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Abstract: Developing efficient organic photoredox catalysts is essential for advancing sustainable CO, conver-
sion technologies. This paper investigates the photophysical properties of oligo-p-phenylenes (OPP-n), with a
focus on p-terphenyl (OPP-3), and its functionalized derivatives to identify structural features that may enhance
their photocatalytic potential. We examine how symmetric and asymmetric terminal substitutions affect exci-
tation energies, oscillator strengths, exciton characteristics, and fluorescence. Our results show that push—pull
derivatives have significantly lower excitation energies and larger oscillator strengths, promoting efficient
radical anion generation. These derivatives also exhibit longer fluorescence lifetimes, which may improve the
probability of productive interactions with sacrificial electron donors. Exciton analysis reveals that asymmetric
substitutions introduce charge-transfer character, whereas higher oligomers maintain tightly bound excitons
with limited delocalization. Overall, functionalized OPP-n chromophores, especially push—pull derivatives of
OPP-3, demonstrate favorable optical and excitonic properties for photoredox catalysis, making them promising
candidates for CO, reduction and hydrogen evolution applications.

Keywords: CO, conversion; exciton; photoredox catalysis; quantum science and technology; terphenyls.

Introduction

The emission of carbon dioxide (CO,) globally has doubled over the past three decades and, given the current rates
of fossil fuel consumption, it is estimated to triple in the next two decades. High concentrations of CO, are
anticipated to increase the average global temperature with negative effects on the environment."® CO,
photoreduction, which promises to mimic photosynthesis and mitigate the greenhouse effect, has received
significant attention over the past few decades.”** Photoredox catalysis has potential as a sustainable alternative
to conventional, energy-intensive, thermally activated reaction pathways by accessing highly reactive radical
states through photo-induced excitation and quenching.>*® Experimental studies have demonstrated the effi-
cient photoreduction of CO, using organic chromophores known as oligo-p-phenylenes (OPP-n, where n denotes
the number of phenylene units), yielding products such as formate, amino acids, and hydrocarboxylated sty-

rene. >
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Figure 1 shows the proposed photoredox catalytic cycle for this transformation. The catalytic scheme begins
with the photoexcitation of OPP-n to its singlet excited state upon UV-Vis irradiation at 4.28 eV (290 nm).** The
electronically excited state, [OPP-n]*, has a substantially higher electron affinity and a lower ionization energy
than the ground state OPP-n because in the excited state the HOMO and LUMO are half-filled.*> > Consequently,
[OPP-n]* can interact with sacrificial electron donors (in this case, triethylamine, EtzN or TEA) — leading to either
excited-state quenching via electron transfer or the formation of an excited-state complex (exciplex) in low
dielectric solvents that decays back to neutral ground-state fragments.”*>! The radical anion is an effective
reducing agent and can carry out a single electron reduction of C0,.*"*

There is a strong need for rational photoredox catalyst design as the phenylene oligomers examined thus far
typically exhibit low turnover numbers on account of deactivation via photo-Birch reduction and carboxylation
competing with electron transfer to CO,. In addition to being soluble in the solvent of choice, the ability of these
catalysts to convert carbon dioxide to value-added products such as formic acid depends on their optical prop-
erties. An ideal photoredox catalyst should be excitable by visible light, have large oscillator strength, and be
efficiently quenched by a sacrificial electron donor to generate a radical anion. The resulting radical anion should
also possess high oxidizing potential that favor subsequent electron transfer to CO,. Studies that explicitly
compared the catalytic abilities of the different oligomers for photoreduction found that the p-terphenyl and
p-tetraphenyl are more effective than other oligomers and interestingly more active than the p-phenylene
polymer .’

In this paper, we investigate the optical properties of oligo-p-phenylenes (OPP-n) to identify the key structural
and electronic factors that can impact catalytic performance. We explore the potential to tune these properties
through terminal substitution with electron-donating and electron-withdrawing groups, aiming to lower exci-
tation energies and enhance photoredox activity. To understand how substitution affects the electronic prop-
erties of these chromophores, we employ exciton descriptors to analyze changes in exciton localization,
delocalization, and charge-transfer character. We also examine changes in the excited-state structure and
fluorescence behavior of the substituted catalysts relative to the parent catalyst, providing further insight into
their suitability for photoredox applications.

