¥® ROYAL SOCIETY
PP OF CHEMISTRY

NJC

View Article Online

View Journal | View Issue

Third-order nonlinear optical properties of
n-stacked donor—acceptor cyclophanes:
a DFT investigationt

’ '.) Check for updates ‘

Cite this: New J. Chem., 2025,
49, 13164

Yu Yang, Yan Yan and Na Hou*

The electronic and nonlinear optical (NLO) properties of cyclophane-based complexes were modulated by
introducing various donor groups and acceptor groups. The donor groups comprise carbazole (KZ),
benzo[1,2-b:4,5-b’ldithiophene (BDT), and dihydroindolo[3,2-blindole (DN), while the acceptor groups
comprise 1,4,5,8-naphthalenetetracarboxylic diimide (NDI) and 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene
(BOD). Reduced density gradient analysis confirmed the characteristic weak n—n stacking interactions
between the donor and acceptor units. Significantly, these complexes exhibit remarkably large second
hyperpolarizabilities of 3.43 x 10°-5.62 x 10° a.u., with NDI-based systems showing consistently superior
NLO responses compared to their BOD-based counterparts. A comprehensive analysis of electronic
transitions, hyperpolarizability tensors, and hyperpolarizability densities provides a deep understanding of the
nature of optical properties. In NDI/BOD-based systems, the excitation transitions exhibit significant charge
transfer character from the donor moieties (KZ/BDT/DN) to the NDI/BOD unit, along with local excitation
(LE) components. However, BOD-based systems additionally demonstrate reverse charge transfer from the
BOD unit back to the KZ/BDT moieties. The decomposition of the hyperpolarizability contribution analysis
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reveals that stronger electron-donating groups enhance positive contributions. Notably, BOD acceptors
exhibit anomalous negative effects compared to NDI analogues. This research offers a basis for
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1. Introduction

With rapid advances in nonlinear optics, nonlinear optical mate-
rials draw significant interest for their potential in image encryp-
tion, optical data storage, dynamic holography, and other
advanced technologies."™ Numerous organometallic, inorganic,
organic, organic-inorganic hybrid materials are being explored as
effective NLO materials.*” Organic compounds exhibit pro-
nounced intramolecular charge transfer (ICT), where electron
density migrates through the n-conjugated bridge between donor
(D) and acceptor (A) moieties—a fundamental process underlying
their NLO properties.®® Consequently, by strategically assembling
the donor, n-spacer, and acceptor moieties, the molecular NLO
response can be significantly enhanced.

Notably, small-molecule aromatic diimides—1,4,5,8-naphth-
alenetetracarboxylic diimide (NDI) and 3,4,9,10-perylenetetra-
carboxylic diimide (PDI)—are well-known as electron-deficient
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understanding the structure—property relationships of cyclophanes.

n-acceptors.'® In recent years, Wang et al have conducted

extensive research on the assembly of naphthalene and pyro-
mellitic diimide-based materials, analyzing the nonlinear optical
properties of their triangular dimers and the organic co-crystals
formed using naphthalenediimide-based triangular macrocycles
with coronene.'*™ Their findings revealed that the larger con-
jugated surface of PDI and the isosceles triangle assembly mode
facilitated intramolecular charge transfer, thereby enhancing its
NLO properties."" On the other hand, electron-withdrawing units
such as carbazole (KZ), benzo[1,2-b:4,5-b']dithiophene (BDT),
and dihydroindolo[3,2-b]indole (DN) have been widely utilized
in the synthesis of photoelectric materials."*™® Experimental
and theoretical studies on the NLO properties of carbazole-
coumarin-based chalcones with different donor substituents
were performed.’” In 2012, BDT was first incorporated into
NLO materials, with HRS confirming its role as a promising
n-electron bridge.'®

Cyclophanes, compounds in which aromatic rings are con-
strained into cyclic structures by bridging bonds or molecular
linkers, have emerged as active materials with properties super-
ior to their simpler constituents.® As early as 2009, researchers
synthesized a series of planar chiral asymmetric naphthalene-
diimide cyclophanes, which consist of two different
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naphthalenediimides interconnected by rigid meta-dimethyl-
enebenzene spacers.”’ Bansal et al. synthesized a new cofacially
stacked NDI dimer with the shortest NDI- - -NDI contacts realized
to date, enabling large electronic coupling of the monomer
fragments.”’ More recently, Wang et al. synthesized a series of
D/A cyclophanes featuring two cofacially stacked donor and
acceptor moieties (see Scheme S1, ESIT).”” The acceptor moieties
(NDI/PDI) and donor moieties [carbazole (C8KZ), benzo[1,2-
b:4,5-b'|dithiophene (C8BDT), and dihydroindolo[3,2-b]indole
(C8DN)] were employed in their studies. Due to the intra-
molecular CT interactions between the electron donor and
electron acceptor molecules, these D/A n-stacking cyclophanes
are expected to exhibit nonlinear optical properties.

