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ABSTRACT: The crystal packing of organic chromophores has a
profound impact on their photophysical properties. Molecular crystal
engineering is generally incapable of producing precisely spaced arrays
of molecules for use in photovoltaics, light-emitting diodes, and sensors.
A promising alternative strategy is the incorporation of chromophores
into crystalline metal−organic frameworks (MOFs), leading to matrix
coordination-induced emission (MCIE) upon confinement. However, it
remains unclear how the precise arrangement of chromophores and
defects dictates photophysical properties in these systems, limiting the
rational design of well-defined photoluminescent materials. Herein, we
report new, robust Zr-based MOFs constructed from the linker
tetrakis(4-carboxyphenyl)ethylene (TCPE4−) that exhibit an unex-
pected structural transition in combination with a prominent shift from green to blue photoluminescence (PL) as a function of the
amount of acid modulator (benzoic, formic, or acetic acid) used during synthesis. Time-resolved PL (TRPL) measurements provide
full spectral information and reveal that the observed hypsochromic shift arises due to a higher concentration of linker substitution
defects at higher modulator concentrations, leading to broader excitation transfer-induced spectral diffusion. Spectral diffusion of this
type has not been reported in a MOF to date, and its observation provides structural information that is otherwise unobtainable
using traditional crystallographic techniques. Our findings suggest that defects have a profound impact on the photophysical
properties of MOFs and that their presence can be readily tuned to modify energy transfer processes within these materials.

■ INTRODUCTION
Photoactive organic molecules form the basis of numerous
technologies, including light-harvesting and generation,1

photocatalysis,2,3 and sensing.4−7 However, tuning the photo-
physical properties of chromophores�especially in the solid
state�remains a long-standing challenge in the field. Such
properties are highly dependent on the local packing of
molecules, which is traditionally difficult to control in crystals
held together by weak intermolecular forces. Therefore,
rationally tuning the photophysical properties of organic
molecules, such as emission wavelength and excited-state
lifetime, represents a barrier to the design of new photoactive
materials. Simple strategies for overcoming this limitation
could pave the way for next-generation materials such as stable
blue-emitting organic light-emitting diodes (OLEDs),8 among
many others.
The confinement of chromophores within metal−organic

frameworks (MOFs) provides an intriguing platform for
overcoming these challenges by enabling programmable
control over their local environment in the solid state.1,9−15

For example, MOFs present an alternative to aggregation-
induced emission (AIE) as a means to “turn on” the
photoluminescence of tetraphenylethylene (TPE) derivatives

through matrix coordination-induced emission (MCIE).16−19

However, precisely tuning the photophysical properties of
chromophores confined within MOFs still presents several
challenges. First, altering the local environment of a
chromophore generally requires changing the organic linker,
metal node, and/or underlying framework topology, all of
which can have a dramatic (and unpredictable) effect on
photophysical properties.1,10 In addition, the need to avoid
quenching or metal-based luminescence limits the choice of
metals suitable for preparing MOFs displaying linker-based
emission.20 Last, many photoluminescent MOFs degrade or
suffer from quenched fluorescence upon exposure to water,
limiting their application under realistic conditions.21−25

Ideally, one would be able to dial in the desired photophysical
properties of a chromophore confined within a stable MOF,
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streamlining the preparation of new photoluminescent
materials with tailorable properties.
Defect engineering enables the introduction of new local

environments within MOFs without changing their bulk
structures.26−36 Generally, defect sites are inserted by
coordination modulation, in which a monodentate competitor
for the linker is added during MOF synthesis, leading to
missing linker and/or node defects.26,27 In particular, Zr-based
frameworks exhibit high tolerance toward defects due to their
highly interconnected structures.36−38 Although defect engi-
neering is widely employed to improve the catalytic activity,39

gas binding affinity,35 and porosity30 of MOFs, its application
for tuning MOF photophysical properties remains relatively
unexplored.40

