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Abstract

Covalent organic frameworks (COFs) have emerged as unique catalysts for photocatalysis;
however, the relationship between their building block units and optoelectronic properties
remains elusive. Herein, we explored the influence of building blocks on the optoelec-
tronic properties of benzotrithiophene-based COFs (BTT-COFs) using density functional
theory (DFT) and time-dependent DFT (TD-DFT) calculations. The calculation results
suggested that three critical factors—the conjugated structure, planarity, and the intro-
duction of nitrogen heteroatoms—significantly influenced charge separation and transfer
within BTT-COFs. Structure–property relationships were established through several crit-
ical quantitative parameters, such as Sr, t, and CT. Among seven BTT-COFs, BTT-Tpa
(Tpa: 4,4′,4′′-triaminotriphenylamine) exhibited the most efficient charge separation and
the highest charge transfer capability due to the electronegativity of triphenylamine, the
delocalization of its lone pair electrons, and its unique star-shaped configuration. These
theoretical results will provide an essential foundation for selecting donor–acceptor units
in the design of novel COF materials for photocatalytic reaction applications.

Keywords: BTT-COFs; charge transfer; optoelectronic property; density functional theory;
time density functional theory

1. Introduction
In recent years, covalent organic frameworks (COFs) have attracted much attention

in the field of photocatalysis mainly due to their unique optoelectronic properties and
structural adjustability [1–4]. COFs serve as a class of crystalline porous materials. By
integrating diverse building blocks, it is feasible to attain high porosity, a large surface
area, good structural connectivity, and functionalized active sites within the frameworks
of COFs [5–7]. Owing to their structural diversity and designability, COFs have been
employed in various photocatalytic platforms, including the photosynthesis of hydrogen
peroxide [8], the photocatalysis of hydrogen evolution [9], carbon dioxide reduction reac-
tions [10], nitroreductions [11], and photodynamic therapy [12]. In addition, the periodic
and well-defined building block units of COFs facilitate charge transfer, carrier transport,
and a reduction in exciton recombination [13,14]. Using donor–acceptor structures as the
building blocks for the preparation of COFs is considered a highly effective strategy. This
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approach markedly enhances the light absorption and charge generation capabilities of
COFs, significantly improving their photocatalytic activity [15].

Benzotrithiophene (BTT) is a stable π-aromatic ring compound, exhibiting high hole
mobility and favorable optical absorption [16]. The incorporation of BTT and counter aro-
matic building blocks within COF frameworks facilitates the formation of donor–acceptor
structures, rendering COFs highly suitable for photocatalytic applications [8,17]. Recently,
a series of BTT-COFs (as illustrated in Scheme 1) have been successfully synthesized and
have demonstrated remarkable photocatalytic activity for hydrogen evolution under visi-
ble light irradiation [18–26]. For example, through a reversible Schiff-base condensation
reaction, Kwak and Baek et al. synthesized five novel BTT-COFs by using BTT and var-
ious aromatic diamines, including phenyl-1,4-diamine (PDA), naphthalene-2,6-diamine
(NDA), anthracene-2,6-diamine (AnthDA), and [1,1′-biphenyl]-4,4′-diamine (BPhDA), as
the building blocks [26]. These BTT-COFs demonstrated excellent performance in photocat-
alytic hydrogen production. The remarkable photocatalytic activity of BTT-COFs can be
attributed to the high electron affinity and charge trapping capability of the donor–acceptor
structure units, which facilitate rapid charge separation and transfer. Furthermore, Zhan
and Wang, along with their co-workers, successfully synthesized three types of imine-
linked COFs by combining BTT units with 4,4′,4′′-triaminotriphenylamine (Tpa), 1,3,5-
tris(4-aminophenyl)-benzene (Tapb), and 2,4,6-tris(4-aminophenyl)-1,3,5-triazine (Tapt) [8].
Owing to the differences in charge density and energy levels between the BTT and aro-
matic building units, donor–acceptor structures were formed within these imine-linked
COFs. These unique structures make them highly selective for H2O2 photogeneration.
However, most experimental studies on BTT-COFs primarily focus on constructing novel
COF frameworks or enhancing the efficiency of photocatalytic processes while overlooking
in-depth theoretical investigations into the optoelectronic properties and structure–function
relationships of BTT-COFs. Moreover, a comprehensive understanding of the structure–
activity relationship between the building block units of COFs is crucial for the design of
efficient photocatalysts.

