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ABSTRACT: High quantum-yield charge carrier generation from the initially prepared excitons defines a key step in the light-
harvesting and conversion scheme. Photo-induced charge transfer in molecular electron donor-acceptor assemblies is driven by a
sizable AGo, which compromises the potential of the generated carriers. Reminiscent of the special pair at the reaction center of the
natural light-harvesting complex, symmetry-breaking charge transfer (SBCT) within a pair of identical struts will facilitate the
efficient generation of long-lived charge carriers with maximized potentials without incorporating any foreign redox species. We
report SBCT in pyrene-based zirconium MOF NU-1000 that leads to efficient radical ions in a polar solvent and bound CT state in a
low polar solvent. The probe unveils the role of the low-lying non-Franck-Condon excitonic states as intermediates in the formation
of the SBCT state from the initially prepared Franck-Condon S, states. Ultrafast and transient spectroscopy—probed over 200 fs-30
us timescale—evince a ksscr = (110 ps)~* in polar media (gs = 37.5) forming solvated radicals ions with recombination rate keg = (~45
ns)~L. A slower rate with ksgcr = (203 ps) was recorded in low polar (g = 7.0) solvent manifesting a bound [TBAPy™" TBAPy"]
state with ker = (17 ps)~L. This discovery, along with other unique photophysical features relevant to light harvesting, should define

a MOF-based platform for developing heterogeneous artificial photon energy conversion systems.

INTRODUCTION

Natural photosynthetic apparatus has provided us with an
elegant blueprint of organized photosynthetic pigments for efficient
solar energy conversion.*® Within the biological light-harvesting
complex (LHC) the excited energy is anisotropically transported
from the antennae to the special pair reaction center (RC) to
generate charge carriers.> * Maximizing the potential of these
carriers, the RC splits the excitons through a unique strategy known
as symmetry-breaking charger transfer (SBCT) within a pair of the
identical but specifically oriented pair of chlorophylls (Ch--- Ch +
hv —» Ch* + Ch™).5 This is in stark contrast to the common
strategy of exploiting electronically asymmetric (donor-acceptor)
pairs with a sizable driving force (AGo), which compromises the
potentials of the photo-generated charge carriers.® While SBCT has
been documented with a few molecular pigments in the
homogeneous systems,’14 they commonly lack various key
features of LHC including panchromatic sensitization through a
large portion of the visible spectrum,® efficient and anisotropic
delivery of the excitonic energy to the reaction center to produce
long-lived redox equivalents.® 6 Attempts to develop solid
molecular compositions featuring most of these functionalities

have commonly seen parasitic exciton recombination pathways.'’-
21

Crystalline metal-organic frameworks (MOFs), built out of a
wide range of photo- and redox-active pigment-based struts, offer
a scalable solid-state foundation for developing artificial
photosynthetic apparatus.??2® Such foundations enable precise and
periodic arrangement of the active/desired struts around
geometrically well-defined pores, which not only suppress
aggregation-mediated recombination (of excited state) but also
provide means to modulate the excitonic properties and dynamics

relevant to their efficient delivery to ‘RC’ for photo-induced charge
transfer (PCT) processes and catalytic utilities.?”?° Such
developments have further been expanded by various post-
synthesis approaches to install a wide range of complementary
redox active entities.30-%°

