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ABSTRACT: Photoinduced charge transfer (PCT) is a key step
in the light-harvesting (LH) process producing the redox
equivalents for energy conversion. However, like traditional
macromolecular donor—acceptor assemblies, most MOF-derived
LH systems are designed with a large AG® to drive PCT. To
emulate the functionality of the reaction center of the natural LH
complex that drives PCT within a pair of identical chromophores
producing charge carriers with maximum potentials, we prepared
two electronically diverse carboxy-terminated zinc porphyrins,
BFBP(Zn)-COOH and TFP(Zn)-COOH, and installed them into
the hexagonal pores of NU-1000 via solvent-assisted ligand
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incorporation (SALI), resulting in BFBP(Zn)@NU-1000 and TFP(Zn)@NU-1000 compositions. Varying the number of
trifluoromethyl groups at the porphyrin core, we tuned the ground-state redox potentials of the porphyrins within ca. 0.1 V relative
to that of NU-1000, defining a small AG, for PCT. For BFBP(Zn)@NU-1000, the relative ground- and excited-state redox
potentials of the components facilitate an energy transfer (EnT) from NU-1000* to BFBP(Zn), forming BFBP(Zn)g;* which entails
a long-lived charge-separated complex formed through an exciplex-like [BFBP(Zn)s;*—TBAPy] intermediate. Various time-resolved
spectroscopic data suggest that EnT from NU-1000* may not involve a fast Forster-like resonance energy transfer (FRET) but
rather through a slow [NU-1000*—BFBP(Zn)] intermediate formation. In contrast, TFP(Zn)@NU-1000 displays an efficient EnT
from NU-1000* to [TFP(Zn)—TBAPy], a complex that formed at the ground state through electronic interaction, and thereon
showed the excited-state feature of [TFP(Zn)—TBAPy]*. The results will help to develop synthetic LHC systems that can produce
long-lived photogenerated charge carriers with high potentials, i.e., high open-circuit voltage in photoelectrochemical setups.

B INTRODUCTION

Efficient solar energy conversion in natural photosynthetic
apparatus is achieved by the elegant organization of photo-
synthetic pigments within the protein framework of the light-
harvesting complex (LHC). While the special chromophore
pair reaction center (RC), at the middle of the LHC, absorbs
the photon energy and prepares the redox equivalents (charge
carriers with sufficiently high potentials) to drive NAD(P)H
formation for CO, reduction in PS-I and water oxidation in
PS-II, the arrays of chlorophylls and carotenes are responsible
for capturing the sunlight and transferring energy to activate
the RC. The working principle in the LHC has inspired the
development of efficient artificial energy conversion sys-
tems.' > Among various factors, the key requirements for an
artificial LH system are its panchromatic sensitization
encompassing a large region of the visible spectrum, efficient
delivery of the excitonic energy to the reaction center to
produce redox equivalents, and a long charge recombination
time to drive the desired redox transformations.”® However,
assembling solid compositions featuring these functionalities,
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without being infested by various wasteful exciton recombina-
tion pathways, has been challenging.’~"°

Crystalline metal—organic frameworks (MOFs), constructed
from a wide range of photo- and redox-active metal nodes and
organic struts, offer a unique platform for developing such
artificial LHCs."'™" Precise relative positioning of these
functional building blocks offer predictable interchromophoric
interactions that are critical for energy transfer (EnT) and
photoinduced charge transfer (PCT) processes. The topology-
controlled structural variation and other modularity bring up
the most important feature: scalable tunability of photophysical
processes.'*'® Furthermore, tailored functionalities, achieved
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TFP(Zn)-COOH

Figure 1. (a, b) Representative structure and components of porphyrin@NU-1000 highlighting the node-installed porphyrin at the hexagonal
mesopore of NU-1000. (¢, d) Computationally optimized model of BFBP(Zn)@NU-1000 (along the ¢ and b axis) showing the position of the
porphyrin relative to the adjacent TBAPy linkers. (e) Chemical structure of H,TBAPy, BFBP(Zn)-COOH, and TFP(Zn)-COOH.

through various postsynthesis approaches such as linker
exchange and solvent-assisted ligand incorporation (SALI),
are always attractive in developing functional systems.'”™**
Indeed, postsynthesis installation of complementary photo-
and redox-active species within the MOFs pores has been
established for EnT or PCT processes.”> >*

While macromolecular and supramolecular compositions
consisting of donor—acceptor (D-A) motifs have been
generally exploited as promising LH components,” > system-
atic development to underpin the working principle and
improve the fundamental EnT and/or PCT processes in MOF-
derived systems are rare. We have established that MOF
excited states are delocalized where the molecular excitons
span multiple linkers.*> With a node-installed redox quencher
in the 1D mesopores of TBAPy-based (TBAPy = 1,3,6,8-
tetrakis(p-benzoic acid)pyrene) zirconium-MOF NU-1000, we
have demonstrated the antenna effect where multilinker
excitons are efficiently displaced (requiring a lower number
of hops) to redox sites before getting involved in the fast PCT
(tcr ~ 10 ps) process.””*>** On the basis of these unique
findings, we have developed an artificial antenna system in
NU-1000 by anchoring a carboxyphenyl-appended tetraphe-
nylporphyrinato zinc(II) (TPP(Zn)-COOH) onto Zrs-oxo
secondary building units (SBUs) via SALL* With comple-
mentary pigments, based-on their relative ground-state and
excited-state redox potentials, installed within MOF pores, this
TPP(Zn)@NU-1000 was established to emulate the antenna
functionality of the chlorophyll-based LHCs. The initial
photogenerated excitons (NU-1000%) are efficiently trans-
ported to the TPP(Zn) site with kg,p =~ 4.7 X 10" s and a
PCT resulting in a charge-separated complex [TBAPy* —
TPP(Zn)**] with kcp = 1.2 X 10'° s71.%° This artificial porous
LHC allows a panchromatic excitation (350—600 nm) leading
to [TBAPy* —TPP(Zn)**] formation.

While TPP(Zn)@NU-1000 entailed many key targeted
features of porous artificial LH systems, especially a fast EnT

and efficient PCT, it could produce redox equivalents that are
not characterized by their maximum possible potentials. With a
sizable AG’ driving the PCT (stemming from the energy
difference between EIFP(?M# and ENY100 of ~0.46 V), the
hybrid could generate redox equivalents with a maximum
possible potential difference of ~1.6 €V (i.e,, the open-circuit
voltage, Vi, measured from the gap between Ely and ED)),
which is significantly lower than its maximum possibility of ca.
2.1 eV. Like the RC of natural LHC, redox equivalents with
maximum potentials can be achieved by closely positioning a
pair of quadrupolar aromatic chromophores in a homogeneous
solution or crystalline film configuration.**™*!

