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ABSTRACT: Molecular assemblies in metal−organic frameworks (MOFs) are
reminiscent of natural light-harvesting (LH) systems and considered as emerging
materials for energy conversion. Such applications require understanding the
correlation between their excited-state properties and underlying topological net.
Two chemically identical but topologically different tetraphenylpyrene (1,3,6,8-
tetrakis(p-benzoicacid)pyrene; H4TBAPy)-based ZrIV MOFs, NU-901 (scu) and
NU-1000 (csq), are chosen to computationally and spectroscopically interrogate
the impact of topological difference on their excited-state electronic structures. Time-dependent density functional theory-
computed transition density matrices for selected model compounds reveal that the optically relevant S1, S2, and Sn states are
delocalized over more than four TBAPy linkers with a maximum exciton size of ∼1.7 nm (i.e., two neighboring TBAPy linkers).
Computational data further suggests the evolution of polar excitons (hole and electron residing in two different linkers); their
oscillator strengths vary with the extent of interchromophoric interaction depending on their topological network. Femtosecond
transient absorption (fs-TA) spectroscopic data of NU-901 highlight instantaneous spectral evolution of an intense S1 → Sn
transition at 750 nm, which diminishes with the emergence of a broad (580−1100 nm) induced absorption originating from a
fast excimer formation. Although these ultrafast spectroscopic data reveal the first direct spectral observation of fast excimer
formation (τ = 2 ps) in MOFs, the fs-TA features seen in NU-901 are clearly absent in NU-1000 and the free H4TBAPy linker.
Furthermore, transient and steady-state fluorescence data collected as a function of solvent dielectrics reveal that the emissive
states in both MOF samples are electronically nonpolar; however, low-lying polar excited states may get involved in the excited-
state decay processes in polar solvents. The present work shows that the topological arrangement of the linkers critically
controls the excited-state electronic structures.

■ INTRODUCTION

Chromophore assemblies, such as those found in natural
photosynthetic machinery, have inspired various functional
light-harvesting (LH) mimics.1 As interchromophoric spatial
separation can limit screening of their transition dipoles by
other electrons,2 an array of self-assembled chromophores,
unlike a single “giant” chromophore, can render composition
with high absorptivity.3 Interchromophoric interactions can
potentially generate new pigments with optoelectronic proper-
ties3d that can tune the exciton lifetime and delocalization and
migration lengths that are useful for the various light-
harvesting applications.1f,4 Solar energy harvesting requires a
material design strategy that enables the low-lying excited
states5 to drive large exciton displacement and eventually
electron−hole pair dissociation.
In this regard, metal−organic frameworks (MOFs)6 are an

emerging class of hybrid optoelectronic materials owing to
their enormous design flexibility.7 These self-assembled
molecular compositions are constructed from multitopic

chromophore-based linkers densely arranged around pores
through coordination bonds, with metal-based nodes generat-
ing a vast array of crystalline structures. Structural diversity
provides a wide range of pore geometries that make them
amenable to dielectric and functional modulation (i.e.,
installation of secondary chromophores or redox-active
species) required for energy harvesting and conversion
processes. Frameworks assembled from photoactive building
blocks7a,j,8a−d can offer unique photophysics and exciton
dynamics fundamentally different from those observed in
stacked solid chromophore assemblies.9 While MOF scaffolds
provide excellent platforms for exciton hopping and displace-
ment within their chromophoric networks,7a,b,j,8d they can
control interchromophoric interactions engendering modular
optoelectronic properties as a function of their spatial
orientation. Like other low band gap π-conjugated molecular
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LH compositions,5a−c,10a,b it is expected that a MOF material
should feature strong singlet manifold transitions (S0 → S1, S1
→ S0, and S1 → Sn) in the red to the near-infrared (NIR)
region to produce delocalized excitons, thereby weakly bound
excitons.11 Thus, it is important to understand the excitonic
properties of the optically active singlet excited states (i.e., S1,
S2, Sn states) of these crystalline porous chromophore
assemblies.
We have recently reported topological control over MOF

