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ABSTRACT: Minimization of the torsional barrier for
phenyl ring flipping in a metal−organic framework (MOF)
based on the new ethynyl-extended octacarboxylate ligand
H8TDPEPE leads to a fluorescent material with a near-
dark state. Immobilization of the ligand in the rigid
structure also unexpectedly causes significant strain. We
used DFT calculations to estimate the ligand strain
energies in our and all other topologically related materials
and correlated these with empirical structural descriptors
to derive general rules for trapping molecules in high-
energy conformations within MOFs. These studies
portend possible applications of MOFs for studying
fundamental concepts related to conformational locking
and its effects on molecular reactivity and chromophore
photophysics.

Metal−organic frameworks (MOFs) containing fluores-
cent building blocks have received considerable

attention, primarily because of their potential utility in sensing
applications.1−3 The design of MOF-based sensors, especially
for detecting gaseous analytes, presents two important
advantages. First, MOFs have high internal surface areas and
can therefore concentrate analytes to levels high above those in
the surrounding atmosphere. This eliminates the need for
sample pretreatment4 and can lead to much smaller detection
levels than otherwise available.5 Second, the high degree of
structural and chemical tunability in MOFs can in principle
afford unprecedented selectivity either through size-exclusion
or chemical interactions.3 These features have led to the
discovery of a range of new porous fluorescent and
phosphorescent sensing materials,6−10 but important challenges
related mainly to signal transduction must be addressed to
make MOF-based sensing devices competitive with state-of-
the-art alternatives.
In luminescence-based sensors, signal transduction is

achieved by detecting a change in the intensity or the
wavelength of the luminescent signal. In MOFs, analyte
molecules typically quench the excited states of lanthanide
ions or fluorescent linkers, thereby turning off or reducing the
luminescence intensity of the parent material. More desirable
and easily detectable are turn-on mechanisms, where the
presence of the analyte triggers either an increase in the
luminescence intensity (preferably from a completely dark “off”
state to a highly emissive one) or a shift in the emission
wavelength.

To address the challenge of designing turn-on fluorescent
MOF-based sensors, we turned to a class of fluorophores whose
innate low-frequency vibrational modes, such as phenyl ring
torsions and CC twists, efficiently quench excited states
internally, resulting in nonemissive default states.11 Fluores-
cence in such molecules is turned on when the low-frequency
vibrational quenching modes are eliminated. This is most
frequently achieved through intermolecular steric interactions
in the solid or colloidal state and is known as aggregation-
induced emission (AIE).12 We recently showed that AIE-type
chromophores such as tetraphenylethylene (TPE) can also
become fluorescent when the phenyl ring torsion is blocked by
incorporation in a rigid MOF.13 However, although the
emission maxima shif ted in the presence of analytes in the
TPE-derived Zn2(TCPE) [H4TCPE = tetrakis(4-
carboxyphenyl)ethylene], this material was fluorescent even
in the absence of guest molecules and was therefore not a full
turn-on sensor. We confirmed that phenyl ring torsion, which
we hoped would quench the fluorescence in the guest-free
material, had an intrinsic barrier that was already too high,
rendering the material fluorescent even in the absence of
analytes.14 Clearly, a reduction in this internal torsional
potential (ITP)15 was necessary to obtain the darker off state
characteristic of AIE-type sensors.
With an eye toward decreasing the barrier to phenyl ring

torsion to provide a fluorescent MOF with a default dark off
state, we have designed and synthesized an ethynyl-extended
TPE-based ligand and incorporated it into a zinc-based MOF.
Despite the rigidity of the MOF lattice, the new ligand shows a
drastically reduced barrier to phenyl ring torsion and thereby a
much lower fluorescence quantum yield compared with
Zn2(TCPE) and an almost perfect off ground state.
Unexpectedly, the MOF lattice also locks the new ligand in a
highly strained conformation with a strain energy (SE) rivaling
those of fullerenes, highlighting a new potential avenue for
fundamental studies in MOFs related to conformational
locking.
The new ligand, tetrakis[4-(3,5-dicarboxyphenylethynyl)-

phenyl]ethylene (H8TDPEPE) (Figure 1), was conceived to
minimize the torsional barrier for phenyl ring flipping in the
central TPE core [Figure S1 in the Supporting Information
(SI)] and is inspired from molecular rotors.15 The most salient
design features in H8TDPEPE are the p-ethynyl groups
extending from the phenyl rings in the TPE core; these exhibit
cylindrical symmetry and are known to promote almost
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barrierless torsional motion for vicinal phenyl rings.16 The
ligand is terminated with isophthalate anchoring points, which
were chosen because they have been the basis for some of the
most porous MOFs reported to date.17−19