Inspired by the above discussions, we performed theoretical
investigations of the NLO properties of a series of cyclophanes
to enrich the research on n-stacking cyclophanes. As shown in
Fig. 1, the studied compounds include KZ-NDI, BDT-NDI, DN-
NDI, KZ-BOD, BDT-BOD, and DN-BOD. BODIPY (4,4-difluoro-4-
bora-3a,4a-diaza-s-indacene, boron dipyrromethene, BOD) exhi-
bits properties that can be tuned via core modifications, drawing
considerable research interest.”>> Several BODIPY-based
donor-acceptor systems have been reported as promising NLO
materials.”*>° Thus, BODIPY was selected as the electron accep-
tor in three cyclophane systems: KZ-BOD, BDT-BOD, and DN-
BOD. The objective of this work is to provide a theoretical
foundation and novel design concepts for the development of
innovative NLO materials.

2. Computational details

All calculations were carried out with the Gaussian 09 package.*’
Wave function analyses were performed using the Multiwfn
3.8 (dev) code,® and the isosurface maps were visualized using
the VMD software.*?

Geometry optimizations for the studied compounds were
performed using the M06-2X** and CAM-B3LYP** functionals with
the 6-31G(d,p) basis set, incorporating Grimme’s D3 correction to
account for long-range dispersion effects. This D3 scheme, an
additive correction to standard Kohn-Sham DFT, implements
the original zero-damping formalism. The DFT-D3 correction
approach demonstrates high accuracy, reduced empirical
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parameterization, and broad applicability in the study of nonco-
valent complexes.*>*® Vibrational frequency analyses confirmed
that the optimized structures correspond to real local minima on
the potential energy surface. Atomic charges were calculated by
natural population analysis (NPA)*” at the CAM-B3LYP/6-31G(d,p)
level of theory. The atomic dipole moment-corrected Hirshfeld
population (ADCH)*® analysis was conducted using the Multiwfn
program.

The isotropic average polarizability (o;s,) and second hyper-
polarizability () are expressed as follows:

Oiso =

1
g(axx + O‘yy + O(z:) (1)

1
Ytot = g(yxxxx + "/},vyyy + Vzzzz + ZVxxyy + Zyxxzz + 2?}!}!2;) (2)

The 7y density analysis was performed to evaluate the local
contributions of different spatial regions to hyperpolari-
zability.* The electron density of a system p(r, F) can be defined
with respect to the external field F:

+Zp/ F+2'ZZP//( r)E;Fy
3;222%/ r)EFE - 3)

p(r. F)

The corresponding component of 7,,,, along the y-axis can
be written as follows:

1
Py = 3,J ypl3) (r)dr (4)

where the second hyperpolarizability density is defined as
follows:

Pp(r)
=200
p(2F,) = 2p(F)) +2p(=F)) — p(-2F))

= 2(F,)3 - - (5)

The second hyperpolarizability was evaluated using the
analytical method and the finite-field-mixed method at the
CAM-B3LYP/6-31+G(d) level. The hyperpolarizability density
was computed using the finite-field (FF) method at the same

KZ NDl BDT-NDI
os?
KZ-BOD BDT-BOD DN-BOD

Fig. 1 Chemical structures of KZ-NDI, BDT-NDI, DN-NDI, KZ-BOD, BDT-BOD, and DN-BOD.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025

New J. Chem., 2025, 49,13164-13174 | 13165


https://doi.org/10.1039/d5nj02033f

Published on 16 July 2025. Downloaded by Y unnan University on 8/4/2025 6:57:47 AM.

NJC

level. Furthermore, the UV-vis absorption spectra are simulated
using time-dependent DFT (TDDFT) with the CAM-B3LYP/6-
31+G(d) method, providing electronic properties such as oscil-
lator strengths and transition energies. The solvent effects were
considered in the calculations of the optical responses and
electronic transition properties using the polarizable conti-
nuum model (PCM)*° with dichloromethane as the solvent.