photophysics12 in well-established porphyrin-based12a and
pyrene-based12b MOFs featuring the deprotonated form of
5,10,15,20-(tetra-p-carboxyphenyl)porphyrin (H4TCPP) or
1,3,6,8-tetrakis(p-benzoicacid)pyrene (H4TBAPy) and ZrIV-
based nodes. Zirconium-oxo-based frameworks13 have recently
emerged as a new subclass of MOFs due to their stability
stemming from a strong M-carboxylate bond and an “inert”
atomic electronic (e.g., diamagnetic) configuration that enable
spectroscopic investigations.7h,12,14a−m Furthermore, their
ability to incorporate redox-active species via a postsynthesis
functionalization technique14h,15 makes them attractive for
light conversion applications.
Considering their unique spectroscopic properties and

topological diversity, we chose two chemically identical
TBAPy -ased Zr-MOFs: NU-901 (scu)7h and NU-1000 (csq)
(molecular formula Zr6(μ3-O)4(μ3 -OH)4(-OH)4(-
OH2)4(TBAPy)2; Figure 1) to investigate how topology-
dependent spatial orientation of the TBAPy linkers impacts the
properties of various excited states. Here, we report the
electronic structures and excitonic properties in these MOF
structures. Transition density matrix (TDM) analyses on
various relevant models constructed from a series of small

structural segments provide insight into the excited-state
electronic structures that were probed with femtosecond
transient absorption (fs-TA) and steady-state and time-
resolved emission spectroscopic investigations of the solvent
dependence.

■ EXPERIMENTAL SECTION
Materials. All spectroscopic grade solvents were purchased from

Sigma-Aldrich and used as received. Syntheses of spectroscopic grade
MOF samples were reported in our previous publication.12b

Instrumentation. The absorptive electronic transitions for the
solid samples were measured as diffused reflectance spectra using a
JASCO V-670 UV−vis−NIR spectrophotometer equipped with a 60
mm BaSO4-coated integrating sphere. Steady-state emission spectra
were recorded using an Edinburgh FS5 spectrofluorimeter. Samples
were packed inside a quartz capillary tube (3 mm i.d.) and then sealed
and soaked in the respective solvent overnight. These emission
spectra were collected in a front-face configuration and corrected
using the instrumental correction functions for the excitation light
source as well as for the wavelength-dependent detector response.
The absolute quantum yields (QY) were measured using a 150 mm
integrating sphere and the EI-F980 software that accounts for the
diminished intensity counts of the incident beam over the increased
intensity counts of fluorescence, based on the manually selected
respective integration range. Time-resolved emission decay profiles
were recorded using an Edinburgh Lifespec II picosecond time-
correlated single-photon counting spectrophotometer (λex = 405
nm).12b

Transient absorption spectroscopic data in the femtosecond−
microsecond time domain were collected using either standard
pump−probe methods (Ultrafast Systems, HELIOS, Sarasota, FL,
USA) or a randomly interleaved pulse train method (picoTAS,
Unisoku, Osaka, Japan). The details of the fs-TA spectrometry and

Figure 1. Molecular structures of the TBAPy-based MOFs: (a) NU-901, (b) NU-1000 and their corresponding metal nodes. DFT-optimized
structures of various TBAPy cluster models are shown for (c,e,g) NU-901 and (f) NU-1000; the crystallographic origin of the zigzag NU-901z
(green), rhombic NU-901r (cyan), crossed NU-901c (red), and triangular NU-1000t (deep blue) models are highlighted in panels (a,b); atom
color code: O, red spheres; Zr, golden yellow; C, black spheres or gray sticks; H atoms are omitted for clarity. (d) Chemical structure of the
H4TBAPy linker with atom numbering scheme used in the time-dependent DFT computations.
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the data analysis procedures are described in the Supporting
Information (SI).16 The H4TABPy free linker was examined in
DMSO solvent (super-dehydrated, Wako Chemical) as a solution.
Solid MOF samples (∼5 mg/mL) were mixed with inert polystyrene
solution (10 mg/mL toluene) and drop-cast on a quartz substrate to
ensure transmittance of the probe light with minimal excitation light
scattering.
Computational Methods. Electronic excitations and their

corresponding energy, oscillator strength, and transition densities
were computed for a series of models constructed from various small
crystallographic segments (Figure 1) using time-dependent density
functional theory (TDDFT//CAM-B3LYP/6-31g(d,p); see Support-
ing Information for details). Metal-oxo nodes were removed, and a
proton was introduced to the carboxylate groups for charge balance;
structures were optimized via a constrained DFT.12,14m Oscillator
strengths and their corresponding transition energies were obtained
via TDDFT calculations of 60 excited states on these DFT-optimized
structures. TDM analyses were performed using the GPview
software.17

