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ABSTRACT: Structural or conceptual synthetic analogues of
natural photosynthetic light-harvesting complexes hold promise
as entities capable of both efficient collection of visible-region
solar photons and rapid and efficient delivery of stored solar
energy to energy-converting electrodes or chemical catalysts.
Porous, crystalline metal−organic frameworks (MOFs) are
promising supramolecular scaffolds for this purpose. Here, we
report on the “antenna behavior” of chromophore assemblies
comprising aligned organic linkers within a zirconium-based
MOF, NU-1000. The behavior was probed primarily via
amplified emission quenching using either an electron donor
(ferrocene carboxylate) or an electron acceptor (3,5-dinitro-
benzoate) as a redox quencher. We used solvent-assisted ligand incorporation (SALI) as a versatile means of siting/
immobilizing desired quencher molecules directly within the extended chromophoric structures. We find that a
photogenerated molecular exciton (spanning about four linkers) can sample ∼300 chromophoric linkersbehavior which
translates to a single-step energy-transfer or exciton-hopping time of a few picoseconds. These findings clearly suggest that
NU-1000 and similar MOFs can offer an “antenna” of significant size and that with a suitable catalyst immobilized on the MOF
node, can find application in solar energy conversion devices.

The chlorophyll special pair in the photosynthetic
apparatus of plants absorbs light and then uses the
briefly stored energy to initiate charge transfer,

culminating either in water oxidation to O2 (photosystem II)
or in formation of carbohydrates from CO2 (photosystem I).1

Special pairs are strongly chromophoric; nevertheless, the
overwhelming majority of photons driving photosynthesis are
collected not by the special pair, but by self-assembled and
protein-assembled arrays of chlorophyll b and other pigments.
Rapid Förster-like resonance energy transfer (FRET) serves to
channel remotely captured photonic energy through the arrays
and to the special pair, which can then initiate chemistry in the
same way as if the pair had directly absorbed photons.
Key to fast energy transfer is optimal spacing, alignment, and

relative orientation of energy donors and energy acceptors,
together with precise energy matching as indicated by high
overlap of donor emission and acceptor absorption spectra. We
and others have pursued the idea that appropriately designed
metal−organic frameworks (MOFs) can function as artificial
light-harvesting arrays and as antennae for transporting
remotely collected energy to a site proximal to an energy-
converting catalyst, redox shuttle, or electrode.2−16

The attractions of MOFs for these kinds of studies include
their crystalline periodicity, molecular-scale porosity, and

broad structural, topological, and compositional tunability,17

Consisting of inorganic nodes and organic linkers,18 MOFs can
most easily be rendered chromophoric by choosing molecular
chromophores themselves as linkerstypically in combination
with redox-inert nodes if retaining linker luminescence is
important. Suitably chosen MOFs can be readily integrated
with electrodes and permeated with solvent, rendering them
functional for electrocatalytic,19−22 electroanalytical,23−25 or
photoelectrochemical applications.26 Finally, many MOFs
featuring metal-oxo clusters rather than individual metal ions
or pairs of metal ions as nodes, devote only a fraction of
potential coordination sites to linker binding. The remaining
sites can be used to graft catalysts, redox shuttles, or auxiliary
chromophoreswith the grafted moieties themselves now
being periodically arrayed within a porous framework.
Herein we report on linker-based energy transfer within NU-

1000, a near-UV and blue-absorbing MOF that exhibits the
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aforementioned characteristics.27 A portion of the semi-infinite
crystalline structure of NU-1000 is shown in Figure 1. The

question we seek to answer is the extent to which the MOF
can function as a light-harvesting antenna for delivering
oxidizing or reducing equivalents to remotely sited molecular
quenchers. Expressed more simply, we seek to determine
experimentally how many linkers a photogenerated molecular
exciton can visit in its brief singlet excited-state lifetime. (NU-
1000 holds special interest because of recent theoretical and
experimental work indicating that relevant singlet excited states
are delocalized over four, or possibly more, tetraphenyl-
carboxylate-pyrene (TBAPy4−) linkers.28)
We deduced the number of linkers visited by randomly