H8TDPEPE was synthesized in six steps (Scheme S1 in the
SI). The reaction of H8TDPEPE with Zn(NO3)2·6H2O at 75
°C for 1 day produced yellow crystals of [Zn4(TDPEPE)-
(H2O)4(DEF)4]·(H2O)3(DEF)9.5 (1) (DEF = N,N-diethylfor-
mamide).20 X-ray diffraction (XRD) analysis of a crystal of 1
revealed a structure composed of paddlewheel Zn2(O2C)4
secondary building units (SBUs) bridged by TDPEPE8− ligands
into a three-dimensional 3,3,4-connected net with tbo top-
ology17,21,22 and Schla ̈fli symbol {72.82.112}{72.8}{73}2

23

(Figure 2).
Importantly, the centroid−centroid distance between phenyl

rings on neighboring TPE cores in 1 is 10.24(1) Å (Figure S2).
This value is sufficiently large to prevent intermolecular Ph···Ph
(and Ph−H···Ph) interactions, which are responsible for
fluorescence turn-on in molecular AIE aggregates.24 Compound
1 is only weakly fluorescent and exhibits ligand-based emission
with a maximum centered at 512 nm, which is blue-shifted by
only 18 nm relative to that of the free ligand (Figure S3).
Importantly, the fluorescence quantum yield (Φfl) of 9%
observed for 1 is significantly lower than that observed for
[Zn2(TCPE)(DEF)2]·DEF

14 (35%),25 wherein electronic
factors contribute to a higher ITP (see above). Although the
Φfl values of both MOFs are likely reduced by vibrational
motions in the solvent molecules, the fluorescence lifetime of
3.87 ns observed in 125 is comparable to that observed in the
TCPE-based MOF, suggesting that dynamic quenching effects
have similar contributions in the two materials. We thus

attribute the remarkable reduction of 26% in Φfl and the
presence of the nearly dark off state in 1 to relaxed torsional
motion of the phenyl rings in the TPE core, as originally
designed.
To substantiate the hypothesis that the quenching of the

fluorescence in 1 is due to a lower barrier for phenyl ring
torsion in the TPE core, we used density functional theory
(DFT) to calculate the ITP for the phenyl rings in TDPEPE8−

constrained within 1 (TDPEPE8−⊂1). The calculated activation
barrier was found to be 9 kcal/mol (Figure 3), which is notably
lower than that calculated for [Zn2(TCPE)(DEF)2]·2DEF (12
kcal/mol)14 and only 3 kcal/mol larger than the barrier
calculated for ring flipping in free TPE.26 Because TPE itself is
nonemissive, the very low activation barrier for phenyl ring
flipping is consistent with the almost complete quenching of
fluorescence in 1.
To assess the viability of 1 as a porous turn-on sensing

material, as-synthesized crystals were subjected to both
supercritical CO2 drying and typical vacuum-heating desolva-
tion techniques. However, both approaches caused the
irreversible formation of a crystalline yet nonporous phase
(Figure S4). Because MOFs with Cu-based paddlewheels are
more stable than their Zn analogues,27,28 we also attempted but
failed to access a Cu analogue of 1 both solvothermally and by
postsynthetic ion metathesis.29

In searching for clues for the surprising instability of 1
relative to other MOFs with paddlewheel SBUs, we found a
striking conformational difference between TDPEPE8−⊂1 and
DFT-optimized H8TDPEPE. The centroid−centroid distances
between isophtalate units are 12.44 and 8.24 Å in free
H8TDPEPE and TDPEPE8−⊂1, respectively (Figure S5). The
SE associated with the latter is 383.7 kcal/mol, which
corresponds to an average per-bond SE of 4.31 kcal/mol. For
comparison, the estimated SE for the less bulky
TCPE4−⊂Zn2(TCPE)

14 is only 51.6 kcal/mol (1.26 kcal/mol
per bond), 7 times lower than that in 1.
It seemed plausible that the mechanical instability of 1 was

the direct result of the enormous strain on its constituent
ligand; more broadly, this suggested that the inf luence of strain
on MOF stability is part of a general phenomenon that has hitherto
gone unnoticed in MOFs, especially in those with large ligands.