While single linker-based MOFs are common, a symmetry-
breaking PCT within the pair of the same species has not been
achieved. Instead, we investigate here a PCT within the pair of
two different chromophores with low AG’, through manipu-
lation of relative energetics of D-A species. For that, we build
on the porphyrin@NU-1000 system (Figure 1) where we use
two separate porphyrin derivatives possessing electrochemical
and optical bandgaps that are comparable to the electro-
chemical potentials and bandgap of the host NU-1000 antenna
to study PCT involving porphyrin®* and the MOF. Two
carboxy-terminated zinc porphyrins, [2-((4’-carboxy)phenyl)-
5,15-bis(trifluoromethyl)-10,20-bis(phenyl) porphyrinato]zinc-
(I1) (BFBP(Zn)-COOH) and [2-((4'-carboxy)phenyl)-
5,10,15,20-tetrakis(trifluoromethyl) porphyrinato]zinc(1I)
(TFP(Zn)-COOH), were prepared and installed into the
hexagonal pores of NU-1000 via SALI (Figures la and 3d),
resulting in BFBP(Zn)@NU-1000 and TFP(Zn)@NU-1000
compositions. The electronic properties of the porphyrins were
modified by replacing the meso-substituted phenylenes with
trifluoromethyl (CF;) groups such that the electrochemical
redox potentials of BFBP(Zn) and TFP(Zn) are within ca.
+0.1 V (entailing essentially the same bandgap of ~2 eV). On
the basis of the ground-state and excited-state redox potentials
of the respective components and the prepared hybrids, both
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were expected to drive PCT with a small driving force. Probed
with various steady-state and time-resolved spectroscopies,
BFBP(Zn) @NU-1000 showed a fast formation of a low-energy
emissive exciplex-like [BFBP(Zn)¢*—TBAPy] intermediate,
which relaxes to a CT state that partially recombines to ground
state and partly decays to a triplet manifold. In contrast,
TFP(Zn)@NU-1000 formed a ground-state complex through
electronic interaction due to a short TFP(Zn)—TBAPy
distance achieved via a nonplanar porphyrin core and displayed
excited-state features and dynamics characteristics of this
complex; i.e., no dissociative exciplex-like state was observed in
TFP(Zn)@NU-1000. We believe that this fundamental study
on exciton splitting through an excited-state complex
formation in MOFs will shine new light on the development
of MOF-based artificial LHC to generate high potential charge
carriers.

B MATERIALS AND METHODS

Materials and Synthesis. Anhydrous 2-methyltetrahydrofuran
(MeTHF) and aq,a,a-trifluorotoluene (CF;Tol) solvents, used for
spectroscopic studies, were purchased from Fisher Scientific. Solvents
used for synthesis are described in Supporting Information (SI).
Phase-pure NU-1000 was synthesized and activated according to a
reported procedure.”>** Synthesis of carboxy-appended zinc-porphyr-
ins in their respective ester form, BFBP(Zn)-COOEt and TFP(Zn)-
COOEt, and their subsequent hydrolysis resulting in the titled
compounds BFBP(Zn)-COOH and TFP(Zn)-COOH are described
in SI. Porphyrin@NU-1000 samples are grepared via a well-
established SALI process also described in SI.>°

Instrumentation. Cyclic voltammograms (CV) for homogeneous
and solid-state samples were recorded on an Autolab 128N
potentiostat using a standard three-electrode cell equipped with a
platinum counter electrode, an Ag/AgCl (3 M KCl) reference
electrode, and a working electrode. The preparation of working
electrodes for different samples is detailed in SI. Thermogravimetric
analysis (TGA) was carried out on a TGA QS0. Scanning electron
microscopy (SEM) and energy-dispersive spectroscopy (EDS) were
performed on a Quanta FEG 450 scanning electron microscope.
Excitation—emission spectra and absolute quantum yields (QY) were
collected on an Edinburgh ESS spectrofluorimeter. Time-resolved
emission spectra (TRES) were collected on an Edinburgh Lifespec II
picosecond time-correlated single-photon counting (TCSPC) spec-
trophotometer. Femtosecond transient absorption spectroscopic data
were collected on an HELIOS Ultrafast Systems. Global target fitting
was performed using the Glotaran package.** Instrumental details
along with experimental conditions are described in SI.

B RESULTS AND DISCUSSION

Synthesis and Characterization. The carboxy ester-
terminated porphyrins, BFBP(Zn)-COOEt and TFP(Zn)-
COOEt, were synthesized through Suzuki coupling reactions
of the corresponding monobrominated porphyrins. The ester
products were then separately hydrolyzed with aqueous
potassium hydroxide and carefully acidified to pH 3 with
dilute hydrochloric acid (1 M HCI) to afford the
carboxyphenyl-terminated zinc porphyrins, BFBP(Zn)-
COOH and TFP(Zn)-COOH. Besides '"H NMR data, the
zinc(1I)-metalated porphyrins were characterized by their two
Q_bands signature in UV—Vis spectra between 525 and 650
nm (Figure S16) and fluorescence peaks appearing at ca. 620
and 650 nm (Figure S17). Before the porphyrin installation,
phase-pure NU-1000 was solvothermally activated by reacting
with HCl in dimethyl sulfoxide (DMSO) at 100 °C to liberate
the node-bound biphenyl-4-carboxylic acid that was used as
the crystal-growth modulator (Figures la and 3d). Recent

work by Hupp and co-workers have shown the use of DMSO
solvent during this activation process leading to a protonated,
8-connected node (with Cl™ as counterion; Figure S7)
compared to Zrs nodes being blocked by formate-capping
achieved via traditional activation performed in N,N-
dimethylformamide (DMF).*> Formate-free NU-1000 was
used as the suitable SALI precursor.*’ The SALI reaction
was carried out at 80 °C with 1:1 molar ratio between
porphyrin derivatives and Zr-SBUs (i.e., one porphyrin per
node target loading). The porphyrin-installed samples
displayed less solvent-accessible pores in TGA profiles
compared to unmodified NU-1000 precursors (Figure S6).
The UV—Vis spectra of the corresponding base-digested
compositions (Figure S9) revealed that the porphyrin loading
in BEBP(Zn)@NU-1000 and TEP(Zn)@NU-1000 is about
one per two nodes (0.59 and 0.49 porphyrin moieties per SBU,
respectively); this loading amount is consistent with the SEM-
EDS results (Figures S4 and SS). The nonplanarity of the
porphyrin ring and the overall steric hindrance that it conveys
to the anchoring benzoate at the Zr-node binding site led to a
kinetically challenged loading. This geometric limitation in
SALI installation (which inherently involves acid—base
equilibrium chemistry) will, therefore, ensure evenly distrib-
uted porphyrin moieties across the MOF crystals as opposed to
a kinetically fast process resulting in high porphyrin density at
the outer layers of the crystallites. This has been a well-adopted
strategy to realize a uniform D-A or related dyad system
including [porphyrin-TBAPy] within the MOF crystalli-
tos 22354647