3. Results and discussion
3.1 Geometrical structure

The geometries of the studied complexes were optimized using
the CAM-B3LYP-D3 and MO06-2X-D3 functionals with the 6-
31G(d,p) basis set. These macrocyclic complexes were designed
by covalently connecting electron-donor (KZ/BDT/DN) and
electron-acceptor (NDI/BOD) units via two -CsH,~CH,- bridges,
following the structural motif of experimentally reported D/A
cyclophanes (C8KZ-NDI, C8BDT-NDI, and C8DN-NDI).>* A one-
pot synthesis of D/A cyclophanes was achieved via Pd(0)-
catalyzed Stille coupling between NDI-BN and double tin
compounds.’” We predict that structurally analogous NDI-
based systems can be synthesized using the same methodology.
The BODIPY core can be modified easily to fine-tune the
photonic and electronic properties.”’ A BODIPY derivative
functionalized with two benzyl groups (C¢HsCH,-) at the B-
positions has been synthesized.”> We anticipate the experi-
mental synthesis of the BOD-based compound. Fig. S1 (ESIt)
displays the structures of all complexes. The selected structural
parameters are shown in Tables S1 and S2 (ESIt). The results
indicate nearly identical geometries for both methods. CAM-
B3LYP-D3-optimized geometries were used for further analysis
and property evaluations. Notably, the DN moiety in DN-NDI
displays a bent configuration, which agrees with previously
reported results.”* Similar to the DN-NDI structure, the DN
moiety in DN-BOD also exhibits a bent shape. In KZ-BOD and
BDT-BOD, both BOD and KZ/BDT units show curved config-
urations. To elucidate the nature of non-covalent interactions,
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we employed reduced density gradient (RDG) analysis,** with
the corresponding isosurfaces displayed in Fig. 2. The RDG
isosurfaces visualize the strength and nature of non-covalent
interactions through a color-coded scheme. Blue regions on the
isosurface signify strong attractive interactions, typically asso-
ciated with hydrogen bonding. Green areas indicate weak
attractive forces, encompassing n-n interactions and van der
Waals forces. In contrast, red regions denote strong repulsive
interactions, often resulting from steric hindrance within ring
structures. Notably, the presence of prominent green regions
with light-brown hues between the donor and acceptor units
provides clear evidence of weak n-n stacking interactions.
Charge analysis serves as an effective tool for understanding
charge distribution. The NPA and ADCH charges are tabulated
in Table 1. From Table 1, it can be inferred that the NDI/BOD
fragments exhibit negative charges, confirming their roles as
effective electron acceptors. For BDT-NDI, the BDT fragment
has a negative NPA value, but the ACDH charge is positive. The
charge of the BDT fragment of BDT-NDI is listed in Table S3
(ESIY). There are differences between NPA and ADCH charges,
particularly in the charges of sulfur atoms. Due to sulfur’s
slightly higher electronegativity than carbon, its charge should
be more negative than that of adjacent carbon atoms. The
ADCH charges align with this expectation, while the NPA
charges contradict this prediction. The KZ/BDT/DN fragments
and covalent linkers (-C¢H,~CH,-) have positive NPA charges,
showing that they have the characteristics of electron donors.
Due to the spacing effect of the covalent linkers, the KZ/BDT/
DN fragments exhibit small charges. The NDI fragments exhibit
larger negative charges than the BOD fragments, indicating
that BOD is less capable of capturing electrons compared to
NDI. The analyses of the electrostatic potential (ESP) on the van
der Waals (vdW) surface for the studied compounds provide an
intuitive visualization of their charge distributions, as shown in
Fig. 3. Red regions represent the areas of positive potential and
correspond to electron-poor regions; whereas the blue color
signifies the negative potential, corresponding to electron-rich
regions. The critical local maxima and minima of electrostatic

Steric effect

DN-BOD

Fig. 2 Color-mapped RDG isosurface (0.50 a.u.) graphs of the complexes. The value of sign(i,)p on the surfaces is represented by filling colors
according to the color bar at the top, where sign(4,)p means the sign of the second largest eigenvalue of Hessian of p.
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Table 1 NPA and ADCH charges (|e|) of various molecular fragments

KZ/BDT/DN  -C¢H,~CH,- -C¢H,—~CH,- NDI/BOD

fragments (left) (right) fragments
NPA charge
KZ-NDI 0.001 0.250 0.250 —0.500
BDT-NDI —0.015 0.260 0.260 —0.505
DN-NDI 0.017 0.246 0.246 —0.508
KZ-BOD 0.006 0.011 0.017 —0.034
BDT-BOD 0.019 0.021 0.023 —0.063
DN-BOD 0.029 0.008 0.012 —0.049
ADCH charge
KZ-NDI 0.034 0.010 0.010 —0.053
BDT-NDI 0.095 0.025 0.025 —0.145
DN-NDI 0.119 0.065 0.065 —0.248
KZ-BOD 0.017 0.000 0.015 —0.031
BDT-BOD 0.001 0.013 0.027 —0.041
DN-BOD 0.044 0.014 0.045 —0.103

