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Abstract

This study employs molecular orbital (MO) analysis, density of states (DOS) analysis,
and advanced techniques such as charge density difference (CDD), transition density
matrix (TDM), transition electric dipole moment density (TEDM), and transition magnetic
dipole moment density (TMDM) to systematically investigate the electronic structure
characteristics of Fc-[8]CPP and Fc-[11]CPP. Using density functional theory (DFT) and time-
dependent DFT (TD-DFT), the π-electron delocalization properties and optical behaviors of
these molecules were analyzed. Furthermore, their responses to external electromagnetic
fields were explored through electronic circular dichroism (ECD) and Raman spectroscopy,
comparing chiral optical responses and electron–vibration coupling effects to elucidate
their photophysical properties. The results reveal that the HOMO-LUMO energy gaps of
Fc-[8]CPP and Fc-[11]CPP are 5.81 eV and 5.95 eV, respectively, with a slight increase as
ring size grows; Fc-[8]CPP exhibits a stronger chiral response, while Fc-[11]CPP shows
reduced chirality due to enhanced symmetry. Finally, TD-DFT calculations demonstrate that
their optical absorption is dominated by localized excitations with partial charge transfer
contributions. These findings provide a theoretical foundation for designing conjugated
macrocyclic materials with superior optoelectronic performance.

Keywords: ferrocene-embedded conjugated macrocycles; cycloparaphenylenes (CPPs);
electronic structure; chiral response; photophysical properties

1. Introduction
Cycloparaphenylenes (CPPs) are a class of macrocyclic compounds featuring a cyclic

π-conjugated structure, which have garnered significant attention in materials science due
to their unique molecular nanorings and exceptional electronic and optical properties [1–3].
The radial π-conjugation system of CPPs endows them with remarkable charge transport
capabilities and pronounced optical responsiveness, rendering them highly promising
for applications in organic electronics, host–guest chemistry, and as discrete building
blocks for structurally uniform carbon nanotubes [4–6]. Their distinctive toroidal topology
not only provides a stable π-electron framework but also imparts significant potential
for molecular recognition and supramolecular chemistry [7]. Recent advancements in
synthetic methodologies have markedly enhanced the preparation of CPPs, enabling the
synthesis of homologues ranging from the smallest [5] CPP to larger, topologically complex
structures [8–10]. Novel synthetic strategies, such as transition-metal-catalyzed cycliza-
tion and template-directed synthesis, have significantly improved yields and structural
diversity [11]. These developments have facilitated systematic investigations into the
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size-dependent electronic structures, optical transitions, and intermolecular interactions of
CPPs, laying a robust foundation for the design of functional materials [12–14].

Building on the unique architecture of CPPs, researchers have developed a variety
of functionalized CPP derivatives, significantly expanding their structural versatility and
application scope [15–17]. For instance, nitrogen-heterocycle-doped CPPs (e.g., pyridine-,
pyrazine-, or carbazole-doped CPPs) enhance electron-accepting properties and molec-
ular recognition capabilities through heteroatom incorporation, making them suitable
for high-efficiency molecular sensing, catalysis, and supramolecular assembly [18,19].
Sulfur-doped CPPs (e.g., thiophene- or benzothiophene-substituted CPPs) exhibit supe-
rior photoluminescence and electrochemical stability, showing great promise for organic
light-emitting diodes (OLEDs), photoelectrochemical devices, and photocatalysis [20–22].
Alkyl-chain-functionalized CPPs, by modulating intermolecular π-π stacking and solu-
bility, optimize performance in organic thin-film transistors and flexible electronic de-
vices [23,24]. Additionally, CPPs functionalized with aromatic substituents (e.g., naph-
thalene, anthracene, or pyrene units) enhance light absorption and fluorescence emission
through extended conjugation, making them ideal for optoelectronic devices and energy
transfer studies [25–27]. Other functionalization strategies, such as the incorporation of
electron-donating or electron-withdrawing groups, further tune the electronic structure and
photophysical properties, offering diverse options for tailored functional materials [28–31].
These functionalized CPP derivatives not only retain the intrinsic π-conjugation of pristine
CPPs but also achieve specific optoelectronic, catalytic, or molecular recognition functional-
ities through structural modifications, providing a versatile platform for next-generation
functional nanomaterials.

In this context, Lingyun Zhu and coworkers successfully synthesized a novel hybrid
macrocyclic compound, Fc-[n]CPP, by incorporating ferrocene (Fc) units into the CPP
framework [32]. Fc, a prototypical organometallic compound with excellent chemical sta-
bility and reversible redox behavior, is widely utilized in catalysis, sensing, and molecular
electronics [33–38]. Employing an efficient “one-step, two-component burst synthesis”
approach, Zhu et al. prepared Fc-[n]CPP macrocycles (e.g., Fc-[8]CPP and Fc-[11]CPP with
reference to the structure in Supplementary Information Figure S1), which combine the
redox properties of Fc with the π-conjugated system of CPPs, exhibiting multi-responsive
luminescence and electrochemically tunable properties [32,39]. The size-dependent elec-
tronic structures and optical responses of these macrocycles make them highly promising
for applications in molecular electronics, photonics, and enantioselective sensing [40–42].
Using density functional theory (DFT) and time-dependent DFT (TD-DFT), we conducted
a comprehensive analysis of the ground and excited states, as well as the optical properties
of Fc-[8]CPP and Fc-[11]CPP, providing a theoretical framework for the development of
next-generation functional nanosystems.

