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ABSTRACT: Photoexcitation of molecular radicals can produce strong reducing agents; however, the limited lifetimes of the
doublet excited states preclude many applications. Herein, we propose and demonstrate a general strategy to translate a highly
energetic electron from a doublet excited state to a ZrO, insulator, thereby increasing the lifetime by about 6 orders of magnitude
while maintaining a reducing potential less than —2.4 V vs SCE. Specifically, red light excitation of a salicylic acid modified perylene
diimide radical anion PDI*~ anchored to a ZrO, insulator yields a ZrO,(e™)IPDI charge separated state with an ~10 us lifetime in
23% yield. The ZrO,(e™)s were shown to drive CO, — CO reduction with a Re catalyst present in micromolar concentrations. More
broadly, this strategy provides new opportunities to reduce important reagents and catalysts at low concentrations through
diffusional electron transfer.

D 1 olecular doublet excited states have been identified with Scheme 1. Strategy for Photogeneration of a Potent and

extreme redox potentials, either more oxidizing than Long-Lived ZrO,(e”) Reductant through Reductive
fluorine gas or more reducing than alkali metals,"~* that drive Quenching of PDI* Followed by Doublet Excited State
energy-demanding redox reactions such as dehalogena- Electron Transfer from 2(PDI*7)* to the ZrO, Conduction
tion,">>° Birch reduction,” and arene oxidation® under the Band (CB)

mild experimental conditions of room temperature and visible
light irradiation.””"" Perylene diimides are the most well
studied among a handful of open shell doublet excited
states.””'*7'° Detailed spectroscopic and kinetic studies
from Schanze’s group demonstrated that >(PDI*”)* underwent
efficient electron transfer to organic acceptors;16 however, the
Stern—Volmer constants were small requiring large submolar
acceptor concentrations even when the reactions were highly
exergonic. High concentrations were necessary because excited -
state relaxation of the very short-lived ~160 ps *(PDI*")* e
otherwise precluded diffusional encounters with the acceptors. C B
For expensive acceptors, such as the CO, reduction catalyst
Re(bpy)(CO);Cl (bpy = 2,2'-bipyridine), or acceptors with . Zr02
limited solubility, high concentrations are simply impractical.
Here we propose and demonstrate a strategy to photogenerate
reductants that are both potent and long-lived reducing agents.

The strategy is to transfer an electron from *(PDI*”)* to an
insulator with a conduction band edge proximate to Electron Transfer
E°(PDI¥*~*). A ZrO, insulator was selected for these initial at Low Concentrations
studies due to its high transparency in the visible region and
negative conduction band edge that is known to be
inaccessible to common molecular excited states, Scheme 1.
Indeed, mesoporous thin films of ZrO, nanoparticles have
previously been utilized as reference materials for dye-
sensitization studies when characterization of excited states ] TACS
was desired without complications from interfacial electron Received: January 12, 2022 )

transfer.!”'® We discovered that visible light excitation of Published: March 10, 2022 E\E@
A

(SCE). The collective ownership of both a long lifetime and
strong reducing power in ZrO,(e”)IPDI was shown to enable

ZrO,|PDI*” vyielded a charge separated state, denoted as
ZrO,(e7)IPDI, that has a stellar long lifetime of over ten
microseconds while still maintaining a reduction potential
more negative than —2.4 V vs the saturated calomel electrode
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Figure 1. (A) The UV—vis—NIR absorption spectra of PDI, ZrO,|PDI, and ZrO,|PDI*~ in DMF. The inset shows pictures of unsensitized ZrO,
film (I), ZrO,/PDI (1I), and ZrO,/PDI*~ (III). (B) Absorption difference spectra of ZrO,|PDI*~ after pulsed nanosecond laser excitation (4, = 680
nm) at the indicated time delays. Overlaid in light blue is the absorption spectrum difference between PDI and PDI*". (C) Representative
absorbance changes monitored at 490, 530, and 800 nm after pulsed 680 nm excitation with overlaid fits to a triexponential kinetic model.

photocatalytic CO, reduction with a Re(bpy)(CO);Cl catalyst
present in micromolar concentrations.

The photosensitizer N,N-Bis(3-carboxy-4-hydroxyphenyl)-
perylene-3,4,9,10-bis(dicarboximide) (PDI) was synthesized
by the reaction of 3,4,9,10-perylenetetracarboxydianhydride
with S-amino salicylic acid in hot imidazole, Scheme S1. The
PDI was photoluminescent with a maximum at 527 nm and a
lifetime of 3.8 ns in DMF. The PDI was anchored to the
mesoporous ZrO, thin films by overnight reactions in a 2 X
107* M PDI DMF solution. Scanning electron microscopy
studies of the resultant ZrO,|PDI revealed a mesoporous thin
film morphology of interconnected ~10 nm ZrO, nano-
particles, Figure S2. Visible absorption spectroscopy quantified
in a transmission mode was particularly useful for character-
ization of the ZrO,/PDI redox chemistry. Representative
comparative spectra acquired in DMF are shown in Figure 1A.