potential are marked by orange and cyan spheres, respectively.
For KZ/BDT/DN-NDIJ, the area with evident negative ESP pri-
marily localizes around the O—C-N-C=—O0 groups. The most
negative ESP values on the surface are —32.35, —31.75, and
—34.85 kecal mol ™" for KZ-NDI, BDT-NDI, and DN-NDI, respec-
tively. The ESP exhibits predominantly positive values across the
KZ/BDT/DN moiety surface. The maximum ESP values for KZ-NDI
and DN-NDI can reach as high as 48.09 and 47.58 kcal mol *,
respectively. For BDT-NDI, the region of positive ESP (19.26 and
19.27 kecal mol ") localizes near the hydrogen atoms of the central
benzene ring in the BOD moiety. This analytical finding demon-
strates consistency with the ADCH charge analysis. For BOD-
based complexes, the global minimum of ESP on the molecular
surface localizes near the -BF, moiety, attributed to the highest
electronegativity of fluorine atoms which induces greater electron
density distribution. The global maximum ESP values for KZ-BOD
and DN-BOD are 26.40 and 48.49 kcal mol ', respectively. For the
BDT-NDI system, although the BDT moiety exhibits both positive
and negative electrostatic potential values, the positive values
(18.87 and 18.92 kcal mol ") are more pronounced.

3.2 Frontier molecular orbital properties

The distribution pattern of the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) plays a significant role in determining the third-order
NLO properties of a material. The sketches of the HOMO and
LUMO, along with the energy difference (AE,,,) between the
HOMO and LUMO, are shown in Fig. 4. For KZ-NDI, BDT-NDI,
and DN-NDI, the electron density of the HOMO is mainly
distributed on the KZ/BDT/DN unit, while the electron density
of the LUMO is completely localized on the NDI fragment,
suggesting the ICT from the donor to the acceptor part. The
LUMO energies of KZ-NDI, BDT-NDI, and DN-NDI are very close
(—2.11 to —2.13 €V), while the HOMO levels increase sequen-
tially: KZ-NDI < BDT-NDI < DN-NDL As a result, the AEg,,
value decreases gradually in the order of 4.93 eV (KZ-NDI) >
4.76 eV (BDT-NDI) > 4.17 eV (DN-NDI). For KZ-BOD and BDT-
BOD, the electron density of the LUMO delocalizes on the BOD
unit, while the HOMO is localized on both the KZ/BDT and

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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BOD units. This indicates the presence of both local excitation
(LE) within the BOD and ICT from the KZ/BDT to BOD unit. For
DN-BOD, the distribution characteristics of the frontier mole-
cular orbitals are similar to those of DN-NDI. The calculated
AE,,, values for KZ-BOD and BDT-BOD are 4.91 and 5.05 €V,
respectively, which are larger than that of DN-BOD (4.47 eV).
These results demonstrate that the electronic structure of
cyclophanes is highly sensitive to the choice of donor and
acceptor moieties. Notably, complexes containing stronger
electron-donating or -accepting groups exhibit reduced energy
gaps. Generally, the smaller the energy gap, the stronger the
NLO response. Therefore, we can predict that NDI-based sys-
tems exhibit relatively larger NLO responses.

3.3 Absorption spectra

To understand the mechanism of charge transfer and the origin
of the NLO properties, the UV-vis absorption spectra of the
studied complexes were simulated using the TDDFT approach.
Fig. 5 presents the computed UV-vis spectra alongside electron
density difference maps (EDDM) for the key electronic transitions.

Essential electronic transition characteristics, including
excitation energies, oscillator strengths, and orbital contribu-
tions for the dominant excited states as calculated by TD-CAM-
B3LYP, are presented in Table 2. The relevant molecular
orbitals of all systems are visualized in Fig. 6. The absorption
spectrum of KZ-NDI displays a weak absorption at 357 nm,
which originates from the HOMO—-2 — LUMO transition,
suggesting the charge transfer (CT) from the entire molecular
framework to the acceptor (NDI) unit. Additionally, the spec-
trum exhibits two stronger absorption features at 242 nm and
220 nm, where the higher-wavelength band (242 nm) represents
a combination of CT from the KZ subunit to the NDI acceptor
and LE within the KZ moiety (HOMO — LUMO+3), while the
lower-wavelength feature (220 nm) corresponds to CT from the
KZ unit to the entire molecular framework (HOMO — LUMO+5,
HOMO — LUMO+15). The absorption spectrum of BDT-NDI
displays a low-energy electronic transition at 356 nm, which
originates from the HOMO—-2 — LUMO and HOMO—-4 —
LUMO transitions, indicating CT from the entire molecular
framework to the NDI unit. A high-energy electronic transition
at 305 nm arises from the HOMO — LUMO+1 transition. This
transition exhibits dual character, featuring both CT from the
BDT donor to the NDI acceptor and LE within the BDT moiety.
In addition, BDT-NDI exhibits a strong absorption at 270 nm,
which arises from three distinct electronic transitions, HOMO —
LUMO+2, HOMO—5 — LUMO, and HOMO—1 — LUMO+1. The
HOMO-5 — LUMO transition primarily involves CT from two
terminal benzene rings to the NDI unit. The HOMO — LUMO+2
and HOMO—1 — LUMO+1 transitions exhibit mixed character,
showing CT from the BDT donor to the NDI acceptor alongside LE
within the BDT moiety. The absorption spectrum of DN-NDI has
three absorption peaks. A low-energy electronic transition
observed at 350 nm, corresponding to HOMO—5 — LUMO and
HOMO—-3 — LUMO excitations, is characterized by CT from the
extended molecular framework to the NDI acceptor unit.
The transition at 312 nm arises from the HOMO — LUMO+3,
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Fig. 3 Electrostatic potential (ESP) maps for all compounds. Significant surface minima and maxima of ESP are represented as cyan and orange spheres,
and labeled by blue and red texts, respectively. The unit is in kcal mol™.
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Table 2 Simulated wavelengths (1, nm), transition energies (AEge, eV), oscillator strengths (), and major contribution for the studied complexes (H =