Herein, we demonstrate that the controlled introduction of
defects within photoluminescent MOFs enables modification
of their intrinsic photophysical properties. In particular, upon
increasing the concentration of added formic acid (FA), acetic
acid (AA), or benzoic acid (BA) during the synthesis of the
new framework CORN-MOF-5 (CORN = Cornell Univer-
sity), referred to herein as Zr-TCPE (TCPE4− = tetrakis(4-
carboxyphenyl)ethylene), we observe a distinct structural
transition (Form 1 to Form 2) without a change in the
underlying scu topology. This structural change coincides with
an increase in linker substitution defects in Form 2, which
contributes to a pronounced shift from green to blue
photoluminescence (PL). Time-resolved PL (TRPL) spec-
troscopy measurements reveal that this greater density of
defect sites in Form 2 leads to distinctive excitation transfer-
induced spectral diffusion and the observed blue-shift in its
steady-state PL profile, along with smaller contributions from
differences in intermolecular coupling. Dynamic spectral
diffusion of this type has not been observed in MOFs to
date and provides key insights into the interplay between
defect concentration and photophysical properties that under-
pin the properties of photoactive MOFs. Overall, our findings
reveal that defect engineering represents a straightforward
strategy for modifying the local environment of photoactive
molecules under confinement and that photophysical measure-
ments offer a new handle for probing the nature of defect sites
within photoluminescent MOFs.

■ RESULTS AND DISCUSSION
Derivatives of TPE have been shown to undergo AIE due to
restriction of intramolecular motions of the phenyl rings or the
existence of a conical intersection in the solid state.41−45

Because TPE derivatives are AIE-active and a rigid MOF can
activate photoluminescence of TPEs via MCIE,18,19 we aimed
to study the effect of defects on photophysical properties using
a TCPE4−-based MOF as a model system (see the Supporting
Information or SI Section 2a,b for synthetic details). This
linker has been previously employed to prepare frameworks
from Zn,18,25 Cd,18 La, Nd,24 and UO2,

22,23 but its
incorporation into a Zr-based MOF (with she topology) was
only reported during the preparation of this manuscript.46 A
series of Zr-TCPE MOFs were initially synthesized at 120 °C
for 48 h using ZrCl4 as a metal precursor, formic acid (FA) as a
modulator, H2O to facilitate Zr6 cluster formation, and N,N-
dimethylformamide (DMF) as a solvent (Figure 1a and SI
Section 2c). Varying equivalents (0−200 equiv) of FA were
employed in order to elucidate the effect of modulator
concentration on framework photophysics. After synthesis, the
MOFs were extensively soaked in DMF and methanol or

tetrahydrofuran to remove soluble impurities prior to drying in
air and characterization by powder X-ray diffraction (PXRD)
as well as attenuated total reflectance infrared (ATR-IR)
spectroscopy, 77 K N2 adsorption measurements, thermogravi-
metric analysis (TGA), and scanning electron microscopy
(SEM) in select cases (SI Sections 3−5). Herein, MOF
samples are termed Zr-TCPE-FA(x), where x represents the
equivalents of FA utilized compared to H4TCPE.
Crystalline Zr-TCPE MOFs were obtained under all tested

conditions. Unexpectedly, a phase transition as a function of
modulator equivalents was observed by PXRD in the Zr-TCPE
samples (Figure 1b). The PXRD patterns corresponding to
samples prepared with low (0−80) and high (125−200)
equivalents of FA are similar but distinct in the low angle

