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Abstract: Isomorphous metal—organic frameworks (MOFs) based
on {M[4,4’-(HO,C),-bpy],bpy}>" building blocks (where M = Ru
or Os) were designed and synthesized to study the classic Ru to
Os energy transfer process that has potential applications in light-
harvesting with supramolecular assemblies. The crystalline nature
of the MOFs allows precise determination of the distances
between metal centers by X-ray diffraction, thereby facilitating
the study of the Ru—Os energy transfer process. The mixed-
metal MOFs with 0.3, 0.6, 1.4, and 2.6 mol % Os doping were
also synthesized in order to study the energy transfer dynamics
with a two-photon excitation at 850 nm. The Ru lifetime at 620
nm decreases from 171 ns in the pure Ru MOF to 29 ns in the
sample with 2.6 mol % Os doping. In the mixed-metal samples,
energy transfer was observed with an initial growth in Os emission
corresponding with the rate of decay of the Ru excited state.
These results demonstrate rapid, efficient energy migration and
long distance transfer in isomorphous MOFs.

The light-harvesting antenna of an artificial photosynthetic device
must efficiently collect sunlight and transport the energy to catalytic
centers for solar fuel production. The pigment—protein complexes
in nature set a high standard by delivering energy from greater than
95% of the absorbed photons to the reaction center.® Efficient
artificial light-harvesting systems have been actively pursued,
including covalently linked porphyrins® and metal complex poly-
mers and dendrimers.® Self-assembled supramolecular systems are
particularly promising because of ease of fabrication and the ability
to control macroscopic order through noncovalent interactions.*

Energy flow from polypyridyl-based metd-to-ligand charge transfer
(MLCT) excited states of RU' to Os' has provided a ussful probe for
understanding energy trandfer dynamicsin ligand-bridged complexes and
hydrogen-bonded supramolecular assemblies® functionalized polymers®
rigid media,” and crystalline molecular solids® and across semiconductor
interfaces® Metd —organic frameworks (MOFs) have recently emerged
asanew class of hybrid materias that can be congtructed from a variety
of functional building blocks™® Photoactive MOFs have been designed
for nonlinear optics™ luminescence molecular sending,™® and bioimag-
ing.™® The ability to fine-tune molecular building blocksin MOFs makes
them an idedl mode system for studying energy transfer dynamicsin the
ordered solid state. Compared to the energy transfer systems that have
been examined ealier, wel-defined MOF structures can smplify data
andysis, dlowing the ddlineation of structure/property relationships to
provide important insights into optimizing energy migration and transfer
efficiency in atificid light-harvesting sysems. We report here the
development of isomorphous MOFs based on photoactive {M[4,4-
(HO,C),-bpy]2bpy} 2" building blocks (where M = Ru or Os) that are
linked through zinc—carboxylate bonds. Importantly, by studying energy
transfer dynamics in the MOFs with mixed Ru and Os building blocks,
we demondrate the existence of facile intersite and long-range energy
trandfer in these Sructurdly defined and strongly bonded crystdline solids.
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The Ru and Os complexes{ M[4,4"-(HO.C),-bpy].bpy} (PFs)2 (L m-
H.] (PFs),) were synthesized by allowing M[4,4-(EtO,C),-bpy].Cl, to
react with 2,2"-bipyridine (bpy) followed by acid-catalyzed hydrolysis
and anion exchange. The [L y-Ha] (PFs). complexes were characterized
by NMR spectroscopy, mass spectrometry, and absorption and
emission measurements (Supporting Information).** The L r,Zn MOF
of formula [Lg,Zn]:2DMF-4H,0O was synthesized by alowing
Zn(NOs), and [L ry-H4] (PFe), to react in adimethylformamide (DMF)
and H,O mixture at 90 °C for 3 days (Scheme 1). The L oe&Zn MOF of
formula[L osZn] - 2DMF-4H,0 was similarly prepared. The Os-doped
L xosZn MOFswith varying Os-doping levels were prepared by adding
asmall percentage of [L os-Ha](PFe)2 to the Zn(NO3),/[L ru-Ha] (PFe)2
mixture during crystal growth. The Os-doping levels in these mixed
metal MOFs were precisely determined by inductively coupled plasma-
optical emission spectroscopy (ICP-OES). The Os-doping level in the
mixed RuW/Os MOFs increases as the amount of the [L osHa](PFe)2
complex in the feed increases (Supporting Information).

