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A ubiquinone-based triphenylamine compound (TPA-CoQ)
was synthesized as a simple model to study the photo-induced
electron transfer (PET), where the redox processes of
ubiquinone could switch the off/on fluorescent of TPA-
CoQy/TPA-H,CoQ, via controlling the reversibly PET
processes. The Density Functional Theory (DFT) studies
indicated that the switched PET processes rely on the
matched molecular orbitals of TPA group and CoQ,/ H,CoQ,
moiety. This work provides a simple model to deeper
understand the PET process and a guide for designing new
PET-based molecules in the future.

In photosynthesis process, photo-induced electron from excited
state of Pgg, in photosystem Il (PSII) is transferred along an electron
transport chain accompanying with the proton transfer via three
mobile carriers (palstoquinone, plastocyanin and ferredoxin) to fulfil
the synthesis process of adenosine triphosphate (ATP) and the
reduction of carbon dioxide, where the photo-induced electron
(PET) high
photoconversion quantum yield.”? Inspired by nature, great of efforts

transfer plays an essential role resulting in

11-13

have been done based on the PET in chemistry*™®, biochemistry

and materials™™®

, attempting to construct a biomimetic model to
understand the PET process in photosystem Il and develop artificial
photosynthesis systems with high energy-conversion efficiency like
photosynthesis.”™* In consideration of the key role of quinone in
photosynthesis and reversible

its prototypical redox property,

quinone-based PET systems have also been designed as artificial

20, 21

photosynthesis systems®” ** and fluorescence sensors®* to obtain an
increasingly clear picture of PET process. In these systems, quinone,
as an electron acceptor, captures the electron from the photoexcited
electron donor or controls the switched fluorescent via its redox
property. The PET process was used for explaining the experimental
results in these works, but it lacks the fundamental studies from the
nature of molecules. From photosynthesis and the previous works, it

is clear that suitable molecular systems are essential for realizing
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efficient PET process. However, it is scarce to understand the
quinone-based PET process from molecular basis and explore a simple
molecular model to guide molecular design because the reported
systems are too complex to understanding the PET process using the
theory calculations. Therefore, it is crucial to construct a simple model
to investigate the mechanism of quinone-based PET from molecular
level, which is not only for further understanding the natural PET
process in photosystem Il, but also for providing a significant
reference for designing and synthesizing new PET-based molecules.
To reach this goal, we designed and synthesized a ubiquinone-
based triphenylamine compound (TPA-CoQ,) to research the
intramolecular PET from optical studies and Density Functional
Theory (DFT) In TPA-CoQ,,

ubiquinone act as the simplest electron donor and electron accepter,

calculations. triphenylamine and
respectively. Ubiquinone undergoes two-step two-electron redox
process, which could fine-tune the intramolecular PET process from
triphenylamine moiety to ubiquinone group.

TPA-CoQ, was readily synthesized from one-step Suzuki Reaction
between 6-Bormoubiquinone and 4-(diphenylamino) phenylboronic
acid (Scheme 1). The *H and **C NMR, which are available in the ESI+,
are consistent with its formulation. Single crystals of TPA-CoQ,
suitable for the X-ray study were afforded via slow diffusion of
petroleum ether into a dichloromethane solution of TPA-CoQ, at
ambient temperature. An ORTEP drawing of the molecular structure
of TPA-CoQ, (CCDC 1036959) is displayed in Fig. 1 and the full
structural parameters are listed in the ESIt.

Q pH K400, THE. H,0 HZOQ
::¢[ Pd(PF'h:,)4 reflux O O o=

TPA-CoQq
Scheme 1. The synthesis route of TPA-CoQy.
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Fig. 1 ORTEP representation of TPA-CoQq.Where, blue = nitrogen, red = oxygen,
gray = carbon, while = hydrogen.

