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ABSTRACT: Amplified luminescence quenching has
been demonstrated in metal—organic frameworks
(MOFs) composed of Ru(Il)-bpy building blocks with
long-lived, largely triplet metal-to-ligand charge-transfer
excited states. Strong non-covalent interactions between
the MOF surface and cationic quencher molecules coupled
with rapid energy transfer through the MOF microcrystal
facilitates amplified quenching with a 7000-fold enhance-
ment of the Stern—Volmer quenching constant for
methylene blue compared to a model complex.

mplified luminescence quenching, a signal gain as a result

of interactions between a sensing material and analytes
accompanied by rapid energy migration, has been demon-
strated in ﬂuorescent conjugated polymers functionalized with
receptor sites." Dramatic emission quenching enhancements
have been observed compared to monomeric models due to a
“molecular wire” effect with the conjugated polymer facilitating
energy migration over long distances. As the excited state
migrates, it samples multiple receptor sites, thus requiring fewer
receptor sites to be occupied by a quencher to elicit a significant
spectroscopic response. Amplified fluorescence quenching of
conjugated polymers is the basis of many practical sensing
materials with extraordinarily high detection sensitivities.” * To
date, many types of conjugated polymers with singlet excited
states have been shown to exhibit amplified quenching.>~"*
Phosphorescent materials capable of amplified quenching are
potentially advantageous because the large red-shifts between
light absorption and emission, as a result of intersystem
crossing, can eliminate interference from the exciting light
source in device configurations. Long-lived triplet excited states
could allow excited-state migration over longer distances, and
even higher levels of amplified quenching.

Attempts at developing amplified quenching with phosphor-
escent platinum(1I)-acetylide polymers have been hindered by
slow triplet diffusion.”> Quenching enhancements of 75-fold
have been demonstrated in conjugated polymers containing
Ru-bpy complexes,'® although excited-state migration is likely
by site-to-site hopping rather than via the polymer backbone."”

Metal—organic frameworks (MOFs) represent a new class of
structurally ordered and molecularly tunable hybrid materi-
als.'® ™ In particular, our recent work demonstrated rapid
energy migration over long distances®* and efficient electron-
transfer quenching at the interfaces of emitting MOFs.>® We
surmised that MOFs composed of Ru(1I)-bpy building blocks
offer a promising scaffold for amplified quenching based on
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their metal-to-ligand charge-transfer (MLCT) excited states.
We report here a remarkable example of MOF-based amplified
quenching by cationic quenchers with enhancements of up to
7000-fold compared to a model complex (Figure 1).
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Figure 1. (a) Schematic diagram illustrating amplified quenching in
MOFs and (b) chemical structures of the photoactive MOF building
blocks and cationic quenchers (MV** and MB*) used in this work. L;
and L, refer to the building blocks for MOF 1 and 2, respectively.

Crystals of [Zng(L,), (u-OH)-(HCO,)-DMF-2H,0]-6H,0
(1) were prepared by heating a mixture of L;-H, and
Zn(NO,), in a mixture of DMF and H,O for 2 weeks. Plate-
like microcrystals of 1 of ~200 nm in thickness and several
micrometers in diameter were prepared by heating the above
mixture and formic acid for 5 days. Microcrystals of 2 were
synthesized as reported previously.>

1 adopts a three-dimensional framework structure that
crystallizes in the monoclinic space group P2/n. In each
asymmetric unit, there are two L, ligands, five zinc atoms, four
bridging cyano groups with the carbon atom coordinating to Ru
and the nitrogen atom coordinating to Zn, two H,O molecules
and one DMF molecule coordinating to Zn centers, one
bridging hydroxide group, and one chelating formate group.
There are two crystallographically distinct four-metal-centered
cores in which Ru and Zn are bridged by cyano groups
(simplified as rectangles with different colors in Figure 2). They
have a dihedral angle of 9.3° between the two planes formed by
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the two crystallographically different cores and a dihedral angle
of 35.4° between the two crystallographically identical cores. 1
has open channels of 44 X 3.5 A running along the ¢ axis.
PLATON?>® calculations indicated a void volume of 38. 8%,
which is consistent with the thermogravimetric analysis result
(Supporting Information [SI]). The structure of 2 was

described previously.*®
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Figure 2. (a) Stick/ball model showing the four-Zn cores with cyano
groups bridging between tetrahedral zinc and ruthenium centers in 1.
(b) Stick/polyhedral model showing the connection of the four-Zn
cores to form the 3D framework structure of 1. (c) Absorptance and
emission spectra of 1, and (d) steady-state and time-resolved SV plot
of 1 with methyl viologen dication (MV**) in acetonitrile with 485 nm
excitation (15 uM based on Ru). Emission decays were monitored at
670 nm. Absorptance values were calculated from transmission and
diffuse reflectance measurements.