Next, we wanted to determine the position of the installed
porphyrins, particularly to understand their proximity to the
MOF linkers. For this, we performed diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS) and
analyzed our data relative to the relevant known systems
including the detailed analysis reported by Hupp and co-
workers.”*** In the signature O—H stretching region (i.e.,
3800—3600 cm™") both BEBP(Zn)@NU-1000 and TEP(Zn)
@NU-1000 display a single peak at ~3675 cm™" (Figure 2).
Generally, a sharp 3675 cm™' peak is assigned to OH-
stretching of the H-bonding-stabilized OH//OH, pair from
two adjacent Zr-centers that is achieved in so-called “locked”
SBUs with more than eight carboxylates bridging the adjacent
Zr-centers (such as three formate-capped NU-1000 or UiO-66
with low missing-linker defect density of one to three linkers

3672 —— TFP(Zn)@NU-1000 - 120 deg
—— BFBP(Zn)@NU-1000 - 120 deg
—— TFP(Zn)@NU-1000 - R.T.
—— BFBP(Zn)@NU-1000 - R.T.

:

3675,

i

T T T T T T T T
3720 3680 3640 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Figure 2. DRIFT spectra of porphyrin@NU-1000 compositions
collected at room temperature (RT) and 120 °C, highlighting the O—
H stretching characteristics of the H-bonding-stabilized OH//OH,
pair of “locked” 8-connected Zrg-oxo SBUs achieved in u,—n*
carboxylate bridging of two adjacent Zr ions.
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per node). These H-bonding-stabilized aqua ligands are stable
and more difficult to remove even at 120 °C. In contrast, the 8-
connected SBU, free of any other y,—#” carboxylate bridging,
would display a broad peak centering at 3657 cm™" (see Figure
S7) stemming from four pairs of OH//OH, that are not H-
bonded and therefore readily lose the aqua ligands, displaying a
new peak at 3780 cm™' from the isolated OH.’° Both
BFBP(Zn)@NU-1000 and TFP(Zn)@NU-1000 samples did
not show this spectral feature, except that the 3675 cm™ peak
became more narrow and shifted to 3672 cm™ at 120 °C,
possibly by a reduced heterogeneity of the average OH/OH,
ligands (as only one of a total of eight available open sites, over
two nodes, is capped by a porphyrin carboxylate in our
samples). On the basis of these observations, we determined
that the carboxy-appended porphyrins are bound in the y,—1*
mode (bridging two adjacent Zr-centers).”"

To further elucidate the binding motif of the carboxy-
appended porphyrins at the SBUs, we prepared NU-1000
single-crystals (~50 ym; see Figure S1 for the characterization
data) that were similarly functionalized with BFBP(Zn)-
COOH and TFP(Zn)-COOH. The obtained samples named
BFBP(Zn)@NU-1000(SC) and TFP(Zn)@NU-1000(SC)
were mounted for single-crystal X-ray diffraction data
collection. While the solved structure did not show sufficient
electron density from the nonperiodically®” installed porphyr-
ins, it did provide key evidence, in terms of the distance
between the terminal oxygen atoms from the adjacent Zr(IV)
centers [i.e, d(z1)0-0(z2)), indicating that the porphyrin is
leveraged through a y,—n"type carboxy-node attachment. In
general, NU-1000 SBU (Zrs-oxo node with 8 phenyl-
carboxylates from the TBAPy linkers) will have four pairs of
OH//OH, with d(z1)0-0(z) = 3.3 (£0.1 A) (Figure 3b). In
contrast, the SBU of formate-capped NU-1000 will render a
shorter d(z,1)0_0(z2) (24 + 0.1 A) (Figure 3a). Of these four
pairs of OH//OH, or carboxy binding sites, two are
protruding to two adjacent hexagonal mesopores that are
sharing the node and are suitable to host a large porphyrin in a
Uy—n* type carboxy-node attachment involving two adjacent
Zr-atoms (Figure 3c,d). This is supported by the measured
d(zryo—o(zr) = 3-13 A for the pair of terminal O atoms that are
protruding to the hexagonal channel; this distance is the
average of (Zr;)O—O(Zr,) distances if one in four sites is
carboxy-bridged (i.e,, [(3.3 X 3) + 2.4]/4). The two unbound
sites, directed to the small pores, along the ac-direction, remain
unchanged (observed d(;,1y0-0(zn) = 3.31 A; Figure 3c). A
similar distance between the terminal O atoms protruding to
the hexagonal channel was also measured for the TFP(Zn)@
NU-1000 (3.09 A). The SC-diffraction and the DRIFTs data
are consistent with for y,—7*-type carboxy-bridged attachment
of the porphyrins. Carboxy-appended functional groups whose
conjugate bases are not sufficiently basic (e.g, p-nitro-
benzoate®*), or experience a large steric hindrance catered by
the linker side-phenyl and the incoming functional group,
would prefer a monodentate binding to one Zr'¥ center instead
of two.

Ground-State Electronic Properties. Ground-state (GS)
electronic potentials of individual components were deter-
mined from electrochemistry. The CV of NU-1000 deposited
on a glassy carbon electrode displays TBAPy-centered
oxidation and reduction events at +1.35 V and —0.74 V (vs
Ag/AgCl) with an electrochemical bandgap of 2.09 V (Figure
4a).® An excited-state oxidation potential of —1.75 V was
determined for NU-1000 from its optical band gap of 3.10 eV

a) P A

30 A

HZO—ZrngO:Zr—
H H, H OH,
(&) = Porphyrin

Figure 3. Structure of Zr-oxo SBU extracted from single-crystal XRD
data highlighting the distinct d(z,1y0_0(z2) between terminal OH//
OH, in (a) formate-capped NU-1000, (b) 8-connected SBU without
any capping ligand, and (c) BFBP(Zn)@NU-1000. (d) Scheme
displaying the SALI process between Zr SBU and carboxy-
functionalized porphyrin; note that this acid—base reaction grafts
the incoming carboxyporphyrin (in u,—#” bridging mode) at the
expense of two water molecules.

