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ABSTRACT: Triggering proton-coupled electron-transfer
(PCET) reactions with light in a nanoconfined host
environment would bring about temporal control on the
reactive pathways via kinetic stabilization of intermediates.
Using a water-soluble octahedral PdL, molecular cage as a
host, we show that optical pumping of host—guest charge
transfer (CT) states lead to generation of kinetically stable
phenoxyl radical of the incarcerated 4-hydroxy-diphenyl-
amine (1-OH). Femtosecond broadband transient absorp-
tion studies reveal that CT excitation initiates the proton
movement from the 1-OH radical cation to a solvent water
molecule in ~890 fs, faster than the time scale for bulk
solvation. Our work illustrates that optical host—guest CT
excitations can drive solvent-coupled ultrafast PCET
reactions inside nanocages and if optimally tuned should
provide a novel paradigm for visible-light photocatalysis.

P roton-coupled electron-transfer (PCET) reaction forms the
chemical basis for carrying out kinetically competent
multielectron redox transformations.' > Classically PCET
involves instantaneous proton transfer (PT) subsequent to or
concerted with a diffusion-limited electron-transfer (ET) step.
An exquisite illustration of PCET is prominently found in the
catalytic 4e”/4H" water oxidation reaction carried out by
photosystem ILS~® The spatial and temporal separation of
protons and electrons via PCET in PSII critically governs the
energetics of the individual oxidation steps without compromis-
ing the chemical integrity of the enzyme. Therefore, an active
synthetic control on PCET reactions would be a significant step
toward engineering efficient catalytic schemes for artificial
photosynthesis.

Molecular systems that beautifully mimic major aspects of the
PCET stip in photosynthesis have been constructed previ-
ously.'®™"* These usually feature extensive covalent chemistry to
tag the electron and proton donor—acceptors in the same
superstructure.'>'® Alternately, it has been realized that light-
induced PCET could be implemented in simpler designs and
potentially could open up new avenues for catalysis. In recent
years chemically coupling the excited-state reactivity of organic
and metal-based photosensitizers to PCET has been successfully
shown."”™"” The PCET step in such light-triggered reactions
provides almost a barrier-less access to desired products via either
sequential or concerted ET—PT steps.ls’19 However, current
examples usually utilize a long-lived triplet state which could
force the PCET steps to compete with plethora of excited-state
deactivation'® and diffusion-limited loss pathways. Recently,
Meyer and Papanikolas reported concerted ET—PT process
through an intramolecular charge-transfer (CT) excitation of a
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hydrogen-bonded paranitrophenyl-phenol:tert-butylamine
pair.” Elaborating on this idea, we propose that carrying out
photoinduced PCET via singlet CT states under isolation would
lead to successful implementation of novel photocatalytic
schemes. According to our paradigm, photo-excited singlet
states will provide the desired quantum and energy efficiency,
while the confined environment will ensure kinetic stabilization
of intermediates for subsequent diffusion-limited steps.

The reactive confinement of active sites in enzymes has been
synthetically mimicked by water-soluble supramolecular host
structures.”’ >* Molecular cages based on metal—organic
frameworks**~>* provide predefined chemical environment in
solution for carrying out selective chemistry with desired
efficiencies. Fujita et al. have previously reported a cationic
octahedral PdgL, cage with N-donor ligands and open
tetrahedral faces.”” The group has demonstrated successful
implementation of many organic transformations inside the cage
with enhanced product selectivity, in addition to trapping
unusual intermediates on the reaction pathway.*® One of the
unique features of this Pd4L, cage is the propensity to generate
host—guest CT states due to the presence of electron-deficient
triazine walls.*”*> The optical signatures of such host—guest CT
states have often been used as evidence for incarceration of guest
molecules.>® Here we use the Pd-nanocage to actively host the
anion radical state via the CT excitation and temporally couple a
water-mediated PT step from an incarcerated guest molecule as
depicted in Figure 1.