Relative to PDI dissolved in DMF, the spectrum of ZrO,|
PDI was broadened with a change in relative intensities
attributed to intermolecular PDI-PDI interactions'’ and
surface heterogeneity.”” Chemical reduction of ZrO,/PDI by
tetrakis(dimethylamino)ethylene (TDAE) resulted in the
appearance of new absorption features in the red and near-
infrared regions with maintenance of an isosbestic point at 545
nm that were attributed to the formation of the reduced PDI,
abbreviated as ZrO,[PDI*”, Figure S3. Cyclic voltammetry
studies of PDI in DMF electrolyte showed two reversible
waves at —0.59 V and —0.81 V vs SCE that are given in Figure
S4; however, the second reduction was not observed
spectroscopically with excess TDAE. Photoreduction with
white light excitation in the presence of triethanolamine
(TEOA) as a sacrificial donor of ZrQO,IPDI revealed similar
visible—NIR spectroscopic features as that measured by
chemical reduction, Figure SS5.

Visible light excitation of ZrO,PDI provided no evidence
for interfacial electron transfer. Indeed, time-resolved photo-
luminescence (PL) decays of PDI and ZrO,|PDI were within
experimental error the same, 3.8 and 3.6 ns, respectively.
Quenching was observed when PDI was anchored to TiO,,
Figure S6. The excited state reduction potential was calculated
to be E°(PDI**/*) = E°(PDI**/°) — E,_, = —1.1 V, where E,_,
was estimated from the intersection of the absorption and
fluorescence spectra, Figure S7. This value is comparable to the
conduction band edge of anatase TiO,,”' but is insufficient for
ZrO, Capacitance measurements with Mott—Schottky analysis
provided a preliminary estimate of the flat band potential at
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—2.4 V vs SCE with a more negative conduction band edge,
Figure S8.

Figure 1B displays absorption difference spectra after pulsed
680 nm excitation of ZrO,/PDI*” measured at the indicated
time delays. Overlaid in light blue is a simulated spectrum
based on the absorption spectra of PDI*” and PDI. The
agreement between the simulated and measured spectra
indicates that ZrO,[PDI*™* injects an electron to ZrO, to
form the charge separated state ZrO,(e”)/PDI. Comparative
actinometry with a methylene blue actinometer provided a
lower limit of 0.23 for the quantum yield for electron transfer
from *(PDI*")* to ZrO,, Table S2. This yield is comparable to
that previously reported for electron transfer from PDI* to
TiO, for water oxidation applications, which indicates that
electron transfer from a short-lived doublet excited state was as
efficient as that for sin§let excited state transfer across different
metal oxide interfaces.”’

The transient absorption features decreased cleanly to pre-
excitation levels as the injected electron recombined with PDL
With one minor exception, the absorption data were fully
consistent with quantitative ZrO,(e™)IPDI — ZrO,/PDI*~
recombination. The minor exception was attributed to electron
transfer from ZrO,(e™) to PDI*” to yield ZrO,/PDI*~ with a
characteristic absorption band at 560 nm, Figures S9 and S10.
The yield of ZrO,/PDI*~ was very small presumably because
the insulating ZrO, prevents electron transport to distant
PDI*™ acceptors.

The kinetics for interfacial ZrO,(e™)IPDI — ZrO,|PDI*~ to
yield the ground state were nonexponential, but were
satisfactorily modeled by a triexponential function. An
explanation for the nonexponential kinetics is lacking, yet
such behavior is well documented in the dye sensitized TiO,
literature.”” Aggregation of PDI monomers and/or surface
heterogeneity may also contribute to the kinetic behavior as
indicated by the ground state absorption spectrum. Figure 1C
shows representative kinetic data monitored at three wave-
lengths from which an average rate constant k., = 1.9 + 0.3 X
10* s7! was extracted (shown in Table S1).

The remarkably long-lived ZrO,(e”)IPDI with reduction
potential more negative than —2.4 V provides an opportunity
for driving energy-demanding reactions with reactants or
catalysts present in low micromolar concentrations. The
classical CO, reduction catalyst fac-Re(bpy)(CO);Cl was
chosen as a proof-of-principle example. Figure 2A displays
transient absorption spectra measured after pulsed excitation of
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Figure 2. (A) Transient absorption spectra measured after pulsed 680
nm light excitation of ZrO,/PDI*~ with S0 uM Re(bpy)(CO);Cl in
DMF. (B) Absorbance change monitored at 590 nm at the indicated
Re(bpy)(CO);Cl concentrations.