Computational details

All calculations were performed with the density functional theory (DFT) and time-dependent density functional
theory (TD-DFT) using the Q-Chem software package.**> We used the range-separated ©wB97X-D3 and LRC-wPBE
functionals, as they are among the best-performing functionals for describing the excited-state properties.>*>® In
particular, range-separation is important for the correct treatment of charge-transfer character. Ground-state
structures were optimized with wB97X-D3/aug-cc-pVDZ in cyclohexane, followed with frequency calculations to
verify that the obtained structures corresponded to the minima. We computed vertical excitation energies of the
molecules as the electronic energy difference between the ground state and corresponding excited state at the
ground state equilibrium geometry using LRC-wPBE/aug-cc-pVDZ.
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Fig. 1: Proposed catalytic cycle of single-electron reduction of CO, with oligo-p-
\_Z/OPP'_ o//C//O phenylene (reproduced with permission from Ref. 32). Step 1 involves the

photoexcitation of OPP-n to the first singlet excited state followed by reductive

o quenching by Et;N in step 2 to generate a radical anion that reduces CO; in
EtN EtsN step 3.
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We computed the optimized structures of the molecules on the first singlet excited state (S;) in cyclohexane
using TD-DFT (wB97X-D3/aug-cc-pVDZ) starting from the optimized ground-state structures. We then calculated
the emission energies as the energy differences between S; and Sy at the S; optimized geometry. Solvent effects
were described using the conductor-like polarizable continuum model (C-PCM).*” We used the linear response
approach to describe out-of-equilibrium solvent effects for vertical excitation and emission energies.*®* All
transition energies were calculated with structures optimized in cyclohexane solvent. Exciton descriptors*®~*
were computed using libwfa library.*>*® Natural transition orbitals (NTOs)***"~*° were visualized using IQmol
molecular builder software with 0.1 isovalue.

Fluorescence lifetimes were calculated using

2(5) e
Tp = 2 me 5
4

where we assumed atomic units, ¢ is the velocity of light, n is the refractive index of the medium (1.4269 for
cyclohexane at 20 °C), €is the dielectric constant of the medium (2.03 for cyclohexane at 20 °C), E,, is the emission
energy and f; is the oscillator strength.™

@

Results and discussion
Isomers of terphenyl

Terphenyl exists in three distinct isomeric forms — ortho-terphenyl (OOP-3), meta-terphenyl (OMP-3), and para-
terphenyl (OPP-3). Figure 2 shows structures of these isomers. These structural differences result in markedly
different photophysical properties, which in turn influence their applicability in photoredox catalysis. Table 1
presents the computed vertical excitation energies of the first three singlet excited states for each isomer. NTOs
associated with the brightest electronic transition of the isomers are shown in Fig. 3. We observe that the
vertical excitation energy (E) increases and the oscillator strength decreases significantly for OOP-3 and OMP-3
relative to OPP-3. Lower oscillator strengths observed for the ortho- and meta-isomers are consistent with
previous reports and result from reduced conjugation in these structures compared to the para-isomer.* The
meta-isomer is cross-conjugated,’® whereas in the ortho-isomer, conjugation is disrupted by steric repulsion.
Notably, Table 1 shows that whereas the brightest transition in OPP-3 corresponds to the Sy — S; excitation, the
most intense transitions in OOP-3 and OMP-3 correspond to the excitation to high-lying singlet excited states.
This is undesirable for photoredox catalysis because higher energy photons are needed to generate radical
anions.>

Table 2 shows the effects of solvent on the optical gap of the isomers. The nature of the brightest transition
in cyclohexane is retained across solvents with higher optical dielectric constants and the shift in excitation
energies is negligible. However, we observe a noticeable increase in oscillator strength for the brightest
transitions of all isomers in more polar solvent environments. We also find a clear correlation between the
optical dielectric constant of the solvent and the corresponding oscillator strength, with the latter increasing
with solvent polarity.