Figure 1. (a) Synthesis of Zr-TCPE-FA(x) from H4TCPE and ZrCl4;
x = equivalents of FA used compared to H4TCPE. (b) PXRD patterns
of Zr-TCPE-FA(x) samples, with Form 1 (red, FA(0) to FA(80)),
transition from Form 1 to Form 2 (cyan, FA(90) to FA(100)), and
Form 2 (pink, FA(125) to FA(200)) indicated. Inset: transition from
Form 1 to Form 2. The experimental PXRD patterns were baseline-
corrected.
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regime (<15° 2θ), with a mixture of phases observed at
intermediate equivalents of FA (90−100). Herein, we
designate the two phases of the MOF Form 1 and Form 2.
These patterns also diverge from that of the TCPE-based
MOF reported with she topology (SI Figure S48); the
divergent topologies for Zr-TCPE frameworks are likely due
to different Zr precursors and modulators used herein (ZrCl4
and FA/AA/BA) compared to previous work (ZrOCl2 and
trifluoroacetic acid).46 Nonetheless, the comparable SEM
images of Zr-TCPE-FA(50) and Zr-TCPE-FA(200), repre-
sentative samples of Form 1 and Form 2, respectively, confirm
that the two phases are likely topologically similar (SI Figure
S26). For Form 1, a gradual broadening of the reflections due
to a decrease in crystallinity was observed above 50 equiv,
which is not expected given the increase in crystallinity that is
generally observed when higher equivalents of acid modulators
are employed.26,30,36 In contrast, the crystallinity of Form 2
increased with increasing equivalents of FA, as expected.
Because the role of acid modulators is generally to enhance the
reversibility of MOF formation,26 we hypothesize that Form 1
is a kinetic phase whereas Form 2 is the thermodynamically
favored phase. Consistently, postsynthetic treatment of Form 1
with excess FA converted it to Form 2, as confirmed by PXRD
(SI Figure S29). Notably, changes in the Zr-MOF phase as a
function of modulator concentration are relatively rare and
generally involve more dramatic shifts in the underlying
framework topology.47

Despite significant effort, single crystals of either phase of
Zr-TCPE could not be obtained. To gain insight into the most
likely structures of Form 1 and Form 2, we simulated plausible
structures using AuToGraFS48 that were further optimized
using UFF4MOF49,50 as implemented in a development
version of AMS 2020 (SI Section 8).51 The combination of
Zr6 nodes and 4-connected linkers (TCPE4−) can potentially
crystallize in csq (akin to PCN-128),52 scu (akin to NU-

901),53 ftw (akin to PCN-94),54 or she topologies.46 For csq
and scu topologies, there are two possible orientations of the
TCPE4− linkers relative to the largest pore aperture, with the
alkenes either parallel or perpendicular to the pore direction
(SI Figures S45 and S46). The simulated patterns correspond-
ing to structures with scu topologies matched most closely to
the experimental PXRD patterns of Zr-TCPE-FA(50) and Zr-
TCPE-FA(200) and were chosen for further examination (SI
Figure S47). Notably, Pawley refinement using the unit cell
parameters corresponding to the reported Zr-TCPE MOF with
she topology led to poor fits to the experimental data for both
Forms, confirming that they are topologically distinct (SI
Figures S14 and S15).46

Indexing and Rietveld refinement of the experimental
patterns were performed to obtain potential structural models
for both forms of Zr-TCPE. For the more crystalline Form 2,
further optimization of the initial scu structure and the
addition of two bidentate formate molecules per cluster
produced an orthorhombic structure (Zr6 (μ3-O)4(μ3-OH)4-
(HCO2)2(TCPE)2(OH)2(H2O)2) in the Cmmm space group
with a = 30.34(17) Å, b = 17.50(7) Å, and c = 12.00(3) Å
(Figure 2c,d and SI Section 3).55 The simulated PXRD pattern
corresponding to this structure closely matches the exper-
imental pattern of Zr-TCPE-FA(200), as confirmed by
Rietveld refinement (Figures 2e and S12).
The modest crystallinity of Form 1, which is likely due to

reduced reaction reversibility when lower amounts of acid
modulators are employed, made structure elucidation more
challenging. Consistently, the 77 K N2 Brunauer−Emmett−
Teller (BET) surface area of Zr-TCPE-FA(30) (270 ± 1 m2/
g) is lower than that of Zr-TCPE-FA(200) (1013 ± 2 m2/g)
(SI Figures S17 and S24). We hypothesize that the higher
surface area of Zr-TCPE-FA(200) is due to its higher
crystallinity and larger extent of mesopores, as suggested by
density functional theory (DFT) pore size distribution