■ RESULTS AND DISCUSSION
The variable extent of interchromophoric interactions, in
different frameworks, leads to unique electronic transitions and
excimer formation12 and should play a crucial role in defining
the respective excitonic properties. To understand the extent of
interchromophoric interaction among multiple linkers, we first
considered a series of model compounds featuring small
TBAPy “clusters” that are closely positioned in space within
their respective frameworks. Note that these TBAPy cluster
models were chosen primarily to facilitate affordable DFT and
TDDFT computation on non-exhaustive small systems with
the strongest interchromophoric interactions providing elec-
tronic properties that can closely represent the spectroscopic
signature and excited-state nature of the MOF samples (see SI
section B3 for size-dependent properties). These model
structures were approximated by replacing the [Zr6(μ3-
O)4(μ3-OH)4(-OH)4(-OH2)4]

8+ nodes with protons at each
of the carboxylates. This approximation is based on the charge
count (i.e., neutral, 8-connected MOF) and the electronic
energy levels of the ZrIV6-oxo node that is insignificant in
defining the optoelectronic properties of these systems. Recent
computational works have established that the electronic
energy levels of the wide band gap ZrIV6-oxo nodes (4.5−6.0
eV) lie far relative to the linker frontier orbitals.18 Thus, the
optical properties of the ZrIV6-oxo-based frameworks are
defined mainly by linker-centered π−π* transitions. Potentio-
metric data further establish the unaltered redox potentials of
ZrIV6-oxo node-bound TBAPy linkers relative to the H4TBAPy
benchmark compound due to a type-I alignment of their
respective frontier orbitals that do not facilitate significant
electronic interactions (see SI section A). Furthermore, the
unique electronic energy level alignment between the ZrIV6-oxo
node and the π-conjugated linkers is different than that of a
TiIV-based system, where the low-lying TiIV-centered lowest
unoccupied molecular orbital participates in ligand-to-metal
charge transfer (LMCT) or electronic coupling processes.18b,d

Figure 1 highlights a series of such model compounds defining
various cofacial and lateral geometries. Combinations of these
two different orientations align the TBAPy linkers in an
oblique or head-to-tail conformation along the crystallographic
a−b and c directions, respectively. The center-to-center
distances in these two different interchromophoric conforma-
tions are 9.52 Å (between rings 1−2, 2−3, and 3−4 in NU-
901z; rings 1−2 and 3−4 in NU-901r; and ring 2−3 in NU-
901c), 10.92 Å (between any two rings in NU-1000t), 16.05 Å

(between rings 1−2 and 3−4 in NU-901c), and 16.6 Å
(between rings 1−4 and 2−3 in NU-901r).
TDDFT computations on these TBAPy cluster models

provide information regarding various excited states. For this,
first, the model compounds (Figure 1) were optimized using
constrained DFT to maintain the crystallographic coordina-
tes,12,14m following which TDDFT computations were
performed using the CAM-B3LYP19 hybrid exchange-correla-
tion functional for the long-range correction using the
Coulomb-attenuating method in conjunction with the widely
used 6-31g(d,p) basis for C, H, and O atoms. Absorptive
transition energies and corresponding oscillator strengths were
analyzed for each of these models to examine the evolution of
optically active excited states. Figure 2 summarizes the

experimental UV−vis absorption spectra for H4TBAPy, NU-
901, and NU-1000 that clearly highlight the trend predicted by
the TDDFT computational data presented in Figure 2b. Note
that the simulated spectra and transition energies were
calibrated against the experimental H4TBAPy benchmark
spectra by 0.303 eV lowering the computed data; this energy
scaling between the ground and excited states was, at least
partially, from nonsolvated systems used for the computation,
and this offset does not alter the energy gap between any two
excited states. Compared to the H4TBAPy benchmark
compound, the MOF samples show the lowest energy
transitions, significantly red-shifted by ∼0.40 eV for NU-901
and a small 0.05 eV for the NU-1000 (Figure 2a). Note that
the respective red shifts predicted by TDDFT are 0.42 and
0.03 eV. Figures 3 and S7 summarize the energy of various
excited states relative to that of the H4TBAPy monomer.