(UV—Vis absorption peak at ca. 400 nm; Figures Sa and S9).
The ground-state redox potentials determined for BFBP(Zn)-
COOEt and TFP(Zn)-COOEt suggest that these compounds
possess comparable electrochemical band gaps of ca. 2 eV.
Endowed with two more trifluoromethyl groups, TFP(Zn)-
COOEt possesses a more positive set of potentials for its first
redox events (at —0.62 V and +1.44 V) compared to that of
BFBP(Zn)-COOEt appearing at —0.83 V and +1.20 V (Figure
4a). Because these porphyrin compounds also possess an
optical bandgap of ca. 2 eV (the Q-band transition of
BFBP(Zn)-COOEt and TFP(Zn)-COOEt appears at 603
nm (2.06 eV) and 607 nm (2.05 eV)), their excited-state
oxidation potentials are also comparable to their respective
ground-state reduction potentials, —0.86 and —0.61 eV,
respectively. The relative potential alignment, as summarized
in Figure 4b, suggests a thermodynamically favorable EnT
from the excited MOF (NU-1000*) to the node-anchored
porphyrin species.’® In contrast, the individual excited-state
redox potentials of both of these porphyrin compounds do not
implicate a large driving force (AE on the order of 0.1 eV) for
a PCT involving porphyrin*//NU-1000 (EBFBP(Z0% = _0.86 V
against Ely 1%’ = —0.74 V for an electron transfer or ETEPZn)s
= +1.43 V against ENU'° = +1.35 V for a hole transfer).
The CV of the BFBP(Zn)@NU-1000 composition suggests
that components are not electronically coupled at their ground
state, as the first oxidation appears at ca. +1.2 V corresponding
to the node-bound BFBP(Zn) and at —0.74 V for MOF
reduction; we note that peaks for the second and/or third
redox events will be kineticallsy impacted by permselective
diffusion of the counterions.>>>® In contrast, the electro-
chemistry of TFP(Zn)@NU-1000 is highlighted by a broad
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Figure 4. (a) Cyclic voltammograms of individual component:
unmodified NU-1000 and carboxy-appended porphyrins (top) and
porphyrin@NU-1000 compositions (bottom). (b) Experimentally
determined ground- and excited-state potentials of NU-1000 and
porphyrins as well as the TFP(Zn)@NU-1000 composition; the
excited-state oxidation potentials are shown in cyan.

oxidative wave with the first oxidative event occurring at a
lower potential (+1.2 V) compared to the individual potentials
measured for both NU-1000 and TFP(Zn)-COOH compo-
nents (Figure 4a,b). Despite a relatively low concentration of
porphyrins within the framework, a significantly large current
density was observed through the entire +1.2 to +1.55 V range;
this suggests an improved charge conductivity of an electroni-
cally mixed [TFP(Zn)-TBAPy] ground state. Such behavior
was theoretically and experimentally shown with fullerene- or
carborane-filled NU-1000 and PCN-222 MOFs.**~*
Steady-State Spectroscopy. Steady-state excitation/
emission mapping spectra (EEMS; Figure Sa—d, Figures S8
and S15) for the hybrid and the respective individual
components were collected in MeTHF and CF;Tol solvents
(these solvents were chosen based on their varying solvent
dielectric constant with comparable dispersity). The EEMS
plots for NU-1000 and BFBP(Zn)-COOEt in MeTHF (Figure
Sab) highlight their excitation/emission profile maximized at
410/46S nm and 420/620—660 nm, respectively. In contrast,
the EEMS plot for BFBP(Zn)@NU-1000 displays two
manifolds; one is NU-1000-centric, which appears with a
relatively narrow spectral envelope with significantly dimin-
ished intensity (QY ~ 0.35% relative to 42% for the

excitation wavelengths are presented in (e) MeTHF and (f) CF;Tol
solvents.

unfunctionalized NU-1000) peaking at 350/460 nm (Figure
Sc,d), relative to NU-1000 at 410/465 nm. The porphyrin-
centric manifold has also gone through a profound makeover:
first, the excitation profile now includes that of NU-1000 (i.e.,
300—420 nm) going beyond its original 420 nm Soret peak;
second, the porphyrin-centric emission envelope was broad-
ened with a new peak appearing at 710 nm (in addition to the
original 620 and 660 nm peaks, Figure Sc—f). A weak MOF-
centric emission and the relative energy level alignment of the
components suggest a thermodynamically favorable energy
transfer from NU-1000* to BFBP(Zn). However, it is not clear
if the EnT occurs through a Forster resonance energy transfer
(FRET) process or an excited-state complex formation, given
that a broad, solvent dielectric-responsive excitation/emission
(ex/em) (300—420/610—750 nm; Figure Sc—f) profile is
observed (vide infra; see time-resolved spectroscopy). We also
note that this low-energy porphyrin-centric profile is different
from what was seen for the TPP(Zn)@NU-1000 system,
which manifested a solvent dielectric-dependent porphyrin
emission envelope without spectral line broadening or the
appearance of any new peak. Nevertheless, if the NU-1000*
population quenching (measured by its diminished QY) in this
hybrid is solely due to EnT, through FRET or excited-complex
formation, it must be efficient with a rate constant in the range
of 1 X 10" s7™' (7 ~ 10 + 1 ps; see SI section G).

In contrast, TFP(Zn)@NU-1000 displays an EEMS plot
(Figure S8) with two manifolds, a diminished MOF-centered
emission (QY ~ 0.28% compared to a 42% in pristine NU-
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1000) and a broad, structureless porphyrin-centered envelope
peaking at 660 nm. The entire excitation profile and the
emission spectral envelope do not seem to be sensitive to
solvent dielectrics. Considering the ground-state electro-
chemical feature, discussed earlier, an electronically coupled
[TFP(Zn)—TBAPy] dyad is attributed to this spectral
behavior. This dyad, with a lower bandgap, is serving as an
energy trap/acceptor (ie., an EnT from NU-1000* to
[TFP(Zn) —TBAPy], and based on the QY reduction of
NU-1000*, a rate constant kg, = 2 X 10" s7' can be
estimated) and thereby diminishing the MOF emission. The
rest of the emission profile is dominated by the excited-state
feature of this low-energy dyad. This postulation can be
verified from a short TFP(Zn)—TBAPy distance in TFP(Zn)
@NU-1000 (Figure S23): due to a cradle-shaped conforma-
tion of the TEP(Zn) core,””® it can approach closer to the
pyrene (relative to a BFBP(Zn) or a TPP(Zn) cores attached
similarly at the Zr-SBUs; see some optimized structures in SI
section F).

