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Metal-organic frameworks (MOFs) assembled from the photo and redox-
active building blocks such as porphyrins and pyrenes, as well as numerous 
post-synthesis processes that enable incorporation of required chemical 
functionality within the pores have signified these crystalline molecular 
assemblies as emerging class of compositions for energy conversion, and 
storage systems. Electrochemical energy conversion and storage 
applications require efficient charge transport process within the 
frameworks. While it is known that a large difference in the redox potentials 
between the linkers and metal-oxo nodes enforces a hopping type charge 
transport processes, the impact of the metal-oxo nodes is merely speculative. 
Part of the reason being the involvement of counter ion that must follow the 
charge hopping process. This work highlights impacts of Zr6IV-oxo node in 
the electronic structure of the framework compositions and the role it plays 
in the electrocatalytic process. 

 
Metal-organic frameworks (MOFs) represents a crystalline molecular assembly of redox-
active species and are emerging material in the energy field due to its inherent porosity that 
can provide high catalytically active surface area and substrate accessibility. Perhaps the 
most critical benefit of these framework compositions in energy conversion and storage 
systems is the high surface concentration they provide when posted on an active electrode.1 
While their precisely assembled photo-active linkers can facilitate efficient energy transfer 
to be considered as a great platform material for light harvesting utility,2-4 the photon 
energy conversion and storage need efficient electron transfer process within the 
frameworks. Considering large energy mismatch between the metal-oxo nodes and the 
redox active linkers, counter ion migration is required in an electrochemically studied 
charge transfer reaction in these porous compositions. This leads to unique situations 
including a slower kinetic and selective redox reaction [i.e. a modified self-exchange 
reaction: L⁺—PF₆ ̅ + L⁰ → L⁰—PF₆ ̅ + LΆ].5 Thus it is important to understand if the metal-
oxo nodes, in these framework compositions, alter the electronic properties of the linker 
assemblies and if they play a role in the charge transfer dynamics. This paper will discuss 
how the charge-transfer process is inherently different within the pores and that the metal-
oxo node can play a critical role in the CT kinetics without the involvement of the counter 
ions. 

Experimental 

Materials: Reagent grade solvents including DMF and acetone were purchased from Fisher 
Scientific whereas the analytical grade solvents used for physical measurements were 
obtained from Sigma-Aldrich. Two Zr6IV-oxo based framework compositions, known as 
UiO-66 and NU-1000 were prepared according to literature procedure.6, 7 Microcrystalline 
NU-1000 samples decorated with ferrocene carboxylate, Fc@NU-1000, was realized via 

SALI-based node functionalization technique;8-11 in brief, solid NU-1000 (60 mg; 0.023 
mmol) was reacted with desired amount of Fc-COOH (2 mM) solution in DMF in 10 mL 

10.1149/08513.0559ecst ©The Electrochemical Society
ECS Transactions, 85 (13) 559-564 (2018)

559
) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 128.111.121.42Downloaded on 2018-07-13 to IP 

http://ecsdl.org/site/terms_use


vials at 60 °C for 24 h. The resulting solid sample was centrifuged and washed with fresh 
DMF (5×) followed by acetone (4×), and finally dried in a vacuum desiccator. The loadings 
of Fc-COO· at the node were determined via SEM-EDS elemental analysis. 
Measurements: cyclic voltammograms were recorded on an Autolab 128N potentiostat 
using standard three electrode setup that employs a GC or FTO working, an Ag/AgCl (3M 
KCl) reference, and a Pt counter electrode, in 0.1 M DMF solution of TBAPF6 with a scan 
rate of 50 mV/s. The UV-vis absorptive spectra for the solid samples were recorded as 

diffused reflectance spectra using a JASCO V-670 UV-vis-NIR spectrophotometer 

equipped with a 60 mm BaSO₄ –coated integrating sphere. Steady-State emission spectra 

were recorded at room temperature using Edinburgh FS5 spectrofluorimeter in a front-face 

configuration where the solid samples were packed inside quartz capillary tube that is 
charged with nitrogen or respective solvents. The absolute quantum yields were measured 
using a 150 mm integrating sphere. Fluorescence lifetime emission decay profiles were 
recorded using an Edinburgh Lifespec II Picosecond Time-Correlated Single Photon 
Counting spectrophotometer (Hamamatsu H10720-01 detector; 405 nm picosecond pulsed 
diode laser as TCSPC source; IRF 180p ps). Instrumental control, kinetic data collection, 
processing, and fitting were performed using the F980 software.  