Figure 2. Steady-state electronic absorption spectra: (a) diffuse
reflectance spectra of the solid NU-1000 (blue) and NU-901 (green)
samples; the pink spectrum represents H4TBAPy benchmark in DMF
solvent; (b) TDDFT simulated electronic absorptive transitions for
the models (Figure 1) and H4TBAPy monomer. Note all the
simulated spectra (and transition energies) were calibrated against the
experimental transition energy of the H4TBAPy benchmark
compound by 0.303 eV, lowering the computed energy values. The
relative difference in the computed oscillator strength, presented in
panel (b), is partly due to the number of H4TBAPy units present in
the corresponding model compounds.
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Excited-state properties of model compounds were assessed
by analyzing TDM. These TDMs represent electronic
transitions from the ground state to a given excited state as
obtained from the TDDFT computations on the ground-state
geometry. The matrix diagonal and off-diagonal densities
provide crucial information regarding the distribution of the
excitonic wave function (center-of-mass) over the structure
and the exciton size (distance between e−h particles),
respectively.20,3c,2 Figure 4 summarizes the representing
transitions for NU-1000t and NU-901z (for other model
structures, see Figure S8). Excited states were assigned (Figure
3) based on their respective energies, oscillator strengths, and
TDM analyses. The diagonal densities for optically allowed S1
states (Figure 4) indicate that the excitonic wave functions are
delocalized over all the TBAPy units. The nonzero off-diagonal
densities (e−h distances) for the S1 states rapidly diminished at
the periphery of the linkers (phenyl side arms); nevertheless,
the residual density (∼10%) beyond the TBAPy units indicates
e−h correlation among the adjacent chromophores with a
maximum exciton size of ∼1.7 nm. Further examination of the
respective S1 states for various NU-901 models (Figures S7)
revealed that NU-901z possesses the lowest energy S1 state
originating from the strongest interaction among the TBAPy
linkers aligned in oblique geometry. For NU-901r and NU-
901c, the TDM plots (Figure S8) indicate that the respective
excited states are localized more in the closer cofacial dimers
(rings 1−2 and 3−4, Figure 1g; and rings 2−3 in Figure 1e).
This observation underscores that the excited states are
delocalized more in the direction in which chromophoric
linkers are positioned in a cofacial geometry with the shortest
center-to-center distance.
In NU-1000, the framework possesses only the triangular

motif with cofacial conformation that translates only along the
lateral direction of the crystallographic c-axis and repeats

through the vertices in the a−b plane. In contrast, NU-901
possesses such a cofacial motif that forms an infinite polymeric
chain in the a−b plane, which then translates along the c-axis as
well as repeats in the a−b plane. For the model compounds,
the optically allowed S2 states have delocalization properties
similar to those of the corresponding S1 states (Figures 4a,c
and S6).
The Sn states play important roles in the photophysical

processes within the singlet excitonic manifolds of π-
conjugated structures and are usually associated with a strong
S1 → Sn transition dipole moments and a forbidden transition
from the ground state.2,21a,b TDM contour plots (Figure 4) of
the TDDFT computed excited states for the model
compounds (Figure 1) reveal that the Sn states are delocalized.
The significant extent of their off-diagonal densities, relative to
their corresponding S1 state electronic structures, indicate that
these are weakly bound nonpolar excitonic states (Figure
4b,d).
Femtosecond transient absorption spectroscopic data of

MOF samples (NU-901 and NU-1000), as well as the
H4TBAPy control sample, unambiguously highlight the impact
of MOF topology on the photoinduced products. The fs-TA
spectrum of NU-901 at tdelay = ∼0.3 ps upon photoexcitation
(λex = 400 nm; Figure 5a) features an intense induced
absorption (IA), centered at around 750 nm that extends
beyond 1200 nm as well as a negative spectral signature
centered at ∼550 nm. Considering the steady-state emission
spectrum of NU-901 (Figure S2), we attributed the negative
spectral signature to S1 → S0 stimulated emission and the IA
band to the excited-state absorption (ESA) for S1 → Sn
transitions for NU-901. The ESA for NU-901 clearly differs
from those of NU-1000 (Figure 5b, black) or H4TBAPy
(Figure S11, black), which feature a sharp IA band near 740
nm (for NU-1000) or 700 nm (for H4TBAPy), respectively.
Note that the TDDFT predicted S1 → Sn energy gap for
H4TBAPy is 1.701 eV (729 nm), whereas the corresponding

Figure 3. TDDFT computed excited states of the H4TBAPy and
selected MOF model compounds shown in Figure 1. The energy
levels were calibrated against the experimental transition energy of the
H4TBAPy benchmark compound (i.e., lowering the computed
energies by 0.303 eV; Figure 2). Spectroscopically relevant, the
lowest energy dark states and the polar (charge-separated) excited
states for the MOF model compounds are denoted as D1 and CT (for
NU-901z, the n denotes the number of the TBAPy units for the hole−
electron separations; see Figure S5).

