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M etal-Organic Frameworks (MOFs) are nanoporous materials
with tunable pore sizes that can accommodate and stabilize
small molecules. Because of their long-range order and well-
understood por e environment, the nano-confinement of donor-
acceptor materials within MOFs offers a new methodology for
creating uniform phase-segregated donor-acceptor interfaces.
Phase segregation and the photo-physical effects of confining
a,m-Dihexylsexithiophene (DH-6T) and [6,6]-phenyl-C61-
butyric acid methyl ester (PCBM) in several MOFs and the
potential role of the MOF in creating a nano-heterojunction
for organic photovoltaics are discussed. We demonstrate
infiltration of both molecules into MOF pores and use
luminescence and absor ption spectr oscopies to characterize the
MOF-guest energy transfer processes. Comparison with
density functional theory allows us to deter mine the energetics
and band alignment within the MOF. The results demonstrate
the utility of MOFs as scaffolds for sub-nanoscale ordering of
donor and acceptor species within a highly uniform
environment, allowing both the interaction and separation
distance to be much more controlled than in the classical bulk
heter ojunction.

Introduction
The mechanism of charge separation in polymeric batkro-junction photovoltaic cells

is described as electron transfer from the absgripolymer to an electron acceptor
material. Two factors limiting the performance e#ncy of OPV devices atbe nature
of the donor-acceptor (D-A) interface aride exciton diffusion length, which in
conjugated polymers is typically < 10 nm beforeomabination occurs.Much OPV
research is directed toward ensuring that the Ddtenmals form continuous nanoscale
networks within the entire photoactive layer, ttredir interfacial area is maximized, and
that they have the proper orientation for efficietciton splitting®™® A nanoscale
interpenetrating networkvith crystalline order of both constituents is #fere a
desirable architecture for the active layer in phottaic devices: ® Unfortunately,
control over both the intermolecular (D-A) and mésrciton diffusion) length scales is



extremely difficult to achieve in conventional butleterojunctions due to the inherent
disorder of polymeric and/or molecular species (typically) amorphous matrix

MOFs are a class of hybrid supramolecular matefa@lmed from metal cations
or clusters serving as “nodes” connected to mafiid, electron-donating organic
ligands, creating ordered networks with permanemoporosity-® MOFs possess three
critical properties relevant to controlling donaeaptor interfaces. First, they are
crystalline materials, which create a highly ordeamd well-defined structure in which
the position of all framework atoms is known witlbsangstrom precision. Second, they
incorporate both inorganic and organic compongmisyiding an unprecedented ability
to tune the electronic structure. This also enathlepore size and chemical environment
to be tailored®*? Third, the rigid MOF structure creates permanemtaporosity. (1 —
10 nm diameter), which enables the fabricationydifrid composites by filling the pores
with guest molecules. This suggests that MOFs eawesas passive hosts to maintain
close proximity and proper intermolecular alignméetween donor and acceptor for
efficient energy or charge transfer.

In this paper, the photo-physical effects of comfgnan electron donorg,wo-
Dihexylsexithiophene (DH-6T), and an electron atoed6,6]-phenyl-C61-butyric acid
methyl ester (PCBM), in several MOFs and the paémndle of the MOF in creating a
nano-heterojunction for organic photovoltaics wile discussed. We demonstrate
infiltration of both molecules into MOF pores anseduminescence to characterize the
MOF-guest energy transfer processes. Comparisahsdensity functional theory allow
us to determine the energetics and band alignmethtirwthe MOF. These results
demonstrate the utility of MOFs as scaffolds fob-sanoscale ordering of donor and
acceptor species, allowing both the interaction seyhration distance to be much more
controlled than in the classical bulk heterojunetio

Results and Discussion
Electronic structure calculations
Using first-principles electronic structure caldidas, the band gap and band alignment
of MOF-177 are such that neither energy nor chanayesfer are feasible from infiltrated
molecules to the framework. Based on self-condistbarge density-functional tight-
binding (SCC-DFTB) calculations, the band gap of MT¥7 is predicted to be 3.55 eV,
with a valence band (VB) maximum at -6.15 eV anddeaction band (CB) minimum at -
2.80 eV.

The partial density of states (PDOS) (Figure 1)datés that the composition of
the MOF-177 band edges is dominated by tBBTHB linker, with minimal contribution
from the zinc clusters (Zn-O). The MOF-177 excdatiand emission maxima occur at
345 and 380 nm, respectively, whereas these maagoar at 345 nm and 390 nm for
HsBTB in dilute solution (Figure 2). The slight (10nh blue shift in the MOF-177
emission spectrum is similar to what is observegdtiter Zn-carboxylate MOFS.

(Guest molecule)@MOF-177. SCC-DFTB calculations show that MOF-177 can
accommodate both DH-6T and PCBM and that infilknatis energetically favorable,
both of which agree with experimental results désct in the next section. Boltzmann




averages of the total energies created upon raotatie plotted versus the translational
increments in (Figure 3).