Scheme 1. BTT-COFs assembled from BTT and various aromatic units.

Rapid advances in computer technology and theoretical knowledge have made quan-
tum chemical calculations an essential tool for explaining and predicting experimental
results. Density functional theory (DFT) calculations have been successfully employed
to investigate porous materials, including zeolites [27–29], metal–organic frameworks
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(MOFs) [30,31], and covalent organic frameworks (COFs) [32,33]. It offers microscopic
insights into the applications of porous materials in catalysis [34,35], adsorption [36,37], sep-
aration [38], fluorescence, and the information industry [39]. In addition, time-dependent
density functional theory (TD-DFT) can be employed to simulate UV–vis spectroscopy, char-
acterize charge transfer, optimize the electronic structure, and calculate the energy levels
of organic molecules in their excited states [40]. For example, Bredas et al. employed DFT
calculations to investigate the impact of imine bonds on the charge-transport properties
of 2D imine COFs [41]. Berend Smit et al. conducted research on ionization potential (IP)
and electron affinity (EA) energies to evaluate the thermodynamic feasibility of photoredox
reactions in COFs [42]. Jiang et al. demonstrated that the intrinsic electronic properties of
enaminone-linked COFs can be attributed to π-delocalization over the carbon-rich frame-
work, as evidenced by the analysis of the HOMO and LUMO of the building blocks [43].
Sun et al. preformed hole–electron analysis to characterize the number of charge transfers
in the donor–acceptor (D-A) structure of organic emitters [44]. The structural, electronic,
and optical properties of a series of benzotrithiophene (BTT) derivatives were explored
by using DFT calculations [45–48]. Although these theoretical works have contributed
to the understanding of charge transfer issues within donor–acceptor (D-A) structures,
there has been no theoretical study evaluating charge transfer and separation for various
building units in conjunction with BTT units within COFs. Indeed, it is crucial to establish
quantitative parameters that can assist researchers in more comprehensively understand-
ing and accurately describing the relationship between the building block units and the
optoelectronic properties of BTT-COFs.

In this work, we combine DFT and TD-DFT calculations to investigate the impact of
conjugated and heteroatomic building blocks on the optoelectronic properties of BTT-COFs.
Seven types of BTT-COFs, as shown in Scheme 1, were examined as examples to illus-
trate their D-π-A structures, analyze the charge transfer mechanism, and calculate frontier
molecular orbitals and energy levels in excited states. A benchmark test was conducted
to evaluate and compare the effects of various DFT functionals on the simulation of ab-
sorption spectra for BTT-COFs. The planarity of the BTT-COFs was characterized through
the calculation of the dipole moment and the dihedral angle between the building block
units. Furthermore, the ionization potential (IP), electron affinity (EA), and reorganization
energies were evaluated to assess the hole and electron injection properties of BTT-COFs.
Through hole–electron analysis, a set of critical parameters was obtained, providing in-
sight into charge transfer and separation between the building block units. The charge
difference density (CDD) and centroid region of charge transfer (CRCT) were employed
to quantitatively visualize the degree and distribution of charge transfer at a molecular
level. This study aims to provide an in-depth analysis of the optoelectronic behavior and
offer valuable guidance for the design and development of COF catalysts, specifically for
applications in photocatalytic hydrogen evolution.

2. Results and Discussion
2.1. Benchmarking

By taking BTT-Tapt as an example, which has been reported to exhibit the best pho-
tocatalytic performance in experiments [8], we conducted simulations of its UV–vis ab-
sorption spectra using the B3LYP, M06-2X, M06L, and PBE functionals to evaluate their
impact on the UV–vis absorption spectra, as illustrated in Figure 1a. The λmax of BTT-Tapt
exhibits a redshift in the following order: M06-2X (348.64 nm) < B3LYP (408.43 nm) < M06L
(461.7 nm) < PBE (502.16 nm). The functional test demonstrated that the M06L functional
is in agreement with the experimental value of 450 nm. In conclusion, the M06L func-
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tional can be identified as the most suitable method for studying COF systems in their
excited states.