Figure 4. Contour plot of TDMs corresponding to optically active S1
and Sn excited states for model compounds NU-1000t and NU-901z
(shown in Figure 2). These plots depict e−h correlation during an
optical excitation (i.e., the probability of an electron moving from one
molecular position to another). The axes are labeled with atom
numbers from each TBAPy unit (shown in Figure 1d).
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gaps for NU-1000t and NU-901z were computed to be 1.624
eV (763 nm) and 1.610 eV (770 nm), respectively. These
computational data match exceedingly well with the trend
observed in the fs-TA data and suggest that the interchromo-
phoric excitonic interaction plays a crucial role in determining
the energy gaps in their respective excited states. Furthermore,
NU-901 renders spectral evolution (Figure 5a) with the
emergence of a new IA band near 630 nm at tdelay > 1 ps,
persisting beyond our instrument delay time limit (∼5 ns).
This 630 nm IA band of NU-901, which spreads from 580 to
1100 nm, is absent in fs-TA spectral evolution in both NU-
1000 and H4TBAPy.
Global analysis for the fs-TA spectroscopic data for NU-901

determines that this broad 630 nm induced absorption band
has a rise-time constant, τrise, of 2.0 ps and a decay time
constant, τdecay, of 4.8 ns (Figure S10). The 4.8 ns time
constant corresponds to the excimer emission lifetime of NU-
901 reported in our previous report,12b and therefore, the 2.0
ps τrise corresponds to S1 → excimer formation.22 Considering
a close interchromophoric distance (9.52 Å) with a small
pyrene−pyrene torsional angle (20°), the cofacial TBAPy
linkers in the NU-901 structure are suitable for excimer-like
complex formation (25% intensity).12b Although Douhal et al.
reported a slow (∼400−840 ps) excimer formation time in a
naphthalene-based MOF by analyzing femtosecond emission
transients,23 our fs-TA spectra presented in Figure 5 thus
underscore the first direct spectral observation of the excimer

formation in a MOF. Alternatively, in NU-1000, a longer
interchromophoric distance and larger pyrene−pyrene tor-
sional angle suppress the excimer formation,12b and thereby no
significant excimer ESA can be seen in the fs-TA spectra
(Figure 5b). The intensity of the NIR S1 → Sn ESA bands for
NU-901 (Figure 5a) is comparable to their respective high S1
→ S0 emissive oscillator strength. Such broad, intense ESA
bands that extend into the NIR signify that these structures
possess electronic states that are significantly delocalized in
nature, corroborating with the TDDFT predictions (vide
supra).
TDDFT-TDM analyses also suggest the existence of polar

excited states with charge-transfer (CT) character defined by
dominating off-diagonal and negligible diagonal densities (i.e.,
electron and hole reside in two different TBAPy units; denoted
as CT1; Figures 6 and S5). The extent of the e−h separation in

these CT states can go beyond two adjacent TBAPy units in
the linear NU-901z; however, a longer separation will result in
higher energy (thus denoted as CTn in Figure 3, where n is the
number of TBAPy units by which e−h separation occurred;
Figure S5). Interestingly, depending on the framework
topology, some of the polar excited states can have sizable
oscillator strength for electronic transitions from the ground
state.24 These optically allowed polar excited states in NU-
1000t energetically reside close to the S2 state (CTn states in
the NU-901z model possess zero oscillator strength).
Interestingly, the evolution of such polar excited states, as in
the models, is without the involvement of any pyrene to Zr-oxo
node LMCT species, rather solely of interchromophoric
interactions.
To determine the possible role of these polar excited states

in the emissive decay process, we examined transient
fluorescence decays in various solvents. As shown in Figure
7, the transient fluorescence decay profiles for the NU-901
sample essentially remain unchanged in all the solvents except
for the DMF. In contrast, the NU-1000 sample manifests
solvent-dependent decay profiles. The corresponding lifetime
data are summarized in Table SI-1 and are consistent with our
previous report.12b Considering the single-component fluo-
rescence decay profiles for H4TBAPy,

25 showing little
dependence on the solvent, our experimental data reveal that
NU-1000 manifests a faster decay particularly in a more polar
solvent such as acetonitrile. These data suggest that either the
emissive states of NU-1000 have polar character and/or the
solvent-responsive low-lying polar excited states play a key role
in the excited-state dynamical process.