The Lr,Zn MOF crygtallizes in the monoclinic space group P2y/c,
with one Lg, ligand, one Zn atom, and two DMF and four H,O
molecules in the asymmetric unit. The Zn center adopts a tetrahedral
geometry by coordinating to four oxygen atoms of four carboxylate
groups of the L g, ligand, forming a 2D hilayer structure (Figure 1a—c).
The distance between the two Ru planes within the bilayer is 10.2 A,
while the distance between Zn planesis 6.8 A. Theresulting 2D layers
pack aong the a axis with the close distance of 4.0 A between Ru
planes of adjacent bilayers. The phase purity of the L g,Zn MOF was
confirmed by comparing the powder X-ray diffraction (PXRD) patterns
of the pristine sample and the simulated pattern from the crysta
structure. L osZn MOF and Os-doped L ,0Zn MOFs are isostructural
with the L r,Zn MOF based on the similarity of their PXRD patterns
(Figure 28). The formulation of the [L r,ZN] - 2DMF-4H,0 MOF was
confirmed by thermogravimetric analysis (TGA) which showed 77.8%
weight loss (cacd 79.1%) in the 50—400 °C temperature range for
the solvent molecules and organic ligands.

Diffuse reflectance UV —vis measurements showed a broad MLCT
absorption band between 400 and 600 nm for the L g,Zn MOF consistent
with Anex = 473 nm for [Lgy-Ha](PFs)2in MeOH. The LogZn MOF
exhibits a broad *MLCT absorption band between 400 and 650 nm and
an absorption band a 710 nm of ~1/3 the absorptivity arisng from the
partly spin-allowed “ S—T" absorption to SMLCT with enhanced intensity
due to spin—orhit coupling a Os(I11) (£(0s") 2 3000 cm™).*® In Figure
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Figure 1. (@) Stick/polyhedra model showing the connectivity of Lg, and
Zn centersin the Lr,Zn MOF. (b) A side view of a2D bilayer of the Lgy,Zn
MOF packed along the b axis. (c) A top view of the 2D bilayer structure
of the Lr,Zn MOF adong the a axis. (d) A view of the packing of 2D bilayers
along the b axis.

2b are shown normalized steady state emission spectrafor boththe LgyZn
MOF (Amax =~ 620 nm) and L oeZN MOF (Amax & 720 NmM). AS expected,
the L oeZn MOF issgnificantly less emissve due to enhanced nonradietive
decay reaulting from the decreased energy gap and higher spin—orbit
coupling.>™® MOF emisson trandents were collected on a coupled
microscope-time correlated single photon collection system. Two-photon
absorption at 850 nm from an ultrafast mode-locked Ti:sapphire laser was
used for direct MLCT excitation a Ru''.*” All MOF sampleswere flame-
seded into capillary tubes under nitrogen. Lifetimes are reported as
averages of vaues collected a a series of locations in multiple crystas.
Variationsin lifetimes of ~20% were observed between different locations
and different crystals.
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Figure 2. (a) PXRD patterns showing the isostructura nature of Lg,Zn,
Os-doped LgyZn, and LosZn MOFs. (b) Uncorrected normalized steady-
state emission spectra of the Lry,Zn MOF and the L osZn MOFs.

In Figure 3a are shown emission transients for Lg,Zn (620 nm)
and L oZn (710 nm) MOFs. The decay profiles for the Lg,Zn and
L osZn MOFs as well as for the mixed Ru/Os MOFs (Supporting
Information) at varying Os-doping levels were nonexponential and
could be satisfactorily fit to biexponential kinetics (eq 1). The
components of the fit are shown in Table 1.

f(t) = Ae ™ + Be ¥ 1)

The observation of multiple decay components in the photolumines-
cence from pure Ru MOFs is counter to observations in fluid solution,
where the luminescence decay istypicaly single-exponentid. Triplet—triplet
annihilation could account for the biexponentia behavior; however,
experiments performed a aseries of exditation intensities show no evidence
for intensity-dependent effects. The decay kinetics of the Ru'"™* emission
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Table 1. Lifetimes of Os Doped Lgr,Zn MOF with Varying Amounts
of the Los Complex®

sample mol %0s amplitude; 74 (ns) amplitude, 7 (ns)

LruZn 0 041+003 171+30 059+003 38+7
LososZn 0.3 038+0.04 135+31 062+004 25+6
LososZn 0.6 037+003 83+9 063+£003 21+3
L140ZN 14 036+003 57+10 064+003 13+2
L2gosZN 2.6 037+003 29+4 063+£003 5+1
LosZn 100 0.40 £+ 0.02 8+1 060+002 1403

@ Data were taken from multiple crystals in each sample. Lifetime
measurements of Lg,Zn MOF and Os-doped samples were taken at 620
nm and L osZn MOF at 710 nm.

