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ABSTRACT: Microscale metal—organic frameworks (MOFs)
were synthesized from photoactive Ru(II)-bpy building blocks
with strong visible light absorptlon and long-lived triplet
metal-to-ligand charge transfer (*MLCT) excited states. These
MOFs underwent efficient luminescence quenching in the
presence of either oxidative or reductive quenchers. Up to 98%
emission quenching was achieved with either an oxidative
quencher (1,4-benzoquinone) or a reductive quencher (N,N,
N',N'-tetramethylbenzidine), as a result of rapid energy migra-
tion over several hundred nanometers followed by efficient
electron transfer quenching at the MOF/solution interface.
The photoactive MOFs act as an excellent light-harvesting
system by combining intraframework energy migration and
interfacial electron transfer quenching,

The chemistry of metal—organic frameworks (MOFs) has
evolved rapidly in recent years."* Most MOF research has
focused on storage and separation of small gaseous molecules by
taking advantage of their high microporosities.’ "> However,
numerous recent reports have demonstrated that active func-
tional elements can be incorporated into MOFs to create hybrld
materials vnth a range of apphcatlons in chemical sensing,"> '
catalysis,"’~*° biomedical imaging,”"** and drug delivery.”>**
We are interested in utilizing MOFs as active structures for light
absorption and excited state applications in energy conversion
with the ultimate goal of achieving artificial photosynthesis.

Photosynthesis integrates peripheral, but highly efficient, mem-
brane-bound antenna systems with reaction centers where high yield
light-to-redox equivalent conversion is utilized to drive chemical
reactions, ™ notably water ox1dat10n in Photosystem I’ and CO,
reduction in Photosystem L** Chemists have long been interested in
developing artificial photosynthetic systems for harvesting and con-
verting sunlight into chemical energy.”*** An analogous goal in
artificial photosynthesis is mtegratlon of light absorption and redox
catalysis for solar fuels production.®® A number of hght harvesting
structures have been investigated, including dendrimers,®” supramo-
lecular structures based on porphyrins, phthalocyanines, perylenebi-
simides, };olypyridyl metal complexes,® lanthanide coordination
polymers,” and bridged semiconducting nanoparticles.** Promising
results have been obtained on efficient harvesting of photons to give
high-energy, redox-separated states.>®

With their well-defined, repeating structures, functionalized
MOFs present an opportunity to design and study dimensionally
controlled antenna structures. Ru(Il)-bpy derivatized MOFs
appear to have promising properties as antennae for sensitizing
electron transfer and ultimately, catalytic redox reactions by
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Figure 1. (a) Schematlc representation of a light-harvesting MOF
microcrystal. The *MLCT excited states undergo rapid intraframework
energy migration to carry out electron transfer quenching at the MOE/
solution interface. (b) Chemical structures of the photoactive MOF
building blocks and reductive (TMBD) and oxidative (BQ) quenchers.

taking advantage of their ability to absorb light broadly in
the visible via metal-to-ligand charge transfer (MLCT) excita-
tions and to undergo facile intracrystal energy transfer. We report
successful implementation of this strategy and the first examples of
oxidative and reductive interfacial electron transfer quenching of
MOF microcrystals (Figure 1a). We demonstrate that Ru(II)-bpy-
based MOF microcrystals are highly efficient light-harvesting
structures due to their high visible absorptivities, facile intracrystal
site-to-site energy migration to the MOF surface, and efficient
electron transfer quenching at the MOF/solution interface.
MOF-1, with the formula [ZnL,]-2DMF-4H,0O [where L,
is {Ru[4,4'-(C02)2-bpy)]z(bpy)}zf] , was synthesized as pre-
viously reported (DMF is dimethylformamide).*" MOEF-2,
[Zn(12H,)] -3H;0 [where L, is {Ru[44-(CO,)xbpy) 1(CN)} "],
was synthesized by a solvothermal reaction between L,-H, and
Zn(NOs), in a mixture of water and diethylformamide (DEF).
The 2D framework structure of 1 was described previously.*'
MOE-2 crystallizes in the orthorhombic space group Pbcn,
with one L,—H, ligand, one zinc atom, and three water molecules
in the asymmetric unit. The Zn center adopts a tetrahedral
geometry by coordinating to two carboxylate oxygen atoms of
the L,—H, ligands and two nitrogen atoms of the bridging cyano
groups. The Zn centers bridge the L,—H, complexes to form 2D
pleated sheet structures which pack along the b axis with the
shortest distance of 6.6 A between the bpy planes from adjacent
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Figure 2. (a) View of 2D structure of MOF-2. (b) View of the packing
of 2D layers in MOF-2. (c) SEM image of disklike microcrystals of 1. (d)
SEM image of rodlike microcrystals of 2. Scale bars = S ym.