HOMO and L = LUMO)

Complex State A AEg. Sos fosz/AEge5 Major contribution
KZ-NDI S3 357 3.47 0.265 2083 H-2 — L (81%)
S23 242 5.12 0.543 1250 H — L+3 (63%)
S32 220 5.64 0.744 1447 H — L+5 (38%), H — L+15 (10%)
BDT-NDI S3 356 3.48 0.256 1916 H-2 — L (83%), H—4 — L (10%)
S5 305 4.07 0.339 1535 H — L+1 (79%)
S12 270 4.60 0.348 877 H — L+2 (43%), H-5 — L (17)%, H-1 — L+ 1 (13%)
DN-NDI S3 350 3.54 0.250 1677 H-5 — L (47%), H-3 — L (44%)
S7 312 3.98 0.478 3413 H — L+2 (70%), H —» L+3 (11%), H-9 — L (11%)
S14 282 4.40 0.489 2163 H-1 — L+2 (42%), H — L+3 (24%), H—1 — L+3 (15%)
KZ-BOD S1 470 2.64 0.321 11988 H — L (89%)
S7 286 4.33 0.646 4091 H - L+1 (39%), H-1 — L+1 (34%)
S16 234 5.30 0.831 2464 H-1 — L+2 (22%), H - L+2 (17%)
BDT-BOD S1 461 2.69 0.363 13957 H - L (55%), H-1 — L (41%)
S5 307 4.04 0.894 11080 H-1 — L+1 (41%), H — L+1 (40%)
DN-BOD S2 446 2.78 0.371 12367 H-1 — L (83%)
S5 312 3.97 0.827 10347 H - L+1 (59%), H-6 — L (19%)
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Fig. 6 Molecular orbitals involved in the crucial intense electronic transitions in the absorption spectra of complexes.

high-energy electronic transition at 282 nm arises mainly from
HOMO—-1 — LUMO+2, HOMO — LUMO+3, and HOMO—1 —
LUMO+3, which can be viewed as the CT from the DN unit to the
central benzene ring of the NDI moiety and LE of DN unit.

For KZ-BOD, the absorption spectrum contains one strong
absorption peak at 234 nm along with two weak absorptions at
470 and 286 nm. For the electronic transition at 470 nm,

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025

HOMO — LUMO is described by the CT transition from the
KZ to the BOD unit and LE within the BOD unit. The electronic
transition at 286 nm is composed of HOMO — LUMO+1 and
HOMO—-1 — LUMO+1. Based on the analysis of HOMO and
LUMO shapes, it can be viewed as LE mainly on the KZ moiety,
as well as the intramolecular CT from the BOD to the KZ
fragment and the neighboring bridging structure. The other
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absorption band at 234 nm is described by the HOMO—-1 —
LUMO+2 and the HOMO — LUMO+2, which can be viewed as the
CT transition from the BOD to the KZ and the adjacent bridging
linker, and from KZ to the benzene bridges. The BDT-BOD system
displays two distinct electronic transitions: a high-energy transi-
tion at 307 nm arising from HOMO—1 — LUMO+1 and HOMO —
LUMO+1 excitations, and a low-energy absorption peak at 461 nm
arising from HOMO — LUMO and HOMO—-1 — LUMO excita-
tions. Molecular orbital analysis reveals that the 307 nm transition
belongs to LE within the BDT and CT from the BOD to the BDT
and the neighboring bridging structure. The 461 nm transition
corresponds to the reverse CT process from BDT to BOD. Notably,
KZ-BOD and BDT-BOD systems display reverse charge transfer
(from the BOD unit back to the KZ/BDT moieties), a feature absent
in NDI analogues. With regard to DN-BOD, the absorption spec-
trum consists of two absorption peaks at 446 and 312 nm. The low-
energy transition at 446 nm is characterized by an electron
transition from HOMO—1 to LUMO, indicating a combination of
intermolecular CT from the DN to the BOD as well as LE within the
BOD. Meanwhile, the higher-energy absorption at 312 nm arises
from electron excitations involving HOMO — LUMO+1 and
HOMO—6 — LUMO, which can be attributed to the LE of the
DN and BOD units, along with CT from one of the benzene bridges
to the BOD unit.