Figure 1. Molecular structure and design features of H8TDPEPE.

Figure 2. The 3,3,4-connected structure of 1. Orange, red, and gray
spheres represent Zn, O, and C atoms, respectively. H atoms and
solvent molecules have been removed for clarity.

Figure 3. DFT-calculated ITP in H8TDPEPE with the O atom
coordinates fixed to those found in 1 in order to mimic the
geometrical constraints imposed by the MOF lattice. The solid lines
with black circles indicate the lowest-energy surfaces constructed from
conrotatory (●) and disrotatory (○) ring-flip motions.
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To test this hypothesis, we calculated the SEs of constituent
ligands in the respective conformations imposed by different
MOFs with large surface areas and high-quality crystal
structures.19,30−32 The results of these calculations are listed
in Table 1 (also see Figures S9−S17). NU-100, MOF-180, and
MOF-210 contain hexatopic or tritopic ligands with ethynyl
spacers that, like H8TDPEPE, can provide additional flexibility
and facilitate ligand bending and distortion. According to our
calculations, the most strained of these ligands is H6TCAEPEB
in NU-100; its SE of 215.4 kcal/mol amounts to 2.76 kcal/mol
per bond, which is still ∼1.8 times lower than that in

TDPEPE8−⊂1. We also found that tritopic ligands had lower
per-bond SEs than either TDPEPE8−⊂1 or the ligand in NU-
100 because their idealized geometries map directly onto the
faces of the polyhedra in their respective networks. Notably,
these calculations suggested that the strain in TDPEPE8−⊂1 is
not strictly related to ligand size or functional groups but could
instead be the result of the specific geometric requirements of
nets with the tbo topology.
Indeed, structural analysis of known MOFs with the tbo

topology revealed that the intra- and interarm inter-SBU
distances (red and blue lines, respectively, in Figure 4a,b)
define a rhombus and therefore must be equal regardless of the
ligand. The octacarboxylate ligands forming these MOFs can be
described in a general way by two distances d1 and d2 (Figures
4c and S18.) Because the dimension of the rhombus is
proportional to d2, one can predict empirically that significant
strain should be imposed on ligands within tbo nets when the
ratio κ = d1/d2 in the free ligand is much larger than ∼1.5.
Higher κ values should increase the SE and consequently
decrease the MOF stability. This suggests that there is a
threshold value of κ above which tbo MOFs cannot be
permanently porous. This threshold value will likely correlate
with the strength of the coordination bond involved in the
formation of the MOF, with Zn−O bonds allowing lower κ
threshold values than Zr−O and Al−O bonds, for instance.
This empirical rule was indeed verified by calculations of SEs

in known MOFs with the tbo topology. Not surprisingly, with κ
= 2.3, TDPEPE8−⊂1 has the highest SE. The other κ values
ranged from 1.0 to 1.5.33 Clearly, high κ values are detrimental
to permanent porosity. However, there are situations where the
deliberate isolation of molecules in highly strained conforma-
tions can impart new reactivity34 or shed light on photophysical
properties35 relevant to organic photovoltaics, for instance. Our
empirical rule states that one can predict high SEs in ligands
where κ is maximized. Strategies for maximizing κ could include
(1) the use of high-connectivity ligands that are likely to yield
three-dimensional nets; (2) the use of only sp and sp2

hybridization to construct rigid ligands with high potential for
strain; and (3) the use of rectangularly extended ligands that
maximize d1, which can be checked by molecular mechanics.
Although small molecules can show higher SEs than
TDPEPE8−⊂1 [e.g., C60 (SE = 484 kcal/mol, 5.38 kcal/mol