layers (Figure 2). The shortest intralayer Ru—Ru distance is
6.8 A, whereas the shortest interlayer Ru—Ru distance is 11.9 A.

Nano- and microscale MOFs have attracted recent interest due to the
potential advanta §es over bulk phases of MOFs in biomedical and other
applications.*' ~** Crystalline microcrystals of 1 and 2 were prepared by
modified procedures (Supporting Information [SI])). SEM images
showed that disk-shaped particles of 1 were ~100 nm in thickness and
~3 ym in diameter (Figure 2c). Needle-like microcrystals of 2 fractured
upon drying but were ~750 nm in diameter and >10 #m in length
(Figure 2d). Os complexes L;-Os and L,-Os could be doped into
microcrystals of 1 and 2. The mixed Ru/Os MOFs are isomorphous to
Ru-only MOFs as shown by PXRD in a and b of Figure 3.

Crystal size plays an important role in light harvesting. The
crystal must be able to absorb a high fraction of the incident light
but be small enough so that the majority of excited states reach
the surface for quenching before excited state decay. The light
penetration depths in these MOFs were estimated by application
of the Beer—Lambert law. With an effective Ru concentration of
1.5 M calculated from the crystal structure of 2 and a molar
absorptivity of 15,000 M cm ™', a ~150 nm slab can absorb half of
the incident light striking the MOF crystal, whereas ~500 nm is
needed to absorb 90% of the incident light (Figure S10 [SI]).

MOF absorptance values were calculated from transmission and
reflectance measurements on films of microcrystals held between
glass slides. Characteristic '"MLCT absorption bands dominate
visible spectra as they do in solution (Figure S12 [SI]). In the 1-Os
and 2-Os absorption spectra, characteristic low energy S—T
MLCT bands appear at 550—750 nm as a result of spin—orbit
coupling. Normalized emission spectra of 2 and 2-Os (Figure 3c),
were obtained from degassed, magnetically stirred suspensions of
MOF microcrystals in acetonitrile.

The MOF emission decays without added quenchers were
satisfactorily fitted with a biexponential expression. Emission
decays with added redox quenchers could only be satisfactorily fit
to a triexponential decay. The values reported in Table 1 are
average lifetimes, calculated by using eq S3b (SI). Average lifetimes
are used to phenomenologically describe the system.

A modified Stern—Volmer lifetime analysis was performed on
the Os-doped MOFs to determine the relative rates of energy
transfer. Direct evidence for energy transfer from Ru(II)* to
Os(II) in 1 was demonstrated previously by a delayed growth in
the Os(IT)* emission.*" The ratios of the average lifetime of the
Ru-only MOF over that of the Os-doped MOF were plotted vs the
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Figure 3. (a) PXRD patterns of microcrystals of 1 with various Os
doping levels: the mol % Os (from top to bottom) is 0.0, 0.11, 0.17, 0.32,
0.61,1.29,and 100. (b) PXRD patterns of microcrystals of 2 with various
Os doping levels: the mol % Os (from top to bottom) is 0.0, 0.12, 0.23,
0.50, 1.04, 1.98, and 100. (c) Absorptance and emission spectra of 2 and
2-Os. (d) Modified Stern—Volmer lifetime analysis of Os-doped MOFs
1 (black squares) and 2 (red circles) by monitoring the Ru(II)* emission
at 620 nm (excited at 445 nm).

Table 1. Absorptance, Emission, and Lifetime Data on Ru
and Os MOFs Suspended in Degassed MeCN at 23°C £ 2°C

abs. Ay (nm) E,, Amax (nm) average lifetime (ns)
1 470 635 610
2 435 630 1100
1-Os 445 765 15
2-Os 450 770 30

mol fraction of Os (Figure 3d). Ru emission lifetime decreases as
Os-doping level increases as a result of populating the lower energy
Os(II) trap sites via an energy transfer quenching mechanism. As
the Os doping levels are quite low in these samples, the Ru(II)*
excited states must undergo a number of Ru(II)* — Ru(II) hops
before they can encounter an Os(II) trap site. The steeper slope
for 1 vs 2 in the 7,/ vs o plots in Figure 3d indicate that the rate
of energy transfer in 1 is faster than that in 2.