2. Materials and Methods
All quantum–chemical computations were carried out with the Gaussian 16 (Rev. A.03)

program package; molecular models were constructed and visualized using GaussView
6.0.16 [43,44]. Ground-state geometries were optimized at the B3LYP [45] level of theory em-
ploying a mixed basis set: 6-31G(d) for C and H atoms, and the MDF10 Stuttgart–Dresden
effective-core-potential basis set for the Fe center. We employed the B3LYP functional with
D3 dispersion correction (B3LYP-D3) to optimize the structure of ferrocene-embedded
conjugated macrocycles [46]. B3LYP-D3 accurately describes the molecular geometry
of ferrocene-containing and conjugated systems, with dispersion correction effectively
accounting for weak interactions, making it suitable for this study [32]. This method bal-
ances computational efficiency and accuracy. Harmonic frequency analyses confirmed
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that all optimized geometries correspond to true minima on the potential-energy surface,
exhibiting no imaginary frequencies. Excited-state properties were computed by means
of time-dependent density-functional theory (TD-DFT) using the CAM-B3LYP functional
together with the identical mixed basis set [47]; this combination provides an accurate
description of long-range electronic interactions inherent to conjugated macrocycles. The
CAM-B3LYP functional was employed to strike an optimal balance between computa-
tional cost and accuracy for the electronically and structurally intricate Fc-[n]CPP systems.
Wave-function analyses were performed with Multiwfn 3.8 [48] to generate natural-bond-
orbital (NBO) [49] populations, CDD maps, TEDM distributions, and TMDM distributions;
three-dimensional visualizations were rendered with VMD 1.9.3 [50]. Total and projected
density-of-states (TDOS and PDOS) curves, UV–visible (UV-Vis) spectra, TDM [51], ECD
spectra [52,53], as well as Raman and resonance-Raman profiles were plotted using Origin
2024b. Vibrational modes were characterized on the basis of harmonic frequencies obtained
at the same B3LYP/mixed-basis level and visualized with GaussView [54]. All calculations
were conducted under vacuum conditions to isolate intrinsic molecular properties.

3. Results
3.1. Electronic Structure

This study focuses on two ferrocene-embedded conjugated macrocycles of different
sizes, Fc-[8]CPP and Fc-[11]CPP (as shown in Figure 1). From the figure, the inner diameters
of Fc-[8]CPP and Fc-[11]CPP can be observed to be 3.566437 Å and 5.653819 Å, respectively.

 

Figure 1. Three-dimensional structural schematic of Fc-[8]CPP (a) and Fc-[11]CPP (b). Gray represents
carbon atoms, white represents hydrogen atoms, and purple represents +2 valence iron.

3.2. HOMO and LUMO Analysis

Figure 2 presents the calculated energies of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO) for Fc-[8]CPP and Fc-
[11]CPP, along with their corresponding HOMO-LUMO energy gaps. Accordingly, the
HOMO and LUMO energies of Fc-[8]CPP are −6.32 eV and −0.51 eV, respectively, with a
HOMO-LUMO energy gap of 5.81 eV. In contrast, the HOMO and LUMO energies of Fc-
[11]CPP are −6.44 eV and −0.46 eV, respectively, with an energy gap of 5.95 eV. The HOMO–
LUMO gap in Fc-[n]CPP macrocycles widens with increasing ring size, rising from 5.81 eV
in Fc-[8]CPP to 5.95 eV in Fc-[11]CPP. This inversion stems from the electron-donating
character of the ferrocenyl (Fc) moiety. In the smaller Fc-[8]CPP, strong d–π coupling
between the Fe d orbitals and the CPP π manifold destabilizes the HOMO, whereas in the
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larger Fc-[11]CPP the extended π-conjugation preferentially lowers the LUMO, leading to
an enlarged gap. A larger HOMO-LUMO gap increases the energy required for electronic
transitions from HOMO to LUMO; therefore, the transition of Fc-[11]CPP is more difficult
to occur than that of Fc-[8]CPP.

 
Figure 2. HOMO and LUMO energies, along with the HOMO-LUMO gap, for Fc-[8]CPP and
Fc-[11]CPP.