Excited-state quenching was investigated by both emission
intensity and lifetime measurements on stirred suspensions of
MOF microcrystals in degassed acetonitrile with added methyl
viologen (MV?") or methylene blue (MB") as the quenchers.
The MOF concentrations were 15 uM (based on Ru), as
determined by the absorbance of the released building blocks
after dissolution in 1 M HCI. Time-resolved emission from the
MOFs was measured by using an Edinburgh FLSP920
spectrometer with sub-100 ps excitation pulses. Emission
transients were satisfactorily fit to biexponential or triexponen-
tial decay functions for 1 and 2, respectively, and are reported
as average lifetimes (SI). Quenching results were analyzed by
the Stern—Volmer (SV) expression in eq 1, in which I is the
integrated emission intensity without quencher and I is the
intensity at a given quencher concentration. In a diffusional
system, the SV constant, Kgy, is given by eq 2, with k, being the
quenching rate constant and 7, being the excited-state lifetime
without added quencher. When static quenching is the
dominant mechanism, Kgy is given by eq 3, with K being the
surface interaction constant and Ny being the number of surface
sites sampled by the excited state.

Ip/T=1+ Kgy[Q] (1)
Ksv(diffusional) = quO ()
Koy (static) = KNg (3)
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1 emits at 4,,,, = 655 nm with a lifetime of 150 ns. Emission
quenching of 1* by MV*" is efficient at low quencher
concentrations. From the linear region of plots of Iy/I vs
[MV?**], Kgy = 4.2 X 10° M for 1 with half-quenching reached
at [MV*'] = 2.4 uM. Given the SV relationship in eq 2, the
apparent quenching rate constant is kg, = 2.8 X 102 M s
This value is more than 2 orders of magnitude higher than the
diffusion-controlled limit under these conditions, ruling out
diffusional quenching. The MOF surface is partially terminated
with carboxylate groups, promoting static quenching by binding
MV?** via ionic interactions on the surface (see below).

Emission quenching saturates at [MV**] ~ 50 uM, with 20%
of the original emission intensity unquenched at I,/I = §
(Figure 2d). A microscopic model consistent with the
experimental observations is shown in Scheme 1. In this

Scheme 1. MOF Surface Quenching by MV** ¢

(RuH(Rubpy-COO) + MVF — @
L (RucH)(RuSH-bp%:COO’,MV2+) (K)
(Ru. ") (Rug 'bPY'COO—,MV Y+hv — (5)
(Ru"*)(Ruy"-bpy-COO , MV*")
(Ru,"*)(Ru;"-bpy-COO"MV*) — 6)
. H*(RuCII)(RuSH'-bp%I;COO',MVZ“) (ken)
Ru.)(Rug" -bpy-COO , MV 7
(Ru; )Ru (prII i ) —>_ . )
u; YRuy -bpy-COO MV™) (ker)
(Ru"*)(Ru-bpy-COO ,MV?") — ®)

(RuHRu-bpy-COO MV*) + hv  (1/1,)

“Ru, and Ru; are core and surface sites.

model, initial surface binding of the cation occurs by an ionic
interaction with the surface carboxylates (K in eq 4). The
steady-state SV plot increases linearly with added MV** up to §
UM. Quenching occurs by intra-MOF energy transfer via site-
to-site hopping to the interface (kgy in eq 6), where electron-
transfer quenching of a surface excited state occurs (kg in eq
7). Electron-transfer quenching is in competition with
excited-state decay (1/7, in eq 8). For 1, quenching is
incomplete even at high quencher concentrations because of
competitive excited-state decay. Approximately 20% of the
excited states remain unquenched even though quenching is
expected to be complete at the surface.