In order to demonstrate light harvesting, we carried out redox
quenching with MOF microcrystals. Interfacial electron transfer
quenching experiments were conducted by both emission in-
tensity and lifetime measurements on stirred suspensions of the
MOFs in degassed acetonitrile at 23 °C £ 2 °C with added
oxidative quencher 1,4-benzoquinone (BQ; E”(BQ/BQ ) =
—0.52 V vs SCE in acetonitrile with 0.1 M TBAH) or reductive
quencher N,N,N',N'-tetramethylbenzidine (TMBD; E” (TMBD") =
0.43 V vs SCE in acetonitrile with 0.1 M TBAH). In these
experiments, stock suspensions of the MOFs were pipetted into
cuvettes with the quencher subsequently added. The concentrations
of MOF were ~40 uM (based on Ru) as determined by digesting
the sample with tetrabutylammonium hydroxide after data collec-
tion and measuring the absorbance of the released building blocks.

These data show that the extent of Ru(II)* emission quenching
increases as the quencher concentration is increased. With added
BQ, greater than 90% quenching of Ru(II)* in 1 is observed at ~0.3
M while >98% quenching in 2 is obtained at ~0.1 M BQ. As in
solution quenching of related excited states,* quenching is by
oxidative electron transfer, Ru(II)* + BQ — [Ru(Ill)]" + BQ" .
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Scheme 1. MOF Emission Quenching with BQ
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A major contribution from energy transfer is unlikely since the
triplet energy of BQ_is 18,600 cm ™', ~400 cm™ " higher than the
lowest MLCT excited state energy in 2.** On the basis of estimated
Ru(II)* MOF excited state energies, the driving force for electron
transfer is favored by 0.46 eV for 1 and by 0.35 eV by 2. Preliminary
time-resolved electron paramagnetic resonance experiments pro-
vided direct evidence for the formation of semihydroquinone free
radicals (HBQe). Irradiation of an ethylene glycol suspension of 2 in
the presence of BQ at 500 nm gave BQ'~ which subsequently
abstracts a proton from trace amount of water in ethylene glycol to
yield HBQe.

Similarly, with added reductive quencher TMBD, 98% of the
Ru(II)* emission in 2 was quenched at its solubility limit in
MeCN (~20 mM). Quenching of 1 also occurs but much less
efficiently. Quenching by TMBD must also have occurred by
electron transfer given the absence of alow-lying acceptor excited
state for TMBD. Reductive electron transfer quenching by
TMBD, Ru(Il)* + TMBD — Ru(1l)]” + TMBD™, is favored
by 0.74 eV for 1 and by 0.91 eV for 2.

For quenching of 1 by BQ, the Stern—Volmer plots reveal nearly
parallel variations of I,/I and 7,/7 with increasing quencher concen-
tration. This behavior is qualitatively consistent with minimal pre-
association and/or relatively slow electron transfer with a minor role
for static quenching. A significant difference in behavior was observed
for 2. For both oxidative quenching by [BQ] and reductive quenching
by [TMBD], plots of Io/I vs [quencher] are dramatically upward
curving while the 7/7 data deviate only slightly from linearity. These
observations are consistent with preassociation and quenching by
both static and dynamic quenching mechanisms. The reversible
preassociation of quenchers at the MOF/solution interface of 2 was
confirmed by "H NMR studies on quencher-soaked MOF micro-
crystals and by the release of TMBD from the MOF microcrystals in
fresh solutions as probed by luminescence measurements (SI).

Luminescence quenching behaviors were modeled using the
series of reactions depicted in Scheme 1, with quenching by BQ as
the example. In the scheme it is assumed that quenching occurs at
the MOEF/solution interface after migration from the core of the
crystal and that there are two quenching pathways. One pathway is
diffusional, kp, while in the other is static, kg, which involves
preassociation at the surface followed by interfacial quenching.