Figure 2. Simulated structures of Form 1 viewing along a (a) and b (b) and of Form 2 viewing along b (c) and c (d) of Zr-TCPE with scu
topology. (e) Comparison of the simulated and experimental PXRD patterns corresponding to Form 1 and Form 2 of Zr-TCPE MOFs with scu
topology. The experimental PXRD patterns were baseline-corrected.
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calculations (SI Figure S24). Indexing the experimental PXRD
pattern of Zr-TCPE-FA(50) suggested an orthorhombic
solution in the Pmma space group with a = 16.77(16) Å, b
= 12.26(20) Å, and c = 30.03(4) Å (SI Section 3). The closest-
matching structural model to Form 1 corresponds to a
modified Form 2 structure with a molecular formula of Zr6(μ3-
O)4(μ3-OH)4(TCPE)2(OH)4(H2O)4 in which some of the
linkers change orientation relative to the large pore dimension
(Figure 2a,b). Rietveld refinement (SI Figure S11) confirms
that this model displays a better fit to the experimental data
than the structural model for Form 2 (SI Figure S13).
Together, these structural models indicate that Zr-TCPE
undergoes a subtle but distinct transition in the relative linker
orientations as a function of modular concentration.
To investigate the generality of this phenomenon, Zr-TCPE

frameworks were prepared with two other modulators, acetic
acid (AA) and benzoic acid (BA) (Figure 3, SI Sections 2 and
4). These frameworks are designated Zr-TCPE-AA(x) and Zr-
TCPE-BA(x), respectively, where x represents the equivalents
of AA or BA utilized compared to H4TCPE. Varying
equivalents (0−200 equiv for AA and 0−100 equiv for BA)
of both modulators were evaluated without changing any other
synthetic parameters. Intriguingly, the same switch from Form
1 to Form 2 as a function of modulator concentration was
observed in both cases (Figures 3 and S49). For AA, the

transition from Form 1 to Form 2 occurred at lower
equivalents of modulator (60 equiv, Figure 3) than with FA
(90−100 equiv, Figure 1). This is likely because AA is a better
competitor with the linker for the Zr nodes, making MOF
formation more reversible.26,30 Consistently, BA induced the
phase change at the lowest concentration (30 equiv) among
tested modulators, reflecting its general superiority as a
modulator for the synthesis of Zr-MOFs.26,28 Both Zr-TCPE-
AA(200) and Zr-TCPE-BA(100) could be obtained with high
crystallinity. The 77 K N2 BET surface areas of Zr-TCPE-
AA(200) and Zr-TCPE-BA(100) were determined to be 979
± 2 and 1102 ± 5 m2/g, respectively (SI Figure S17), similar
to that of Zr-TCPE-FA(200) (1013 ± 2 m2/g). The N2 uptake
of Zr-TCPE-BA(100) at higher pressures of N2 (P/P0 > 0.5)
was significantly higher than that of the other two MOFs,
indicative of significant missing linker defects (see below).28

Overall, these results suggest that monocarboxylic acid
modulators generally induce a phase transition from Form 1
to Form 2 in Zr-TCPE MOFs with scu topologies.
Because rigidification within MOFs can activate the PL of

TPE derivatives, we next investigated the photophysical
properties of all synthesized Zr-TCPE MOFs (SI Section
7).12,18,54,56 First, Zr-TCPE samples were suspended in
dichloromethane (1 mg/mL) and irradiated with UV light,
allowing for direct visualization of the shift in PL maximum as