3.3. MO and DOS Analyses

MO character analysis reveals that both Fc-[8]CPP and Fc-[11]CPP possess three
distinct classes of valence-occupied orbitals: radial πin-MOs, peripheral πout-MOs, and
σ-type MOs. Figure 3 presents the cumulative contributions of all occupied MOs to the
total density of states (TDOS) together with the partial density of states (PDOS) arising
from selected frontier orbitals for each system. For Fc-[8]CPP (Figure 3a), the low-energy
region below −10 eV exhibits mixed contributions from σ-MOs, πin-MOs, and πout-MOs.
Between −10 eV and −4.4 eV, the DOS is dominated by the joint contribution of πin-
MOs and πout-MOs, while the energy window from −0.5 eV to 4.2 eV corresponds to
formally unoccupied (virtual) orbitals.In Fc-[11]CPP (Figure 3b), the lowest-lying states are
almost exclusively σ-MOs. The energy span from −14.2 eV to −3.1 eV is characterized by
overlapping contributions of πin-MOs and πout-MOs. Analogous to Fc-[8]CPP, the region
extending from −0.5 eV to 4.2 eV remains unoccupied.



Chemistry 2025, 7, 136 5 of 17

 
Figure 3. (a) PDOS and TDOS profiles of Fc-[8]CPP; (b) PDOS and TDOS profiles of Fc-[11]CPP.

3.4. Natural Bond Orbital (NBO) Analysis

To elucidate the electronic interactions in Fc-[8]CPP and Fc-[11]CPP, natural bond
orbital (NBO, Figure 4) analyses were performed, focusing on the Fe–Cp bond and the
C–C bonds within the CPP macrocycles. In Fc-[8]CPP the Fe d(xz) and d(yz) orbitals
accept electron density from the Cp π orbitals. The C–C bonds of the [8]CPP ring display
moderate π-type interactions, consistent with the limited conjugation imposed by the small
ring size.By contrast, the Fe–Cp interaction in Fc-[11]CPP is slightly attenuated owing to
diminished electronic overlap between the ferrocenyl unit and the expanded macrocycle.
Concurrently, the C–C π interactions are markedly enhanced, reflecting both extended π-
conjugation and increased planarity. These electronic disparities manifest spectroscopically
the lowest-energy absorption band shifts from 340 nm in Fc-[8]CPP to 350 nm in Fc-[11]CPP,
corroborating the UV–visible data and underscoring the role of extended π-conjugation in
narrowing the HOMO–LUMO gap.

 

Figure 4. (a,b) Donor and acceptor orbitals arising from second-order perturbative interaction
analyses for (a) Fc-[8]CPP and (b) Fc-[11]CPP, computed at the B3LYP level with a mixed basis set
(6-31G(d) for C and H, MDF10 for Fe) under vacuum conditions. Regions of positive phase are
rendered in green–yellow, while negative phase regions are shown in blue–purple.
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3.5. OPA and TPA Analyses of Fc-[8]CPP and Fc-[11]CPP
3.5.1. OPA Analyses

To assess the photostability of the electronically excited states, the S1 geometries of
Fc-[8]CPP and Fc-[11]CPP were fully optimized at the TD-DFT level employing the CAM-
B3LYP functional in conjunction with the mixed basis set 6-31G(d) for C and H and the
MDF10 effective-core-potential basis set for Fe. Relative to their respective ground-state
structures, the S1 geometries exhibit only minor distortions, with all bond-length deviations
remaining below 0.05 Å and no discernible structural reorganization, thus confirming
the robust stability of the photoexcited states. This study systematically analyzes the
OPA spectra of Fc-[8]CPP and Fc-[11]CPP to elucidate the relationship between their
electronic transition mechanisms and molecular structures. The OPA spectrum of Fc-
[8]CPP (Figure 5a) exhibits three prominent absorption peaks in the 150–400 nm range,
located at 347.77 nm, 306.30 nm, and 190.45 nm, corresponding to the excited states S6, S8,
and S77, respectively. In contrast, the spectrum of Fc-[11]CPP (Figure 5b) in the same range
displays two main absorption peaks at 314.30 nm and 189.98 nm, corresponding to S8 and
S93, with oscillator strengths of 3.6081 and 1.7844, respectively.

 

Figure 5. One-photon absorption spectra of Fc-[8]CPP and Fc-[11]CPP (a,b) and a combined one-
photon absorption spectrum (c).

This study analyzes the electronic transition characteristics of Fc-[8]CPP during the
one-photon absorption (OPA) process using CDD and TDM analyses (Figure 6). The OPA
spectrum of Fc-[8]CPP is primarily dominated by the S8 and S77 excited states. For the
S8 excited state (Figure 6a), the TDM shows transition density concentrated in the upper
right corner of the diagonal, with minimal off-diagonal density. In the top view of the
CDD, electrons (red) and holes (blue) are uniformly distributed along the carbon-carbon
bonds of the CPP framework, with a small amount scattered in other regions, indicating
a high overlap between electrons and holes characteristic of localized excitation. For the
S77 excited state (Figure 6b), the TDM reveals that the transition density is primarily
concentrated in the lower left corner of the diagonal, accompanied by a small amount of off-
diagonal distribution. In the top view of the CDD, electrons and holes remain concentrated
on the CPP framework, but their spatial separation is more pronounced, with electrons and
holes distributed in different regions, indicating a charge transfer characteristic.