The constants in Scheme 1 and egs 1 and 2 are: (i) y: fraction
of excited states that reach the MOF/solution interface. Ty and T
are the excited state lifetime without and with added quencher,
respectively. <7> is defined in the SI. (ii) K,: association constant
between the quencher and MOF surface. (iii) k: rate constant
for BQ quenching of Ru(II)* at the surface. (iv) kp: rate constant
for diffusional quenching of Ru(Il)* at the MOF/solution
interface.
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Figure 4. (a) Steady-state and (b) time-resolvzgagll;:ission data for 2
with added BQ_in degassed MeCN at 23 °C &£ 2 °C. For a Stern—
Volmer analysis of steady-state emission, emission intensity was inte-
grated from 550 to 850. Lifetime data were obtained following 485 nm
excitation with monitoring at the emission max at 620 nm. Transient
decays were fit to the triexponential expression in eq 1, i = 3. (c—f)
Steady-state and time-resolved Stern—Volmer quenching analysis of 1
or 2 with BQ or TMBD. Quenching by BQ of (a) 1 (b) 2 (c) 2 with
0.1 M TBAH and (d) quenching of 2 by TMBD.

Table 2. Fitting Results of Stern—Volmer Plots in MeCN

kp
Ky (M) 7 ks (ns™')  (10"M'sTh)
1-BQ 194 1.5 0.9996 £ 0.0002 0.0246 = 0.005 9.54+09
2-BQ 351434 1.000 0.230 4= 0.052 11.440.6
2-BQ,TBAH 13.7+1.8 0.9992 +0.0014 0.0265 =+ 0.006 29+02
2 - TMBD 259431 1.000 >15 344+44

Equation 1 was derived to describe the steady state Stern—
Volmer results (I/I vs [quencher]) based on the model in
Scheme 1 with (1 — y) being the fraction of excited states that
remain in the core of the crystal and are inaccessible to quencher,
and kg = 7o (SI). Equation 2 was derived to describe the time-
resolved Stern—Volmer behavior (7,/7 vs [quencher]) (SI).
The steady-state and time-resolved Stern—Volmer equations
(egs 1 and 2) were simultaneously fit to the experimental Stern—
Volmer plots as shown in Figure 4c—f by application of a nonlinear
least-squares regression analysis to extract values for the four
adjustable parameters: K, ¥, ks, and kp.

Io

T ((1—;/)—1-

kRu* kRu* )1
Fsg—— + v(1 —Fsq)——7—= 1
4 U + ks 7 SQ)kRu* + kp[Q] o
To - 1
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Table 2 summarises the fitting results for the Stern—
Volmer analysis for BQ and TMBD quenching of 1 and 2.
The solid lines in Figure 4c—f illustrate fits to eqs 1 and 2. For
oxidative quenching of 1 by BQ the results of the kinetic
analysis are consistent with a small preassociation constant
(Ka=1.9 M_l), high fraction of excited states captured at the
interface (v > 0.99), and relatively slow electron transfer
quenching with kg = 2.5 X 10" s ' and kp = 9.5 x 10" M "
s '. Dual channels for quenching may have a microscopic
origin in multiple quenching sites at the crystal/solution
interface or may be due to quenching at dlﬁerent faces of
the crystal For quenching of 2 bgr BQ KA 3SM Ly~ 1 k=
23x10°s Y andkp=1.1 X 10°M ! A role for the surface
interaction in 2 is supported by less efﬁaent quenching with added
electrolyte. With 0.1 M added tetrabutylammonium hexafluoro-
phosphate (TBAH), Ky = 14 M~ ', y & 1, kg =2.6 x 10"s " '; and
kp=29x 100 M * st

We have synthesized microscale MOFs based on photoactive
Ru(II)-bpy building blocks which show “antenna”-like be-
haviors with high electron transfer efficiencies (>98%)
toward both oxidative and reductive quenching. Efficient
electron transfer quenching results from rapid energy mi-
gration over several hundred nanometers followed by efhi-
cient electron transfer quenching at the MOF/solution
interface. Our work is significant in demonstrating MOFs
as a viable approach to light harvesting coupled with energy
conversion by excited state quenching and electron transfer.
Addition of catalytic components to light-harvesting MOFs
may lead to novel hybrid materials for efficient artificial
photosynthesis and is currently being pursued.
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