Figure 3. Form switching in Zr-TCPE-AA(x) and Zr-TCPE-BA(x) MOFs; x = equivalents of AA or BA used compared to H4TCPE. (a) PXRD
patterns of Zr-TCPE-AA(x) samples, with Form 1 (red, AA(0) to AA(40)), transition from Form 1 to Form 2 (cyan, AA(50) to AA(60)), and
Form 2 (pink, AA(70) to AA(200)) indicated. (b) PXRD patterns of Zr-TCPE-BA(x) samples, with Form 1 (red, BA(0) to BA(15)), transition
from Form 1 to Form 2 (cyan, BA(20) to BA(40)), and Form 2 (pink, BA(50) to BA(100)) indicated. The experimental PXRD patterns were
baseline-corrected.
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Figure 4. (a−c) Images of Zr-TCPE samples suspended in dichloromethane and irradiated with UV light. The phase transitions observed by PXRD
are indicated with double-headed arrows. PL spectra for d) Zr-TCPE-FA(x) and e) Zr-TCPE-AA(x), respectively, where x = 0, 5, 10, 15, 20, 25,
30, 35, 35, 40, 45, 50, 60, 70, 80, 90, 100, 125, 150, 175, and 200. (f) PL spectra for Zr-TCPE-BA(x), where x = 0, 5, 10, 15, 20, 25, 30, 35, 40, 45,
50, 60, 70, 80, 90, and 100. The PL spectrum of H4TCPE is included for reference (black). The PL spectra are color-coded based on the PXRD
data for each sample, with Form 1 (red), Form 2 (pink), and mixtures of phases (cyan) indicated. Dotted lines correspond to the PL maximum of
H4TCPE, and green stars represent the PL maxima of each sample.
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a function of modulator equivalents (Figure 4a−c). Intrigu-
ingly, a clear transition from green emission for Form 1 to cyan
emission for mixtures of phases to blue emission for Form 2
could be observed for FA- and BA-modulated samples, with a
more gradual transition observed for AA-modulated samples.18

Likewise, the emission color of Zr-TCPE-AA(200) is not as
deep blue as that of samples prepared with high concentrations
of FA and BA (see below for discussion). The PL spectra of
Zr-TCPE-FA(50) and Zr-TCPE-FA(200) suspended in
solvents of varying polarity were nearly identical, indicating
that the emission properties of Zr-TCPE frameworks are
largely solvent independent (SI Figures S36 and S37).
Importantly, the crystallinity and PL intensity of Zr-TCPE-
FA(50) and Zr-TCPE-FA(200) were also retained after
suspension in water for 48 h, indicating that these materials
are promising for applications under aqueous conditions
(Figure S28).46,57−59

In order to elucidate the origins of the unexpected shift in
emission color as a function of phase and modulator

equivalents, steady-state PL spectra of all samples were first
collected (Figure 4d−f). The maximum PL emission wave-
length of all samples was similar to that of H4TCPE (524 nm),
supporting that linker-based emission dominates in these
materials. Upon excitation at 355 nm, a pronounced
hypsochromic shift in the PL maximum was observed with
higher equivalents of all three modulators. Intriguingly, the
shifts in emission wavelength largely line up with the phase
change from Form 1 to Form 2 observed by PXRD. For
example, the maximum emission wavelength with low
equivalents of modulator (Form 1) is 510 nm (green
fluorescence), whereas emission near 490 nm (blue fluo-
rescence) is observed with higher equivalents of modulator
(Form 2). This transition is more dramatic for FA and BA than
for AA (see below for discussion). Consistent with the
assignment of green emission corresponding to Form 1 and
blue emission corresponding to Form 2, postsynthetic
treatment of Zr-TCPE-FA(30) with FA led to a switch from