Fig. 2: From left to right, ortho-
terphenyl (OOP-3), meta-
terphenyl (OMP-3), and para-
terphenyl (OPP-3,n=1,R; =

Ry = H).
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Table 1: Vertical excitation energies (£, eV), of terphenyl isomers; oscillator strengths are given in
parentheses.?

Isomer E'(fL) State
0O0P-3 5.11 (0.004) Sq
5.16 (0.122) S,
5.30 (0.007) S3
OMP-3 5.00 (0.009) Sq
5.21(0.131) S,
5.32 (0.045) S3
OPP-3 4.88 (1.254) Sq
5.05 (0.000) S,
5.20 (0.000) S3

*LRC-wPBE/aug-cc-pVDZ.

(a)
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Fig. 3: Hole and particle NTOs and the corresponding singular values of (a) OOP-3, (b) OMP-3, and (c) OPP-3 in cyclohexane solvent; LRC-
wPBE/aug-cc-pVDZ, isovalue of 0.1.
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Table 2: Vertical excitation energies (eV) of terphenyl isomers in cyclohexane; oscillator strengths are given in parentheses.’?

Solvent oop-3° oMP-3° OPP-3
CyHEX 5.16 (0.12) 5.21(0.13) 4.88 (1.25)
Bu,0 5.15(0.17) 5.17 (0.32) 4.85 (1.36)
Et,0 5.14(0.21) 5.14 (0.38) 4.82 (1.42)
PhBr 5.14(0.21) 5.14 (0.39) 4.81 (1.45)
CH,Cl, 5.13 (0.26) 5.12 (0.43) 4.79 (1.51)

? RC-wPBE/aug-cc-pVDZ. °S, is the brightest state.

Optical properties of oligo-p-phenylene

Table 3 shows the vertical excitation energies of the brightest transitions for the three para-oligomers — OPP-3
(n=1,R;=R,=H), OPP-4 (n=2, R, = R, = H), and OPP-5 (n = 3, R; = R, = H). In all species, the brightest transition
corresponds to So — S;. An intuitive interpretation based on Hiickel’s molecular orbital theory suggests that the
optical gaps of oligo-(p-phenylene) systems are strongly influenced by the extent of delocalization, which is
governed by the torsion angles between adjacent phenylene units. Planar structures exhibit maximal 7-
conjugation, whereas conjugation is disrupted for torsion angles approaching 90°.>* Additionally, the excitation
energy in OPP-3 can be tuned by increasing the number of phenylene units.

Among the oligomers examined, OPP-5 exhibits the highest degree of conjugation and, consequently, shows
the lowest vertical excitation energies for the first singlet excited states. In contrast, OPP-3, with the shortest
conjugation length, has the highest excitation energy. The observed red-shift in excitation energy with
increasing oligomer size can be rationalized with a simple particle-in-a-box model, where the excitation energy
is inversely proportional to the square of the molecule’s effective conjugation length. However, the red-shift in
excitation energies from OPP-3 to OPP-5 is not large (0.34 eV in cyclohexane), suggesting that the excitation
energy is influenced not only by the conjugation length but also by the nature of the exciton. Lower excitation
energies in higher oligomers are spectroscopically attractive but these oligomers are not effective for photo-
reduction of CO, due to their high susceptibility to photobirch reduction in protic solvents.”* OPP-5 also has low
solubility.

Figure 4 shows NTOs for the Sq — S; transition of the oligomers in cyclohexane. As expected, these transitions
are characterized by delocalized 7 — 7* excitations with no indication of charge-transfer character. This tran-
sition character remains unchanged across the other solvents examined in this study. As shown in Fig. 4, the hole
NTOs reside on the phenylene units, whereas the electron NTOs reside over the bridging phenylene bonds. In
OPP-4 and OPP-5, the exciton becomes increasingly localized toward the central phenylene units, which is
consistent with the relatively small red-shift in absorption observed between OPP-3 and the longer-chain
oligomers.

Table 3: Vertical excitation energies (eV) for S, — S, of oligo-p-phenylene; oscillator strengths are given in parentheses.’

