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ABSTRACT: Zr6(μ3-O)4(μ3-OH)4 node cores are indispensable building
blocks for almost all zirconium-based metal−organic frameworks. Consistent
with the insulating nature of zirconia, they are generally considered electronically
inert. Contrasting this viewpoint, we present spectral measurements and
calculations indicating that emission from photoexcited NU-601, a six-connected
Zr-based MOF, comes from both linker-centric locally excited and linker-to-
node charge-transfer (CT) states. The CT state originates from a hole transfer
process enabled by favorable energy alignment of the HOMOs of the node and
linker. This alignment can be manipulated by changing the pH of the medium,
which alters the protonation state of multiple oxy groups on the Zr-node. Thus,
the acid−base chemistry of the node has a direct effect on the photophysics of
the MOF following linker-localized electronic excitation. These new findings
open opportunities to understand and exploit, for energy conversion,
unconventional mechanisms of exciton formation and transport in MOFs.

Zirconium-based metal−organic frameworks (Zr-MOFs)
are promising light-harvesting platforms due to their high

porosity, stability, and topological variety,1−10 as well as their
ability to organize chromophores (organic linkers) for
extended, directional transport of photogenerated molecular
excitons. In favorable instances, hundreds of linkers can be
enlisted for propagation of a single exciton, collections of
linkers can function as antennae, and, via terminal exciton
splitting, frameworks can deliver oxidizing or reducing
equivalents to sites far removed from the point of optical
excitation.11−15 Notably, if the sites are coupled to catalysts or
electrodes, photonic energy can, in principle, be converted to
stored chemical or useable electrical energy.16
Importantly, a widely used node core for Zr-MOFs, Zr6(μ3-

O)4(μ3−OH)412+, is believed, based on the large and
unfavorably positioned optical gap of ZrO2,17,18 to be
optoelectronically inert. Having zero valence electrons, Zr(IV)
cannot be chemically oxidized. Furthermore, apart from high-
temperature reaction of zirconia with H2 to form lattice oxygen
vacancies and water vapor,19 chemical reduction of Zr(IV) in
oxy ligand environments is almost never encountered.
The redox-inert nature of oxy-Zr(IV) species prevents

unwanted redox-quenching of photogenerated excited-states,
while also ensuring that frameworks are not disrupted by
reduction-engendered weakening of metal (node)/oxy-anion
(linker) bonds or restructuring of coordination motifs.
Additionally, Truhlar et al. and others have shown computa-
tionally that photodriven (visible or near-UV) linker-to-
zirconium electron-transfer, is, in general, energetically

unfavorable,18,20,21 and Patwardhan et al. have shown that
electronic-coupling-controlled, redox-hopping between linkers
can be well understood by altogether neglecting Zr(IV).22
Given the apparent redox-innocence of Zr(IV) and the

seeming electronic energetic misalignment of linkers and
nodes, we were surprised to find that fluorescence of the Zr-
MOF, NU-601 (Scheme 1, Figure S1), following linker-
localized photoexcitation, is strongly dependent on the extent
of “inert” node protonation. Indeed, both the fluorescence
intensity and line shape change drastically, but reversibly, with
solution pH. Experiments and computations reveal intense,
pH-tunable photoemission from a rapidly formed, but
indirectly populated linker-to-node charge-transfer (CT)
state. The transferred charge, however, is a hole rather than
an electron, and the charge acceptor is an oxygenic, rather than
metal-ion, component of the node. While not developed here,
the prevalence of this unusual excited-state could have
profound mechanistic implications for energy transport and
antenna behavior in photoactive Zr-MOFs.
NU-601 is a six-connected MOF containing pyrene-derived

linkers.23 The experimental absorption spectrum of the
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solubilized linker (Figure 1) features a weak transition at ∼3.27
eV (370 nm, highlighted), located below the principal
transition at 3.55 eV. Time-dependent density-functional-
theory (TD-DFT) calculations (SI Section S3) associate this
weak transition with a transition dipole along the long axis of
the pyrene. No Stokes shift is observed between the lowest
energy absorption band and the 0−0 fluorescence peak. We
anticipated that NU-601 would display similar emission, since

its nearest-neighbor linkers/chromophores: 1) are separated by
Zr-nodes or by pores with center-to-center distances >10 Å,
and 2) possess transition dipoles oriented 90° with respect to
each other. Notably, these structural features should largely
preclude both linker-to-linker resonance energy transfer and
excimer formation.24,4,25 NU-601’s emission maximum (in
DMF) is ∼2.97 eV. At first glance, this seems to constitute a
0.30 eV bathochromic shift compared to the linker
fluorescence spectrum. Closer inspection shows, however,
that the 3.27 eV band is preserved in both the absorption and
emission spectra of the MOF. The experimental absorption
spectrum of the MOF is largely featureless, owing to the nature
of diffuse-reflectance measurement; for this reason, absorption
spectrum computation was not performed.
We modeled all spectra based on a vibronic transition