2 emits with 4., = 630 nm and 7 = 900 ns and is also
partially terminated with carboxylate groups which can
participate in surface ionic interactions. At low MV**
concentrations Kgy = 3.2 X 10 M™" at [2] = 15 uM (based
on total Ru). This results in a kg app = 3.6 X 10”2 M~! s7! which,
again, is well beyond the diffusion-controlled limit and
consistent with static quenching as illustrated in Scheme 1.
Based on lifetime measurements on Os"-doped MOFs (SI),
intra-MOF energy transfer in 2 is more rapid than in 1, and
quenching of 2* proceeds essentially to completion as the
concentration of MV?' is increased. Quenching was 97%
complete at [MV**] = 2.8 uM, with only 0.31 uM of MV**
required for half-quenching. This is several orders of magnitude
less than required for half-quenching of 2* by the neutral
quenchers 1,4-benzoquinone (7400 pM) and N,N,N’,N’-
tetramethylbenzidine (760 uM).*®

The magnitude of Kgy is also dependent on the MOF
concentration, with Kgy increasing as the MOF concentration
decreases. This is a predicted result of the model in Scheme 1.
It arises from a competition for MV?** by a limited number of
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surface sites. At lower MOF concentrations, there is a higher
concentration of quenchers available per MOF particle.

The steady-state emission SV plot in Figure 3a displays
upward curvature or “superlinear” behavior. We reported
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Figure 3. (a) Steady-state (I/I,) and (b) time-resolved (z/7,) SV plots
of 2 (15 uM based on Ru) with methyl viologen (MV?*) in acetonitrile
with 0.1 M tetra-N-alkylammonium hexafluorophosphate electrolytes
(TMAH, TBAH, and THAH are the methyl, n-butyl, and n-hexyl
derivatives) at 485 nm excitation. Emission decay was monitored at
630 nm.

similar behavior with neutral quenchers with small association
constants arising from simultaneous static and dynamic
quenching.®® Given the absence of diffusional quenching for
MV?", there must be a different origin for the present systems.
Upward curvature is a common observation for polymer-based
amplified quenching,é’8 where it has been explained by invoking
a “sphere of action” quenching mechanism®® or as a result of
aggregation of polymer fluorophores.® Superlinear behavior in
the MOFs may arise from aggregation induced by neutraliza-
tion of the negatively charged MOF surface by cationic
quenchers. When samples are left unstirred, a suspension with
added quencher settles faster than without quencher.

Emission quenching efficiencies for 2* by MV** were
investigated with added 0.1 M tetra-N-alkylammonium salts,
(NR,)PF,. Steady-state SV plots (Figure 3a) were no longer
superlinear. The magnitude of K, with added electrolyte
increased with cation size in the order NMe,* (Kgy = 6.2 X 10*
M) < N(n-butyl),* (Kgy = 44 X 10° M™!) < N(n-hexyl),*
(Ksy = 24 x 10° M™!). This dependence is qualitatively
consistent with stronger electrostatic interactions with surface
carboxylate sites as the cation radius decreases, presumably
enhancing the surface ion-exchange equilibrium, —COO~,NR,*
+ MV** & —COO~,MV*" + NR,".

Amplified quenching of 2* by methylene blue cation (MB*)
was also observed (Figure 4). At [Ru] = 15 uM, Kgy = 8.9 X
10° ML At [Ru] = 3 uM, Ky increased to 2.7 X 107 M™%,
Emission interferences occur for the quenching of 2* with
MB?, which are minimized by integrating the emission intensity
from 750 to 850 nm (SI). With MB*, the MOF—quencher
interaction can be easily observed by the eye. Mixing of a MOF
suspension and a methylene blue solution followed by
centrifugation results in noticeable color loss in the supernatant
and a change in color of the MOF microcrystals from bright
orange-red to green.