Solvent OPP-3 OPP-4 OPP-5
CyHEX 4.88 (1.25) 4.69 (1.84) 4.54 (2.43)
Bu,0 4.85 (1.36) 4.70 (1.79) 4.51(2.53)
Et,0 4.82 (4.81) 4.64 (2.01) 4.53 (2.39)
PhBr 4.81(1.45) 4.70 (1.80) 4.52 (2.39)
CH,Cl, 4.79 (1.51) 4.70 (1.80) 4.54 (2.39)

LRC-wPBE/aug-cc-pVDZ.
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Fig. 4: Hole and particle NTOs and the corresponding singular values of (a) OPP-3, (b) OPP-4, and (c) OPP-5 in cyclohexane solvent; LRC-
wPBE/aug-cc-pVDZ, isovalue of 0.1.

Absorption spectra of functionalized p-terphenyl

We examine the impact of terminal substitutions on the photophysical properties of OPP-3. Specifically, we study
symmetric substitution with electron-donating (NH,, OH) and electron-withdrawing (Br, F, NO,, CN, Ac, Acac)
substituents at the terminal phenylene units (see Table 4). The classification of substituents as electron-donating
or withdrawing is based on the Hammett parameters reported by Hansch et al.>* The effect of push—pull elec-
tronic structures introduced via asymmetric substitution on OPP-3 is summarized in Table 5.

Compared to the unsubstituted OPP-3, we observe a red-shift in excitation energy and a significant increase in
the oscillator strength of the brightest transition for all symmetric derivatives except the fluoro derivative, which
shows lower oscillator strength. The diacetylene substituent on the OPP-3 lowers the excitation energy the most
(by 0.69 eV), whereas the fluoro substituent does it the least. In general, the brightest transition remains excitation
from Sy to S; and retains its 7r* character. For the NO,-substituted p-terphenyl, the excitation to low-lying states
(S1and S,) involves the lone pair of electrons of NO, and not the r-electrons on the phenylene units. The brightest
transition for this system is from Sg to S3 and involves the 7 electrons of the terphenyl ring. The NTOs for nitro-
substituted OPP-3 are shown in Fig. S1 in the SI. Similarly to the parent p-terphenyl, the derivatives also show a
slight red-shift in excitation energies with increasing solvent polarity.

Table 4: Vertical excitation energies (eV) for Sy — S; of symmetrically substituted p-terphenyl; oscillator strengths are given in
parentheses.’?

Ri=R; CyHex Bu,0 Et,0 PhBr CH,Cl,
H 4.88 (1.25) 4.85 (1.36) 4.82 (1.42) 4.81 (1.45) 4.79 (1.51)
Br 4.84 (1.90) 4.66 (1.77) 4.64 (1.83) 4.63 (1.86) 4.62 (1.91)
F 4.85(1.22) 4.82 (1.32) 4.80 (1.37) 4.79 (1.40) 4.77 (1.45)
NO,° 4.27 (1.57) 4.23 (1.65) 4.22 (1.70) 4.21(1.72) 4.19(1.77)
CN 4.65 (1.81) 4.48 (1.92) 4.46 (1.98) 4.45 (2.0) 4.43 (2.06)
Ac 4.46 (2.03) 4.42 (2.14) 4.40 (2.21) 4.39 (2.23) 4.37 (2.29)
Acac 4.16 (2.50) 4.13(2.63) 411 (2.71) 4.10 (2.74) 4.09 (2.81)
NH, 4.43 (1.60) 4.39 (1.71) 4.37 (1.77) 4.36 (1.80) 4.34 (1.86)
OH 4.19(1.43) 4.14 (1.52) 4.12 (1.57) 4.11 (1.60) 4.19 (1.43)

3| RC-wPBE/aug-cc-pVDZ; Ac, acetylene; Acac, diacetylene. °S; is the brightest state.
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Table 5: Vertical excitation energies (eV) for S, — S; of asymmetrically substituted p-terphenyl; oscillator strengths are given in
parentheses.’®