doping NU-1000 with varying (known) amounts of a redox
quencher, and then monitoring and assessing the ensuing
decreases in fluorescence intensity and excited-state lifetime.
Previously it has been shown that by utilizing solvent-assisted
ligand incorporation (SALI), free-base porphyrin and
ferrocene can be grafted to the nodes of NU-1000;29−33

photoluminescence from NU-1000 is quenched by energy and
electron transfer (free-base porphyrin/Zn-metalated porphyr-
in),30 or by hole transfer (ferrocene).34 Here, we similarly graft
a well-known electron acceptor, 3,5-dinitrobenzoate (DNB),35

to the Zr6 nodes of NU-1000.36,37 (See Supporting
Information (SI) for details of DNB installation and
quantification of DNB loading.)
Diffuse reflectance infrared Fourier transform (DRIFT)

spectra were recorded to verify binding of the carboxy-
appended DNB ligand to the Zr6 node and provide insight into

the mode of binding (Figures S8 and S9).38 The Zr6(μ3-
O)4(μ3-OH)4 nodes of benzoate-free NU-1000 (obtained by
heating the as-synthesized MOF aqueous HCl/DMF) are
known to coordinate, in addition to eight bidentate
carboxylates from linkers, a combination of adventitious
formate (also bound in bidentate fashion) and hydrogen-
bonded terminal aqua/hydroxo pairs. The bridging and
terminal hydroxos together yield a sharp peakan O−H
stretchat 3674 cm−1, while aqua ligands contribute a
shoulder at 3672 cm−1.39 Monodentate carboxy-binding of a
DNB32 in place of a terminal hydroxo ligand serves to maintain
charge-balance, while leaving a terminal aqua ligand in place;
consequently, the relative intensity of the 3672 cm−1 peak
increases, as evidenced most clearly for high-loading samples,
i.e. samples containing 1.4 DNB ligands per node. For lower
loading (e.g., 0.01-DNB-NU-1000), however, the increase in
relative intensity evidently is too small to observe.
As shown in Figure 2, panels A and B, substantial quenching

of steady-state fluorescence accompanies the introduction of

even small amounts of node-grafted DNB. Indeed, quenching
is more than 50% complete when the number of DNB
molecules per TBAPy linker, NQ, is 0.01, and more than 90%
complete when NQ = 0.04. This behavior is a signature of
“antenna-like” light-harvesting and exciton delivery.40−42 To
quantify the quenching, and associated linker-to-linker energy
transfer phenomenon, we turned to the following Stern−
Volmer-like equation:7,43

= +I
I

K N1
Q

SV Q
0

(1)

In eq 1, I0 is the fluorescence intensity in absence of quencher,
IQ is the fluorescence intensity in the presence of a particular
amount of quencher, KSV is the Stern−Volmer quenching
constant, and NQ is defined above. In contrast to energy
transfer in homogeneous solution, where the quencher diffuses
to the chromophore, here the quencher is immobilized, as are
the chromophoric linkers. Instead, the diffusing entity is
molecular exciton. Importantly, KSV can be replaced by Nt

Figure 1. Solvent-assisted ligand incorporation (SALI) of NU-1000
with 3,5-dinitrobenzoic acid.

Figure 2. (A) Steady-state fluorescence spectra of pristine NU-
1000 and the DNB-containing samples in 2-MeTHF. (B) Variation
of fluorescence intensity with respect to the number of quencher
molecules (NQ) per TBAPy linker. (C) Stern−Volmer-like plot
obtained by plotting I0/IQ vs NQ.
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(number of chromophores the exciton visits within its
lifetime); nevertheless, it is still expressed as τ0 ke.
Fits of plots (Figure 2C) with eq 1 indicate that the exciton

can sample ∼270 linkers in its lifetime. A similar plot for
ferrocene carboxylate (Fc) as a quencher (Figure 3A,B) shows

the exciton can sample ∼360 linkers. If quenching is rapid
relative to the exciton lifetime, we would ideally expect, for the
oxidative and reductive pathways, identical values for Nt. With
that in mind, we will use the average of the two values going
forward, Nt = 315 ± 45.
As exciton hopping is a diffusional process, statistically, each

successive hop can take the exciton one step closer to or one
step away from the source. If, for simplicity, we consider the
diffusive transport to be 1-dimensional, and we treat the
exciton as if it is localized on a single linker, the total number
of hops an exciton would make in sampling 315 linkers is, on
average, ∼12 400 (= 3152/8). Time-resolved fluorescence
measurements show that, in the absence of quenchers, the
major component of the emission decay, τ0, is 1.2 ns
implying a single-step hopping time of ∼100 fs (= τ0/12 400).
If correct, exciton hopping in NU-1000 would be ∼30−50
times faster than is typical for hopping in natural light-
harvesting complexes.44,45