Figure 1. Simulated maximum wavelength of UV–vis absorption spectra (λmax): (a) for BTT-Tapt
based on various TD-DFT functionals; (b) for BTT-COFs.

2.2. Optimized Geometries of BTT-COFs

In general, the optoelectronic properties of BTT-COFs are primarily determined by
their ability to utilize ultraviolet light and efficiently separate charges, which is closely
associated with the building block units within the COF framework. In this work, the
stable configurations of BTT-COFs in the excited state are shown in Figure 2. The important
geometrical parameters of BTT-COFs, including the dihedral angle Φ1 (pink symbol)
between BTT units and various aromatic diamine units, as well as the dihedral angle
Φ2 (red symbol) observed in biphenyls, terphenyls, and tertiary amine units, along with
the dipole moments in the ground state (S0) and excited states (S1 or S2), are listed in
Table 1. The dihedral angle Φ1 between the D and A units in COFs exhibits excellent
coplanarity within the range of 175.1◦ to 178.4◦, regardless of whether it is in the S0 or
S1 state. Good coplanarity will enhance the efficiency of charge transfer between the
donor and acceptor [49]. It is worth mentioning that the sulfur-rich BTT unit has a highly
planar conjugated system with C3h symmetry. In the presence of conjugated naphthalene,
anthracene, and triazine units, the coplanarity of BTT-COFs is remarkably enhanced by
these conjugated units as well as the BTT unit. The dihedral angle Φ2 observed in biphenyls,
terphenyls, and tertiary amine units exhibits a slight torsion within the range of 29.0◦ to
40.9◦, implying the presence of steric hindrance between the D and A units in BTT-BPhDA,
BTT-Tapb, and BTT-Tapt. We compared the DFT optimized geometric structure with the
experimentally simulated crystal structure of BTT-COFs. The discrepancy between the
theoretically calculated and experimentally observed geometric structures of BTT-COFs
arises from the intrinsic characteristics of the research methods. Experimental data reflect
the equilibrium structure of periodic crystals regulated by intermolecular forces, such as
the symmetry constraints, where the observed planarity (180◦ dihedral angles as shown
in Figure S1 of the Supporting Information) represents the statistically averaged atomic
configuration within the lattice. In contrast, the isolated cluster model employed in DFT
calculations reveals the inherent conformational preferences of the molecules, the optimized
C-C single bond torsion (typically in 10–30◦) accurately reflecting the energy-minimized
state of the flexible structure in the absence of environmental constraints. Furthermore,
upon comparing the dipole moments in the S0 and S1/S2 states, it is evident that the
majority of COFs demonstrate a reduction in the dipole moment in the excited state.
However, BTT-Tapt exhibits negligible change in its dipole moment, whereas BTT-NDA
shows a significant increase in its dipole moment at the S1 excited state. Among these
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BTT-COFs, BTT-Tpa possesses the largest dipole moment (3.6 Debye) in the excited state,
indicating the greatest charge separation.

Figure 2. Optimized geometry of photo-excited BTT-COFs in water.

Table 1. Dihedral angles (∠Φ1 and ∠Φ2 in degree) and dipole moments (µ in Debye) of BTT-COFs in
water at s in S0 and S1 states, respectively.