Our works have established that MOF singlet excited states can
be delocalized with molecular excitons spanning over multiple
struts (that are built from aromatic cores like pyrene, porphyrin,
phenyl-ethyne-phenyl, etc.).*® Time-dependent density functional
theory (TDDFT) based computations on small strut assemblies
have enabled mapping of the transition density matrix (TDM)
which evinced various excitonic states within the Si1 manifold
including the initially prepared Franck-Condon (FC) excitonic
state, denoted hereon as S1(FC), are dispersed over multiple struts
(evinced by the diagonal distribution of the excitonic mass.
However, such interactions also manifest, within the S1 manifold,
low-energy non-Franck-Condon (NFC) excitonic states and they
can be populated from the initial S1(FC) due to a small energy gap
and similar wave functions.? %% 41 While supramolecular assembly
of electron donor-acceptor (D-A) motifs have been extensively
exploited for PCT and their subsequent unitilities® 4245 in the
artificial light harvesting and conversion schemes,3 40 46 3
systematic and transformative development underpinning the
working principle to delineate the unique SBCT strategies in solid
state system like MOF remained unaccomplished. While it is well
perceived that the environment plays a critical role in modulating
the energy of the SBCT state, spatial overlap of the frontier orbitals
was established as a requirement for dimeric molecular systems.*?
47 Therefore, the dynamics of the SBCT state are tied with the
molecular spacing and orientation —a feature that can be precisely
defined and controlled by the pore geometry of MOFs which can
also instigate a dielectric tuning. Given the spatially dispersed



MOF excitonic states, within the S1 manifold, understanding the
role of various NFC states during the S1(FC) — SBCT process will
provide unique insight and direction for further improving and
developing MOFs-based energy conversion strategies.® 48
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Figure 1. a) Chemical structure of NU-1000 and its constituent
linker (b) TBAPy and (c) 8-connected Zr-oxo node. The structure
highlights the hierarchical 1D pore system that anisotropically
aligns the linkers along a triangular pore (d=10 A) defining
excitonic sites.*!

RESULTS and DISCUSSIONS

PCT within an electronically asymmetric pair has been well
established in pyrene [TBAPYy: tetrabenzenecarboxypyrene] -based
MOF NU-1000 with kect ~ (10-80 ps)™). Owing to the large
electronic driving force these systems compromise the potential
energy of the charge carriers (leading to low redox strength or
smaller Voc in a photoelectrochemical setup) that recombine with
kcr ~(300 ps)~L.46 49 However, pigment-pairs with comparable
electronic potentials have been shown to undergo efficient PCT and
slower recombination through exciplex-like intermediate.>® Such
systems are commonly achieved by post-synthetic installation of
foreign redox components. Charge carrier generation through
SBCT in MOFs featuring spatially dispersed singlet excitons with
high and anisotropic mobility will define a significant step forward
in artificial photosynthetic systems.

To achieve SBCT within the MOF assemblies of electronically
isotropic struts (e.g., all pyrene-based MOFs), the pigment core
must possess certain electronic features predicted from the Weller
equation;>% 52

AG = e(Eox — Erea) —Ego—C—S 1

[C « 1/£srLL and § o (1/r+ - 1/r_)]

where E,, and E,.q are the electrochemically determined
oxidation and reduction potentials; Eq , is first excitation energy;
C and S are the Coulombic interactions between the two ions and
their solvation correction terms. Coulombic interaction is inversely
dependent on the solvent dielectrics. From these, it is expected that
a small driving force can arise from the Coulombic term if the
anionic radius (r_) is larger than the cation (r).
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Figure 2. Dielectric dependent transient absorption spectra: a) fs-TA spectra of Et4TBAPy in MeTHF solvent showing the S1 — Sqn
transitions at 710 and broad 1000-1100 nm region (b) NU-1000 in a low polar solvent (dotted line is inverted emission) showing 500-725
nm SE from NFC states, (c) NU-1000 in polar solvent showing quick decay of the SE at ~650-700 nm region (arrow) due to appearance of
positive TA signal for TBAPy"* and TBAPy"~ radical ions (d) Color map for ns-TA of NU-1000 showing the evolution of SE from SBCT
state in low polar and TA-signal (arrow) of radical ions formed in polar solvent. (e and f) are corresponding ns-TA spectra at various delay
times showing the narrow bleaching band caused by the rise of radical ion signal (arrow).