Ry R, CyHex Bu,0 Et,0 PhBr CH,Cl,
NO, HP 4.26 (1.16) 4.22(1.22) 4.20 (1.27) 4.20 (1.28) 4.18 (1.32)
NO, NH,? 4.12(1.27) 4.09 (1.24) 4.08 (1.14) 4.07 (1.08) 4.06 (0.88)
NO, OHP® 4.27 (1.21) 4.24 (1.28) 4.22 (1.31) 4.20 (1.33) 4.19 (1.36)
NO, Br° 4.26 (1.29) 4.23 (1.36) 4.20 (1.41) 4.20 (1.41) 4.18 (1.44)
CN NH, 4.37 (1.61) 4.33(1.71) 4.31(1.77) 4.30 (1.79) 4.28 (1.85)
CN OH 4.51 (1.55) 4.48 (1.65) 4.46 (1.71) 4.45(1.73) 4.43 (1.79)
Br H 4.76 (1.46) 4.72 (1.57) 4.70 (1.64) 4.69 (1.65) 4.67 (1.71)
NH, H 4.53(1.36) 4.49 (1.45) 4.46 (1.53) 4.46 (1.53) 4.43 (1.59)
NH, Br 4.51(1.54) 4.47 (1.64) 4.45 (1.71) 4.44 (1.72) 4.42 (1.77)
NH, F 4.60 (1.31) 4.59 (1.31) 4.60 (1.31) 4.59 (1.31) 4.59 (1.31)
OH F 4.76 (1.25) 4.76 (1.25) 4.76(1.25) 4.76(1.25) 4.77(1.25)

LRC-wPBE/aug-cc-pVDZ. bs, is the brightest state.

Asymmetric substitution to OPP-3 (R; # R,) also results in a red-shift in absorption relative to the parent
molecule. Among the substituents studied, the push—pull system incorporating NO, and NH, groups induces the
most significant red-shift. In the push—pull OPP-3 with a single NO, substituent, only the transition to the S, state
involves non-bonding electrons on the NO, group, whereas the brightest transition corresponds to excitation to
the S, state and involves the m-electron of the phenylene units. Figure 5 shows the NTOs of selected push-pull
derivatives of OPP-3.

Table S1in the SI summarizes the effect of substituents on the absorption spectra of OPP-4 and OPP-5. Similar
to OPP-3, the derivatives of OPP-4 and OPP-5 exhibit brighter transitions and lower excitation energies than their
parent molecules. In particular, the nitro-substituted OPP-4 and OPP-5 show nearly identical S; and S, transitions
with the same excitation energies, indicating that these transitions are independent of the chain length. However,
unlike in OPP-3, the NO, and NH, push—pull substitution does not lead to the notable red-shift in absorption. This
behavior is discussed in detail in the exciton analysis section, where we show that the effect of substituents on
excitation energy depends on the exciton size.

Exciton analysis

We compare the exciton properties of the parent catalyst with its derivatives for the brightest transition from the
ground state. Fig. 6 shows the exciton size and correlation coefficient for the brightest transition of the parent

(b)

Fig.5: Hole and particle NTOs and the corresponding singular values for the brightest transition for push-pull derivatives of OPP-3; (a) OPP-
3 (R1 = NOy, R, = NH,) and (b) OPP-3 (R, = CN, R, = NH,) in cyclohexane solvent; LRC-wPBE/aug-cc-pVDZ, isovalue of 0.1.
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OPP-3 and its derivatives. Table 6 presents additional exciton descriptors for OPP-3. These quantities provide
insight into the nature of various excited states. The exciton size quantifies the charge-resonance character
whereas the electron-hole distance captures the extent of permanent charge-transfer character in the molecule.
The correlation coefficient measures the spatial correlation of electron and hole positions in molecules.**444-46

We observe a slight increase in exciton size in most OPP-3 derivatives, with the largest increase found in
push—pull systems. The derivatives exhibit more strongly bound exciton pairs (higher correlation coefficient)
than the parent molecule. Table 6 shows that the average electron-hole distance (d;_..) is zero for all symmetric
derivatives, indicating valence excitations where both the hole and electron NTOs reside on the same fragments
in the molecule. However, asymmetrically substituted OPP-3 derivatives show significantly higher values of d;,_..
Once again, push—pull systems exhibit the greatest electron—hole separation, consistent with their NTOs. The hole
NTOs in these derivatives are more localized on the phenylene unit bearing the electron-donating group while the
electron NTOs are shifted toward the electron-withdrawing substituent. As a result, these derivatives acquire a
charge transfer character. This acquired charge-transfer character is more pronounced in the NO,- and NHy-
substituted system.