The OPA spectrum of Fc-[11]CPP is primarily dominated by the S8 and S93 excited
states. The TDM of S8 (Figure 7a) shows a high concentration of transition density along
the diagonal, with a minor amount of off-diagonal density. In the top view of the CDD,
electrons and holes are uniformly distributed across the CPP framework without significant
regional separation, confirming the localized excitation characteristic, consistent with the
diagonal features of the TDM. The TDM of S93 (Figure 7b) reveals that the transition density
is mainly concentrated along the diagonal with a relatively uniform distribution, while
the CDD shows electrons and holes distributed in different parts of the CPP framework,
indicating a charge transfer-dominated behavior.
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Figure 6. (a) TDM and CDD plots for Fc-[8]CPP in the 8th excited state; (b) TDM and CDD plots for
Fc-[8]CPP in the 77th excited state. In the CDD plots, blue represents holes, red represents electrons,
with an isosurface value of 0.0005.

 

Figure 7. (a) TDM and CDD plots for Fc-[11]CPP in the 8th excited state; (b) TDM and CDD plots for
Fc-[11]CPP in the 93rd excited state. In the CDD plots, blue represents holes, red represents electrons,
with an isosurface value of 0.0005.

To further elucidate the electronic excitation character of Fc-[n]CPP macrocycles,
we performed a comprehensive wave-function analysis and defined a set of transition
indices. Sr(electrons and holes overlap index) larger values indicate stronger electron–
hole overlap, characteristic of a local excitation. D(electron–hole distance, nm) smaller
magnitudes denote more localized excitations. H(spatial extent of the electron–hole pair,
nm). T(relative displacement between electron and hole centroids, nm) negative values are
typically associated with locally confined excitations.

Table 1 lists the excited-state transition indices of Fc-[8]CPP and Fc-[11]CPP at their
main absorption peaks.

( f =
2
3

∆E | ⟨i | r | j⟩ |2), (1)

Table 1. Transition indices of the dominant excited states for Fc-[n]CPP near the main absorption
peaks in the 150–200 nm range.

Molecule Excited
States

Oscillator
Strength

Excited
Energy (eV) H(Å) D(Å) t (Å) Sr

Fc-[8]CPP S8 2.4957 4.048 6.191 0.223 −3.922 0.70482

Fc-[8]CPP S77 0.9466 6.510 6.449 0.830 −3.607 0.27158

Fc-[11]CPP S8 3.6081 3.945 8.216 0.060 −4.490 0.73501

Fc-[11]CPP S93 1.7844 6.526 8.371 0.092 −5.180 0.34518

The oscillator strength increases with molecular size n, indicating enhanced absorption
capacity with larger sizes.

(Hindex =
| σele | + | σhole |

2
), (2)
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The H index increases with n, reflecting a broader electron–hole distribution.

(Dindex =
√

D2
X + D2

y + D2
Z), (3)

(Sr =
∫ √

ρhole(r), dr), (4)

Analysis of the D index and Sr index shows that Fc-[8]CPP’s S8 (Sr = 0.70482, D = 0.223 Å)
and Fc-[11]CPP’s S8 (Sr = 0.73501, D = 0.060 Å) exhibit high overlap and low separation,
characteristic of localized excitation. In contrast, Fc-[8]CPP’s S77 (Sr = 0.27158, D = 0.830 Å)
and Fc-[11]CPP’s S93 (Sr = 0.34518, D = 0.092 Å) are dominated by charge transfer.

(tindex = Dindex − HCT), (5)

The t index values for Fc-[8]CPP and Fc-[11]CPP’s S8 are −3.922 Å and −4.490 Å,
respectively, with large negative values confirming the dominance of localized excitation.

3.5.2. TPA Analyses

As shown in Figure 8a, the two-photon absorption (TPA) spectrum of Fc-[8]CPP ex-
hibits three absorption peaks within the 300–800 nm range, located at 696.97 nm, 613.84 nm,
and 418.22 nm, corresponding to the excited states S6, S8, and S46, respectively. The strong
absorption peak S8 indicates that the molecule exhibits a significant nonlinear optical
response at this wavelength. As shown in Figure 8b, the TPA spectrum of Fc-[11]CPP
displays two absorption peaks within the 300–800 nm range, located at 629.88 nm and
424.50 nm, corresponding to the excited states S8 and S50, respectively. The strong absorp-
tion peak S8 suggests that this molecule also exhibits a notable nonlinear optical response
at this wavelength.

Figure 8. Two-photon absorption spectra of Fc-[8]CPP and Fc-[11]CPP (a,b) and a combined two-
photon absorption spectrum (c).