BTT-COFs State ∠Φ1 ∠Φ2 µ

AnthDA S0 177.6 2.2
S1 178.4 1.9

BPhDA S0 175.1 29.0 2.7
S1 177.2 38.2 2.4

NDA S0 177.7 2.9
S1 178.4 3.1

PDA S0 176.4 3.5
S1 177.3 3.2

Tapb S0 176.1 30.0 3.0
S1 176.3 39.7 2.6

Tapt S0 178.0 36.9 2.1
S2 177.7 40.9 2.1

Tpa S0 175.9 4.2
S1 177.6 3.6

2.3. Frontier Molecular Orbitals

It is well known that the behavior of intramolecular charge transfer (ICT) from the
donor to the acceptor units is commonly characterized by frontier molecular orbitals
(FMOs) [50]. In Figure 3, the FMOs and their corresponding orbital energies as well as the
energy gaps for BTT-COFs in water in the excited state are presented. It can be seen that the
transition of electrons from HOMOs to LUMOs in BTT-COFs in the S1 state exhibits π-π*
characteristics. The HOMOs of BTT-Tpa and BTT-AnthDA are predominantly localized in
the triphenylamine and anthracene units, as depicted in Figure 3. Conversely, the HOMOs
of BTT-Tapt exhibit a distinct distribution in the BTT unit. Following intramolecular charge
transfer, the LUMOs can be found across the BTT, imine, and aromatic units. Therefore,
for BTT-tapt, the donor (D) is associated with the BTT unit, while the internal acceptor
(A) corresponds to the triazine unit. For BTT-Tpa and BTT-AnthDA, the donors are triph-
enylamine and anthracene, respectively, while the acceptors remain within the BTT units.
These results also indicate efficient electron separation between the HOMOs and LUMOs
in BTT-AnthDA, BTT-Tpa, and BTT-Tapt, which facilitates intramolecular charge transfer
transitions. In contrast, for the other BTT-COFs, the HOMOs in the BTT and aromatic
amine units are involved, whereas the LUMOs are also distributed across the BTT and
imine units. It is worth mentioning that the imine groups serve as π bridges connecting
the BTT and aromatic amine units, facilitating charge transfer between the donor and the
acceptor. Consequently, all BTT-COFs are assigned to the D-π-A system. Additionally, the
small energy gap indicates that electrons can be easily excited, allowing a wider range of



Catalysts 2025, 15, 647 6 of 15

light wavelengths to be utilized by the photocatalyst. As shown in Figure 3, BTT-Tpa has
the smallest value of Eg (192.9 kJ/mol). The Eg values of various BTT-COFs have decreased
in the following order: BTT-Tapb (250.8 kJ/mol) ≈ BTT-PDA ≈ BTT-BPhDA > BTT-Tapt
(241.0 kJ/mol) ≈ BTT-NDA > BTT-AnthDA (202.5 kJ/mol) > BTT-Tpa (192.9 kJ/mol).
These suitable energy levels and gaps in the BTT-COFs are conducive to photocatalytic
hydrogen evolution in the presence of hole scavengers. The energies of the HOMOs, the
LUMOs, and the energy gap for BTT-Tapt, as reported from experiments [23], were −552.6,
−307.5, and 243.1 kJ/mol, respectively. This result demonstrates the consistency between
our calculations and the experimental findings. Furthermore, we discovered that highly
conjugated groups like anthracene effectively raised the HOMO energy (−472.5 kJ/mol),
while nitrogenous heterocyclic groups, such as triazine, led to a decrease in the LUMO
energy (−279.7 kJ/mol).

Figure 3. FMOs, orbital energy, and the energy gap of BTT-COFs in the excited state.

2.4. Optical Properties of BTT-COFs

BTT-COFs possessing a broad absorption band can effectively capture sunlight pho-
tons, resulting in enhanced photocatalytic activity for hydrogen evolution. The UV–vis
absorption spectra of BTT-COFs with various building block units were determined using
the TD-DFT/M06/6-31+G(d) level in an aqueous solution, as shown in Figure 1b. The
oscillator strength (ƒ), excitation energy (Eex in eV), maximum wavelength of UV–vis ab-
sorption spectra (λ max), and major orbital contribution, as well as the apparent charge
transfer percentage (CT %) and local excitation percentage (LE %), are listed in Table 2. The
UV–vis absorption spectra of these BTT-COFs display a single peak in the UV and visible
regions. The absorption bands of BTT-COFs in the range of 350 ~ 650 nm are assigned to
the typical π-π* and charge transfer transitions [51].