3.4 Linear optical properties and third-order NLO properties

It is crucial to select suitable functional and basis sets to
calculate the second hyperpolarizability, which will improve
the accuracy of the results.** The isotropic average polarizability
(#is0) and average second hyperpolarizability (o) of the DN-NDI
complex, obtained with different functionals and different Pople
basis sets, are given in Table S4 (ESIt). Results obtained with the
CAM-B3LYP method using the 6-31+G(d), 6-31+G(d,p), 6-
311+G(d), and 6-31++G(d,p) basis sets were close to each other,
but differed significantly from those calculated with 6-31G(d).
Consequently, we selected the 6-31+G(d) basis set for this work
due to its good balance between accuracy and the computational
cost. The 7. values calculated by CAM-B3LYP, M06-2X, ®B97XD,
and BH and HLYP functionals with the 6-31+G(d) basis set were
nearly indistinguishable. Here, we select the CAM-B3LYP
method to calculate the y.. values of all systems.
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Table 3 shows a5, and 7y, along with their individual
components of all the studied complexes. The longitudinal tensor
component oy, values dominate the o, values of all complexes,
significantly exceeding the contributions of «,, and o,, components.
These results show that the linear polarizabilities of the studied
molecules are mainly determined by the electron transition along
the y-direction. The w;, values follow distinct ascending trends: KZ-
NDI < BDT-NDI < DN-NDI and KZ-BOD < BDT-BOD < DN-BOD.
The polarizability is closely related to the electronic spatial extent
((R*)), a metric reflecting the electron density volume. The (R?)
values increase in the order: 23256 a.u. (KZ-NDI) < 24103 a.u.
(BDT-NDI) < 26991 a.u. (DN-NDI) and 20118 a.u. (KZ-BOD) <
20692 a.u. (BDT-BOD) < 23565 a.u. (DN-BOD). Obviously, a larger
(R?) value corresponds to larger polarizability.

Most notably, these complexes present large static second
hyperpolarizabilities, ranging from 3.43 x 10> to 5.62 x 10°
a.u.,, which are significantly higher than that of para-
nitroaniline (1.01 x 10> a.u.) calculated at the CAM-B3LYP/6-
31+G(d) level in a dichloromethane solvent. The increasing
order of the y. amplitude is KZ-NDI < BDT-NDI < DN-NDI
and KZ-BOD < DN-BOD < BDT-BOD. Crucially, NDI-based
systems have significantly higher y., values than their BOD-
based counterparts, consistent with more extensive intra-
molecular charge transfer (ICT) in NDI systems relative to
BOD systems. Higher negative charges (e.g., the ADCH charge
for NDI from —0.053 to —0.248 |e|) indicate stronger electron-
withdrawing capability, enabling more extensive ICT under
external fields, which is a key driver of hyperpolarizability.
These findings highlight the tunability of naphthalene-
derived systems for NLO responses through donor-acceptor
modifications. The comparison of the y. values between our
molecules and previously reported complexes is meaningful.
The cyclic trimers 2PMDI-1NDI and 2NDI-1PDI exhibit large yo¢
values of 4.45 x 10° a.u. and 3.68 x 10° a.u., respectively."*
Organic co-crystals NDI-COR and NDI-2COR, assembled from
naphthalenediimide-based triangular macrocycles and coro-
nene, exhibit y, values of 2.75 x 10° a.u. and 3.92 x 10° a.u.,
respectively.> Thus, the 7y, values for the currently studied
complexes are comparable to those of the reported molecules.
The third-order nonlinear susceptibility value for Bn-BDY (a
BODIPY dye with two CgHs-CH,- substituents) in DMSO,

Table 3 The isotropic average polarizability (xso, a.u.) and second hyperpolarizability (yior, a.u.) with their individual components for the studied
complexes, as well as the y;;yy values obtained using the finite field method

