TSC is short-range, and its strength decreases
rapidly with increasing distance. Beyond a certain distance, the
dispersion interaction will become dominant between π-
groups, as is commonly discussed in conjugated systems.

To check the effect of electronic effects on the strength of
TSC, we introduced different electron-donating and electron-
withdrawing groups as well as heteroatoms on the phenyl ring
and calculated their Esplitting and ΔEpauli (Figure S1). The
detailed energy decomposition results are shown in Table S1.
It is found that relative to TSC in parent benzene, the electron-
donating −NH2 and −SCH3 groups enhance the strength of
TSC by providing more electrons to the center of the phenyl
ring (Figure S2). In contrast, the electron-withdrawing groups
and heteroatoms reduce the strength of TSC because they
diminish the electron density of the center of the phenyl ring
by pulling electron toward external −F, −NO2, or N atoms.
However, the influence of substituents is slight and scarcely
considered in the following work.

From the discussion above, it is known that the orbital
interaction determines the strength of TSC. Upon careful
inspection, several geometric parameters are considered to be
highly associated with the orbital overlap integral, including the
number of conjugated rings (n), the centroid distance between
the two π-groups (d), the vertical distance (z), the dislocation
angle (ϕ), the slip distance (a), and the dihedral angle (θ)
between two conjugated rings (Figure 3a). Triggered by this,
we established a descriptor composed of geometric parameters:

= ·
·

A
n
d

cos
sin2 (1)

To validate the rationality and reliability of this descriptor,
we constructed 18 molecules featuring typical “bridge”
structures found in reported TSC systems, with benzene,
naphthalene, and anthracene symmetrically connected as the
“π-groups” at both ends (Figure 1b). These 18 molecules were
optimized using M062X(D3)/6−31+G(d),41−46 and no
imaginary frequencies were observed. To verify the reliability
of this method, six molecules were also optimized using the
PW6B95(D3)/6−31+G(d), which is reported to perform well
for noncovalent systems.30 A comparison of structural
parameters and the calculated A between the two methods is
shown in Figure S3. The consistency in trends supports the
validity of using M06−2X(D3)/6−31+G(d) for geometry
optimization in this study. The results are provided in Table
S2. Based on the optimized structures, the A values and the
orbital interactions Esplitting were computed and compared with
each other, and a strong positive correlation between Esplitting
and A is found with a linear fit coefficient (R2) up to 0.935
(Figure 3b). For molecules with the same bridge, the A values
gradually increase as the degree of delocalization in the π-
groups increases. Among molecules with different bridges, the
A values of those with carbazole and naphthalene bridges (6.99
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and 8.01, respectively) are significantly higher than those with
other bridging units. Furthermore, the ΔEpauli values of these
molecules were evaluated through EDA method, and the
results (Table S3) were compared with the A values. The
resulting R2 is equal to 0.858, showing a significant linear
correlation between ΔEpauli and A, as shown in Figure 3c.
However, this correlation is slightly weaker than that between
Esplitting and A, which can be attributed to the fact that the
interaction between the highest occupied orbitals more directly
reflects the intrinsic nature of TSC. So far, the nature of TSC
has been explored, and the quantitative relationship has been
established between TSC strength and molecular structures.

To disclose a clearer structure-strength relationship, we
further investigate the influences of these four structural
parameters in eq 1 on A values in Figure S4 and S5. It is found
that (i) when n is gradually increased from 1 to 3, A exhibits an
almost linear increase, which suggests that n is a very important
parameter in determining the value of A. (ii) The obvious TSC
(Esplitting > 0.36 eV and A > 1.00) appears when d is smaller
than 4.20 Å. It is noted that naphthalene and carbazole are two
highly effective bridges, providing smaller steric hindrance for
two π-groups to approach each other with d < 3.68 Å. (iii) The
smaller θ and ϕ are, the larger the A value is, owing to two
conjugated rings being aligned in a tighter face-to-face manner.
These provide a clear molecule design strategy to achieve
strong TSC systems, namely, increasing the number of rings in
π-groups and decreasing the degree of distortion between two
π-groups through selecting suitable bridges.

The optical spectrum is a fundamental property of organic
optoelectronic materials,47,48 and the absorption spectra of 18
studied compounds were first investigated. The absorption
spectra were obtained by evaluating the excitation energies
(Eex) of the singlet excited state with the largest oscillator
strength based on the optimized geometries (Supplementary
Notes S3) in the ground state (S0-geometry) and broadening
them using the Gaussian function with a full width at half-
maximum set to be 30 nm, and they are plotted in Figure 4.
The HOMO, LUMO, HOMO−LUMO gap, Eex, and oscillator
strengths of each state are summarized in Tables S4 and S5. It
is obviously seen in Figure 4 that in the series of compounds
with the same bridge there is always a progressive redshift in
the spectra with the increase of the value of A. However, the
values of the red shift are different in different series of
compounds. In the series of compounds with Ethy, Bz, and Np
bridges, the rate of redshift in the absorption spectrum is faster
than that of increase in A value. In contrast, in the compounds
TPE, Pn, and Cz bridges, the wavelengths of absorption
spectra increase linearly with increasing A. In addition, the
changes in the wavelength of absorption spectrum and A value
for the compounds with π-groups from −Ph to −Nap are both
smaller than those compounds with π-groups from −Nap to

Figure 3. (a) The computational model and geometrical parameters
for this descriptor; (b) The correlation between Esplitting and A; (c)
The correlation between ΔEpauli and A for 18 compounds. The black,
red, blue, yellow, and green represent Ethy-, Bz-, TPE-, Pn-, Cz-, and
Np- bridges, respectively, and the squares, circles, and stars represent
-Ph, -Nap, and -Anth π-groups, respectively, for these 18 compounds.