Symmetric and asymmetric substituents on OPP-3 induce minimal changes to the ground-state structure but
they significantly redshift excitation energy. This indicates that the substituents alter the nature of the exciton. As
shown in Fig. 6, all substituents exhibit larger exciton size than the parent OPP-3, with push-pull derivatives
showing the largest increases. Notably, NO, and NH, derivative show the largest exciton sizes and the lowest
excitation energies among all derivatives. In contrast, the fluoro-substituted derivative shows no change in
exciton size, in line with the observed minimal reduction in the excitation energy.

Figure 7 compares the exciton size and correlation coefficient of the longer-chain oligomers and their
derivatives. We observe a slight increase in exciton size with increasing oligomer length. The intrinsic Coulomb
attraction between the hole and electron limits further delocalization in longer-chain oligomers. However, the
exciton remains more strongly bound in the longer-chain oligomers. The influence of the NO, and NH, push—pull
effect on the exciton size is more pronounced in OPP-3 than in OPP-4 or OPP-5. The NO, and NH, derivative shows
the lowest excitation energy in OPP-3 than in other oligomers. Across all species studied, we observed that the
excitation energy decreases with increasing exciton size.

Parent
OH-F | OH-F B Electron_Withdrawing
T _ s Electron_Donating
CN-OH CN—OH EEE Asymmetric
CN — NH, | CN — NH, = Push_Pull
NH, —F NH, —F
NH, — Br NH, — Br
NO; - OH NO;, - OH
NO; — NH, NO, — NH,
NHy —H | NH, —H
Br—H Br—H
NO, — Br NO, — Br
NO, —H NO; —H
OH - OH : 1 | i OH - OH
NH; — NH, ; : ; i NH — NH;
Acac — Acac | | Acac — Acac
Ac—Ac Ac—Ac
CN-CN CN-CN
NO, - NO, NO, - NO,
F—-F i I Parent F—F
. . BN Electron_Withdrawing
Br—Br = Electron_Donating Br—Br
parent EmE Asymmetric parent
= Push_Pull
0 1 2 3 4 5 6 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Exciton Size, A Correlation Coefficient

Fig. 6: Exciton size (left) and correlation coefficient (right) of functionalized OPP-3 in cyclohexane solvent; LRC-wPBE/aug-cc-pVDZ. The
correlation coefficient is dimensionless.
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Table 6: Hole size (ay), electron size (de), and electron-hole distance (dj_..) of functionalized p-terphenyl.?

Ry R; o, (B) a. (R) dy_ e (A)
H H 3.429 3.529 0.000
Br Br 3.795 3.775 0.000
F F 3.441 3.421 0.000
NO, NO,"? 4.155 5.741 0.003
CN CN 3.784 4.399 0.000
Ac Ac 4.428 4.596 0.000
Acac Acac 6.089 6.307 0.002
NH, NH, 4.409 3.828 0.008
OH OH 3.855 3.556 0.000
NO, H 3.384 3.597 2.120
NO, NH, 4611 4317 2.655
NO, OH 3.750 3.771 2.350
NO, Br 3.528 3.801 2.020
CN NH, 4.001 4.071 1.740
CN OH 3.820 3.876 1.372
Br H 3.588 3.628 0.070
NH, H 3.653 3.611 1.064
NH, Br 3.899 3.762 1.114

°| RC-wPBE/aug-cc-pVDZ. °S; is the brightest state.

Excited states and fluorescence behavior of oligo-p-phenylenes

Figure 8 shows the optimized S; structure of oligomers and selected derivatives. The torsion angle between
carbon atoms on adjacent phenylene units is shown. The inter-phenylene carbon-carbon bond distance is also
given. OPP-3 is twisted in the ground state, but is planar in S;. This planarization in the excited state facilitates the
generation of the radical anion via interaction with a sacrificial electron donor during CO, photoreduction. The
derivatives of OPP-3 exhibit similar structural behavior in their ground and S, excited states, with torsion angles
between adjacent phenylene units deviating slightly from 0°. An exception is the nitro-substituted terphenyl,
which adopts a twisted geometry in its relaxed S; state — consistent with the nature of its electronic excitation to S;.
OPP-4 and OPP-5 retain their twisted geometries in the excited state; however, the inner phenylene units become
planar while the terminal units are not in plane.