Note, however, that excitons in NU-1000 are delocalized
over several linkers/chromophores.28 As such, each hop can be
expected to sample multiple new linkers, the number of hops
required is much less and the single-step energy-transfer time is
much longer. For example, if the exciton is delocalized over 4
linkers, and the number of new linkers sampled with each hop
is likewise 4, the number of hops accomplished during the brief
lifetime of the exciton would be 12 400/42 ≈ 800, and the
hopping time would be ∼1.5 ps. Similarly, if the exciton were
delocalized over, say, nine linkers, the number of hops and
hopping time would be ∼150 and ∼8 ps, respectively.
Finally, the available time-resolved fluorescence quenching

data (e.g., decay curves in Figure 4), together with measures of
absolute quantum yield (φ), can be used to estimate rates of
charge transfer between quenchers and immediately proximal
NU-1000* excitons. The absolute quantum yield of the
samples decreases with an increasing amount of quencher from
51% to 0.1% (Table S2).46 Similar to I0/IQ, we can plot φ0/φQ
vs DNB/TBAPy linker to obtain the saturated quantum yield
in the presence of quencher (not shown here). With the
increasing addition of the quencher, the fluorescence lifetime
shows a concomitant decrease (Figure 4). The major fast
component of the lifetime decreased from 1.2 to 0.03 ns. From
the saturated emission quenching and the corresponding

lifetime data, we can obtain the rate of electron transfer (from
NU-1000* to DNB) via

φ
φ

τ= = +I
I

k1
S S

0 0
0 e

(2)

where I0, φ0, and τ0 are the intrinsic fluorescence intensity,
quantum yield, and lifetime, respectively. IS and φS are the
saturated fluorescence intensity and quantum yield in the
presence of quencher Q, respectively. ke is the first-order
electron-transfer rate constant and is estimated to be 1.1 × 1010

s−1.47 An order of magnitude faster rate of hole transfer is
observed (∼1011 s−1) from NU-1000* to Fc in Fc-NU-1000.
To estimate the thermodynamic driving force for electron

transfer from NU-1000* to DNB, we employed the following
Rehm−Weller expression:48

π

π

Δ = − − Δ −
ϵ ϵ

−
ϵ

−
ϵ

−
ϵ

G e E E E
e
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e
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( )
4

8
1 1 1 1

0
Ox
D

Red
A

0,0

2

0 s DA
2

0 D A ref s (3)

In eq 3, e is the unit electronic charge, EOx
D and ERed

A are the
electrochemically determined formal potentials of NU-1000
(1.35 V (vs Ag/AgCl); the potential for one-electron reduction
of the pyrene-radical-cation-containing linker, i.e., the oxidized
linker)34 and DNB (−0.68 V; the potential for one-electron
reduction of DNB to its radical anion form).49 ΔE0,0 is the
excitation energy of NU-1000 and is estimated as ∼3.2 eV. The
remaining terms account for electrostatic interactions, where rD
and rA are the effective radii of the donor TBAPy (7.4 Å) and
the acceptor DNB (3.7 Å), respectively. The effective center-
to-center distance (8.8 Å) between donor and acceptor (RDA)
is estimated from the DFT optimized structure (see Figure 6;
for computational details, see Supporting Information section
S4).50 ϵ0 is the permittivity of free space, ϵs is the static
dielectric constant of the solvent MeTHF, and ϵref is the
dielectric constant of the solvent (DCM) in which the
electrochemical potentials were measured. As illustrated in
Figure 5, photoexcited NU-1000 is a strong reductant (E =
−1.75 V) and the thermodynamic driving force, ΔG0, for
electron transfer from NU-1000* to DNB is −1.4 eV. For
comparison, the driving force for hole transfer from photo-
excited NU-1000 to node-ligated ferrocene (or electron

Figure 3. (A) Stern−Volmer-like plot of I0/IQ vs NQ. (B) Variation
of normalized fluorescence intensity with respect to the number of
quencher molecules (NQ) per TBAPy linker when ferrocene was
used as a quencher.