Figure 9 illustrates the two-step TPA process of Fc-[8]CPP for the S6, S8, and S46
excited states, revealing electronic transition characteristics through the TDM and CDD. For
the S6 excited state, the first step transition (S0 → S1) shows transition density concentrated
in the upper left and lower right, with the CDD indicating that electrons and holes are
distributed across the five-membered rings of the Fc unit, exhibiting significant charge
transfer from Fc to the CPP framework. The second step transition (S1 → S6) features
transition density distributed on both sides of the diagonal, with the CDD showing electrons
and holes extending across the entire molecule, a pronounced electron–hole separation,
and enhanced charge transfer. For the S8 excited state (maximum TPA cross-section), the
first step flesta (S0 → S6) shows transition density primarily along the diagonal, with minor
distribution in the upper left and lower right. The CDD indicates that electrons and holes
are concentrated on the CPP ring, reflecting localized excitation characteristics. The second
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step transition (S6 → S8) has transition density focused along the diagonal, with the CDD
showing electrons and holes confined to the CPP ring, exhibiting significant separation and
characteristic of charge transfer excitation. For the S46 excited state, the first step transition
(S0 → S8) shows transition density concentrated in the upper right and lower left, with the
CDD indicating that electrons and holes are distributed across the CPP ring, suggesting a
mix of localized excitation and charge transfer. The second step transition (S8 → S46) has
transition density focused along the diagonal, with the CDD showing electrons and holes
confined to the CPP ring, characteristic of charge transfer.

Figure 9. (a–f) Two–step TPA process of Fc-[8]CPP for the S6 state, showing TDM and electron–hole
pair density from the ground state to the intermediate state (c) and from the intermediate state to the
final state (a) with electron–hole pair densities (b,d); two-step TPA process for the S8 state, showing
TDM and electron–hole pair density from the ground state to the intermediate state (g) and from the
intermediate state to the final state (e) with electron–hole pair densities (h,f); two-step TPA process for
the S48 state, showing TDM and electron–hole pair density from the ground state to the intermediate
state (k) and from the intermediate state to the final state (i) with electron–hole pair densities (j,l). In
the CDD plots, blue represents holes, red represents electrons, with an isosurface value of 0.0005.

Figure 10 illustrates the two-step TPA process of Fc-[11]CPP for the S8, S50 excited
states, revealing electronic transition characteristics through the TDM and CDD. For the
S8 excited state (maximum TPA cross-section), the first step transition (S0 → S7) shows
transition density primarily along the diagonal, with minor distribution in the upper
left and lower right, indicating dominant localized excitation with weak charge transfer.
The CDD reveals that electrons and holes are concentrated on the CPP ring, confirming
localized excitation as the primary mechanism with a minor charge transfer component.
The second step transition (S7 → S8) has transition density focused along the diagonal, with
a small amount distributed in the upper left and lower right. The CDD shows electrons and
holes distributed on the CPP ring phenyl units away from Fc, with significant separation,
characteristic of charge transfer. For the S50 excited state, the first step transition (S0 → S8)
exhibits transition density primarily along the diagonal, with weaker distribution in the
upper right and lower left. The CDD shows electrons and holes located on the upper and
lower phenyl rings of the CPP ring, indicating a mix of localized excitation and charge
transfer. The second step transition (S8 → S50) has transition density concentrated along
the diagonal, with the CDD revealing electrons and holes distributed in the CPP ring region
away from Fc, where charge transfer diminishes, presenting pure localized excitation.

Table 2 reveals the transition dipole moments for each transition during two-photon
excitation. The magnitude of the transition dipole moment is closely correlated with the
intensity of the two-photon absorption cross-section.
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Figure 10. (a–h) Two–step TPA process of Fc-[11]CPP for the S8 state, showing TDM and electron–hole
pair density from the ground state to the intermediate state (c) and from the intermediate state to the
final state (a) with electron–hole pair densities (b,d); two–step TPA process for the S50 state, showing
TDM and electron–hole pair density from the ground state to the intermediate state (g) and from the
intermediate state to the final state (e) with electron–hole pair densities (h,f). In the CDD plots, blue
represents holes, red represents electrons, with an isosurface value of 0.0005.

Table 2. Transition dipole moments and absorption cross-sections for the dominant two-photon
absorption excited states of Fc-[n]CPP.

Molecule State Process Integral Value
(Debye)

Fc-[8]CPP S6 ⟨ϕs0|µ|ϕs1⟩ × ⟨ϕs1|µ|ϕs6⟩ 0.016 × 0.038
Fc-[8]CPP S8 ⟨ϕs0|µ|ϕs6⟩ × ⟨ϕs6|µ|ϕs8⟩ 4.473 × 139.474
Fc-[8]CPP S46 ⟨ϕs0|µ|ϕs8⟩ × ⟨ϕs8|µ|ϕs46⟩ 21.156 × 536.952

Fc-[11]CPP S8 ⟨ϕs0|µ|ϕs7⟩ × ⟨ϕs7|µ|ϕs8⟩ 1.492 × 0.299
Fc-[11]CPP S50 ⟨ϕs0|µ|ϕs8⟩ × ⟨ϕs8|µ|ϕs50⟩ 31.987 × 861.072