KZ-NDI BDT-NDI DN-NDI KZ-BOD BDT-BOD DN-BOD
O 602 589 625 479 494 518

%y 898 962 1027 990 1024 1076

Oy 440 445 456 402 416 438

Uiso 647 665 703 623 645 678

o 1.70 x 10° 1.66 x 10° 1.74 x 10° 1.37 x 10° 1.44 x 10° 1.49 x 10°
- 9.67 x 10° 1.30 x 10° 1.80 x 10° 6.40 x 10° 8.29 x 10° 9.50 x 10°
Vezzz 3.68 x 10° 4.29 x 10° 2.57 x 10° 3.58 x 10° 5.49 x 10° 2.82 x 10°
Vx 6.84 x 10* 6.76 x 10* 6.53 x 10* 6.03 x 10* 6.98 x 10* 2.98 x 10°
vy 2.37 x 10° 2.66 x 10° 4.03 x 10° 1.74 x 10° 2.32 x 10° 6.76 x 10*
vz 1.09 x 10° 1.19 x 10° 9.32 x 10* 1.08 x 10° 1.60 x 10° 1.19 x 10°
Vot 4.16 x 10° 4.82 x 10° 5.62 x 10° 3.43 x 10° 4.63 x 10° 4.52 x 10°
Voyyy 9.69 x 10° 1.30 x 10° 1.81 x 10° 6.57 x 10° 8.46 x 10° 9.69 x 10°
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measured via the Z-scan, is 12.23 x 10~ ** esu.*” The y value
calculated at the CAM-B3LYP/6-311++G(d,p) level in DMSO
is —33.93 x 10 %® esu. The 7, values for BOD-based systems
(1.73 x 107**-2.33 x 1073® esu) are larger than that of Bn-BDY.
Thus, these cyclophane-based complexes could be potential
excellent NLO molecules.

The unit sphere representation (USR) method*® of hyperpo-
larizability can intuitively characterize the molecular response
properties using hyperpolarizability tensors, serving as a power-
ful tool for comprehensively representing molecular hyperpo-
larizability. Fig. 7 presents the USR results for all investigated
compounds. The vector representation for y is depicted by
double-sided arrows parallel to the X, Y, and Z axes, where
the lengths of the arrows represent the magnitude of y in each
respective direction (yx, 7y, 7z). The molecular plane of all
complexes is defined as the yz-plane. The analysis shows that
the y-axis component dominates the overall second hyperpolar-
izability. This observation is consistent with the computational
results in Table 3, which show that y,,,, exhibits the maximum
amplitude among all tensor components, indicating that intra-
molecular charge transfer primarily occurs along the y-axis. For
BDT-BOD, however, the tensorial component along the z-axis is
also significant.

In the following discussion, we will only focus on the y-
component that contributes mostly to the overall hyperpolar-
izabilities of the molecules. The hyperpolarizability density
analysis was performed to further explore the hyperpolarizabil-
ity results by analyzing the spatial contributions of electrons.
The step size exerts a crucial influence on numerical errors in
the FF method. To determine a reasonable step size, we initially
compared the y,,,, values of DN-BOD calculated through the
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combined analytical and FF-mixed approach with the results
from the FF method. The y-component of second hyperpolariz-
ability (yyy,,) calculated using step sizes of 0.0005, 0.001, 0.002,
and 0.003 a.u. yields values of 9.74 x 10°,9.69 x 10°, 1.04 x 10°,
and 1.18 x 10° a.u., respectively. Among all tested step sizes,
0.001 a.u. yielded the smallest relative error between the y),,,
(9.50 x 10° a.u.) and yyy,, (9.69 x 10° a.u.), and was therefore
adopted for all subsequent calculations in this study. It can
be observed that the trend of the yyy,, values is consistent
with that of the y,,,, values (see Table 3). Fig. 8a presents the
integrand functions of the hyperpolarizability densities [—ypg)y
(r)], which illustrates the spatial contribution of electrons to the
nonlinear optical (NLO) response. The positive contribution
region (yellow) of the —yp)(fy)y(r) function is overwhelmingly
larger than the negative part (purple) in every molecule, leading
to their positive y-component of second hyperpolarizability
(ypyy)- The molecules with NDI as the acceptor unit exhibit
significantly larger regions of positive contribution compared
to the corresponding molecules with BOD as the acceptor.

We further analyze the quantitative contribution of various
molecular units to the y-components of second hyperpolariz-
ability by employing the multicenter numerical integration
algorithm.*” These molecules are divided into three fragments:
the KZ/BDT/DN fragment, the NDI/BOD fragment, and the
covalent linkers (-CgH,;-CH,-). The decomposition of the
hyperpolarizability contribution is summarized in Table S5
(ESIt) and Fig. 8b. For NDI-based systems, the contribution
of donors increases significantly from KZ (15.9%) to DN
(30.0%), while the contribution from the NDI acceptors
gradually decreases (24.1%, 16.4%, and 12.3%). For the BOD-
based system, the donor contribution is in the order of
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Fig. 7 Unit sphere representation of the second hperpolarizability tensor. The multiplication factor is 0.00001 for the y vector and 0.000003 for the

USR.
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isosurfaces are set to 400.0 a.u. (b) Decomposition of the y-component of second hyperpolarizability of the studied into three partial contributions.