Figure 4. Transient emission decay profiles of NU-1000 and DNB-
NU-1000 samples, highlighting the faster decay kinetics with
increasing DNB amount within NU-1000.
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transfer from Fc to NU-1000*) is only about −0.8 eV,34,51 yet
the charge-transfer rate is faster.

To understand the rate behavior, we turned to Marcus
theory, where the first-order rate constant for electron/hole
transfer in a weakly coupled system (such as a linker-excited
MOF in combination with a node-tethered guest) can be
described by

π
πλ

λ
πλ

=
ℏ

− + Δ
k H

k T
G

k T
2 1

4
exp

( )
4e/h DA

2

t B

t
0 2

t B (4)

Here, HDA represents the strength of electronic coupling
between the donor and acceptor; λt is the total reorganization
energy comprising λi, the internal reorganization energy due to
displacement of atomic nuclei along vibrational coordinates for
reactants vs products, λs the solvent reorganization energy; kB
is the Boltzmann constant. Notably, in the absence of a
superior through-bond pathway, HDA increases with decreasing
donor−acceptor separation distance, while λs decreases. The
upper limit of applicability of eq 4 is reached when electronic
coupling cedes control of the dynamics of charge transfer to
nuclear motion. In this limit, under barrierless conditions, λt =
−ΔG, and ke/h peaks at ∼1013 s−1.
The rate constants observed here are within 2−3 orders of

magnitude of this maximum, suggesting that λt in both
instances is within a few tenths of an eV of −ΔG. Given the
large gulf in values for −ΔG, the most economical
interpretation is that electron transfer from Fc to NU-1000*
occurs in the Marcus normal or barrierless region (λt ≤ −ΔG)
and electron transfer from NU-1000* to DNB occurs in the
Marcus inverted region.

In summary, we find that the mesoporous zirconium-based
MOF, NU-1000, can function as a light-harvesting antenna for
delivery of absorbed energy to remotely sited electron donors
or acceptors. The antenna comprises ∼300 framework linkers
and energy is propagated via FRET. The corresponding
excitons are delocalized over multiple linkers, thereby enabling
energy to be moved by four or more linkers per exciton-
hopping step. On the order of 800 hops are executed by the
photogenerated exciton during its brief lifetime. The time
required for a single hop is estimated to be a few picoseconds.
Excitonic energy transport culminates in either electron-

transfer from NU-1000* to node-grafted DNB or hole-transfer
to similarly grafted Fc, with first-order charge-transfer rate
constants of ∼1 × 1010 and 1 × 1011 s−1, respectively. Despite
the kinetic similarity, the thermodynamic driving forces for the
two reactions differ by ∼0.6 eV. We suggest that redox
quenching by DNB occurs in the Marcus inverted region, with
quenching by Fc occurring in either the Marcus normal region
or the barrierless region.
The combined results point to the potential for chromo-

phoric MOFs to be used as artificial light-harvesting complexes
in applications centering on light-to-electrical energy con-
version or catalyst-facilitated, light-to-chemical energy con-
version.
Identification scheme for NU-1000:52 MOF-key,

Zr.HVCDAMXLLUJLQZ.MOFkey-v1.csq; MOF-ID, O[Zr]-
123([OH2])[OH]4[Zr]56[O]3[Zr]37([OH]2[Zr]28[O]1-
[Zr]14([O]6[Zr]([OH]53)([OH]21)([O]78)([OH2])O)-
([OH2])O)([OH2])O.[O‑]C(O)c1ccc(cc1)c1cm3(c2ccc-
(cc2)C(O)[O‑])c2c3c1ccc1c3c(cc2)c(cc1c1ccc(cc1)C(
O)[O-])c1ccc(cc1)C(O)[O-] MOFid-v1.csq.cat0.
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