3.6. ECD Analysis of Fc-[8]CPP and Fc-[11]CPP

ECD is a crucial tool for studying the optical properties of chiral molecules, elucidating
the relationship between molecular structure and light absorption [40,41]. In this study, the
ECD spectra of Fc-[8]CPP and Fc-[11]CPP were calculated using time-dependent density
functional theory (TD-DFT) (Figure 11), and their chirality mechanisms were analyzed
by combining TEDM and TMDM. For Fc-[8]CPP (Figure 11a), the ECD spectrum in the
150–450 nm range exhibits four positive peaks and three negative peaks, with the spectral
y-axis indicating a strong chiral response. For Fc-[11]CPP (Figure 11b), the spectrum in
the 150–650 nm range shows five positive peaks and one negative peak, with the chiral
signal on the y-axis significantly weakened. The comparison reveals that Fc-[8]CPP has
a much stronger chiral intensity than Fc-[11]CPP, as the latter’s higher symmetry leads
to a reduced chiral response. To elucidate the chiral origin of the ECD spectra, TEDM
and TMDM analyses were conducted for the excited states corresponding to the strongest
positive and negative peaks.

To further investigate the ECD characteristics of Fc-[8]CPP, we calculated the TEDM
and TMDM for the S67 excited state corresponding to the strongest positive absorption
peak. Figure 12 shows that the TEDM in the X component is primarily distributed on the
left and right sides of the molecule, while the Y component of TEDM is mainly distributed
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on the upper and lower sides, with the positive and negative isosurfaces of both X and Y
components being symmetrically distributed, and minimal TEDM distribution in the
Z component. The distribution of TMDM is, to some extent, complementary to that of
TEDM, with TMDM isosurfaces appearing in regions where TEDM isosurfaces are absent,
reflecting the perpendicular relationship between electric and magnetic field directions
in electromagnetic waves. The remaining TEDMand TMDM distributions are provided
in the Supplementary Information, Figure S3 illustrates the distribution of TEDM and
TMDM for the S68 excited state, corresponding to the strongest negative absorption
peak of Fc-[8]CPP, across different directions (in conjunction with Figure S3a–f). The
TEDM in the X component is primarily distributed on the left and right sides of the
molecule, while the Y component of TEDM is mainly distributed on the upper and
lower sides, with the positive and negative isosurfaces of both X and Y components
being symmetrically distributed, and minimal TEDM distribution in the Z component.
The distribution of TMDM is, to some extent, complementary to that of TEDM, with
TMDM isosurfaces appearing in regions where TEDM isosurfaces are absent. Figure S4
illustrates the distribution of TEDM and TMDM for the S63 excited state, corresponding
to the strongest positive absorption peak of Fc-[11]CPP, across different directions (in
conjunction with Figure S4a–f). The TEDM in the X and Y components is primarily
distributed on the upper and lower sides of the molecule, with the positive and negative
isosurfaces being symmetrically distributed, and minimal TEDM distribution in the
Z component. The distribution of TMDM is, to some extent, complementary to that
of TEDM, with TMDM isosurfaces appearing in regions where TEDM isosurfaces are
absent. Figure S5 illustrates the distribution of TEDM and TMDM for the S64 excited
state, corresponding to the strongest negative absorption peak of Fc-[11]CPP, across
different directions (in conjunction with Figure S5a–f). The TEDM in the X component is
primarily distributed on the left and right sides of the molecule, while the Y component
of TEDM is mainly distributed on the upper and lower sides, with the positive and
negative isosurfaces of the XY components being symmetrically distributed, and minimal
TEDM distribution in the Z component. The distribution of TMDM is, to some extent,
complementary to that of TEDM, with TMDM isosurfaces appearing in regions where
TEDM isosurfaces are absent.

Figure 11. ECD spectra of Fc-[8]CPP and Fc-[11]CPP (a,b).
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Figure 12. (a–f) Electric/magnetic dipole moment density matrices (top) and isosurface plots (bottom)
for the S67 state of Fc-[8]CPP. In the TEDM plots, green represents positive values, blue represents
negative values; in the TMDM plots, yellow represents positive values, purple represents negative
values, with an isosurface value of 0.02.

3.7. Raman Spectra and Resonance Raman Spectra of Fc-[8]CPP and Fc-[11]CPP

Raman spectroscopy, which characterizes molecular vibrations and structural features
by measuring the frequency shift of scattered light (Raman shift), is of significant value in
molecular structure analysis. The ultraviolet-visible spectra of Fc-[8]CPP and Fc-[11]CPP
exhibit prominent absorption peaks at 325 nm and 355 nm, respectively, located on the
long-wavelength side of the absorption band, making them suitable for resonance Raman
experiments. We employed 325 nm and 355 nm lasers to excite Fc-[8]CPP and Fc-[11]CPP,
respectively, enhancing the vibrational mode signals coupled with electronic transitions,
thereby increasing Raman intensity and reducing fluorescence background. Figure 13
presents the static and resonance Raman spectra of Fc-[8]CPP and Fc-[11]CPP. The static
Raman spectrum of Fc-[8]CPP exhibits strong peaks concentrated in the 1500–1600 cm−1