Table 1. DFT-Calculated SEs for Selected Ligands⊂MOFs

MOFa
SE/SE per bond

(kcal/mol)
κligand/
κMOF

c

Mn3[(Mn4Cl)3(TPT-3tz)8]2
32 21.5/0.48 −

(Zn4O)4(BTE)4(BPDC)3
b (MOF-210)30 34.0/0.81 −

35.0/0.83 −
41.7/0.99 −

Zn4O(BTE)2 (MOF-180)30 51.8/1.23 −
Cu4(TDM)(H2O)4 (PCN-26)

22 74.8/1.25 1.5/1.7
Cu4(MTBD)(H2O)4 (NOTT-140)

21 75.5/0.94 2.233/1.5
Zn4O(BBC)2 (MOF-200)30 111.9/1.96 −
Cu4(PTMT)(H2O)4

38 113.9/1.73 1.2/1.4
Cu4(BTTCD)(H2O)4 (PCN-80)

17 201.0/1.99 1.3/1.1
Cu4(BTMPT)(H2O)4

38 211.8/2.08 1.0/1.4
Cu3(TCAEPEB)(H2O)3 (NU-100)

19 215.4/2.76 −
1 383.7/4.31 2.3/1.5

aBTE = 4,4′,4″-[benzene-1,3,5-triyl-tris(ethyne-2,1-diyl)]tribenzoate;
BPDC = biphenyl-4,4′-dicarboxylate; TDM = tetrakis[(3,5-
dicarboxyphenyl)oxamethyl]methane; MTBD = 4′,4‴,4‴″,4‴‴′-meth-
anetetrayl-tetrakis(biphenyl-3,5-dicarboxylate); BBC = 4,4′,4″-[ben-
zene-1,3,5-triyl-tris(benzene-4,1-diyl)]tribenzoate; PTMT =
5,5′,5″,5‴-[1,2,4,5-phenyltetramethoxy]tetraisophthalate; BTMPT =
5,5′,5″,5‴-[1,2,4,5-benzenetetrakis(4-methyleneoxyphenylazo)]tetra-
isophthalate; TPT-3tz =2,4,6-tri-p-(tetrazol-5-yl)phenyl-s-triazine;
BTTCD = 9,9′,9″,9‴-[(1,1′-biphenyl)-3,3′,5,5′-tetrayl]tetrakis(9H-
carbazole-3,6-dicarboxylate); TCAEPEB = 1,3,5-tris{[4-(3,5-
dicarboxyphenylethynyl)phenyl]ethynyl}benzene. bValues are given
for three independent conformations of the ligand in MOF-210. cκligand
and κMOF are equal to d1/d2 for the DFT-optimized ligand and the
ligand in Ligand⊂MOF, respectively. See Figure S18 for details on
deriving this ratio.

Figure 4. (a) Portions of the X-ray crystal structures of known MOFs with the tbo topology. Red and blue lines represent the intra- and interarm
inter-SBU distances, respectively. Orange, green, red, gray, and blue nodes represent Zn, Cu, O, C, and N atoms, respectively. Ligand names and
MOF formulas are given in Table 1. (b) Portion of the X-ray crystal structure of 1 evidencing the strain in TDPEPE8−⊂1; solid black lines are given
as visual guides. (c) Generalized scheme of an octacarboxylate ligand described by the intra- and interarm intercarboxylate distances d1 and d2.
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per bond)36 and [8]cycloparaphenylenes (SE = 74 kcal/mol,
1.32 kcal/mol per bond)37], we emphasize that the SEs
observed in Ligands⊂MOFs are enforced by conformational
locking via coordination bonds and are not native to the ligands
themselves. In other words, the high-energy locked con-
formation contains “extractable” or “accessible” potential
energy.
The foregoing results show that design principles adapted

from molecular rotors can be used for the rational construction
of a luminescent MOF with a near-dark off state, a first step
toward high-surface-area turn-on fluorescent sensors. They also
unexpectedly reveal that ligands can be locked in high-energy
conformations within MOFs through topological design. These
findings may be used to make empirical predictions of the
stabilities of certain MOFs toward evacuation, a hitherto purely
experimental endeavor, and to interrogate the fundamental
properties of molecules under mechanical stress.
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