Figure 5.Monitoring spectral diffusion in (a, c) Zr-TCPE-FA(50) and (b, d) Zr-TCPE-FA(200), representing Form 1 and Form 2, respectively. In
(a) and (b), PL spectral slices over the first 37.5 ns after photoexcitation at 355 nm are overlaid and normalized for clarity. The lengths of the
arrows reflect the increased spectral diffusion for Form 2 compared to Form 1. The excitation wavelength-dependent peak positions over time in
(c) and (d) are tracked via peak wavelength position and converted to an energy scale. The scale bars are added to visualize the broader density of
sampled states for Form 2 compared to Form 1.
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Form 1 to Form 2 concomitant with a change in the PL from
green to blue emission (SI Figures S29 and S30).
To better understand the structural origins of the observed

shift in PL emission as a function of modulator concentration
in Zr-TCPE MOFs, we performed PL excitation and time-
resolved photoluminescence (TRPL) measurements. PL
excitation maps (SI Figures S33−S35) provide similar
information to standard diffuse reflectance UV−vis absorbance
spectra but with less dependence on sample crystallinity and
morphology. These spectra confirm that the UV−vis
absorption features of all Zr-TCPE MOFs are linker-based
and largely unaffected by the nature of the modulator
employed (see SI Section 7 for further discussion). This
finding supports that the observed change in emission
wavelength is due to an excited state phenomenon and not
due to changes in the ground states of Zr-TCPE materials.
The nature of the excited states of the two phases of Zr-

TCPE MOFs was probed using nanosecond TRPL spectros-
copy (Figure 5). We employed an intensified charge-coupled
device (iCCD) camera capable of resolving full spectral
evolution with 480 ps resolution. This technique provides
important information about excited state dynamics that is not
easily obtainable using single wavelength techniques such as
time-correlated single photon counting (TCSPC) or photo-
diode detection techniques.60,61 In TRPL measurements, many
sequential spectra are collected immediately after photo-
excitation of the MOF using a 355 nm pulsed laser, providing
snapshots of the MOF emission spectrum at specific time
points as the photoexcited state decays. Figure 5a,b displays
the normalized spectral evolution of Zr-TCPE-FA(50) and Zr-
TCPE-FA(200) as representative samples of Form 1 and Form
2, respectively, obtained from the TRPL measurements. Over
the first 37.5 ns, there is a uniform shift of the emission
spectrum to lower energies. This phenomenon has previously
been termed spectral diffusion in the field of organic solids and
is a manifestation of energy transport within disordered
systems.62−67 For Form 1, the peak maximum shifts by 29 nm
(504 to 533 nm), while in Form 2, the peak shifts by 55 nm
(494 to 549 nm), which is nearly double. These findings
confirm that the degree of spectral diffusion is greater in Form
2 than in Form 1.
The enhanced spectral diffusion in Form 2 indicates that

there is a broader density of emitting states, which in turn leads
to its higher energy emission (blue fluorescence) compared to
Form 1 (green fluorescence). The color of the MOFs’
fluorescence by eye is experimentally reflected in their
steady-state fluorescence spectra. The steady-state fluorescence
can be thought of as a time-weighted average of all the TRPL
spectra with the earlier time spectra carrying more weight in
the resulting steady-state spectrum due to their higher
intensities.68 For these MOFs, particularly in Form 2, a larger
spectral shift in the TRPL measurement results in a more blue-
shifted spectrum with a more skewed spectral shape in the
steady state.62 It should be noted that this is the first time
spectral diffusion of this nature has been observed in a MOF.
The TRPL data discussed above led to two critical

questions: what is the origin of spectral diffusion in Zr-
TCPE MOFs, and why does Form 2 display more pronounced
spectral diffusion than Form 1? There are two general
mechanisms for spectral diffusion, which can be described in
terms of physical motion of the excitation as either static or
dynamic.69 In static spectral diffusion, the MOF structure
would distort upon photoexcitation and the photoexcited site