ZrO,[PDI*” in the presence of S0 uM Re(bpy)(CO),Cl in
DME. A notable new spectral feature appeared with a broad
positive absorption band ~600 nm consistent with the
formation of the reduced catalyst: [Re(bpy™)(CO),Cl]~.>***
In control experiments, this spectral feature was absent when
Re(bpy)(CO),;Cl was not present. Monitoring absorption
changes at the 590 nm isosbestic point allowed the kinetics and
yield of the reduced catalyst to be quantified without
contributions from PDI redox chemistry. Figure 2B shows
that the electron transfer rate and yield increased with the
Re(bpy)(CO);Cl concentration from S0 to 200 uM.
Photocatalytic CO, reduction was carried out using ZrO,|
PDI, Re(bpy)(CO);Cl, and TEOA as the sacrificial electron
donor in DMF under 100 mW/cm? LED white light
illumination, Figure SI11. Figure 3A shows the turnover
number (TON) for CO, to CO catalysis measured over the
course of 5 h. The TON of 34 is on par with that previously
reported for photosensitized CO, catalysis.”> Note that only
trace H, was observed and the CO selectivity was over 99%.
The catalytic TON were recovered when the ZrO,|PDI was
placed in a fresh DMF solution containing the same
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Figure 3. (A) TON of CO and H, by Re(bpy)(CO);Cl and ZrO,|
PDI as a function of irradiation time. (B) Photocatalytic CO,
reduction TON under 520 nm irradiation or broad band irradiation
with wavelengths greater than 500 nm. (C) Energetic and dynamic
diagram of ZrO,|PDI for CO, reduction upon visible light excitation.
The Re catalyst reduction potentials were acquired from the
literature.”*
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concentrations of Re(bpy)(CO);Cl and TEOA without a
noticeable decrease in the TON over S repetitive cycles, Figure
S12. The strong anchoring of salicylic acid to the ZrO, surface
and efficient electron transfer at low catalyst concentrations
renders the ZrO,|PDI promising for catalysis applications.

Figure 3C shows an energy diagram for ZrO,|PDI with the
proposed photoinduced electron transfer processes for CO,
reduction. The E°(PDI”*”) was measured by cyclic
voltammetry with the previously reported excited state
potential E*(PDI°/*™*) = —1.9 V'® indicate that injection
into the ZrO, CB is thermodynamically uphill by about —0.5
eV. This suggests that electron transfer occurs from upper or
“hot” excited state(s) and not the thermally equilibrated
2(PDI°7)*. For example, the *(PDI°”) Franck—Condon
excited state created upon absorption of a red 680 nm photon
is a potent —2.4 V photoreductant that is thermodynamically
competent of injection into ZrO,. Hence, after light absorption
excited state injection appears to occur in kinetic competition
with relaxation to the thermally equilibrated excited state,
behavior that is well documented in the dye-sensitized TiO,
literature.””

The proposed mechanism involves the consecutive
absorption of two photons, one by PDI to produce *(PDI*")
through reductive quenching of PDI*. The second photon is
absorbed by *(PDI*”) to create the *(PDI*")* excited state
that injects an electron to form ZrO,(e™)IPDL The injected
electron then reduces the Re catalyst as the first elementary
step in the catalytic cycle. To test this mechanism, wavelength-
dependent photocatalytic CO, reduction experiments were
performed, Figure 3B. With 520 nm light excitation (100 mW/
cm?), only limited catalytic performance (TON¢q = 6) was
observed over 4 h of illumination. In stark contrast, utilization
of <100 mW/cm? from a white light source filtered to transmit
wavelengths greater than 500 nm resulted in greatly improved
TONco of 27, behavior attributed to the significant long
wavelength absorption by PDI*”. We therefore conclude that
the second photon absorption by PDI®” is critical to a high
TON.

The ability of the ZrO,IPDI photocatalyst to reduce aryl
iodide and aryl chloride substrates with reduction potentials
that ranged from —1.78 to —2.10 V was also investigated.
Dehalogenation reactivity did indeed occur as is summarized in
Scheme S2 with Figure S14—S16. In the case of 2-chloro-4-
fluorobenzonitrile, nearly quantitative conversion to 4-
fluorobenzonitrile was realized with an isolated yield of 86%.
Collectively these data demonstrate that ZrO,IPDI has
significant promise for energy demanding photoredox catalysis
applications.

Figure 4 summarizes the recent development of super-
reductants based on their lifetimes and reduction potentials.
With one exception,”® a notable feature of this plot is that the
most potent reductants have the shortest lifetimes. Signifi-
cantly, this work revealed that a super-reductant based on
molecule-insulator hybrid with a potential less than —2.0 V and
a lifetime of ~10 us can be generated with red light.

In conclusion, the strategy of utilizing a photochemically
reduced insulator as a long-lived and potent reductant was
realized. The *(PDI*”)* was shown to inject an electron into
ZrO, to yield ZrO,(e™)IPDI with a quantum yield of 0.23 and
a ~ ten microsecond long lifetime. The ZrO,(e”)IPDI was
shown to activate CO, — CO catalysis and dehalogenate aryl
halide even when the reactants were present in low micromolar
concentrations. This interfacial electron transfer strategy differs
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significantly from the more traditional approach of synthesizing
long-lived molecular excited states with larger energy gaps,
minimal distortion (relative to the ground state), enhanced
spin exchange, and/or greater charge delocalization.>> 3¢
While the search for long-lived reducing agents that can be
generated with visible or near-infrared light is ongoing, this
study demonstrates electron transfer to insulating materials as
a new strategy for the realization of remarkably long-lived
super-reductants.
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