As listed in Table 2, the λmax in most BTT-COFs, except for BTT-Tapt (S0→S2), can
primarily be attributed to the S0→S1 electronic transition, which corresponds to the major
electronic transition between the HOMOs and LUMOs. The λmax of the BTT-COFs increases
with the conjugation length of the building block units in the order of BTT-PDA (428.6 nm)
< BTT-BPhDA (446.1 nm) < BTT-NDA (454.9 nm) < BTT-AnthDA (524.2 nm). Furthermore,
the coplanarity of the aromatic units and the electronegativity of the heteroatom-containing
units in the BTT-COFs significantly influence the λmax. An increased number of nitrogen
heteroatoms and the enhanced coplanarity lead to a more pronounced redshift of λ max, as
demonstrated by the following order: BTT-Tapb (431.5 nm) < BTT-Tapt (461.7 nm) < BTT-
Tpa (571.4 nm). Notably, the photocatalytic hydrogen evolution activity of the BTT-COFs
was observed to increase as its λmax exhibited a redshift, as observed in experiments [20].
Meanwhile, the presence of rotatable bonds in biphenyl and terphenyl leads to a blueshift in
λmax. A comprehensive comparison was made between our computational results and the
reference theoretical/experimental values. Our calculated Eex and λmax for BTT-COFs show
consistent trends with those reported in the literature [8], with values obtained based on the
CAM-B3LYP/def2-SVP level. Specifically, BTT-Tpa exhibits the lowest Eex (2.2 eV in this
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work as compared to 3.28 eV in the literature) and the longest λmax (571.4 nm in this work
as compared to 378 nm in the literature). Although experimental UV–vis diffuse reflectance
spectroscopy (DRS) shows systematic redshifts for BTT-COFs due to the inherent limitations
of theoretical models and computational methods, our approach demonstrates a superior
agreement with the experimental data when compared to the literature calculations. As
listed in Table 2, the values of CT % revealed that BTT-Tpa (78.2%), BTT-Tapt (54.8%), and
BTT-AnthDA (46.9%) exhibit a significant charge transfer between building block units
and possess good photon-harvesting capabilities from sunlight. In addition, we found that
Eex decreases with a smaller energy gap, increased conjugation, and the introduction of
nitrogen heteroatoms.

Table 2. TD-DFT calculated the state, oscillator strength (ƒ), excitation energy (Eex in eV), maximum
wavelength of UV–vis absorption spectra (λmax in nm), major orbital contribution, apparent charge
transfer percentage (CT %), and local excitation percentage (LE %) for BTT-COFs.

BTT-COFs State ƒ Eex λmax Major Contribution CT % EL %

AnthDA S0 → S1 0.66 2.4 524.2 H → L 91.6% 46.9 53.1
BPhDA S0 → S1 1.04 2.8 446.1 H → L 99.8% 37.5 62.5
NDA S0 → S1 1.03 2.7 454.9 H → L 96.1% 42.4 57.6
PDA S0 → S1 1.01 2.9 428.6 H → L 97.0% 13.5 86.5
Tapb S0 → S1 1.14 2.9 431.5 H → L 94.1% 35.8 64.2

Tapt S0 → S2 0.73 2.7 461.7 H → L 73.3%
H-1 → L 20.5% 54.8 45.2

Tpa S0 → S1 0.60 2.2 571.4 H → L 98.7% 78.2 21.8

2.5. IP, EA, and Reorganization Energies

The ionization potential (IP) [52] represents the minimum energy required for injecting
a hole into the HOMO when an electron is removed from a molecule. On the other hand,
electron affinity (EA) refers to the energy released by a molecule upon injection of an
electron. A higher EA value indicates that the organic material is more likely to acquire
electrons. Importantly, organic materials may undergo conformational reorganization,
resulting in an energy cost during photoexcitation. This energy change is referred to as the
reorganization energy (λ) of the organic material [53]. It is known that the electron transfer
rate (KET) is related to the λ, which should have a smaller value to achieve higher electron
injection efficiency [54,55]. As shown in Equation (5), λdiff is the difference between the
hole reorganization energy (λhole) and the electron reorganization energy (λelectron). The
DFT-calculated values of IP, EA, λhole, λelectron, and λdiff for seven BTT-COFs are shown in
Figure 4 and listed in Table 3. All of the BTT-COFs exhibited higher IP values as compared
to their EA values. The EA values (2.72~3.10 eV) of the BTT-COFs are remarkably similar,
suggesting that these structures maintain high stability when electrons are injected. BTT-
Tpa has the lowest IP value (4.71 eV), which is consistent with it having the smallest Eg

(2.0 eV) and Eex (2.2 eV). The λhole values for BTT-Tapt and BTT-Tpa are found to be as
low as 0.11 eV, while the λdiff values are relatively high at 0.18 eV. This result indicates that
these two BTT-COFs exhibit superior hole transport capabilities compared to the others.
Combining the analysis of the values of EA and IP, we concluded that the small value of
λhole enhances charge transfer and facilitates exciton formation. Meanwhile, a low value
of IP suggests a favorable condition for electron generation. Furthermore, the reduction
in λhole can be attributed to the introduction of nitrogen heteroatoms and the enhanced
coplanarity of the building block units in BTT-COFs.
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Figure 4. DFT-calculated values (eV) of (a) IP, EA; (b) λhole, λelectron, and λdiff for seven BTT-COFs.