Coming back to the possibility of excited-complex
formation, three possibilities can be considered: [NU-
1000%—BEBP(Zn)], [BFBP(Zn)s,*~TBAPy], and [BEBD-
(Zn)g;*—TBAPy] (the S2 and S1 subscripts denote the
Soret- and Q-band-derived excitations of the porphyrin,
respectively). These exciplex-like complexes are formed by
the electronic interactions between one excited molecule
(M;*) and a ground-state counterpart (M,).”” The new
excited species, M;*M,, commonly feature distinct photo-
physics from its individual components (M;* and M,*); e.g., a
red-shifted emission stemming from a stabilized M,*M, state
(possibly through an electronic redistribution) along with a
longer emissive lifetime can be seen. The ex/em profile of
BFBP(Zn)@NU-1000 collected in MeTHF (Figure Sc)
suggests that [BFBP(Zn)s,*—TBAPy], selectively achieved
by exciting in the 500—600 nm region, has a dominant new
peak at 710 nm. In contrast, the emission envelope of this
hybrid obtained by 300—420 nm excitation does not provide
710 nm emission as a dominant route (Figure 5c); this
indicates that the higher-energy species, such as NU-1000*
and/or [NU-1000¥*—BFBP(Zn)], may have other decay
channels that do not lead to efficient formation of the low-
energy [BFBP(Zn)s, *—~TBAPy]. This may stem from the
different orientations of nondegenerate x- and y-polarized
transition dipoles of this porphyrin, especially when put
together within the pores: in other words, the transition
dipoles involved in [NU-1000%*—BFBP(Zn)] can be different
than the one that forms [BFBP(Zn)s;*—TBAPy]. The
emissive relaxation of the [BFBP(Zn)g*—TBAPy] seems
solvent dependent: the dominant peak at 710 nm seen in
MeTHE solvent is diminished in CF;Tol, indicating that this
emissive complex may be polar or efficiently relaxes to a polar
nonemissive state (like a CT state).

Time-Resolved Emission Spectra. The dynamics of the
emissive species were probed with time-resolved emission
spectral (TRES) evolution and analyzed with the correspond-
ing transient emissive profiles. Figure 6 highlights the data
collected for BFBP(Zn)@NU-1000 in MeTHF and CF;Tol
solvents by 403 nm pulsed laser excitation (IRF ca. 75 ps).
Congruent with the steady-state emission profiles, the TRES
plots highlight the time evolution of two emission manifolds.
The 403 nm excitation initially creates dominating NU-1000*
and small BFBP(Zn)* populations (by excitation at the blue
tail of its 420 nm excitation/absorption band); this can be seen
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Figure 6. TRES data collected for BFBP(Zn)@NU-1000 in (a—c)
MeTHF and (d—f) CF;Tol solvents upon 403 nm excitation. (a, d)
Transient emission spectra at labeled time delays. (b, e) Contour
plots showing the time (log scale) evolution of the spectra with
intensity (color-coded). (c, f) Transient kinetic profiles probed at
various key (labeled) wavelengths.

by the relative intensity of the spectral envelope at the earliest
TRES collected in MeTHF solvent (at ~0.1 ns, Figure 6a,b).
While the NU-1000* manifold quickly decays, the porphyrin
manifold first grows with an increase in the intensity of the red-
side shoulder (relevant to the peak at 710 nm) and then
decays. Kinetic analysis of the transient decay profiles (Figure
6¢c) probed/measured at 460 nm (NU-1000 manifold)
suggests a fast decay with 7 ~ 0.4 ns (compared to the ~1
ns lifetime of pristine NU-1000). In contrast, the porphyrin
manifold shows slightly different kinetic profiles at its blue and
red sides of the emissive spectral envelope: at 620 nm, the
major population decays with 7 ~ 1.1 ns (65%) whereas at 710
nm, 7 ~ 1.4 ns (65%)%); the lifetime data are summarized in
Table 1.

TRES data collected in polar CFyTol solvent (Figure 6d—f)
also showed a similar time evolution of the NU-1000 and
porphyrin manifolds, i.e., the initial formation of more NU-
1000* with smaller BFBP(Zn)* population; from there, the
latter one first grows and then decays but with lower intensity
for its red shoulder (compared to TRES evolution recorded in
MeTHF; Figure 6a,b). Kinetic analysis of the corresponding
transient profiles (Figure 6f) displayed that the NU-1000
manifold showed essentially unchanged decay (7 ~ 0.4 + 0.0S
ns; Table 1) compared to that seen in MeTHF. However, the
kinetics of the porphyrin manifold suggests a slightly faster
decay at the red side probed at 710 nm (7 &~ 1.0 ns; ~65%)
compared to its blue side probed at 620 nm (7 & 1.2 ns; 65%).
This is congruent with the fact that in a highly polar solvent,
the emissive state of the [BFBP(Zn)s,*—TBAPy] is more
effectively relaxed to a nonemissive CT state. Note that
overlapping emissive profiles of these two species (i.e.,
BFBP(Zn)g;* and [BFBP(Zn)g;*—TBAPy], where the former
is the remaining noncomplexed porphyrins; vide infra), limited
by the temporal resolution of the TCSPC instrument, did not
allow a well-resolved probe of their evolution and decay
individually. While the kinetics probed at the 710 nm can be
significantly contaminated by the BFBP(Zn)g,* emission, the
sizable difference in their response to the solvent dielectric (z
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Table 1. Emission Lifetime Data for Por@MOF and Individual Components

Aex = 403 nm Aex = 507 nm
compound T460 (ns) T620 (ns) 710 (ns) T620 (ns) T720 (ns)
NU-1000 1.0 - - -
BFBP(Zn)-COOEt - 2.3% (2.6%) - 2.6% (2.87)
TFP(Zn)-COOEt - 0.8%7 - 1.0
BFBP(Zn) @NU-1000 0.4be 1.17° (1.259) 147 (1.0%°) 1.1%° (0.6%9) 1.5%¢ (0.6")

TFP(Zn) @NU-1000 0.2%¢ (0.57)

0.7%¢ (0.717;:)

0.9%¢ (0.9%°) 0.8¢ (0.7%°) 0.9%¢ 0.9°

“Data collected in MeTHF solvent. “Data collected in CF;Tol solvent. “Major (65—75%) contribution, the residual (25—35%) is contributed by a
longer ~3 ns component. dMajor (60%) contribution, the residual (40%) is contributed by a longer ~2.5 ns component. “Major (85—90%)
contribution, the residual (10—15%) contributed by a longer ~2.0 ns component.

~ 1.4—1.0 ns @710 nm; Table 1) compared to the more-or-
less solvent-independent blue side (7 ~ 1.15 + 0.0S ns; Table
1) supports the existence of two species including a fast-
evolving [BFBP(Zn)s,*~TBAPy] that decays to polar non-
emissive species. For all the transient profiles, the small ca. 35%
contribution is coming from a longer 3 ns component. A
delayed thermally accessed [BFBP(Zn)g,*—TBAPy] from a
lower-energy nonemissive CT state can be assigned.