To observe the fine-tuned PET between TPA and CoQ, as a result of
ubiquinone redox process, the fluorescent and absorption spectra of
TPA-CoQ, were measured as shown in Fig. 2, where NaBH, was used
for ubiquinone reduction. TPA-CoQ, displays a non-fluorescence
property (inset Fig. 2A) because the PET process took place between
TPA group and CoQ, moiety. While, when NaBH, was added to
reduce CoQ,, the TPA-H2CoQ, system exhibits a strong fluorescent at
515 nm (inset Fig. 2A). The appearance of the fluorescence is assigned
to the blocked intramolecular PET from TPA to hydroubiquinone
(H,CoQ,). The absorption spectra were measured to confirm the
reduction of ubiquinone by NaBH,. As shown in Fig. 2B, TPA-CoQ,
displays a strong and sharp absorption band at 299 nm and a weak
and broad absorption band at 350-570 nm. The band at 299 nm is the
overlapped result of the n-mt* transition of the triphenylamine and the
T-Tr* transition of the ubiquinonyl ring®® . The broad band is ascribed
to the n-m* electronic transition of ubiquinonyl ring™. After addition
of NaBH,, the broad band of TPA-CoQ, disappears indicating the n-mt*
electronic transition of ubiquinonyl ring is nonexistent and the CoQ, is
reduced to H,CoQ,. These results reveal that the intramolecular PET

would be control via the redox process of CoQ, group.
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Fig. 2 (A) Fluorescence and (B) absorption spectra of TPA-CoQq (0.4 mM) in
absence and presence of NaBH,; in CH3:CN. Inset: fluorescence and colour
changes of TPA-CoQq before and after adding NaBH,.

Next, the electrochemical and spectroelectrochemical properties
of TPA-CoQ, were studied to further explore ubiquinone-tuned PET
process. As can be seen from Fig. 3A, TPA-CoQ, exhibits three pairs of
reversible redox peaks with the formal potentials at 0.949 V, -0.673 V
and -1.349 V vs Ag/AgCl, respectively, which are consistent with the
one electron redox process of TPA group and two electron redox

processes of CoQ, moiety.” ** Then, in situ UV-vis
spectroelectrochemistry was measured to obtain the spectral
information of TPA-CoQ, for investigating the fluorescent

spectroelectrochemistry. As shown in the black and red lines of Fig. 3B,
the broad absorption bands at 350-570 nm changed into a new band
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at 380-470 nm with increasing intensity when applied a constant
potential at -0.8 V, which indicated that ubiquinones were reduced to
form semiquinone radicals. With the application of a more negative
potential at -1.5 V, semiubiquinone anions were further reduced to
dianionic and the disappeared n-m* absorption band of semiquinone
radicals reveals ubiquinonyl ring totally is converted to aromatic ring™.
The similar shapes of the red line in Fig. 2B and the blue line in Fig. 3B
demonstrate the ubiquinone group could be completely reduced by
NaBH, and electrochemical method.
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Fig. 3 (A) CV curves of 1.0 mM TPA-CoQ, obtained at a glassy carbon electrode (@
=3 mm) in anhydrous and deoxygenated CH3CN containing 0.1 M TBAP at scan
rate 0.100 V's™; (B) In situ UV-vis spectroelectrochemistry of 0.4 mM TPA-CoQq
obtained in an optically transparent electrochemical cell during the constant
potential in aprotic CH;CN contained 0.1 M TBAP; (C) Fluorescence emission
spectra changes of TPA-CoQg with switched applied potentials, a-e: at the
applied potential -1.5 V, e-k: at the applied potential -0.3 V; (D) Electrochemical
fluorescence switched cycles with the redox cycle of TPA-CoQy.

Fig. 3C displays the PL intensity changes of TPA-CoQ, at two
switched applied potentials between -1.5 V and -0.3 V vs Ag/AgCl,
where the ubiquinone moiety would be completely reduced or
reoxidized. With the application of reduction potential at -1.5 V, a
fluorescent signal occurs at 515 nm in the non-fluorescence PTA-CoQ,
system and the PL intensity increases gradually along with the
increasing time. While, when a constant potential at -0.3 V is applied,
the decreased FL intensity is observed. The FL intensity changes of
TPA-CoQ, is ascribed to the redox process of CoQ, group as observed
using the NaBH, to reduce the CoQ, shown in Fig. 2A. Fig. 3D shows
the electrochemical fluorescence switched cycles of TPA-CoQ, system
upon the switched applied potentials between -1.5 V and -0.3 V. The
FL intensity of TPA-CoQ, system increases during the electrochemical
process with the constant potential at -1.5 V, indicating that the
reduction of TPA-CoQ, takes place to lighten the system fluorescence.
The FL intensity of the TPA-CoQ,system would gradually decreases
with the reoxidation of reduced CoQ,. Additionally, the process is
reversible and the FL intensity stays similar during the switched cycles
due to the excellent electrochemical property of ubiquinone (Fig. 3D).
These results demonstrate the redox process of CoQ, group could
fine-tune the “off/fon” and “on/off” fluorescence of the TPA-CoQ,

system via switched the PET process.
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To deeper illustrate the mechanism process, Density Functional
Theory (DFT) for the first time was used in ubiquinone-base PET
system to understand the PET process from the molecular basis and
attempt to provide a theory model, where polarizable continuum
model (PCM) was used for describing the solvent and the interaction
between solvent and solutes.