Figure 5. Representative femtosecond transient absorption spectra
with λex = 400 nm for (a) NU-901 and (b) NU-1000 deposited in a
polystyrene matrix. Parallel pump/probe polarization. Excitation
fluence = ∼120 μJ/cm2. Note that the structured spectral traces
near 750−800 nm stem from the white-light generation using an 800
nm Ti:sapphire laser.

Figure 6. Contour plot of TDMs corresponding to spectroscopically
relevant CT1 excited states for model compounds NU-1000t and NU-
901z (shown in Figure 3).
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Excitation−emission mapping spectra of these MOF
samples, measured as a function of solvent polarity, provide
crucial information on the transition energies to determine if
the emissive state is polar in nature (Figure 8 and Figures S12

and S13). For NU-901 and NU-1000, the most intense peak
appears at 520 nm (λex = 465 nm; Figure 8a,b) and 475 nm
(λex = 395 and 425 nm; Figure 8c,d),12b respectively. For both
samples, the corresponding emissive transition energies were
found essentially unchanged with solvent polarity.26 These data
are consistent with the computational results confirming the
nonpolar electronic structure of the respective emissive states

for both MOF samples. However, the relative contribution of
the 395 and 425 nm excitation branches in NU-1000 appears
to depend on the solvent, where the intensity of the 425 nm
excitation branch (λem = 475 nm) becomes more pronounced
in polar solvents, particularly those with a high acceptor
number such as α,α,α-trifluorotoluene (CF3Tol) and acetoni-
trile (MeCN).
Absolute fluorescence QY values can provide information

regarding the extent of excited-state population that decay to
the ground state via a nonradiative pathway. Data summarized
in Figure 9 indicate that QY of NU-901 is less affected (QY =

10 ± 2%) by solvents except for MeCN. In comparison, NU-
1000 shows a sizable variation on solvent: a dry NU-1000
sample renders the lowest QY value, which is enhanced in low
dielectric media and finally diminished with an increase in
solvent polarity (MeCN being the lowest). As all the
experimental setup employed for these solid samples
guaranteed that only a given set of chromophore linkers in
the solid MOF samples are subjected to a constant and
prolonged exposure to the excitation beam, solvation should
facilitate local heat dissipation pathways to provide higher QY.
Thus, in general, a solvent that interacts strongly (quantified
with solvent dispersity) should provide a higher QY. However,
no direct correlation of the observed trend in the QY values for
the NU-1000 sample can be made with one particular solvent
parameter (see Table SI-2 for various solvation parameters).
Solvent dispersity may only explain an enhancement of the QY
value from a dry sample to toluene to 2-MeTHF but fails to
explain the QY trend recorded in the rest of the solvents as
toluene, 2-MeTHF, CF3-Tol, and DMF possess a comparable
dispersity parameter (δD; Table SI-2). However, considering
the solvent acceptor number (AN) along with the dispersity
constants (δD), we can qualitatively explain the observed trend
in QY values recorded for NU-1000.
It should be noted that, although the S1 state is the lowest

singlet state in the free H4TBAPy linker, the scenario is
different in the chromophore assembly in a framework.
Computational data indicate the existence of an optically
forbidden dark excitonic state (zero-negligible S0 → D1
oscillator strength); the most significant are those that lie
below the optically active S1 states (∼0.03−0.1 eV; Figure 3
shown as D1 states). Figure 10 highlights the TDMs for the D1
states for two model compounds and are reminiscent of the

Figure 7. Transient emission decay profiles for (a) NU-901 (λprobe =
520 nm) and (b) NU-1000 (λprobe = 475 nm) collected in various
solvents (λex = 405 nm; the solid lines represent the reconvolution
based fits, and the time constant outputs are summerized in Table SI-
1).

Figure 8. Excitation−emission mapping spectra recorded for (a,b)
NU-901 and (c,d) NU-1000 suspended in 3-methyl pentane (a,c) and
acetonitrile (b,d) solvents (experimental condition: RT; intensity is
factored by 10−4).