range, with additional peaks appearing in the 750–1400 cm−1 region, and peak intensities
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increase with molecular size. The resonance Raman spectrum shows strong peaks in the
700–1300 cm−1 range, with weaker peaks at 3000–3250 cm−1. The peak positions in the
resonance spectrum differ from those in the static spectrum, with intensities enhanced by
approximately three orders of magnitude. The 325 nm laser for Fc-[8]CPP and the 355 nm
laser for Fc-[11]CPP significantly enhance the Raman signals. To elucidate the assignment
of characteristic peaks, we calculated the vibrational modes, and vector arrow diagrams
reveal the direction and intensity of atomic vibrations, providing a microscopic basis for
the spectral features (Figure 13).

Figure 13. Raman and resonance Raman spectra of Fc-[8]CPP and Fc-[11]CPP (a,b).

The vibrational-mode diagrams for Fc-[8]CPP and Fc-[11]CPP are provided in the
Supplementary Information, Figure S6 illustrates the vibrational modes of Fc-[8]CPP at
different frequency bands. In the 325 nm resonance Raman spectrum, the vibrational mode
at 800.04 cm−1 (Figure S6a) corresponds to the contraction of the central phenyl ring of
the CPP and the vibrations of surrounding hydrogen atoms. The vibrational mode at
1276.97 cm−1 (Figure S6b) manifests as the transverse vibration of hydrogen atoms on the
CPP ring and the vibrations of surrounding hydrogen atoms. In the Raman spectrum, the
vibrational mode at 1262.20 cm−1 (Figure S6c) represents the vibrations of hydrogen atoms
and the stretching vibrations of carbon atoms on the CPP ring. Similarly, the vibrational
mode at 1583.93 cm−1 (Figure S6d) indicates the vibrations of hydrogen atoms and the
stretching vibrations of carbon atoms on the CPP ring. Figure S7a,b displays the vibrational
modes of Fc-[11]CPP across different frequency ranges. In the 355 nm resonance Raman
spectrum, the vibrational mode of Fc-[11]CPP at 785.92 cm−1 (Figure S7a) is identified
as the radial contraction vibration of the central phenyl ring of the CPP, accompanied by
cooperative motion of the H atoms. This frequency exhibits a slight red shift compared
to the lower frequency mode of Fc-[8]CPP at 800.04 cm−1 (Figure S6a), reflecting the
influence of increased ring size. The 3060.96 cm−1 mode (Figure S7b) originates from the
transverse C-H stretching vibration of H atoms, located in the high-frequency region. The
1269.04 cm−1 mode (Figure S7c) involves in-plane vibrations of H atoms and stretching
vibrations of C atoms on the CPP ring, similar to the 1262.20 cm−1 mode of Fc-[8]CPP
(Figure S6c). The 1592.07 cm−1 mode (Figure S7d) corresponds to H atom vibrations and
C=C bond stretching vibrations of the CPP ring, with a slightly higher frequency than the
1583.93 cm−1 mode of Fc-[8]CPP (Figure S7d), indicating a fine-tuning effect due to ring
size adjustment.

4. Discussion
This study systematically investigates the electronic structure and photophysical

properties of Fc-[8]CPP and Fc-[11]CPP, employing a suite of analytical methods including
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MO, DOS, NBO, CDD, TDM, TEDM, and TMDM analyses. MO and DOS analyses reveal
partial overlap between the d-orbitals of the Fc unit and the π-system of the CPP ring,
resulting in partial conjugation between Fc and CPP. NBO analysis reveals that Fc-[8]CPP
exhibits stronger Fe-Cp interactions, leading to enhanced conjugation between the Fc unit
and the CPP ring, while the C-C conjugation within the CPP ring remains moderate. In
contrast, Fc-[11]CPP shows weaker Fe-Cp interactions due to its larger ring size, but the C-C
conjugation within the CPP ring is significantly enhanced, resulting in a more pronounced
conjugated structure in the CPP framework. This indicates that the smaller ring size of Fc-
[8]CPP strengthens Fc-Cp-related conjugation, facilitating electronic transitions (Figure 3).
The HOMO-LUMO energy gap increases with ring size, from 5.81 eV in Fc-[8]CPP to
5.95 eV in Fc-[11]CPP, reflecting the interplay between ring size and conjugation effects.
Specifically, the HOMO of Fc-[8]CPP shows significant contributions from both the Fc
unit and the CPP ring, indicating strong electronic coupling, whereas Fc-[11]CPP exhibits
slightly reduced electronic coupling due to the larger ring size.