would subsequently relax to a more favorable geometry as
emission occurs. In dynamic spectral diffusion, the MOF
structure would be static, but excitations would hop around the
MOF lattice from linker to linker to reach lower energy sites.
Both processes would produce a spectral shift over time in a
TRPL measurement and can occur simultaneously or on
different time scales. The two processes can be distinguished
by their dependence on excitation wavelength. In a static
picture, the degree of spectral shift is controlled by the degree
of structural relaxation possible in the system. This is typically
set by the local bonding structure and intermolecular
interactions and should be independent of excitation wave-
length. The excess energy imparted by high-energy excitation
in such a model is typically dissipated through thermalization
much faster than the nanosecond time scales reported here. On
the other hand, a dynamic model presupposes a broad density
of states, in which each excitation wavelength selects a different
ensemble. As long as the low-energy sites are similarly
accessible, we would expect a progressively greater degree of
shift for shorter excitation wavelengths.
To determine the type of spectral diffusion occurring in Zr-

TCPE MOFs, we characterized the spectral diffusion in these
materials as a function of excitation wavelength (Figure 5c,d).
For both Form 1 and 2, the significant excitation dependence
of the spectral shift is consistent with dynamic spectral
diffusion. Furthermore, the spectral diffusion (monitored by
peak maximum over time) follows a logarithmic dependence as
a function of time, which is also expected for dynamic spectral
diffusion.62,65,67 As expected, the degree of spectral diffusion is
greater in Form 2 than in Form 1.
The PL anisotropy measurements and spectral decay profiles

derived from the TRPL measurements provide further support
for dynamic spectral diffusion in Zr-TCPE MOFs. In PL
anisotropy measurements, the excitation source is vertically
polarized to only excite dipoles that are aligned in that
direction. If the dipoles change orientation via hopping
(dynamic spectral diffusion), then the anisotropy will decay
to zero as dipole angles become randomized. On the other
hand, if excitations are localized on the rigid MOF (static
spectral diffusion), then the anisotropy should not decay and
will be fixed at 0.4.69−71 We find the anisotropy is already zero
within the time resolution of the measurement (SI Figures S38
and S39). Hence, there must be excitation hopping, further
supporting that dynamic spectral diffusion is occurring in these
materials. In fact, there must be some extent of hopping faster
than the 480 ps time resolution of our experiment, along with
the observed nanoseconds time scale spectral diffusion. Such
fast hopping times are to be expected in such a condensed-
phase system, but the rate highly depends on the distance and
overlap between chromophores as well as the nature of the
coupling between them.72−74 In addition, the PL intensity
decay profiles are clearly nonexponential for both TCPE-
FA(50) and TCPE-FA(200) (SI Figures S40 and S41) and can
be fitted to a stretched exponential indicative of a trapping
model for the excitations (SI Figure S41; see SI Section 7 for
details).75 In this model, excitation hopping samples various
sites in the MOF lattice, where it will eventually relax
radiatively or get trapped at a defect site and decay
nonradiatively. This model makes it difficult to assign a
number to the lifetime of the excited state, but visual
inspection of the decay curve shows that it lasts for >30 ns
(see SI Section 7). Overall, the PL data confirm that the green
to blue fluorescence shift observed in conjunction with the
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phase transition from Form 1 to Form 2 arises from the
broadened density of emitting states and enhanced dynamic
spectral diffusion in Form 2 compared to Form 1.
More pronounced spectral diffusion in materials prepared