model, parametrized against ab initio calculations and
experimental data (SI Section S3). TD-DFT calculations of
the linker show that the principal transition at 3.55 eV is
dominated by a HOMO to LUMO+3 transition, while the
transition corresponding to the direct HOMO−LUMO gap
possesses much less oscillator strength. Replication of the
dominant MOF emission feature at 2.97 eV alongside the
observable HOMO−LUMO linker absorption requires in-
clusion of an emitting state consistent with an indirectly
formed linker-to-node CT state. Although not explored,
previous computational work for the Zr-MOF UiO-66
(featuring a chemically related linker) showed a proximal
energy alignment between linker and node HOMOs, making
linker*-to-node hole transfer (Figure 1c) plausible.18 (Linker*
denotes photoexcited linker.)
Based on our spectral analysis, we posit linker*-to-node hole

transfer in NU-601 giving rise to a CT state emitting at 2.97
eV, with a 0.30 eV redshift relative to the HOMO−LUMO
transition in the linker-centered excitation, henceforth referred
to as locally excited (LE) state (Figure 1c). The conduction
band-edge energy of ZrO2 (used to approximate node LUMO)
lies very high on an absolute energy scale, ruling out electron
transfer from photoexcited linkers to Zr-nodes to yield Zr(III)
(SI Section S3). Hole transfer, however, has seen little

Scheme 1. Structure of NU-601 (a);23 Zr Node Shown from
c-axis: All Six Linker Connections and Half the Core and
Nonstructural Oxygenic Ligands (b); L′ Represents the Rest
of the Linker (c); Each Linker Connects to Four Nodes

Figure 1. Experimental (a) and theoretical (b) absorption and emission spectra of NU-601 and its linker in dimethylformide (DMF); (c) the
energy diagram shows the relevant transitions: HOMO → LUMO+3 is the dominant contributor to the principal transition at 3.55 eV. The
HOMO−LUMO gap of the oxy-Zr node is assumed to exceed 5 eV.26
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discussion (apart from through-space transfer to node-
appended metal-ions or molecules).8,11,27,28 We propose that

the CT state forms as a state spectrally distinct from the LE
state, but with both contributing to the total emission

Figure 2. (a) Distribution of various node protonation states as a function of pH, based on the pKa values reported by Klet et al.40 P̂ represents the
probability of having at least one of four tetratopic-linker-connected nodes with a bridging-hydroxo proton still in place; see SI Section S2. (b−e)
Schematic depictions of the Zr node, shown with all six linkers and half of the node’s oxygenic groups. Schemes are arranged to show successive
deprotonation. Emission as a function of pH is pooled in the contour plot (f) and binned along the pH axis into bins defined by pKa values (g).
Curves in a and g and outlines in b−e are color-coded.

Figure 3. Schematic representation of the Coulombic argument in linker*-to-node hole transfer (a), the effect of deprotonation on the node
HOMO level (b) and the resulting computed HOMO−HOMO gap (c), and linear combination fitting of compound pH-dependent fluorescence
spectrum to the computed LE and CT state contributions (d−g).

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://doi.org/10.1021/acs.jpclett.4c02848
J. Phys. Chem. Lett. 2024, 15, 11496−11503

11498

https://pubs.acs.org/doi/10.1021/acs.jpclett.4c02848?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c02848?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c02848?fig=fig2&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.4c02848/suppl_file/jz4c02848_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c02848?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c02848?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c02848?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c02848?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c02848?fig=fig3&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.4c02848?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


spectrum.29 Moreover, the CT state evolves from the LE state
and is facilitated by the donor−acceptor like local structure
within the MOF, with excited linkers serving as hole donors
and nodes as hole acceptors.30,31
To further substantiate the CT state assignment, we

consider variations in the solvent environment. Changes in
the dielectric constant and/or viscosity32,33 of the framework-

permeating solvent engender only slight changes in the energy
of the excited state (SI Figures S5 and S6). In contrast, varying
the pH of the aqueous medium in the 1.5 to 8.5 range led to a
pronounced modulation of the emission line shape and overall
quantum yield, particularly that of the linker-based HOMO−
LUMO emission band, consistent with populations of both CT
and LE states being pH-dependent (Figure 2f,g). Similar, but
subtler effects are observed in methanol (Figure S7a).
Moreover, when photoluminescence measurements are
performed in a nonpolar solvent but in the presence of either
electron-donating (acetylacetonato) or electron-withdrawing
(hexafluoroacetylacetonato) ligands known to coordinate with
the zirconium node,34,35 the LE and CT populations also
change (SI Section S12). The experiment also revealed an
apparent shift in the emission maximum of the CT state, which
is likely to reflect either a rebalance in the vibronic transitions
composing this emission band, or a change in E00 due to a
change in energy of the hole-accepting orbital. Clearly, the
extent of CT state formation is connected to the protonation
state of the node.
Transient fluorescence studies (SI Section S11) show that