DH-6T and PCBM Infiltration

Immersing MOF-177 crystals in saturated chlorobaezsolutions containing
DH-6T, PCBM, and mixtures of the two molecules progek rapid, visually discernable
color changes after a few hours of exposure. Adter week, the translucent, colorless
MOF crystals immersed in the DH-6T solution becqrake yellow, while those exposed
to PCBM become dark violet. PXRD of MOF-177 andlirdéted MOF-177 (Figure 4)
show no changes to the framework or the presenaeewf phases, indicating that the
framework maintains its integrity in the present®bBl-6T and PCBM.

Steady-state and time-resolved luminescence sgeopy demonstrate that
energy transfer occurs from the framework to DH-&1d PCBM guest molecules,
whether they are present in the pores separatedg onixed components. The emission
spectrum of DH-6T@MOF-177 exhibits quenching of tM®©F's emission and the
simultaneous appearance of a weak, broad emissioth &t lower energy (450-700 nm;
Figure 5a). The weak emission band at lower eneogsesponds to the emission of DH-
6T. The infiltration of DH-6T into MOF-177 resulis energy transfer from the MOF to
DH-6T resulting in the emission of DH-6T at lowereegy.

PCBM is an even more effective quencher of the M@kinescence than DH-
6T. The presence of PCBM in MOF-177 results in cletgpquenching of the MOF
emission (Figure 5b). The presence of both DH-6d B&BM in the MOF leads to an
emission spectrum similar to PCBM@MOF-177.

Lifetime measurements show that dynamic quenchgsgesponsible for the
luminescent behavior observed in the infiltrated MOY7. Steady-state lifetime
measurements of MOF-177 and infiltrated MOF-177enearried out, and the transient
decay curves were fit to bi-exponential expressidos DH-6T@MOF-177 and
PCBM@MOF-177 and a tri-exponential expression foH6D+PCBM@MOF-177
tabulated in Table 1. The average lifetimggf of the MOF-177 PL decreases upon
infiltration with DH-6T, PCBM, and both DH-6T andOBM, from 23 ns to 14 ns, 9 ns,
and 6 ns, respectively. This decrease is consistghtdynamic quenching. The lifetime
of DH6T+PCBM@MOF-177 is similar to PCBM@MOF-177,ggesting that PCBM
plays a dominant role in the quenching process DBRGT. The concentration and
temperature dependence of the MOF-177 linker quegchy DH-6T and PCBM in
solution is also consistent with dynamic quenching.

The luminescent quenching spectra along with auomagon dependent study
show energy transfer from the MOF to the guest oubs. The spectroscopic data
presented here suggesiréter resonance energy transfer (FRET) is the dambienergy
transfer mechanism in these (D+A)@MOF systems. tegdenverlap between the MOF-
177 emission and DH-6T/PCBM absorbance is a reopang for efficient FRET to occur
between emitting and absorbing molecules; this rigleaexists for (DH-
6T+PCBM)@MOF-177 (Figure 6).




Conclusions

The results just described demonstrate that MORd$wection as simultaneous hosts
for organic donor and acceptor molecules typicaghoke used in excitonic devices such
as bulk heterojunctions and solid-state lightingar&bver, although by the nature of their
constituents and bonding most MOFs are nominakylators, even these can play an
active role by interacting as a photon antenna awvdst light that is not efficiently
absorbed by the donor. The results here show th&aking full advantage of the MOFs
porosity as well as its structural order, one cerate a MOF-donor-acceptor hybrid in
which all constituents play an active role.
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Figure 1. Partial Density of States (PSOD) - TiBmiding Density Functional Theory

(DFTB) of MOF-177.
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Figure 2 Solid state excitation and emission of MOF-177 dildte solution of HBTB
in DMF (1.0 x 10°M) . MOF-177: A(€X)na= 345 nm;A(eM)a= 380 nm. HBTB:
MeXac= 345 nmAi(emha= 390 nm.
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Figure 3 (a) Schematics showing the infiltration of MOF-177 willH6T (left) and PCBM
(right). (b) Potential energy curves of the infition process with DH-6T (left) and PCBM (right)

determined at the SCC-DFTB level of theory. Thetiea coordinate corresponds to the distance
between the bottom of the unit cell and the ceotenass of DH-6T or PCBM.
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Figure 4 PXRD data for MOF-177 and infiltrated MOF-177.
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Figure 5.Photoluminescence spectra of (a) solid state MOF&iti DH-6T@MOF-177; DH6T
emission (insert) and (b) solid state MOF-177, P@MOF-177, and DH6T+PCBM@MOF-

177.
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Figure 6 Spectral overlap of MOF-177 emission with DH6T &@BM absorption.

TABLE |. Solid state lifetimes of MOF-177and infiltrated MQF7.

70 71 72 Tavg
MOF-177 10 (22%) 24 (78) - 23
DH6T @M OF-177 8 (25%) 15 (75%) - 14
PCBM @M OF-177 1 (22%) 9 (78%) - 9
DH6T+PCBM @M OF-177 4 (6%) 15 (2%) 0.4 (92%) 6
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