In brief, an increase in solvent polarity will make the later term
more negative to facilitate the CT process. From the Weller
equation, a sizable driving force can be obtained for struts whose
optical bandgap is slightly larger than their electrochemical
bandgap. Screening various aromatic pigment-based MOFs,
TBAPYy- assembly of NU-1000 (Figure 1a) was picked for which
the experimentally measured Eoo = 2.83 €V; Eox - Ered = 2.09 V;
and r. ~10.9 A. From these metrics AG of -0.88 and -0.9 eV as
well as solvent reorganization energy, As°*of 1.10 eV and 0.75 eV
can be estimated in € = 7.0 (e.g., MeTHF) and £ =37.5 (e.g., MeCN,
DMF) solvents.%® Considering solvent independent internal
reorganization energy (4 = 0.39 eV), a relative contribution of the
exponential term in the Marcus rate equation®: 57 can be obtained
using
_ (lt+AG°)2]

2
ke o< Her exp[ amAck,T
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This indicated that the ke in € = 7.0 solvent can be ca 1.25x larger
than that in & =37.5 media assuming a constant Her (=
(Wsscr|Her|Wws,ec)) . which is the electronic coupling matrix
element for precursor and product states). Here, Zt is the total
reorganization energy (= i + 4s).

To probe SBCT in NU-1000, solvent-dielectric dependent (&s
~7-38) transient spectroscopic experiments were carried out.
Figure 2 displays the respective data. The femtosecond transient
absorption (fs-TA) data collected for the unassembled TBAPy
(ester form) strut in solution (¢ = 7.0; MeTHF) display an intense
excited state absorption (ESA) at 710 nm and a broad NIR ESA in
the 900-1200 nm region with a monotonous single species-based
dynamics (T = 2 ns; Figure 2a). In contrast, the spectral signhature
of NU-1000 in € = 7.0 medium evinced that the initially prepared
S1(FC) population (evinced by the red-shifted S1 — Sn transitions
appearing at ~750-850 nm and 1150 nm), which quickly (<0.4 ps)
populates an ensemble of low-energy NFC states characterized by
the broad (500 -750 nm) SE bands appearing significantly lower
than the spontaneous emission band (at 470 nm, with shoulders at
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500 and 550 nm; Figure 2b). The entire spectral envelope of SE
from the NFC states recovers—followed further through the
nanosecond transient absorption  spectroscopy  (ns-TA)—
eventually to a species with a featureless broad spectral envelope
of SE signal that spans beyond 920 nm. This long-lived state is
insensitive to oxygen quenching (Figures S5, S6) and recombines
over 15 ps. Based on these, the long-lived featureless band is
assigned to an SBCT state that can be envisioned as a bound
[TBAPy* TBAPy] pair. Global fitting of the transient
spectroscopic data (both fs-TA and ns-TA; See Sl sec F) provides
=14 ps, 203 ps, 1 ns, and 17 ps time constants in MeTHF solvent.
Based on the emissive lifetime (~1 ns) and quantum yield (~45%;
a sizable S1(FC) population will continue displaying the S1—Sn
signal causing a mixed state spectral signature in the EAS/SAS
plots) these lifetimes can be attributed to 7[S1(FC) — NFC] = 14
ps; T[NFC — SBCT] = 203 ps, emissive decay t [S1 — GS] =1
ns; and t[SBCT — GS] = 17 ps. The SBCT state did not manifest
any spectral signature for radical ion species.

In contrast, the spectral evolution of TBAPy assemblies within
NU-1000 in polar solvent (& = 37.5) was significantly different: The
ensemble of NFC state efficiently populated to the SBCT state
which partly manifests solvated radical ions as, at early stage,
evinced by an unsymmetrical recovery of the broad SE band due to
a quicker disappearance of low energy side with the emergence of
an ESA signal at ~680 nm (Figure 2c) for the radical ions.*: %8 The
radical ion signature can be seen in the ns-TA mapping data (Figure
2d), which caused a narrow leftover SE emission band (Figure 2f).
Similar global fitting of the transient spectroscopic data collected
in MeCN solvent provides [See S| sec F] time constants attributed
to t[S1(FC) — NFC] =11 ps; 7[NFC — SBCT] = 110 ps, emissive
decay t [S1 — GS] = 2 ns (see Figure S4 for fluorescence lifetimes
and Figures S7, S8 for the fit); and two time-constants for the
recovery of the SBCT states: one from the radical ion pair
7[SBCT(radical) — GS] =~ 45 ns and from the bound pair with
broad featureless SE, 7[SBCT — GS] = 6.5 ps (Figure S10).
Within the Marcus framework (eq 2), reorganization energy plays
a dominant role for space-separated donor-acceptor pairs (from a