Our choice of guest molecules for carrying out the above
conceptualized bidirectional PCET was inspired by the redox-
active amino acid tyrosine in PSIL. A phenol appendage to an
electron-rich diphenylamine would ensure a photoreactive
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Figure 1. (top) Conceptual representation of photoinduced bidirec-
tional PCET process inside a nanocage. (bottom) Chemical formula of
the octahedral PdgL, nanocage; where L = 2,4,6-tri(4-pyridinyl)-1,3,5-
triazine forms the tetrahedral faces, and ethylenediamine holds the Pd**
ion.
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Figure 2. Solution spectra of 1-OH C cage (red) and 2-H C cage (blue)
compared with absorption spectrum of empty Pd-cage in black. (Inset)
Absorption spectra of free 1-OH (red) and 2-H (blue) along with the
free cage (black) spectra.

molecule with an ionizable —OH group. Previous work showed
successful incarceration of such amines in PdgL,-type cages led to
a broad absorption band in the visible region possibly associated
with a CT transition.”*** We incarcerated 4-hydroxy-diphenyl-
amine (1-OH) and diphenylamine (2-H) in order to test our
hypothesis of the temporal coupling of the CT step with the PT
reaction. Using broadband femtosecond transient absorption
spectroscopy, we observed a ~890 fs time scale for a solvent-
coupled PT step in 1-OH after photo-excitation at the host—
guest CT band. The resulting solvent exposed phenoxyl radical is
kinetically stabilized inside the cage and lives for >10 ns making it
a potent intermediate for subsequent diffusion-limited reactions.

The Pd4L, cage was synthesized using the synthetic route first
reported by Fujita et al. (see Supporting Information).””
Optimized incarceration of 1-OH and 2-H was carried out
with a slightly modified procedure (Figures S1—SS) to ensure
reproducibility. NMR quantification showed that ~3 molecules
of 1-OH were inserted inside the cage similar to previously
reported incarceration.®® Steady state absorption spectra of free
1-OH and 2-H are shown in Figure 2 (inset) denotes the amine
centric transition at ~280 nm. Upon incarceration, new
absorption bands corresponding to host-guest CT complex is
observed which is centered at ~460 nm. The absorption
spectrum for the CT band in 1-OH C cage extends until 720 nm,
while for 2-H C cage it decays oft by 625 nm. These bands could
not be reproduced by varying concentration of free amines in
solution indicating specificity of the CT band for the host—guest
complex. From NMR quantification of incarceration, we estimate
a modest molar extinction coefficient of ~1000 M~ cm™" for the
CT band in 1-OH C cage.

In order to show the CT character of the excited state and track
its reactivity, we carried out femtosecond transient absorption
spectroscopy with 490 nm excitation to selectively pump the
optical CT band. Absorption transients were recorded at
different pump—probe delays in the visible using a probe
window ranging from 500 to 750 nm with an IRF of ~100 fs.
Figure 3a shows the evolution of the broad excited state
absorption feature for 1-OH C cage in water. The asymmetric
ESA profile hinted at presence of at least two distinct species with
one absorbing strongly at 710 nm. Pulse radiolysis study on free
diphenylamine (DPA) has shown that the DPA radical cation
absorbs at 700 nm, which closely resembles the observed 100 fs
transient of incarcerated hydroxy-DPA.***” However, the feature
in between 450 and 600 nm appears broader than the previous
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Figure 3. Time evoluton of the excited-state signal in the visible
wavelengths and its corresponding SVD component spectra; (a,b) for 1-
OH C cage, (c,d) for 2-H C cage. The traces at 10 and 100 ps were
scaled S times for clarity.

report of the DPA radical cation spectrum. We assign the broad
peak at ~600 nm to the Pd¢L, cage localized anion radical which
was first reported by Fujita et al. using steady illumination at low
temperature.”® The immediate appearance of both the hydroxy-
DPA radical cation and the cage anion confirms our assignment
of the optical CT state.