Table 3. IP, EA, and reorganization energy (eV) of BTT-COFs.

BTT-COFs IP EA λhole λelectron λdiff

AnthDA 4.91 2.94 0.14 0.20 0.06
BPhDA 5.12 2.89 0.22 0.29 0.07
NDA 5.12 2.90 0.18 0.27 0.09
PDA 5.22 2.91 0.25 0.37 0.12
Tapb 5.20 2.83 0.17 0.30 0.13
Tapt 5.41 3.10 0.11 0.29 0.18
Tpa 4.71 2.72 0.11 0.29 0.18

2.6. Hole–Electron Quantitative Analysis

We employed quantitative analysis to characterize the hole–electron behavior of BTT-
COFs. As shown in Figure 5, the charge density difference (CDD) and centroid region of
charge transfer (CRCT) were used to visualize the regions of charge transfer and separation
between the building block units. The blue and purple orbitals in the CDD correspond to
a decrease and increase in charge density relative to the BTT and aromatic diamine units,
respectively. The green and blue ellipsoids of CRCT represent the regions where charge
transfer occurs in the excited state, corresponding to the holes and electrons of BTT-COFs,
respectively. The path and direction of charge transfer in the BTT-COFs are effectively
visualized at the molecular level through the CDD and CRCT plots.
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Figure 5. Charge density difference (CDD) and centroid region of charge transfer (CRCT) plots of
BTT-COFs.

By comparing the CDD and CRCT plots, it is evident that the shape of the blue–green
ellipsoidal region, the degree of electron overlap between the hole and the electron, and the
charge transfer pathway in the various BTT-COFs exhibit significant differences. The CDD
plot reveals that there is a remarkable charge transfer from the blue (negative) region to the
purple (positive) region between the building block units in most BTT-COFs. The BTT unit
acts as the electron acceptor, and charge transfer occurs from the aromatic units to the BTT
unit. Significantly, the direction of charge transfer was altered in BTT-Tapt, with electrons
transferring from the BTT unit to the triazine unit. As shown in the CRCT plot, BTT-PDA
exhibits the presence of holes and electrons in both the BTT and benzene units, leading to
inconspicuous charge separation, as illustrated in the CDD and the HOMO/LUMO plot
(Figure 2).

We also utilized a set of parameters (Table 4) to establish a quantitative correlation
between the building block units and the charge separation and charge transfer within the
different BTT-COFs. The Sr index quantifies the degree of overlap between electron and
hole distributions; a lower Sr value indicates better charge separation in COFs. As listed
in Table 4, it is evident that conjugated aromatic units result in larger Sr values (0.74 in
BTT-AnthDA), thereby reducing charge separation (as shown in the CRCT plot in Figure 5).
In addition, the introduction of nitrogen heteroatoms (such as triazine and triphenylamine)
and a non-coplanar structure (such as triphenylbenzene) into the BTT-COFs can reduce
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Sr values and enhance charge separation efficiency. The t-index is another parameter that
characterizes the degree of charge separation between the donor and acceptor units. A
negative t value signifies that the hole and electron overlap, with greater absolute values
indicating a larger overlap region. Conversely, a positive t value suggests that the donor
and acceptor units are separated. BTT-AnthDA, BTT-Tapt, and BTT-Tpa exhibit positive
t values (0.43, 3.66, and 3.57 Å in Table 4) and good charge separation between the holes
and electrons, as shown in Figure 5. D is a parameter used to quantify the centroid
distance between the electron and hole. BTT-PDA exhibits difficulty in separating holes
and electrons, resulting in a shortened charge transfer distance with the minimum D value
(0.7 Å). This finding is also consistent with its smallest t value (−3.01 Å). The CT index
parameter quantitatively calculates the amount of charge (e) transferred between D-A
units. By increasing the conjugation length of the aromatic units, the crucial parameters
D, t, and CT decrease in the following order: BTT-AnthDA (5.33 Å, 0.43 Å, 0.46 e) < BTT-
BPhDA (3.85 Å, −0.66 Å, 0.38 e) < BTT-NDA (2.67 Å, −1.62 Å, 0.42 e) < BTT-PDA (0.74 Å,
−3.01 Å, 0.14 e). In contrast, BTT-Tapt demonstrates the highest degree of charge separation,
with a t value of 3.66 Å, and the longest distance D value (7.75 Å) for charge transfer.
Interestingly, the largest CT value (0.78 e) appears in BTT-Tpa, which may be attributed to
the electronegativity of triphenylamine, the delocalization of its lone pair electrons, and the
star-shaped configuration. These characteristics render it an optimal material for charge
separation and charge transfer. The HDI and EDI indices signify the extent of hole and
electron delocalization. These two parameters are closely associated with the geometric
configuration of building block units in BTT-COFs.