Figure 3. a) A trimeric TBAPy assembly of NU-1000 used for TDDFT computation proving the (b) energy for the S1(FC), NFC, and CT
states at the GS-optimized geometry; the S1 energy for an unassembled TBAPY strut is given for comparison. Contour plots of TDMs for
various excited states: (c) S1(FC) (marked P;i are the TBAPYy strut shown in panel (a), each with 52 atoms as numbered in the axes), (d-e)
NFC states and (e-f) CTs, CTs, and CT4 states. The colors represent the densities normalized to 1.



neutral D*-A/D-A* pair in the S1(FC) state to a charge pair D*-
A" in the SBCT state) predicting an efficient process in low
dielectric media. However, transient spectroscopic data indicates
polar solvent not only facilitates the SBCT formation but can also
stabilize the radical ion state. Since the S1(FC) state in NU-1000 is
delocalized over many TBAPy struts with excitonic sites defined
by the three TBAPYy struts around each triangular pore, the process
can be considered as a radiation-less transition of the initially
prepared Si(FC) population to the SBCT state of a given

superchromophore,** and will scale with exp[—(AESl(Fc)_SBCT -

A)Z/A]. This transition will be further facilitated by the

involvement of a low energy NFC intermediate state with small
reorganization and AEygc_sgcr energy gap (i.e., S1(FC) — NFC
— SBCT). For that an efficient S1(FC) — NFC transition was
observed with 7~11-15 ps owing to a small AEs, (rcy-nrc-

To shed some light on the excited state species, a small triangular
model consisting of three TBAPY struts—defining one excitonic
sitte—was used for TDDFT (See SI sec G for details)
computation.** The TDDFT computed energies on the ground state
(GS) optimized structure (i.e., vertical excitation) of these excitonic
states are plotted in Figure 3b. Based on the oscillator strengths and
corresponding excitonic mass distribution in the respective TDM
plots, the ninth state was assigned as the S1(FC), right below which
(8™ and 7™ are the two NFC states named NFC: and NFC: and
followed by six SBCT states, CTe-CT1 (Figure 3b).%° The excitonic
mass distribution in the respective TDM plots (Figure 3d-e)
suggests that the NFC1 and NFC: states can be described as [*(P1 P2
P3)*), [1(P1 P2)* P3), and so on; where P1, P2, and Ps are the adjacent
TBAPYy pigments in a triangular model (Figure 3a). Notably, the
NFC: ([1(P1 P2)* P3)) state®® describes an excimer-like complex that
can be a good precursor for the SBCT state.® Among the six lower
energy SBCT states, only CTa (Figure 3h) denotes an ionic state
described by |P;" P2 Py ) with asymmetrically distributed (non-
diagonal) excitonic mass and the rest of the CTn states can be
described as partial charge-distributed states, like |P;” P~ P$7),
[P+ P$* P;), and so on (Figures 3 and S13).