Figure 9. Solvent-dependent quantum yields from the most intense
emission peaks recorded for samples NU-901 (520 nm) and NU-1000
(475 nm).
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TDMs for corresponding S1 states (Figure 4a,c). Due to a
similar delocalization property, these D1 states are expected to
provide a major nonradiative excited-state decay channel. Our
experimental data suggest that these MOF samples have ∼65−
80% reduction in their quantum efficiencies compared to that
of the free H4TBAPy linker (∼85%25).27 Whereas a high
chromophore concentration in these solid MOFs can be a
plausible reason, their emission spectra (Figure S2) do not
show any sign of shape change at their higher energy side,
indicating no inner-filter effect. Given that solvation marginally
improves the QY, other nonradiative decay channels must
exist. Considering that exciton annihilation commences only at
high excitation fluences, we infer that the existence of a dark
state can be possible in these solid compositions.28

For NU-1000, solvents with a higher AN were found to
reduce the QY possibly via the activation of a nonradiative
decay pathway through the optically allowed polar excited
states. As the energy levels of these polar excited states (Figure
3) are susceptible to solvent electronic properties (such as
AN), their involvement in the excited-state decay process can
be altered by the solvent. In contrast, for NU-901, all the polar
excited states are optically forbidden and may not get involved
in the respective excited-state dynamical processes.

■ CONCLUSION
We have studied the excited-state properties in two chemically
identical but topologically different tetraphenylpyrene (1,3,6,8-
tetrakis(p-benzoicacid)pyrene; H4TBAPy)-based ZrIV MOFs,
NU-901 (scu) and NU-1000 (csq). These structures differ in
the concentration and orientation of chromophoric linkers
they house within their networks. The structural parameters
play a key role in the interchromophoric interactions that
manifest in unique excited states that exhibit distinct
photophysical properties.
TDDFT computations on various small TBAPy model

compounds predict the evolution of various distinct excited
states whose electronic structures depend on the MOF
topology. For example, analysis of respective transition density
matrix suggests that the wave function of the optically allowed
S1 and S2 states are delocalized over multiple TBAPy linkers
with maximum exciton size of ∼1.7 nm (about two TBAPy
chromophores). Furthermore, computational results predict
the evolution of polar excited states with an electronic
structure possessing charge-transfer character, where the extent
of interchromophoric interaction dictates whether these states
are optically allowed. For example, the NU-1000 framework is
predicted to possess optically allowed CT states, whereas NU-
901 renders optically forbidden CT states.

Femtosecond transient absorption spectroscopic data of
NU-901 clearly contrast those recorded for NU-1000 and the
H4TBAPy linker. NU-901 displays TA spectral evolution
featuring an instantaneous S1 → Sn induced absorption at
around 750 nm that diminishes with the emergence of a broad
(580−1100 nm) induced absorption originating from an
excimer formation. In contrast, NU-1000 and the reference
linker compound (H4TBAPy) lack such spectral evolution.
Dynamical analysis of this unprecedented spectral evolution
underscores that a short interchromophoric distance (9.52 Å)
and a small pyrene−pyrene torsional angle (20°) in NU-901
facilitate a fast excimer formation (τrise of 2.0 ps) that last for
several nanoseconds (τdecay of 4.8 ns). Although our previous
work reported the excimeric emission lifetime (τ = 4.8 ns) for
NU-901,12b the formation time and the ESA feature of
excimers in this structure were unknown. In this regard, this the
f irst direct spectral observation of excimer formation and spectral
feature in MOF.
Transient and steady-state fluorescence data collected as a

function of solvent polarity provide insight into the electronic
nature of the emissive state: excitation−emission transition
energies were found to show little dependence on solvent,
indicating a nonpolar nature of the emissive S1 excitonic states
in these MOF samples. However, solvent-dependent fluo-
rescence decay profiles, as well as their corresponding quantum
yields, clearly suggest that low-lying polar excitonic states may
influence the excited-state population decay process in one
MOF sample more than other. Furthermore, the high oscillator
strength of the observed S1 → Sn transitions in these MOF
samples can be a subject of future investigations considering
that light-harvesting compositions require low band gap
materials with a strong singlet manifold transitions (S0 → S1,
S1 → S0, and S1 → Sn) that span broad spectral domains
including the NIR region. The results presented here suggest
that chromophore assembly in the MOF can be optimized to
achieve low-lying excited states with an unusual degree of
electronic delocalization or polar character, which may lead to
a weakly bound exciton to boost exciton dissociation and
subsequent charge career generation.
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