Table 4. Quantitative parameter of hole and electron for BTT-COFs.

BTT-
COFs

Sr
(a.u)

HDI
(Å)

EDI
(Å)

D
(Å)

t
(Å)

CT
(e)

AnthDA 0.74 4.76 5.18 5.33 0.43 0.46
BPhDA 0.62 5.18 7.40 3.85 −0.66 0.38
NDA 0.67 5.56 7.14 2.67 −1.62 0.42
PDA 0.69 5.34 7.14 0.74 −3.01 0.14
Tapb 0.65 4.88 7.51 1.95 −2.42 0.36
Tapt 0.49 5.76 5.93 7.75 3.66 0.55
Tpa 0.45 8.62 7.54 6.69 3.57 0.78

By quantitatively analyzing the parameters and the CDD and CRCT plots that
characterize the behavior of holes and electrons in BTT-COFs, we identified three
critical factors—the conjugated structure, planarity, and the introduction of nitrogen
heteroatoms—which significantly influence charge separation and transfer. The relation-
ship between the building block units and the optoelectronic properties of BTT-COFs
can be established by considering these parameters. It is noteworthy that the incorpo-
ration of triphenylamine as a building block unit in BTT-COFs significantly enhances
charge separation and transfer as well as the charge-transport properties. A longer charge
transfer distance between building block units leads to enhanced charge transfer and
reduced excitation energy. This crucial observation serves as a fundamental basis for
the selection of aromatic units in the design of innovative BTT-COFs for applications in
photocatalytic reactions.

3. Computational Details
All of the calculations were performed in Gaussian 16 software [56]. We utilized

a fragment to develop theoretical models, which comprised one BTT unit and seven
conjugated and heteroatomic building units to represent BTT-COFs. The structures of BTT-
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COFs were optimized by using the DFT method at the M06L/6-31+G(d) level [57] to obtain
their stable ground-state geometries in an aqueous environment. The M06L functional
can provide an accurate depiction of charge transfer and long-range interactions [58]. We
conducted frequency calculations to identify the local energy minima for each theoretical
model at the M06L/6-31+G(d) level. We confirmed that the stable geometry for each BTT-
COF corresponds to the local minima in energy, and they have no imaginary vibrational
frequencies. The TD-DFT calculations were performed taking into account a total of ten
excited states [59]. A solvent model (SMD) was employed in both the DFT and TD-DFT
calculations [60]. Photocatalytic hydrogen generation catalyzed by BTT-COFs occurs in
an aqueous solution, with water as the solvent. Consequently, water was the only solvent
considered in the SMD model. Analysis of the frontier molecular orbitals (FMOs) and the
geometries of BTT-COFs in an excited state was performed using single-point calculations
at the M06L/6-31+G(d) level of theory. Based on the stable geometries of BTT-COFs, we
calculated the ionization energy (IP), electron affinity (EA), hole recombination energy
(λhole), electron recombination energy (λelectron), and the difference between hole and
electron recombination energies (λdiff), as illustrated in Equations (1)–(5) [61,62].