Coming back to the involvement of the EnT for the NU-
1000* population decay, the maximum rate constant,
estimated from the lifetime data (from the fastest component
of ~0.1 ns), can be in the range of 1 X 10% 57, which is about
1 order magnitude slower than that estimated from the QY
reduction (vide supra). This suggests that there may be more
emission quenching processes in the BFBP(Zn)@NU-1000
composition that is not dynamic in nature. Given the complex
relaxation pathways of the higher energy species involving NU-
1000* and BFBP(Zn)g,*, we wanted to follow the evolution
and decay of BFBP(Zn)g,*—TBAPy that are derived just from
BFBP(Zn)g,* (by selective excitation at 507 nm pulsed laser;
IRF = 100 ps). Congruent with the steady-state emission
profile (Figure Sc,d), the porphyrin-only TRES plots (Figure
7a,b,d,e) highlight broader manifolds than what is observed by
403 nm excitation. Kinetic analysis of the transient decay
profiles (Figure 7c,f) probed at 620 and 720 nm in MeTHF
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Figure 7. TRES data collected for BFBP(Zn)@NU-1000 in (a—c)
MeTHF and (d—f) CF;Tol solvents upon selective Q-band-derived
(507 nm) excitation. (a, d) Transient emission spectra at labeled time
delays. (b, e) Contour plots showing the time (log scale) evolution of
the spectra with intensity (color-coded). (c, f) Transient kinetic
profiles probed at various key (labeled) wavelengths.

solvent also suggests a similar trend and profiles with time
constants of 1.1 and 1.5 ns (major component 65%; Table 1).
However, TRES data collected in CF;Tol solvent show a
spectral envelope with faster decay profile of 0.6 ns (60%) for
both the blue and red sides (i.e., 620 and 720 nm,
respectively). This faster decay time (0.6 ns) is in line with a
facile relaxation of [BFBP(Zn)g,*—TBAPy] to a nonemissive
CT state in a polar solvent (than in MeTHF), where a slow
formation of BFBP(Zn)g,* did not contribute at 507 nm
excitation. These transient profiles are also contributed by a
delayed component (2.5 ns; ~40%) stemming from a
nonemissive state through delayed thermal equilibration. On
the basis of the emissive-spectra and their time-resolved
evolutions, we can conclude that a low-energy exciplex-like
emissive intermediate, [BFBP(Zn)g*—~TBAPy], is forming,
starting from an initially created BFBP(Zn)g* by direct
excitation or from higher energy species such as NU-1000*
and BFBP(Zn)g,* through [NU-1000%*—BFBP(Zn)] and fast
internal conversion (IC), respectively. The low-energy [BFBP-
(Zn)g;*—TBAPy] complex eventually relaxes to a polar
nonemissive CT-type species. Some of these decay processes
occur on a time scale faster than the instrumental detection
limit (e.g., porphyrin ICs,_¢; with 7 < 0.18 ps). Nevertheless,
we note from the decay time of NU-1000* that NU-1000-
centric excitation (300—400 nm) provides slow (ca. 100 ps
time scale) formation of BFBP(Zn)g;* and therefore an EnT
through [NU-1000¥—BFBP(Zn)] complexation can be
considered. This is because a FRET, measured for TPP(Zn)
@NU-1000 with a similar driving force, at this distance is fast,
T=nr~2 ps.60

In contrast, the TRES and the corresponding kinetic profiles
(Figures S13 and S14) for TFP(Zn)@NU-1000 do not show
much dielectric or excitation wavelength dependence. The
TRES plot (Figure S13b,e) highlights NU-1000 and
porphyrin-centric manifolds. The NU-1000*-centric emission
envelope (including its QY) shows a dramatic reduction due to
the population decays through an efficient EnT (NU-1000* —
[TFP(Zn)—TBAPy]), where the time evolution of the
structureless porphyrin-centric emission manifold is the
property of the low-energy [TFP(Zn)—TBAPy]* (ie, the
excited state of the bimolecular complex formed at the ground
state) with a time constant of 0.8 + 0.1 ns, which is
comparable to the lifetime for pristine TFP(Zn)-COOEt (see
Table 1).

Transient Absorption Spectroscopy. Femtosecond
transient absorption (fs-TA) spectra of BFBP(Zn)@NU-
1000 were acquired by exciting the sample dispersed in
MeTHE solvent at 400 nm. Due to the complex nature of the
TA-spectral evolution, the raw fs-TA spectra are presented in
three segments (Figure 8): early time (before 1.3 ps), mid time
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Figure 8. Representative femtosecond transient absorption (fs-TA)
spectra for BFBP(Zn)@NU-1000—for clarity, presented in three
time-domains. Experimental condition: suspension in MeTHF
solvent; A, = 400 nm; fluence = ~280 uJ/cm® Panel d displays
relevant inverted steady-state spectra of BFBP(Zn)@NU-1000
compositions and their components for comparison for fs-TA spectra.

(1.3 < t < 170 ps), and late stage (170 ps < t < 2.5 ns). The
early time evolution is marked with an excited-state absorption
(ESA) of BFBP(Zn)g,_s,™ centering at 470 nm, which slowly
diminishes with the increase in stimulated emission (SE) at
620 and a low-energy peak at ~700 nm stemming from the
[BFBP(Zn)g,*—TBAPy] exciplex-like species. The 700 nm
negative peak is broad, contributed from a 670 nm SE shoulder
of the BFBP(Zn)*, and a blue-shift (from its 720 nm peak)
caused by the NU-1000%g,_5, ESA at 740 nm. The reduction
of ESA peak intensity for BFBP(Zn)s, g, at 460 nm is not tied
with the SE from NU-1000%, as it also should decrease over
time. The mid time (1.3 < t < 166 ps) evolution is highlighted
by the rise of an ESA peak at ~480 nm and reduction of the SE
with the red side decaying faster (leading to a blue shift of the
700 nm peak to 674 nm). The ground-state bleaching (GSB)
band that originally appeared at ~580 nm was also reduced
and blue-shifted to 565 nm. We assign this time evolution
associated with relaxation of the low-energy exciplex-like
complex and formation of the CT-type complex (see below).
The late stage is dominated by a spectral feature that is mixed
with CT- and porphyrin- triplet character.