exhibit adlear detection wavelength dependence, with longer waveengths
showing dower decay rates. Time-dependent emission Spectra recon-
gructed from aseries of trandents obtained & different wavdengths (Figure
4) show thet the biexponential kinetics arises (et least in part) from atime-
dependent shift of the emisson band. The Ru emisson band, which a
the earliest observation time has A = 612 nm, shifts by ~15—20 nm
to thered following photoexcitation. Similar red shifts have been obsarved,
in metal complex derivatized polymers’@ in eectropolymerized thin
films, " and on surfaces,” where they were attributed to intersite energy
transfer to lower energy trap Sites that dominate excited Sate decay due
their decreased energy gaps. Measurements performed et the red edge of
the emission band (~700 nm) yield aRu'* lifetime of ~375 ns. Thetrap
stesinthe MOFs may be aresult of crystd defects during growth, surface
sSites, or lattice distortion upon solvent remova. While the data presented
represent observations obtained & a single site, examination of other sites
within the same crystal and measurements performed on other crystds
produced quditatively smilar results.
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Figure 3. (a) Transient emission decay profilesfor Lg,Zn and L o<Zn MOFs
monitored at 620 and 710 nm respectively following two-photon excitation
at 850 nm. (b) Transientsfor 1.4 and 2.6 mol % Os-doped L g, Zn MOFs at
620 and 710 nm with emission at 620 nm dominated by Ru'* and at 710
nm by Os'*.

We have obtained direct evidence for site-to-site energy transfer in
mixed Ru'—0s' MOFs (Figure 3b). First, detection of the Os emission
in the mixed Ru"'—0Os' systems at 710 nm shows a delayed growth in
the first 10—40 nsthat is attributable to Ru'™* —Ru'" energy migration
followed by energy transfer to a lower energy Os “trap sit€”. The
growth is fastest for the highest Os-doped sample (2.6 mol %),
consistent with a shorter migration distance to the Os' trap, implying
that within the initial growth period the excited state makes multiple
Ru to Ru hops. In addition, the delayed rise in the Os'* emission at
710 nm coincides with the decay of Ru'"* emission detected at 620
nm, which becomes faster asthe Os' doping level isincreased (Figure
3b). Data taken from a series of MOFs with different doping levels
show adecrease in both of the decay components of the Ru'"™* emission
with increased doping (Table 1), consistent with grester quenching of
the Ru'™* at higher Os' concentrations.

An estimate of the Ru* —Ru hopping time and transport distance
can be made from the dependence of the time-resolved emission
data on Os loading. Since there is a finite diffusion distance of the
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Figure 4. Reconstructed Lgr,Zn MOF time-resolved emission spectra
demonstrating a dynamic red shift. Solid color lines indicate stretched
Gaussian fits of experimental data. The black line designates the wavelength
maximum for each time dlice fit. Experimentally collected emission spectra
time slices can be found in Figure S10.

Ru* excited state during its lifetime, each Os complex will have a
radius (Rg) in which energy transfer quenching of a Ru* can occur
before excited state deactivation. At sufficiently low Os concentra-
tions, the average distance between Os' complexes will exceed this
quenching radius and the Os' and Ru'" emission kinetics will be
independent of Os loading. At higher Os levels there will be
sufficient overlap between the quenching radii of the Os complexes
that a given excited state could be quenched by more than one Os
trap, resulting in a faster growth and subsequent decay of the Os
emission, as well as a faster decay of the Ru'* emission.

Our time-resolved data (Table 1 and Figure S12) show a dependence
on the Os' concentration, even a the lowest Os concentrations studied,
suggesting that for doping levels in the range of 0.3 to 0.6 mol % Osthe
quenching radii are sarting to overlgp. By taking the midpoint concentra:
tion, we can etimate that there are goproximately 225 Ru complexes
contained within the quenching radius. The number of hops needed to
reach the trap will depend upon connectivity and whether energy migration
is isotropic (3D) or redtricted to a hilayer (2D). Andyss of the crysta
gructureindicatesthet, for 3D migration, these 225 complexes surrounding
the trap would occupy a sphere with a radius of ~40 A, wheress a
quenching radius of ~75 A is obtained if energy transport is restricted to
ahilayer (i.e, 2D). Consdering the migration process to be a random
walk, the number of hops needed to traverse this distance is gpproximated
to be Nry—ru = (Rof0ient)?, Where ogqr is the distance traveled per hop.
Taking og.r 2~ 10 A, the nearest neighbor distance, we estimate that on
average an excited date will make between 15 and 55 hops during its
lifetime (~375 ns for the red edge of the Ru' emission), the lower and
upper limits corresponding to 3D and 2D migration, respectively. The
correponding average hopping times are in the range of 25 ns (for 3D
migration) to 7 ns (for 2D migration). The actud migration is likey
anisotropic with trangport within a single layer and between layers
occurring a different rates. More sophisticated moddling is needed to
discern the relative importance of the 3D and 2D migration pathways.
We are currently pursuing stochadtic kinetic smulations to modd the
complex energy transport dynamics.

Our results are important in demonstrating rapid, efficient energy
migration and long distance transfer in isomorphous MOFs with
mixed {M[4,4’-(HO,C),-bpy].bpy}?" (M = Ru or Os) building
blocks. The synthetic tunability of MOFs should alow for the

design of other model systems for studying energy transfer
dynamicsin well-defined crystalline solids to provide new insights
into efficient energy migration and transfer pathways in artificial
light-harvesting systems.
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