the overall emissive state lifetime varies from about 20 ns at
near-neutral pH to about 5 ns in a highly acidic environment,
and spectral evolution is consistent with what is observed in
the steady state. It is tempting to ascribe lifetime attenuation in
acid to participation of μ3−O-H stretches as high-frequency
energy acceptors for nonradiative decay−an influence that
ought to be present only if hole-transfer to hydroxo-bearing
nodes occurs.36,37
To better understand pH influences, consider the

Zr6O4(OH)4-containing node in a modulator- and formate-
free Zr-MOF.38 Below the maximum connectivity of 12,39 sites
that would otherwise be occupied by linker-terminating
carboxylates instead feature nonstructural hydroxo and aqua
ligands in equal numbers. The oxygen sites present are
bridging oxo, bridging hydroxo, terminal hydroxo, terminal
aqua, and carboxylate. Three of these five carry protons
(Scheme 1b). Notably, pKa values for the protonated sites, on
Zr-MOF nodes, have previously been determined.40−42 The
presence of multiple distinct pKa values means that the node
can be treated as a polyprotic acid. The Henderson−
Hasselbalch equations can be used to obtain populations of
various deprotonated node species as a function of pH (Figure
2a−e).43 We use 3.3, 5.7, and 8.2 as pKa estimates for NU-601;
these values are representative across a range of Zr-
MOFs.40−42 In relating CT state formation to node
protonation, we consider both average bulk populations and
the probability of finding at least one of four linker-connected
nodes in a given protonation state (Figure 2a). Neglected is
another pKa, likely <1, corresponding to conditions where six
terminal hydroxos have been converted to six additional −OH2
ligands.38
We suggest two main effects that drive the pH dependence

of the excited-state properties: (1) the Coulombic interactions
that should promote linker*-to-node hole transfer based on
charge changes upon node deprotonation (Figure 3a); and (2)
the rise of the HOMO energy level of the node with
deprotonation shown by our TD-DFT calculations, implying
that deprotonation of the node breaks the linker-node orbital
energy alignment and shifts the LE/CT excited-state
distribution (Figure 3b). In fact, our calculations show a
large increase in the HOMO−HOMO energy gap  albeit,
with only an approximate estimate since the calculated cluster

Figure 4. Fluorescence spectra (a) from Figure 2f rebinned with
respect to pH, plotted with fits described by (b) species-associated
spectra extracted via global fitting to Henderson−Hasselbalch
equations, and (c) the corresponding species-associated populations
versus pH.
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comprises one node with six benzoate “caps” instead of full
linkers (Figure 3c and SI Section S3). Linear combination
fitting (LCF) (Figure 3d−g) of pH-binned spectra to
theoretical LE and CT fluorescence lineshapes captures the
appearance of the LE contribution, but also clearly shows that
the CT contribution is dominant regardless of pH, in contrast
to the populations predicted by acid equilibrium (Figure 2a).
This implies that multiple physical effects are relevant and that
neither of the arguments can be taken in isolation. At the
simplest level, linker*-to-node CT state formation is pairwise;
thus, we suggest that the persistence of the CT state across the
entire pH range may be explained by the fact that a linker can
always find a node to which it can transfer a hole. The
probability of a linker being connected to at least one node
with a μ3-OH protons still in place falls to 1% at about pH 6.4
(Figure 2a); both linker-to-linker exciton hopping and
dynamic protonation presumably would increase the likelihood
of an encounter between an LE-type exciton and a protonated
node, and extend the pH range.44 Additionally, the 33% share
of the LE contribution observed at high pH appears to be
consistent with the 1:1.5 node-linker stoichiometry in NU-601;
assuming similar quantum yields, we can hypothesize that at
high pH CT state population is saturated.
Since LCF was insufficient to reconstruct emission