Figure 4. Absorption spectra of the compounds with (a) Ethy-, (b) Bz-, (c) TPE-, (d) Pn-, (e) Cz-, and (f) Np- as bridges and −Ph, −Nap, and
−Anth as π-groups.
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−Anth. Overall, a larger A correlates positively with Esplitting,
which represents the difference between the symmetric and
antisymmetric occupied orbitals. Stronger TSC leads to
enhanced π-orbital delocalization, which stabilizes the excited
state and reduces the Eex. Consequently, the absorption
spectrum undergoes redshift. The trend of the change in Eex
is consistent with the variation in TSC strength. These findings
indicate that a direct link is well established from the molecular
structure and the strength of TSC to the photophysical
properties.

In addition, Kasha’s exciton theory has long served as a
foundational model for understanding the spectral behaviors of
conjugated aromatic chromophores in aggregation.49 In
Kasha’s model, the shift in the absorption spectrum of the
aggregate relative to that of the monomer is proportional to the
excitonic coupling (J) between adjacent chromophores. The J
is determined by the magnitude, relative orientation, and
distance between their transition dipole moments (Figure S6).
To examine whether Kasha’s exciton model is adequate to
account for the spectral shift observed in the above systems, we
further calculated the J between the two conjugated groups

after removing the bridge and obtained the corresponding
absorption energies (Figure S6 and Table S6). The absorption
energies predicted by the exciton model are significantly
overestimated compared with those obtained by direct
calculations on the full molecule. These results suggest that
Kasha’s exciton theory is not suitable for these systems because
it assumes weak electronic coupling and neglects through-bond
covalent and through-space noncovalent interactions (namely,
TSC, dispersion and electrostatic interactions, and so on)
between the two π-conjugation groups.

To demonstrate the applications of the descriptor, we
selected the typical organic compounds (Figure 5a−d) with
TSC from experiments and newly designed ones, and
computed their A values and absorption wavelengths. As
shown in Figure 5e and f, with the increase of the A value, a
clear redshift in the absorption wavelength is observed in both
experimental measurements and theoretical predictions. For
molecular frameworks with increasing phenyl rings (Figure 5a
with n = 1−3 and Figure 5c with n = 3−6), the extended π-
conjugated groups generate increasingly delocalized orbitals,
resulting in greater spatial overlap. Thus, the TSC gets

Figure 5. (a, b, c, d) Molecular structures and symmetric π-orbitals of the studied compounds; (e, f) Correlation between the absorption
wavelength and A. Red dots and stars denote calculated results for reported and newly designed compounds, respectively, and blue dots correspond
to experimental values.
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stronger, leading to a larger A value, which is consistent with
the consequent red shift in the absorption spectrum (Figure
5e). These results are easily referred from the chemical
intuition by looking at the molecular structures. Therefore, it is
a natural strategy for designing molecules with longer
absorption wavelength by adding phenyl ring to extend the
π-groups. For the isomer systems with the same number of
aromatic rings (Figure 5b and d), subtle changes in connection
positions significantly alter absorption wavelengths, making
them difficult to intuitively infer from chemical structure alone.
From eq 1, it is known that the value of A is also sensitive to
the dislocation angle and the dihedral angle between two
conjugated groups, which can be adjusted by changing the
linking position of the π-groups on the central bridge and by
the substitution of heteroatoms in the π-groups. Excitingly, the
values of A of these systems also exhibit a strong correlation
with the absorption wavelengths, as shown in Figure 5f. These
indicate that, on one hand, A can accurately reflect the
dependence of TSC strength on molecular structure, and on
the other hand, the TSC strength can quantitatively regulate
the absorption spectrum in organic systems. Therefore, a clear
relationship is established between molecular geometrical
structure, the strength of TSC, and the luminescent properties,
and the descriptor A can be used for the rational design and
high-throughput screening of excellent luminescent materials.

By using typical conjugated aromatic groups as model
systems, first-principles calculations reveal that the TSC arises
from the interaction between closely spaced π-orbitals in
organic molecules, and its strength can be quantitatively
characterized by the splitting energy between symmetric and
antisymmetric π-orbitals or the Pauli repulsion interaction.
Inferred from this, the strength of TSC largely depends on the
geometric structure of the overlapping π-orbitals, including
structure parameters such as the number of conjugated rings,
the centroid distance, the slip angle, and the spatial dihedral
angle between the two related π-groups. Based on these
geometric parameters, a descriptor A is proposed to character-
ize the strength of TSC, = ·

·A n
d

cos
sin2 . This descriptor can be

easily obtained without performing complex quantum chemical
calculations. As expected, A behaves a strikingly linear
relationship with the orbital splitting energy (R2 = 0.935)
and the Pauli repulsion interaction (R2 = 0.858). Furthermore,
this descriptor provides a clear molecular design strategy to
achieve strong TSC systems, namely, increasing the number of
rings in π-groups and reducing the degree of distortion
between two π-groups by selecting suitable bridging structures.
Importantly, there is a strong positive correlation between A
and the spectral redshift. Thus, a quantitative relationship is
well established among the molecular structure, TSC strength,
and luminescent properties. This descriptor A is a powerful
tool for understanding and predicting the optoelectronic
properties of organic compounds with TSC, enabling the
rational design and large-scale high-throughput screening of
high-performance luminescent materials.

■ METHODS
All the geometrical and electronic structures of the investigated
system in the ground state were calculated at M062X(D3)41 of
theory using the basis set 6−31+G(d) in the Gaussian 16
program.50

GKS-EDA calculations were performed with XEDA51

interfaced with the GAMESS program.52 The fragmentation

scheme,40 which is presented in the Supporting Information,
was used for the GKS-EDA study of intramolecular
interactions in the model molecules in Figure 1.
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