Tables 7 and 8 show the emission energies of [OPP-3]* and its derivatives. Whereas absorption spectra
consistently show red-shifted excitation energies for all derivatives, the corresponding emission energies exhibit
no systematic trend relative to the parent molecule. The diacetylene derivative of OPP-3 displays the most red-
shifted emission among all symmetric substitutions, whereas the nitro-substituted OPP-3 shows the most blue-
shifted emission relative to the parent catalyst. Similar to the parent [OPP-3]", the derivatives display minimal
solvatochromic shifts in their emission energies. However, their radiative transition strengths increase with
solvent polarity, which is consistent with the behavior of the parent chromophore. Among the derivatives,
asymmetric substitutions induce the largest shifts in fluorescence energy. Notably, the NO,- and NH,-substituted
push—pull system displays the largest red-shift in emission energy relative to the parent, with a shift 0f 0.88 eV. As
with the symmetric derivatives, the asymmetric variants also show solvatochromic shifts similar in magnitude to
those of the parent.

Figure 9 presents the computed intrinsic fluorescence lifetimes of various derivatives, normalized to that
of the parent [OPP-3]*. Consistent with Eqn. (1), brighter emission — such as that observed for the diacetylene
derivative of OPP-3 - is associated with shorter fluorescence lifetimes. Nearly all push-pull derivatives (except
CN and OH derivative) show longer fluorescence lifetime relative to the parent, with NO, and NH, derivative
exhibiting the longest lifetime. Extended fluorescence lifetimes can be beneficial for generating the reducing
radical anion, as they provide more time for the sacrificial molecule and [OPP-3]* to interact. However, longer
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Fig. 7: Exciton size (left) and correlation coefficient (right) of functionalized oligomers in cyclohexane solvent; LRC-wPBE/aug-cc-pVDZ. The
correlation coefficient is dimensionless.

Fig. 8: S; optimized structure of molecules. From top left; [OPP-3]*, [OPP-3]* (R; = NO,, R, = NH,), [OPP-3]* (R, = R, = NO,), [OPP-4]* and
[OPP-5]*. Dihedral angles between carbon atoms on adjacent phenylene units and the C-C bond lengths connecting phenylene units
are shown.

Table 7: Emission energies (eV) of symmetrically substituted p-terphenyl; oscillator strengths are given in parentheses.

Ry =R, CyHex Bu,0 Et,0 PhBr CH,Cl,
H 3.62(1.36) 3.56 (1.44) 3.53 (1.49) 3.52 (1.51) 3.49 (1.56)
Br 3.45(1.70) 3.40(1.78) 3.37(1.82) 3.36 (1.84) 3.33(1.88)
F 3.55(1.34) 3.50 (1.42) 3.47 (1.46) 3.46 (1.48) 3.43(1.52)
NO, 3.76 (1.59) 3.82(1.50) 3.78 (1.56) 3.78 (1.56) 3.76 (1.59)
CN 3.36 (1.77) 3.36 (1.78) 3.36 (1.78) 3.36 (1.79) 3.36 (1.79)
Ac 3.30(1.99) 3.25(2.07) 3.21(2.12) 3.20 (2.14) 3.18 (2.19)
Acac 3.17 (2.64) 3.13(2.73) 3.10(2.77) 3.09 (2.79) 3.07 (2.83)
NH, 3.27 (1.69) 3.22(1.79) 3.18 (1.84) 3.17 (1.86) 3.14 (1.91)
OH 3.44 (1.49) 3.39(1.57) 3.36 (1.62) 3.34(1.64) 3.31(1.68)

*LRC-wPBE/aug-cc-pVDZ.
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Table 8: Emission energies (eV) of asymmetrically substituted p-terphenyl; oscillator strengths are given in parentheses.?