A PET non-fluorescent
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Fig. 4 The frontier molecular orbital energy diagrams of (A) TPA-CoQq, CoQy,
photoexcited TPA, and (B) TPA-H,CoQ,, H,CoQ,, calculated at the B3LYP/6-
311++G(d, p) level of theory in CH3CN (Red line: LUMO; Black line: HOMO).
Polarizable continuum model (PCM) was used for describing the solvent and the
interaction between solvent and solutes.

TPA-H,CoQ,

As shown in Fig. 4A, the LUMO and HOMO of TPA-CoQ, are
localized on TPA group and CoQ, group, which are ascribed to the fact
that TPA and CoQ, act as an electron donor and an electron acceptor
in TPA-CoQ, system, respectively. In addition, the LUMO energy level
of TPA-CoQ, is consistent with that of CoQ,, while the HOMO energy
level of TPA-CoQ, is in good agreement of that of TPA. The energy
levels of TPA-CoQ,

communications as a result of the large dihedral angle (55.84°)

could be contributed to a weak orbital

between CoQ, moiety and TPA moiety obtained from DFT
calculations using CH,CN as solvent.”® The PET process would be
explained clearly from the frontier molecular orbital energy diagrams
shown in Fig. 4. As can be seen from the Fig. 4A, in the oxidation state
of CoQ, moiety, the LUMO of CoQ, (-3.636 eV) is lower than that of
TPA (-1.010 eV) and the HOMO of TPA (-5.424 eV) is higher than that
of CoQ, (-6.882 eV). Therefore, when electrons of TPA is excited from
its HOMO to LUMO, the electrons would be back to the LUMO of
CoQ, rather than HOMO of TPA and the HOMO electrons of CoQ,
also would not inject into HOMO of TPA. The intramolecular PET from
the photoexcited LUMO of TPA to LUMO of CoQ,
fluorescence property of TPA-CoQ,. However, when CoQ, group is
reduced to H,CoQ,, the LUMO of H,CoQ, (-0.492 eV) would be higher
than that of TPA (-1.010 eV) and the HOMO of H,CoQ, (-5.890 eV) still

lets non-

This journal is © The Royal Society of Chemistry 2012
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is lower than the HOMO of TPA (-5.424 eV) as shown in Fig. 4B. In this
case, the photo-excited electron of TPA would return to its HOMO
and the photons are released. The blocked PET makes the system
displays a strong fluorescence. The DFT calculations reveal that the
nature of the switched intramolecular PET process is ascribed to the
changed molecular orbitals of CoQ, during its redox process. The
picture of the intramolecular PET becomes clear that the efficient PET
system should occupy the matched molecular orbitals between the
donor and acceptor groups, which could be obtained from the
inchoate DFT calculations before we synthesize new PET-based
molecules. The fine-tuned PET process of TPA-CoQ, model provides a
DFT-based reference for designing new molecules with efficient PET.

In conclusion, a ubiquinone-based triphenylamine compound was
synthesized as a simple model to study the photo-induced electron
transfer (PET). The optical studies indicate the PET process could be
fine-tuned via redox of ubiquinone and the system exhibits “off/on”
and “off/fon” fluorescent properties between TPA-CoQ, and TPA-
H,CoQ,. The DFT calculations also demonstrate that the changed
LUMO orbitals of ubiquinone/hydroubiquinone are ascribed to the
switched PET processes. These results suggest that suitable molecular
structures with efficient PET property could be calculated before
synthesizing and would give excellent properties for their applications
in artificial photosynthesis systems or sensors. This work provides a
simple theory model for deeper insight into the intramolecular PET
and would give a fundamental reference for new PET-based
molecules development.
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