The spectral evolution of radical species in 1-OH C cage
shows rapid population decay within the first 10 ps evident from
the remarkable intensity decay eventually leading to a new state
which does not decay within the experimental time scale of 2 ns.
To enumerate the spectra and lifetimes of the states, we carried
out an SVD analysis to generate decay associated spectra from a
sequential target model. Figure 3b shows the normalized
component spectra with 920 fs and nondecaying lifetime,
respectively. The short component spectrum resembles an
additive spectrum of the 1-OH localized radical cation and a cage
localized anion radical feature. The nondecaying component is
slightly narrow on the red edge but retains the overall shape of
the 920 fs component. Although amplitude of the nondecaying
component is almost ~2% of the original radical cation spectrum,
it could still be detected sensitively in our measurements (Figure
S$13). The small absorption signal of the nondecaying state can be
explained by a loss in absorption cross-section upon formation of
a neutral radical. Previous electrochemical measurements have
shown ~9—10 times decrease in the molar extinction coefficients
of free DPA cation radical upon its conversion to neutral radical
via deprotonation.*® We independently confirmed the deproto-
nation step by carrying out nanosecond flash photolysis which
generated photoproduct species at 10 ns having major
absorption at ~395 nm (Figure S12) and a weak broad feature
between 550 and 700 nm, matching very well with other known
phenoxyl radical species.*” Additionally, kinetic fitting at 715 nm
showed a minor (~2%) decay component of ~7.75 ps, which
possibly indicates small heterogeneity in the deprotonation step
(Figure S14 and Table ST1). Therefore, the major spectral
evolution within the CT state indicates an ultrafast PT step to a
proximal base, assigned to be an associated water molecule. Our
assignment is supported by the crystal structure of the 1-OH C
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[CoeL4(SCN),],, which shows protrusion of the —OH group
toward the solvent.

In order to address if deprotonation can only occur through
solvent exposed —OH or also from the interior —NH
functionality, we optically excited the CT state of 2-H C cage
in water. The ESA spectral evolution shown in Figure 3c is
interpreted within the same framework as proposed above for the
incarcerated 1-OH molecule. The radical cation spectrum seen
immediately after photo-excitation evolves to a nondecaying
state although with a slower time scale. SVD analysis of the 2-H
incarcerated cage, presented in Figure 3d, shows the radical
cation component with maxima at 690 nm and ~10 nm blue-
shifted neutral radical spectrum. The 3.6 ps lifetime of the radical
cation implies almost 3—4 times slower deprotonation step,
although kinetic fitting shows two time constants of ~2.4 ps
(major) and ~15.5 ps (minor) respectively (Table ST3). We
assign the minor component to a photochemically incompetent
fraction that shows only CT recombination, time scale supported
independently by measurements on tertiary amine guests (Figure
S1S in SI). Thus, for 2-H C cage, the PT rate slows down
possibly due to the buried —NH moiety, although the access to
proton accepting water molecule is not completely blocked. The
PT time scales therefore are set up by the kinetic accessibility of
the water molecule along with the corresponding pK, of the
ionizable group. The obvious distinction in temporal delay of the
PT step in 1-OH and 2-H motivates us to interrogate the
differences in solvation dynamics of the two host—guest systems
and derive an understanding of the nature of the coupling.

We interrogated the solvation dynamics by optically triggering
a large dipole moment change across the host—guest system
through the CT state. Broadband femtosecond near-IR dynamics
were recorded using a white light continuum probe ranging from
850 to 1300 nm to capture the radical-cage coupled CT state
(Figure S7). The dipolar CT state is delocalized over the entire
supramolecular system and thereby triggers the inertial water
rearrangement around the host—guest complex. For the 1-OH C
cage we observe a measurable blue shift of ~280 cm™" of the ESA
band (Figure S9) within 500 fs implying partial solvation, before
the loss of ESA signal due to the PT step. However, continuous
solvation until 1 ps for 2-H C cage without an evident PT implies
possibly larger rearrangement of solvent shell is required for the
PT step. The lifetime components obtained after an SVD analysis
(Figure 4a inset) showed ~670 cm™" spectral blue-shift upon
deprotonation of 1-OH. This shift in ESA feature can be
explained by stabilization of the deprotonated state via electronic
conjugation and solvation. The smaller shift of ~510 cm™
(Figure 4b inset) seen in the case of 2-H C cage is possibly
due to the buried —NH group. Therefore, the guest sensitive CT
ESA feature can act as a probe to track chemical events inside the
Pd¢L-nanocage.