Ry R CyHex Bu,0 Et,0 PhBr CH,Cl,
NO, H 3.84 (1.16) 3.80(1.22) 3.77 (1.26) 3.76 (1.27) 3.73(1.30)
NO, NH, 2.74 (1.76) 2.67 (1.85) 2.63(1.91) 2.62(1.92) 2.59 (1.96)
NO, OH 3.78 (1.21) 3.73(1.27) 3.70 (1.32) 3.69 (1.32) 3.67 (1.35)
NO, Br 3.89 (1.23) 3.84(1.28) 3.81(1.31) 3.80(1.32) 3.78 (1.34)
CN NH, 2.90 (1.98) 2.99 (1.86) 2.95(1.91) 2.93(1.93) 2.90 (1.98)
CN OH 3.27 (1.67) 3.21(1.76) 3.18 (1.80) 3.17(1.82) 3.14(1.87)
Br H 3.49 (1.53) 3.44 (1.61) 3.40 (1.67) 3.40 (1.68) 3.37(1.72)
NH, H 3.28 (1.52) 3.22 (1.61) 3.18 (1.67) 3.17 (1.68) 3.14(1.72)
NH, Br 3.23(1.70) 3.17 (1.75) 3.13(1.81) 3.12(1.82) 3.09 (1.86)
NH, F 3.43 (1.46) 3.43 (1.46) 3.43 (1.46) 3.43 (1.46) 3.42 (1.46)
OH F 3.55(1.37) 3.56 (1.37) 3.56 (1.37) 3.56 (1.37) 3.56 (1.38)

LRC-wPBE/aug-cc-pVDZ.

OH-F

CN - OH
CN — NH>
NH, —F
NH, —Br
NO, — OH
NO; — NH,
NH, —H
Br—-H
NO, —Br
NO, —H
OH—-0OH
NH, — NH,
Acac — Acac
Ac—Ac
CN—-CN
NO; — NO,

F-F Parent
Br—Br i i EEE Electron_Withdrawing
: . W Electron_Donating
parent EE Asymmetric
= Push_Pull Fig. 9: Fluorescence lifetimes of derivatives normalized to the

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 parent OPP-3 in cyclohexane solvent; LRC-wPBE/aug-cc-
Florescence lifetime (t) pVDZ.

lifetimes can also result in other undesirable relaxation channels, such as radiative relaxation to the
ground state.

Conclusions

We examine the photophysical properties of substituted olygophenylenes and identify those with traits that are

desirable in photoredox catalysts for reactions including for CO, reduction and hydrogen evolution. The main

findings can be summarized as follows:

(1) The excitation of OPP-n is dominated by a transition between delocalized 7 and 7 orbitals (corresponding
to the HOMO-LUMO transition). In the parent oligo-p-phenylene, the excitation is delocalized and exhibits
7 — m* character. Similarly to OPP-n, the brightest transitions in ortho- and meta-terphenyls are also
primarily of HOMO-LUMO character.

(2) The absorption energy of OPP-n can be lowered through terminal substitution. The oscillator strength of the
brightest transition increases significantly for all substituted derivatives, allowing easier generation of the
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radical anion for catalysis through increased excited-state population. Push—pull substituents induce a
notable red-shift in absorption energies, and all derivatives studied display solvatochromic shifts similar to
those of the parent chromophores.

(3) The increase in the exciton size from [OPP-3]* to [OPP-5]* is small. Coulomb attraction between the hole and
electron limits further delocalization in higher oligomers. The exciton in both OPP-n and their derivatives is
localized and shows a positive spatial correlation between the hole and electron. In contrast, push—pull
derivatives acquire charge-transfer character.

(4) Terminal substitution has a negligible effect on the planarization of OPP-3 in the excited state — a key factor
facilitating interaction with sacrificial donor molecules. Additionally, the derivatives of OPP-3 exhibit longer
fluorescence lifetimes.

Overall, our findings demonstrate that substituted OPP-n chromophores exhibit more favorable optical prop-
erties compared to the parent catalyst. Among the derivatives studied, push—pull chromophores emerge as
optimal candidates for photoredox catalysis, striking a balance between lower absorption energy and prolonged
fluorescence lifetimes — both key for efficient radical anion generation. Nonetheless, given the complexity of the
photocatalytic process, further investigation of the subsequent electron-transfer steps is needed to fully assess the
catalytic potential of these derivatives.
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