signatures as a function of pH, we turned to principal
component analysis (PCA). This method decomposes the
observed data into multiple best-fit contributors. The optimal
number of contributors can be determined via singular value
decomposition (SI Section S10). Ratios of contributions vary
with pH. Consequently, the Henderson−Hasselbalch equa-
tions can be used as a mechanistic model to guide PCA. Within
the routine, pKa values are allowed to vary; since fluorescence
reports on excited states, the best fit pKa values here must
correspond to excited-state pKa values, pKa* (for additional
discussion, see SI Section S2). In the specific case of hole
transfer to the node, we expect at least one pKa* value to
decrease compared to ground-state pKa due to net increase in
positive charge on the node. PCA results are shown in Figure
4b and 4c. We fit data to three components (two pKa* values),
because this is sufficient to describe the data (see Figure S10).
The analysis returns pKa* values of 2.0 and 6.6 with negligible
fitting uncertainties.
Typically, Ka* for a photoacid will be higher than that for

the ground state Ka by several orders of magnitude,45,46
although smaller changes−i.e., ΔpKa ≈ 1−are not uncom-
mon.47 While three pKas have been measured for the node in
the ground state, only two are necessary to describe the excited

state. We infer that the pKa* of 2.0 corresponds to the ground
state pKa of 3.3, reflecting the increased acidity of μ3-hydroxos
upon hole injection. There is a concurrent decrease in acidity
of aqua ligands from GS pKa = 5.8 to pKa*=6.6.
Experimental emission spectra and accompanying theory

work evince communication between LE and CT states, where
the charge-transfer state is formed by linker*-to-node hole
transfer (Scheme 2). This notion is substantiated by node
protonation influencing emission despite the node not being
part of the absorbing chromophore. (It is conceivable that at a
high enough pH, the HOMO−HOMO energy gap changes
sign and direct node-to-linker electron transfer becomes
possible; however, such ground-state charge-transfer species
could be susceptible to rapid recombination or an annihilation
reaction with triplet oxygen). However, the high-pH spectral
contributor (Figure 4b, Species 3) extracted through target
analysis does not perfectly match the theoretical LE line shape
from Figure 3d-g, suggesting that the high-pH component is a
mix of LE and CT states. This picture is consistent with the
presented explanation of electronic effects (node HOMO level
affected by pH) in competition with Coulombic effects
(diminished positive charge on the node core promoting
hole transfer). The presence of solvent electrolyte was also
found to have an effect; the CT state may be stabilized at a
higher pH by compensating the missing protons with alkali
metal cations (see Figure S8).
The presence of the CT state has important implications for

Zr-MOFs in photochemical applications, especially those
involving/requiring antenna behavior and long-range energy
transport. As an alternative to FRET (Förster resonance energy
transfer),48 the CT state may offer a basis for energy transport
via an unconventional superexchange mechanism, first
described by Haarer et al., where LE states facilitate charge-
carrier tunneling.30,49 While the orthogonal positioning of
nearest-neighbor lowest energy transition dipoles in NU-601
likely precludes this framework from efficiently transporting
energy via FRET, this superexchange mechanism could
plausibly give rise to significant exciton mobilities.
More broadly, our work shows that the optoelectronic

properties of selected Zr-MOFs are dependent on formation of
CT states or excitons, as opposed to the LE-dominated
behavior observed in MOFs such as NH2-MIL-53 and ZIF-
67.50,51 Clearly, NU-601 with its UV-centric absorption band is
not a particularly promising light-harvesting system, even if it is
capable of performing basic photochemistry (see SI Section
S9). However, having demonstrated that the electronic
properties of the material can be tuned by (de)protonating

Scheme 2. Summary of the CT Exciton Formation Mechanism
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the node due to the partial charge-transfer character of the
excited state, we posit that this study carries important
implications for the enduring question of long-range energy
transport mechanisms in Zr-MOFs. We speculate that the
reported fluorescence sensitivity of NU-1000 to cyanide-
containing solutions is a manifestation of tuning of an emissive
linker*-to-node CT state, like that explored here for NU-601.52
We further suggest that the unusually large fluorescence Stokes
shift for NU-1000 reflects emission from a different state
(linker*-to-node hole-transfer) than the one created by
absorption (linker-localized excitation).9 Closely related may
be the ability of NU-1000 to propagate photogenerated
excitons across hundreds of linkers, despite minimal overlap of
absorption and fluorescence spectra.11 If energy transport is
accomplished by the above-mentioned, CT-enabled Haarer-
superexchange mechanism, rather than FRET, such overlap
would not be needed. The presence of the CT state, and the
ability to tune the dynamics of its formation, also allows for
resonance energy transport (when present) to be tuned at will
by altering the local pH at the Zr-oxo node. Protonation state
does not have to be the only method to achieve such tuning;
changes like introducing formate caps may achieve the same
goal.53 Assessment of the potential quantitative applicability of
the CT-enabled scheme to long-range energy transport within
selected Zr-MOFs is a focus of ongoing work.

■ EXPERIMENTAL METHODS
The experimental methods are described in the Supporting
Information.
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