IP = E+ (M+) − E0 (M0) (1)

EA = E0 (M0) − E− (M−) (2)

λhole = E0 (M+) − E0 (M0) (3)

λelectron = E0 (M−) − E0 (M0) (4)

λdiff = |λhole − λelectron| (5)

Here, E0 (M0), E+ (M+), and E− (M−) represent the energies of the neutral, anionic,
and cationic species. E0 (M−) and E0 (M+) represent the energies of the neutral species with
the geometries of the anionic and cationic species, respectively.

The electron cloud functions of the BTT-COFs were employed to quantitatively de-
termine the parameters associated with the characteristics of holes and electrons in their
excited states. Multiwfn 3.8 software [63] was used to analyze the characteristics of the
holes and electrons of the BTT-COFs in excited states. The UV–vis absorption spectra of
the BTT-COFs were simulated and plotted. Additionally, the charge difference density
(CDD) [64] and centroid region of charge transfer (CRCT) [65] were visualized to elucidate
the charge transfer regions of the BTT-COFs in the excited state. The quantitative parame-
ters [66], including Sr, t, HDI, EDI, D, and CT, were utilized to characterize hole–electron
properties and to establish the relationship between the D-π-A structures of BTT-COFs and
their charge separation and charge transfer capabilities. The detailed presentation of the
calculated quantitative parameters is provided as follows:

D =

√
(Dx)

2 +
(

Dy
)2

+ (Dz)
2 (6)

Sr(r) =
√

ρhole(r) ρele(r) (7)

t = D − HCT (8)

HDI = 100 ×
√∫ [

ρhole(r)
]2dr (9)

EDI = 100 ×
√∫ [

ρele(r)
]2dr (10)
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D represents the centroid distance between the hole and the electron, while x, y, and z
represent the cartesian coordinates of the centroid hole and the electron; r represents the
density of either holes or electrons; Sr (range [0, 1]) denotes the function that measures
the degree of overlap between their distributions, with its value signifying how much
they overlap; t represents the degree of separation between the holes and electrons; HCT

measures the average dispersion of the holes and electrons in the direction of charge
transfer; HDI represents the extent of hole delocalization; and EDI represents the extent of
electron delocalization.

4. Conclusions
In this study, we explored the influence of building blocks on the optoelectronic prop-

erties of BTT-COFs by integrating DFT and TD-DFT calculations. The calculation results
indicated that the BTT unit and various aromatic units within BTT-COFs formed D-π-A
structures. Three critical factors—the conjugated structure, planarity, and the introduction
of nitrogen heteroatoms—significantly influenced charge separation and transfer within
BTT-COFs. The highly conjugated anthracene unit raised the HOMO energy, while the
triazine unit lowered the LUMO energy. Quantifying the dihedral angle between the
building block units enabled a precise assessment of planarity within BTT-COFs. Further-
more, the coplanarity of BTT-COFs was efficiently enhanced through the integration of
conjugated units into the BTT unit. The introduction of nitrogen heteroatoms and the
enhancement of coplanarity in BTT-COFs led to a notable redshift in the UV–vis absorption
spectrum. The charge difference density (CDD) and centroid region of charge transfer
(CRCT) were employed to quantitatively visualize the degree and distribution of charge
transfer at a molecular level. The relationship between the “building block and opto-
electronic properties” of BTT-COFs was established through several critical quantitative
parameters, including Sr, t, and CT. By calculating the CT index, the amount of charge (e)
transferred between the building block units of COFs could be quantitatively determined,
which was utilized to predict the efficiency of light utilization. At the molecular level,
the smaller Sr and more positive t values of COFs also suggested superior charge separa-
tion between building block units. The two parameters, along with CT, played a crucial
role in predicting the photocatalytic performance of COFs. Among the seven BTT-COFs,
BTT-Tap exhibited the most efficient charge separation and the highest charge transfer
capability. This superior performance can likely be attributed to the electronegativity of
triphenylamine, the delocalization of its lone pair electrons, and its unique star-shaped con-
figuration. The molecular-level insights gained from this theoretical study help elucidate
the relationship between building blocks and the optoelectronic properties in BTT-COFs.
These observations provide the essential foundation for selecting D-A units in the design
of novel BTT-COFs for photocatalytic reaction applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
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