DN (60.0%) > BDT (29.8%) > KZ (29.3%), and the BOD
acceptor exhibits a substantial negative contribution (—70.0%
to —82.6%), suggesting the presence of a charge transfer offset
effect. The progressive increase in the donor contribution from KZ
to DN correlates with their electron-donating strengths. Addition-
ally, we calculated the second hyperpolarizability of DN-PDI (see
Fig. S2, ESIT). Perylenediimide (PDI) exhibits superior electron-
accepting capability compared to naphthalenediimide (NDI), as
demonstrated by its significantly higher electron affinity (EA) [2.12
eV (PDI) > 1.84 eV (NDI) at the CAM-B3LYP/6-31G(d,p)]. The 7
value of DN-PDI is 1.59 x 10° a.u., which is higher than DN-NDL
The plot of —yp{})(r) together with the corresponding 75y, value
(6.19 x 10° a.u.) of the DN-PDI is provided in Fig. S2 (ESIf).
We compared the fragment contributions of the DN-BOD,
DN-NDI, and DN-PDI molecules. The order of electron acceptor
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contribution is BOD (—70.0%) < NDI (12.3%) < PDI (65.6%),
demonstrating that enhanced acceptor strength typically aug-
ments positive contributions—except for the BOD’s anomalous
negative effect attributed to its weak electron-accepting character.

To interpret the variation of the second hyperpolarizability
of the studied systems, the simplified two-level model derived
from the sum-over-state (SOS) approach was employed. The
two-level model can be expressed as follows: y o fis*/AE,.",
where fo; corresponds to the oscillator strength and AE,.
denotes the transition energy. The AE,, fos, and fOSZ/AEge5
values are presented in Table 2. According to the two-level
expression, the y value is proportional to the quadratic power of
Jos but inversely proportional to the fifth power of AEg.. For the
NDI-based systems, the foSZ/AEge5 values were determined as
2083 a.u. (KZ-NDI, S3 state), 1916 a.u. (BDT-NDI, S3 state), and
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Fig. 9 (a) The relationship between 7 and fosz/AEge5 values for the studied complexes. (b) The relationship between yio and AEg,, values.
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3413 a.u. (DN-NDI, S7 state), while the BOD-based systems
showed significantly higher values of 11988 a.u. (KZ-BOD, S1
state), 13957 a.u. (BDT-BOD, S1 state), and 12367 a.u. (DN-
BOD, S2 state). Fig. 9a shows that the estimated f,.*/AE,.’
values follow essentially the same trend as exactly calculated
Vtot Values. Therefore, for the NDI-based systems, the presence
of multiple significant excited states cannot be overlooked.
Generally, molecules exhibiting lower transition energies tend
to yield larger second hyperpolarizabilities, as exemplified by
KZ-NDI, BDT-NDI, KZ-BOD, BDT-BOD, and DN-BOD. In these
systems, the excited state with the smallest AE,. corresponds to
the maximum y value, underscoring AE,. as the predominant
factor governing the second hyperpolarizability. However,
exceptions arise in DN-NDI, where the excited state with a
higher AE,. and a larger f, yields the maximum value of f,*/
AE,.°. This highlights the dual influence of both AE,. and f,s
on the nonlinear optical response. These results demonstrate
that the nonlinear optical (NLO) response magnitudes can be
systematically tuned through strategic donor-acceptor co-
assembly, thereby enabling precise control over optoelectronic
properties. Furthermore, Fig. 9b plots the correlation between
AEg,, and 7. Notably, NDI-based molecules with small energy
gaps demonstrate superior )y, values relative to BOD analo-
gues, excluding KZ-NDI and KZ-BOD.

4. Conclusions

In this study, we systematically investigated the geometric struc-
tures, electronic properties, and nonlinear optical responses of a
series of cyclophane-based donor-acceptor complexes using den-
sity functional theory calculations. Reduced density gradient
analysis confirms weak n-m interactions between donor (Kz/
BDT/DN) and acceptor (NDI/BOD) units, while charge analysis
(NPA and ADCH) and electrostatic potential maps highlight
charge transfer characteristics. All complexes displayed exception-
ally large second hyperpolarizabilities (o), ranging from 3.43 x
10° to 5.62 x 10° a.u. Notably, NDI-based systems exhibit larger
second hyperpolarizabilities than BOD-based analogs. Hyperpo-
larizability density analysis revealed that donor contributions
scaled with electron-donating ability (KZ < BDT < DN), while
acceptor contributions followed the trend PDI > NDI > BOD
(with BOD exhibiting anomalous negative contributions). The
two-level model underscores that lower transition energies and
higher oscillator strengths synergistically enhance ). values. This
study provides valuable theoretical guidance and experimental
references for the development of novel NLO materials.
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