To establish unequivocal validity of the PCET process, isotope
dependence of the PT step was experimentally measured. Figure
4a,b shows the ESA decay kinetics at 715 nm which represents
the decay of the radical cation population for both 1-OH C cage
and 2-H C cage in both H,0O and D,O respectively. The major
amplitude in the 1-OH C cage decay dynamics is attributed to a
~890 fs component in H,O while ~1.17 ps time constant in D,O
(Figure 4a). The kinetic isotope effect (KIE) of 1.32 confirms the
PT step after CT excitation. The minor component of ~7.75 ps
in H,O slows down to ~15.8 ps in D,O indicating a large KIE
value of ~2.0S, which possibly implies increased proton donor—
acceptor distances.” Upon comparison with 2-H C cage which
revealed a KIE value of 1.72 (shown in Figure 4b) due to buried
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Figure 4. Decay kinetics at 715 nm for the radical cation feature in (a) 1-
OH C cage and (b) 2-H C cage, respectively, in D,O (red circles) and
H,O (blue circles). (Insets) Spectral decomposition of NIR femto-
second transients representing the protonated and deprotonated CT
state in (a) 1-OH C cage and (b) 2-H C cage.

N-—H deprotonation, we assign the minor component in 1-OH
C cage to a proton removal from the N—H site. In order to rule
out any ambiguity in our interpretation of the PT step from
experimental KIE values,*” we carried out isotope exchange
measurements on N-methyldiphenylamine (3-NMe) incarcer-
ated cage which does not have any ionizable proton. The KIE of
~1.09 (Figures S10 and S11) indicates the validity of our PT
assignment. Our results thus indicate two plausible PT channels
for 1-OH and one PT step for 2-H in cage.

In Figure 5, we summarize the first demonstration of an
ultrafast light-induced PCET reaction inside a nanocage using a
chemical scheme. The ground state of the incarcerated 1-OH
shows a direct interaction with the water molecule. Triggering a
large dipole moment change via host—guest CT excitation
reorients the solvent water to achieve an optimized reactive
geometry. This dynamic reorientation initiates the proton
movement toward the water molecule and thereby producing a
neutral phenoxyl radical which lives longer than 10 ns. Although
majority of the PCET process occurs through the phenol end, a
minor tautomer does contribute to the excited-state hetero-
geneity leading to much slower N—H deprotonation with a large
KIE. The support for this pathway emerges from the similarity in
KIE values observed for N—H deprotonation in 2-H C cage,
although a much slower PT time scale in 1-OH may indicate
altered solvation structure or dynamics. To our knowledge the
time scale of the entire bidirectional PCET step for 1-OH C cage
is the fastest measured coupled electron—proton event and is
only 4 times slower than the photo-EPT reported by Meyer and
Papanikolas.*® The yield of the reaction is dictated by the CT
recombination rates which are typically ~5—20 ps for aprotic
tertiary amine guests much slower than the PT pathway. The
separation of time scales guarantees almost >80% quantum yield
for the PCET product, reminiscent of photosynthetic control of
Y, radical formation. Our results should motivate new
experimental and computational efforts to unravel the precise
nature of the solvent coordinate and host coupling to the PCET
process.

In conclusion, we show that photochemical reactions can be
driven within nanoscopic molecular cages using host—guest CT
excitation. We provide the first proof-of-concept result by
demonstrating the fastest bidirectional photoinduced PCET
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Figure S. Scheme for photoinduced PCET inside a Pd¢L, nanocage driven by optical excitation of host—guest CT state.

reaction known for a sequential process. Using time-resolved
pump—probe spectroscopy we provide direct evidence for the
protonated radical cation, neutral radical, and the cage anion
species as the reaction proceeds on the singlet excited surface.
The long lifetime of the photoproduced neutral phenoxyl radical
should help initiate redox chemistry in the diffusion-controlled
time scales. The presented paradigm for triggering redox
reactions can be generalized by choosing complementary
host—guest pairs in order to generate an optical CT band. We
envision that tuning the host—guest electronics will lead to larger
optical cross-section of the CT band and thereby could eliminate
the need for external photosensitizers in photocatalysis.
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