with high concentrations of acid modulators indicates that
these materials possess a wider range of excited states
compared to materials prepared with less acid modulator. In
other words, they are more photophysically disordered despite
possessing higher crystalline order. We hypothesized that this
is likely due to an increase in missing linker defects�in which
linkers are substituted for the modulator conjugate base�
when more modulator is used during MOF synthesis.26,30 To
support this hypothesis, Zr-TCPE-FA MOFs prepared using a
range of FA concentrations were subject to chemical digestion
to determine the ratios of formate to TCPE4− in each sample
(Figure 6a). From 1H NMR analysis of the digested samples, a
gradual increase in the formate:TCPE4− ratio was observed for
Form 1, with a sharp increase in formate concentration in
Form 2 (Figure 6a). The higher degree of defect incorporation
in Form 2 compared to Form 1 is likely due in part to the
improved thermodynamic stability of Form 2, which increases
its defect tolerance. Notably, the same trend was observed
upon digestion of representative samples of Form 1 and Form
2 of Zr-TCPE-AA and Zr-TCPE-BA as well, in accordance
with the PL results (Figure 6b). In addition, the degree of
defect incorporation for AA is less than that for FA and BA,
which likely explains the less dramatic shift in PL color for Zr-
TCPE-AA samples compared to Zr-TCPE-FA and Zr-TCPE-
BA (Figure 4). Together, the correlation between enhanced
defect incorporation�leading to more dynamic spectral
diffusion�and a blue-shift in the PL emission wavelength of
Zr-TCPE MOFs confirms that defect engineering represents a
simple strategy for modifying the photophysical features of
chromophores confined in MOFs. It is worth noting that the
detailed information obtained from the spectroscopic measure-
ments is not obtainable using traditional X-ray diffraction

techniques, as the defects do not seem to exhibit long-range
order in these materials.
These results together present a counterintuitive picture.

Typically, defects in condensed-phase molecular materials are
associated with lower energy states and red-shifted emission,
whereas the more defect-rich Form 2 here emits at distinctly
higher average energies. This effect is the result of a subtle
interplay between the defect-induced density of states and the
rate of relaxation through it. Close examination of the results in
Figure 5 reveals that while Form 2 emits at higher energy on
average, it also exhibits dynamic spectral shifts to lower energy
states than are present in Form 1. That is the higher density of
defects in Form 2 results in a broadening of the density of
emitting states to higher and lower energies, as would be
expected. However, the rate of relaxation through this manifold
is relatively slow, likely due to the predominantly dipole−
dipole-mediated coupling between chromophores and the
relatively large separation between TPE units. Thus, radiative
and nonradiative excited-state deactivation largely depletes the
population before it reaches the low-energy defects, resulting in
the average emission being dominated by the high-energy
states populated earliest in the relaxation pathway.

■ CONCLUSION
In summary, we have showcased how to simply and
strategically control TPE emission wavelength through defect
engineering for the first time in Zr-MOFs. By varying
modulator concentration during MOF synthesis, Zr-TCPE
crystallizes in two distinct phases (Form 1 and Form 2), likely
due to a change in the preferred linker orientation during MOF
formation. The phase change coincides with a higher
concentration of linker substitution defects at higher
modulator concentrations, which in turn leads to enhanced
dynamic spectral diffusion and a blue-shift in the emission
spectrum. Our findings highlight that small changes in defect
concentration play a crucial role in regulating energy transfer
and emission properties within MOFs. These findings must be

Figure 6. (a) Formate:TCPE4− ratios in Zr-TCPE-FA(x) samples, as determined by 1H NMR after digestion with K3PO4/D2O. (b)
Formate:TCPE4−, acetate:TCPE4−, and benzoate:TCPE4− ratios in representative Zr-TCPE samples of Form 1 (Zr-TCPE-FA(50), Zr-TCPE-
AA(35), Zr-TCPE-BA(5)) and Form 2 (Zr-TCPE-FA(200), Zr-TCPE-AA(100), Zr-TCPE-BA(100)), as determined by 1H NMR after digestion
with K3PO4/D2O.
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considered when developing next-generation MOF-based
photocatalysts and light-harvesting/emitting materials that
rely on energy transfer or charge transfer processes. In
addition, our observation of dynamic spectral diffusion in
MOFs for the first time using TRPL measurements highlights
the promise of this technique for uncovering complex
photophysical pathways in photoluminescent frameworks.
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