The NFC — SBCT transitions can be understood from the
energies of the excited state (ES) relaxed geometry (i.e.,
TDDFT/opt),® where among the six CTh states the highest energy
CTs can be considered as the initial transition point from the lowest
energy NFC; state. For the Si(FC) — NFC — SBCT transition,
the energy variation for the respective states was probed: the
AEg, (r¢y-nrc = 0.058 eV at GS-optimized structure, which
increases (0.11 eV) at the ES-optimized geometry at which a
nominal AEygc—cr, =6x1073 eV was found (Figure S14, S15).% It
is therefore clear that despite a sizable energy gap between the
initial S1(FC) and final SBCT states, the NFC state, as an
intermediate, can tunnel the population: it has a small energy gap
with the initially prepared Si(FC) state at the GS-optimized
geometry (i.e., upon the vertical excitation) and a small gap with
the SBCT state upon relaxation. TDDFT based ES-optimization
implementing polarizable continuum model for different dielectric
media (THF and MeCN) suggests that the energies of the (see
Figure S15) CTj state is significantly stable in a polar solvent and
destabilized in a nonpolar solvent which also feature a larger
AEnpc—cT, = 11x107% eV (compared to that evinced for ¢ = 37.5).
This explains the observation of a faster SBCT formation rate (100
ps™) leading to radical ion signature in polar solvent (¢ =37.5)
where low dielectric media can only manifest SE from the bound
partially polarized states. Based on these computational and
experimental data the processes were summarized in Figure 4 and
Figure S16.
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Figure 4. Potential energy surfaces describing the excited state
processes involved in SBCT in NU-1000 in (a) low (¢ = 7) and (b)
high (¢ =37.5) polar solvents. See Figure S15 for the TDDFT
computed energies at the GS and ES-optimized structures.

CONCLUSIONS

Interchromophoric interaction within the MOF-assembled
organic pigment/struts gives rise to several excitonic states within
the S1 manifold including the initially prepared Franck-Condon
excitonic states, Si(FC), and lower-energy non-Franck-Condon
(NFC) excitonic states -which can be populated from the initial
S1(FC). The extent of the excitonic mass distribution and respective
nuclear coordinates varies for these states: for example, while the
S1(FC) states are spatially dispersed, some of the low-energy NFC
states can be anisotropic defining excimer-like and CT states.
Pigment-based struts with Eoo > Eredox and with anionic radius (r_)
is larger than the cation (r,) could produce SBCT states, whose
energy and potential surface can be modulated by the dielectric
environment defined by the infiltrated solvent, whereas the inter-
pigment interaction and, therefore, the dynamics of the SBCT states
can be dictated by the pore geometry. Within this context, pyrene-
assembled NU-1000 showed efficient SBCT formation. While
predicted observations from classic electron transfer theory
suggested that a low dielectric media can be beneficial for SBCT
formation, transient spectroscopic results evince that polar solvent
not only facilitates the SBCT formation but can also stabilize the
radical ion state. Given that the initially prepared Si(FC) state in
NU-1000 is delocalized over many TBAPy struts with excitonic
sites defined by the three TBAPY struts around each triangular pore,
the S1(FC) — SBCT transition can be described as a radiation-less
transition between two states where involvement of NFC state
plays a critical role tunneling the population owing to the small
energy gap and reorganization energy at the GS-structure (for
S1(FC)—NFC) and excited state relaxed structure (for NFC —
SBCT). Time-dependent DFT computation suggests the formation
of various SBCT states defined by the variable extent of
asymmetric charge distribution, among which the radical ion pair
state is more stable in polar solvent enabling spectroscopic
identification. In polar media, the efficient formation (kssct = (110
ps) ) of the persisting radical ion state (kcr = (45 ns)™) represents
a remarkable feature for developing artificial photosynthetic solids
within such MOFs forming long-lived usable charge carriers. The
discovery, therefore, highlights a rich vein of unique photophysics
that has been eluding in solid compositions: SBCT in MOF can be
modular by the optoelectronic property of the pigment itself and by
the pore geometry of the frameworks that precisely defines and
controls the inter-pigment distance and orientation. Such structural
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features not only enable exceptionally mobile spatially dispersed
singlet excitons but can dictate how they will be split —i.e., the
dynamics of the SBCT and the extent of charge-transfer (radical
ions vs bound pairs) even within MOFs constructed from a given
pigment —corollary that is simply difficult to achieve in solution
dissolved macromolecular systems.
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