Given a small difference in their redox potentials (Figure
4b), AG® for electron transfer from BFBP(Zn)* to TBAPy
(NU-1000) LUMO is —0.28 eV and that for a hole transfer
(ie, an electron from the ground-state TBAPy HOMO (or
NU-1000 HOCO) being transferred to BFBP(Zn)*) is —0.1
eV (see SI section G). While this estimation uses the potentials
for the individual components, the excited-state energy,
especially in an exciplex-like “bound” state, may be lower (by
~0.1 eV). This estimation also accounts for the optimized
ground-state structure where a center-to-center distance
between BFBP(Zn) and the closest TBAPy is ~11 A. In a
solvated exciplex-like “bound” state, the distance between
porphyrin and adjacent linker can be shorter which will
improve the driving force. Therefore, from a higher driving
force argument, we can expect that a CT complex, [BFBP-
(Zn)**—TBAPy*~], should form from [BFBP(Zn)g*—

TBAPy]. The ESA associated with TBAPy®~ that appears at
~600 nm is obscured by the GSB and the blue tail of the 620
nm SE peak. The time evolution (midrange; Figure 8b)
displays a ~580 — 565 nm blue shift of the GSB. This is
accompanied by the appearance of a broad ESA peak at ~820
nm (blue spectrum in Figure 8b at 60 ps delay time).

The fs-TA spectral data were fit into a three-species target
model (A - B — C) yielding species-associated spectra
(SAS), shown in Figure 9 along with time-resolved species

Io.z __A
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—0C

10 100 1000
Time / ps
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T T T T T T
500 600 700 900 1000 1100 1200
Wavelength / nm

Figure 9. The SAS of fs-TA data for BFBP(Zn)@NU-1000. Inset is
the state-associated population evolution of BFBP(Zn) @NU-1000.

population kinetics. Given the complexity of the system and
the inherent scattered nature of the TA data, we note that SAS
are likely to reflect signals arising from multiple species rather
than discrete individual ones.’® As discussed above, the
[BFBP(Zn)g*—TBAPy] state is assigned to species A in
SAS (Figure 9), bearing a low-energy emission band at 700
nm. The corresponding SAS (black spectrum in Figure 9) is
contaminated by BFBP(Zn)g* with its 628 nm SE, which
means there must also be some contribution from the
BFBP(Zn)g,_g, transition centering at 460 nm. Therefore,
the actual SAS of [BFBP(Zn)s,*—TBAPy] should have a
negative band in the ~450—470 nm region.’" The population
dynamics (Figure 9 inset) suggest that species A forms before
1 ps with a time constant of ~0.3 ps. Ultrafast IC of
BFBP(Zn)*g,_g; (<180 fs) precludes a direct spectral probe if
the low-energy [BFBP(Zn)g*—TBAPy] complex is formed
from a BFBP(Zn)g* or BFBP(Zn)g,* through [BFBP-
(Zn)s,*—TBAPy]. However, from the initial presence and
fast decay of BFBP(Zn)g_g, ESA peak at 470 nm, we can say
that the low energy exciplex is preceded by the porphyrin
ICs,_; (and not through [BFBP-(Zn)g,*—TBAPy]). Species
A has a lifetime of 120 ps which is a combined rate of its decay
to a polar CT state of species B (with 7 = 44 ps) and its
radiative decay to the ground state (¢ = 540 ps). This emissive
decay time scale is within the range that was extracted by
kinetic analysis of the transient emissive decay profiles at 1., =
507 nm (7, = 0.6 ns; Figure 7a, Table 1). The relevant rate
constants in terms of lifetimes are presented in Figure 10,
where the GTA modeling data are boxed in a dotted line.
Species B is efficiently formed (7 = 44 ps) possibly, at least
partly, due to its structural similarity with species A and
therefore involving a small internal reorganization energy and a
lower barrier (AG*). Species B is a relatively long-lived species
(7 =2 ns) that undergoes a branched decay to triplet species C
and thermal charge recombination to the ground state (7 = 2.2
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Figure 10. Rate constants for the excited-state species, obtained from
various time-resolved data including the simulated kinetic model of
the fs-TA (dotted box). The electronic excitation and radiative decays
are shown with dashed arrows.

ns). The SAS of species B displays a blue-shifted, 565 nm, GSB
and a broad ESA near the 800 nm region (red spectrum in
Figure 9a). The remaining question, in the early mid time
evolution, is the involvement and the fate of NU-1000* in
BFBP(Zn)@NU-1000. The fs-TA data does not provide much
information, as the spectral signatures of the NU-1000-
centered GSB (at ~400 nm), SE (at ~450), and S; — S,
(at 740 nm) are obscured either by the excitation-scattering or
other dominant signals stemming from BFBP(Zn)g* and
[BEBP(Zn)g,*—TBAPy]. However, we can revisit the EnT-
driven emission quenching of NU-1000* population within
tens of picoseconds time scale and the fact that the NU-1000
excitation (at 320—400 nm) produced a smaller amount of
[BFBP(Zn)g;*~TBAPy] compared to a Q-band-based ex-
citation; based on these, we can infer that NU-1000* has
provided a steady population of BPBF(Zn)* through FRET
and/or through [NU-1000%¥—BFBP(Zn)] complex formation.
Because a FRET-based EnT from NU-1000* is fast (7 ~ 2
ps),” there may be two possible routes to form the low-energy
[BFBP(Zn)g;*—~TBAPy] exciplex-like intermediate: one rela-
tively dominant (fast) route starting from BFBP(Zn)g,* and
going through BFBP(Zn)g,* via IC,_g; occurring within 1 ps,
and the other route starting from NU-1000*, possibly through
[NU-1000*—BFBP(Zn)], as the rate-limiting step over tens of
picoseconds, forming BFBP(Zn)g,* via energy transduction
within the high-energy complex.

Species C is believed to be formed through intersystem
crossing (ISC; 7 = 2 ns). On the basis of the relative energetics,
we do not expect that the CT species (B) relaxes to individual
components. A direct ISC*® leaves an open question on the
involvement of TBAPYy in this triplet-state species. The spectral
signature of C (Figure 9a or a late-stage spectrum in Figure 8c)
indicates a good match with the *BFBP(Zn)* with ESA at 477
nm and broad NIR T, — T, transitions along with a bleaching
signature at 565 and 610 nm, similar to pure BFBP(Zn)-
COOEt measured in solution (Figure 520). We believe that
the energetic cascade in the triplet manifold deserves a separate
set of investigations addressing such key questions.