OPA and TPA analyses reveal that the primary transitions are localized excita-
tions within the CPP framework, accompanied by weak charge transfer from Fc to CPP
(Figures 5 and 8). The OPA peak of Fc-[11]CPP (314.3 nm) is red-shifted compared to that
of Fc-[8]CPP (306.3 nm). Similarly, the TPA peak of Fc-[11]CPP (629.88 nm) is slightly
red-shifted relative to Fc-[8]CPP (613.84 nm). The S8 state dominates both OPA and TPA
processes due to its large transition dipole moment and significant electron–hole pair
overlap (Table 1). Additionally, a deep ultraviolet absorption peak at ~190 nm (Figure 5)
provides theoretical insights into high-energy excited states, although experimental UV-
visible spectra are typically limited to wavelengths above 200 nm due to instrumental
constraints. Computational results indicate that the primary OPA peak of [8]CPP is lo-
cated at 304.78 nm, while that of [11]CPP is at 309.61 nm. The primary OPA peaks of
Fc-[n]CPP (306.30 nm for Fc-[8]CPP and 314.30 nm for Fc-[11]CPP) exhibit a slight red-shift
compared to their respective [n]CPP counterparts (Figure S8), attributed to the enhanced
conjugation induced by the Fc unit. Compared to experimental results, the calculated OPA
peak for Fc-[8]CPP is located at 347.77 nm, while the experimental primary absorption
peak is approximately 340 nm, resulting in a difference of about 7 nm. For Fc-[11]CPP, the
calculated primary OPA peak is at 341.3 nm, with the experimental primary absorption
peak at approximately 340 nm. (Figure S11).

To further elucidate the photophysical properties of Fc-[n]CPP, this study compares
their TPA and ECD characteristics with those of [n]CPP. The results show that the TPA
cross-section of Fc-[n]CPP is higher than that of [n]CPP, indicating that the introduction of
Fc enhances nonlinear optical efficiency (Figure S9). Notably, Fc-[8]CPP exhibits a stronger
TPA response than Fc-[11]CPP (Figure 8). ECD spectra demonstrate that pristine [n]CPP
exhibits a higher ECD cross-section than Fc-[n]CPP (Figure S10), indicating a stronger
overall circular dichroism signal, likely due to its higher molecular symmetry. However,
Fc-[8]CPP displays a significantly stronger chiral response than Fc-[11]CPP (Figure 8), as
the Fc unit in the smaller ring induces greater disruption of molecular symmetry, leading
to enhanced configurational distortion and amplified chiral signals. TEDM and TMDM
analyses further clarify the electromagnetic interaction mechanisms underlying the chiral
signals (Figures 12 and S3–S5).

Raman and resonance Raman spectroscopy analyses indicate that radial vibrations
of the CPP ring and C-H bond motions are strongly coupled with electron–vibration
interactions (Figures S6 and S7), providing critical insights into the relationship between
molecular vibrations and optical properties.
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5. Conclusions
In summary, a combined DFT/TD-DFT protocol was employed to elucidate the elec-

tronic structures, linear and nonlinear optical responses, and chiroptical characteristics
of Fc-[8]CPP and Fc-[11]CPP. Partial d–π conjugation between the Fc moiety and the cy-
cloparaphenylene (CPP) ring engenders a ring-size-dependent HOMO–LUMO gap that
widens from 5.81 eV (Fc-[8]CPP) to 5.95 eV (Fc-[11]CPP), thereby modulating the associated
electronic transitions. Natural bond orbital (NBO) analysis reveals that the more compact
Fc-[8]CPP benefits from pronounced Fe–Cp interactions that enhance structural stability,
whereas Fc-[11]CPP exhibits reinforced C–C π-delocalization, red-shifting the dominant
absorption from 340 nm to 350 nm. Both OPA and TPA transitions are primarily localized
on the CPP scaffold with a minor Fc→CPP charge-transfer component; the tighter geometry
of Fc-[8]CPP confers a superior nonlinear optical response. ECD spectra further demon-
strate that Fc-[8]CPP displays markedly stronger chiroptical signatures than Fc-[11]CPP,
an effect ascribed to differential molecular symmetry. Resonance Raman profiles establish
a clear correlation between CPP-ring vibrational modes and electron–vibration coupling.
Collectively, these findings furnish a robust theoretical foundation for deploying Fc-[n]CPP
scaffolds in nonlinear optical materials, enantioselective sensors, and molecular electronic
devices. Future work may extend to coordination studies with alternative transition-metal
centers and experimental validation of the predicted deep-UV absorption features, thereby
broadening the utility of these macrocycles in functional nanomaterials.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemistry7050136/s1, Figure S1: Optimized geometries of Fc-
[8]CPP and Fc-[11]CPP; Figure S2: 3D structures of Fc-[8]CPP and Fc-[11]CPP; Figures S3–S5: TEDM
and TMDM distributions of selected excited states; Figures S6 and S7: Vibrational modes of Fc-[8]CPP
and Fc-[11]CPP; Figures S8 and S9: One- and two-photon absorption spectra; Figure S10: ECD spectra;
Figure S11: UV-Vis spectra of Fc-[8]CPP and Fc-[11]CPP.
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