A surface interaction constant for MB* and 2 (15 uM) was
estimated by calculating the amount of surface-adsorbed dye
based on absorbance changes in the supernatant. Data acquired
over the range of 1-3 uM MB, fitted to a Langmuir model,
gave K = 7.5 X 10* M™' (SI). With this value and the
interpretation of Ky for static quenching in eq 3, the excited
state is estimated to sample ~120 surface sites during its
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Figure 4. (a) Steady-state emission of 2 (15 uM based on Ru) in
acetonitrile with added methylene blue (MB*) upon 420 nm excitation
and (b) SV analysis of 2 with added MB* by steady-state emission
measurements and of Ru(bpy),CN, by time-resolved emission
measurements. The emission intensity was integrated between 750
and 850 nm to minimize complications from absorption and emission
from methylene blue. The first 50 ns after excitation was not included
in the lifetime decay fits to avoid the contribution from methylene blue
fluorescence at A,,,, = 676 nm.

lifetime. At [MB*] > 3 uM, the data deviate from Langmuir
behavior, apparently due to MB*---MB* aggregation on the
MOF surface. The onset of aggregation is evident by the
appearance of emission at 570 nm (SI), consistent with
previous reports of ground-state MB" aggregation leading to
blue shifts in absorption and emission spectra.

Even though the interaction of 2 with both MV** and MB" is
irreversible, the powder X-ray diffraction pattern of 2 is
unchanged after exposure to MB®, consistent with a surface
interaction without structural disruption by intercalation
throughout the MOF framework (SI).

Quenching of 2* by MB*, as with MV**, probably occurs by
oxidative electron transfer. Quenching of the Os analogue of 2
(2-Os) by MB* (Figure S) is also rapid and does occur by
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Figure S. (a) Steady-state and time-resolved SV plots for 2-Os (15 uM
based on Os) in acetonitrile with added MV** upon 485 nm excitation.
The decay was monitored at 740 nm. (b) Steady-state SV plot of 2-Os
with added MB" in acetonitrile upon 420 nm excitation. The emission
intensity was integrated from 850 to 950 nm to minimize
complications from emission of methylene blue (SI).

electron transfer. Energy transfer is unfavorable in this case
since the thermally equilibrated excited state is too low in
energy to undergo energy transfer to MB* (SI). The driving
forces for electron-transfer quenching for 2* and 2*-Os should
be comparable. Excited-state oxidation potentials for Ru-
(bpy);>** and Os(bpy);>** only differ by ~0.1 V.*°

2*#.Os is quenched by both MV** and MB" in acetonitrile
with Kgy = 1.3 X 10° and 5.1 X 10° M, respectively. Upward
curvature is also observed in the SV plots. The magnitudes of
the SV constants in this case are half those for 2*, even though
the emission lifetime decreases from 900 ns for 2* to 30 ns for
2-Os*. This observation points to a considerably enhanced rate
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of intra-MOF energy transfer for 2-Os*, kgy in eq 6, and a
possible role for long-range singlet—singlet Forster transfer.
Spin—orbit coupling is larger for Os with MLCT states ~30%
singlet in character, promoting long-range dipole—dipole
Forster transfer.*’ The relative rates for Ru™*—Ru" compared
to Os"*—Os"" energy transfer can be estimated based on the
assumption that the Ky is proportional to the number of
energy-transfer steps by the excited state. This analysis shows
that Os"*—Os" transfer is 12—17 times more rapid than
Ru™*—Ru transfer (SI).

Quenching studies were also conducted on Ru(bpy),CN,
with MB* in order to estimate the degree of amplification of
emission quenching in the MOF compared to the neutral
model compound in solution (Figure 4b). In order to
accurately quantify the quenching efficiency in solution, Kgy
was calculated from time-resolved data, with the first 50 ns of
data excluded to avoid MB® emission. The quenching of
Ru(bpy),CN, by MB" in solution is far less efficient, with Ky, =
3.9 x 10> M™". Comparison with 2 gives an amplification factor
of 7000, which is 2 orders of magnitude higher than those
observed in earlier studies based on conjugated polymers with
covalently linked Ru-bpy complexes.'® This work thus
demonstrates the remarkable ability of phosphorescent MOFs
in amplifying luminescence quenching as a result of long-
distance intra-MOF energy transfer and efficient electron-
transfer quenching at the interface. The tunability and
crystalline structures of MOFs should allow for the design of
systems for selective sensing of chosen analytes and merits
further investigation.
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