The fs-TA spectra of TFP(Zn)@NU-1000, collected in
MeTHF solvent by 400 nm excitation (Figure 1la—c),
highlight the spectral evolution of the [TFP(Zn)—TBAPy]*
species. The low-energy [TFP(Zn)—TBAPy] is formed at the
ground state through electronic interaction. Therefore, the
early time fs-TA spectra simply display fast energy transfer
from the initially formed higher energy species such as NU-
1000* and some TFP(Zn)g,* that is protruding outward (at
the exterior surface) and entail a spectral signature of an
individual chromophore. The TFP(Zn)g,_g, ESA peak at
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T T s — 58ps

30 ps

—— 142 ps
, ——29ns
[ T T T T T T
= d)
—— NU-1000 Emission

—— TFP(Zn)-COOEt Emission

—— TFP(Zn)@NU-1000 Emission
---- TFP(Zn)-COOEt Absorption
T T T T T T ///I T T T T T T T
500 600 700 900 1000 1100 1200
Wavelength / nm

1.8 ns

Figure 11. Representative fs-TA spectra for TFP(Zn) @NU-1000, for
clarity, presented in three time-domains. Experimental conditions:
suspension in MeTHF solvent; 4., = 400 nmj; fluence = ~280 yJ/cm?
Panel d displays relevant inverted steady-state spectra of TFP(Zn)@
NU-1000 compositions and their components for comparison for fs-
TA spectra.

~470 nm can thus be seen from these exterior TFP(Zn)
species at the early time (<0.6 ps). However, once the energy
is transferred to the [TFP(Zn)—TBAPy] populating its
excited-state species, the entire spectral manifold displays the
signature of the [TFP(Zn)—TBAPy]* species: a GSB at 575
and 622 nm which does not show any shift over time and
therefore provides a clue that no TBAPy-centered radial ion
forms (at ~600 nm). [TFP(Zn)—TBAPy]* also features a
broad ESA envelope from 750 nm and stretching beyond 1200
nm. The other noteworthy features include a broad SE band
appearing at 692 nm which slowly blue shifts to 670 nm
possibly due to a growing triplet species which has a broad
transition ~800 nm. The negative signal at <450 nm stayed
throughout; its intensity and width must have been impacted
by the SE of NU-1000* and the GSB of any TFP(Zn)* at the
earlier time. We believe this ~450 nm negative band is the
GSB of the [TFP(Zn)—TBAPy] complex, appearing at slightly
lower in energy than its individual components (Figure 11d),
NU-1000 (~400 nm) and TFP(Zn) (425 nm). Therefore, the
spectral signature of the long-lived triplet species, as seen in the
late-stage fs-TA data (Figure 11c), is not like that seen for
3TFP(Zn)* (Figure S21); i.e., the T; — T, transition centering
at 500 nm is missing. Unlike BFBP(Zn)@NU-1000, the fs-TA
data for TFP(Zn)@NU-1000 fits into a two species (A — B)
target model revealing one singlet species (A) that radiatively
relaxes to ground state with 0.67 ns, which is similar to the
emissive lifetime and populates its triplet states (over 1.1 ns
through ISC; see SI Figure $24). This suggests that species A is
the excited state of the ground-state complex [TFP(Zn)-—
TBAPy].

B CONCLUSIONS

In this work, we established a strategy to emulate LHC in a
MOF where the tetraphenyl pyrene-derived linker assembly of
the host MOF serves as the LH-antenna. The absorbed energy
is transferred to electrochemically comparable porphyrins
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grafted at its node, which then drive a charge-separation
through an exciplex-like [BFBP(Zn)g,*—TBAPy] intermedi-
ate. Two zinc porphyrins, BEFBP(Zn)—COOH and TFP(Zn)—
COOH, with similar electrochemical bandgaps were prepared;
based on the varying number of trifluoromethyl groups at the
meso position of the porphyrins, their redox potentials were
tuned within 0.1 V relative to the MOF. The DRIFTS and
single-crystal diffraction data collected for the SALI-installed
BFBP(Zn)@NU-1000 and TFP(Zn)@NU-1000 suggest that
the porphyrins are grafted through u,—7* type attachment
where the carboxy functionality of the incoming porphyrin
bridges two adjacent Zr-ions of a node. For BFBP(Zn) @NU-
1000, by virtue of their ground- and excited-state potentials,
NU-1000* can transduce its absorbed energy to form
BFBP(Zn)g,*, which entails a long-lived charge-separated
complex formed through an exciplex-like [BFBP(Zn)g *—
TBAPy] intermediate. This low-energy exciplex is formed
within 1 ps and relaxes to a [BFBP(Zn)**—TBAPy*"] CT
complex with 44 ps time constant. Various time-resolved
spectroscopic data suggest that energy transfer from NU-
1000* may not involve a fast Forster resonance energy transfer
(FRET) but through a slow [NU-1000*—BFBP(Zn)]
intermediate formation. The key BFBP(Zn)g,* can also be
efficiently populated through a direct Q-band excitation (510—
570 nm) or through a Soret band excitation (400—430 nm);
the latter will involve a fast S, — S internal conversion (IC; 7
< 180 fs). The NU-1000* however can maintain a steady flow
of the BFBP(Zn)g,* over 100 ps. The exciplex-like [BFBP-
(Zn)g,*—TBAPy] intermediate is emissive, and the energy gap
with the CT complex [BFBP(Zn)**—TBAPy*~] may be low.
This arrangement causes a solvent polarity-dependent emission
of the [BFBP(Zn),*—TBAPy] intermediate which, on the
other hand, can be thermally accessed back from the lower
energy CT complex. Nevertheless, a panchromatic excitation,
ranging from 350 to 600 nm, will lead to [BFBP(Zn)*'—
TBAPy®~] through an exciplex formation. Based on the relative
decay time constants for this exciplex-like species, the CT
formation is more prevalent (7 = 44 ps) than its radiative decay
(z = 0.55 to 1 ns). The results also suggest that driving PCT
with a small AG® not only requires fine-tuning the respective
potentials but also an appropriate assembly. Commonly,
increasing the number of trifluoromethyl groups hampers
porphyrin ring planarity; thus, a cradle-shaped TFP(Zn) comes
close to making a ground-state [TFP(Zn)—TBAPy] complex
characterized by electrochemical redox events occurring at
potentials lower than that of both components. Such low
bandgap species serve as an energy trap without the desired
PCT. Note, however, if transducing energy for other purposes
such as driving *porphyrin*-sensitized photochemistry, this
could be a candidate composition for development. The EnT
and PCT events in BFBP(Zn)@NU-1000 are somewhat
similar to that seen in natural LHC in PSIL. The EnT from
LH1 to the special-pair reaction center (RC) commences over
~30 ps followed by a fast charge separation (CS) within 2 ps,
which eventually forms an [RC+ (quinone)-] “trapped”
charge-separated state over 200 ps in PSIL°>®* In BFBP(Zn)
@NU-1000, the MOF antenna transfers its energy, similarly,
over a tens of picoseconds time scale and the exciplex is
formed within 1 ps, leading to a long-lived CT species. Overall,
this study shows a strategy to build out a low-density LHC
system to generate charge carriers with high potentials and
therefore should be appealing to various photoelectrochemical
developments.
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