 

Result and Discussions 

Since an electrochemical energy conversion and storage system has to operate over many 
cycles, the corresponding working composition is required to be robust. Framework 
compositions based on Zr6IV-oxo nodes are hydrolytically and mechanically robust; due to 
a strong ZrIV-carboxylate bond, these structures are compatible to a wide range of dielectric 
media including aqueous acid under prolong exposure that is typically required for 
electrocatalytic conditions.12-15 Literature reports indicate that the Zr6IV-oxo node may have 
a negligible impact of on the electronic properties of the linker assembly. This is mainly 
due to a large (> 4.5 eV) bandgap for the Zr6IV-oxo cluster, whose DOS lies >1 eV relative 
to a large band-gap linker such as benzene dicarboxylic acid (BDC).16  

 
Figure 1. (a) Structure of Zr6IV -oxo based framework material UiO-66. (b) Electronic 
spectra showing the band-edge difference of BDC linker in Zr6-oxo node bound form as 
UiO-66 (dark cyan) and free as (i) 0.01 mM solution in DMF (blue) and (ii) solid (red). 

 
Thus, it can be expected that even for a framework material composed with a large 

band-gap linker, the optical properties of UiO-66 is defined by a ligand -centered π- π* 
transition generating optical spectra that is identical to that of the free H2BDC linker in 
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DMF solvent (10 μM; Figure 1).17, 18 It should be noted in this context that the 
interchromophoric interactions of the linker molecule in their stacked solid form render a 
sizable redshift (~0.45 eV).  

DFT computational19 studies suggest that the commonly used π-conjugated linkers will 
align their respective frontiers orbitals/band energy levels such that they do not mix 
significantly (Type-I). To further understand this point we performed electrochemical 
studies of another Zr6IV-oxo node-based framework material NU-1000 that is composed of 
a redox active 1,3,6,8-tetrakis(p-benzoicacid) pyrene (H4TBAPy).  

 

 
Figure 2. (a) Structure of Fc-decorated NU-1000 composition. (b) Installation of the 
ferrocene-carboxylate at the Zr-oxo node via Solvent-Assisted Ligand Incorporation 
(SALI) method. (c) Cyclic voltammograms of H4TBAPy, NU-1000, and Fc@NU- 1000. 
 

As expected, the electrochemical data suggest that the binding of the TBAPy linkers 
with the Zr6IV -oxo node does not alter its electronic energy levels relative to a free 
H4TBAPy in DMF solution. Thus, in these neutral compositions, it is fair to conclude that Zr6IV-oxo node play a charge-balancing role beside constructing the robust frameworks. It 
is important to note that the energy level alignment between a TiIV -based node and a π-
conjugated linker can be different due to a lower lying LUMO or conduction band of the 
metal node that can promote an electronic coupling.19  

With these spectroscopic and electrochemical data clearly highlight a large frontier 
energy mismatch between a Zr6IV-oxo node and a redox active linker, charge transport 
within such materials will only commence via a self-exchange type hopping mechanism. 
However, the involvement of counterions can potentially alter the charge-transfer (CT) 
kinetics by modifying the driving force, and adding diffusion related thermodynamic 
parameters. Thus, to understand what role a polar Zr6IV-oxo node can play during a charge 
transfer reaction, the involvement of the counter ions was eliminated via installing a redox 
partner close to the TBAPy moieties within the frameworks. In this regard, the Zr6IV-oxo 
node play as the anchoring point for a complimentary redox species such as ferrocene5 
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using a SALI (Solvent-Assisted Ligand Incorporation) -based node functionalization 
technique to generate Fc@NU-1000 (Figure 2).10, 20, 21  

To figure out if these apparently polar metal-oxo clusters hosting several hydroxyl and 
aqua ligand protruding to the pores at a close proximity of the TBAPy linkers can play any 
role other than being electronically inert, ferrocene carboxylates were installed at the Zr6IV-
oxo node via SALI; DFT-optimized structure of Fc@NU-1000 suggests that the installed 
ferrocene moiety is rigidly anchored at a close proximity of the Zr-oxo node (with a shortest 
Fc-to- TBAPy distance of 9.7 Å). Electrochemical data (Figure 2 c) suggests that the node-
anchored Fc moieties are electrochemically accessible at +0.7V Fc/Fc+ potential, where the 
TBAPy linkers in pristine NU-1000 can be electronically oxidized at +1.4 V. with this 
energy level alignment, we expect that the Fc moiety can efficiently quench the TBAPy 
based emission from photoexcited NU-1000* forming a [NU-1000] • −/Fc+ CT complex 

CT rate constants as function of solvent dielectrics were determined via analyzing the 
fluorescence quenching experimental data using equation (1): 

 𝛷0𝛷𝑠 = 1 + 𝜏0𝑘𝑒     (1) 
where Φ0 and τ0 are the intrinsic quantum yield and lifetime without quenchers, 

respectively; Φs is the saturated fluorescence quantum yield; and ke is the CT (quenching) 
rate.  

Under the assumption of static fluorescence quenching, the decay of [NU-1000]* in the 
Fc@NU-1000 sample can be described as two competitive processes, where the photo-
excited SΌ state depletes via an SΌ → S΋ decay (emission) and CT reaction with ferrocene 
(quenching).22 To find out a quantum yield (QY) at the saturation (maximum) quenching 
condition, Fc loading was varied from zero to a maximum of 0.353 per TBAPy linker. As 
shown in Figure 3, the absolute QY, emissive lifetime quickly diminish with increasing 
ferrocene loading and plateaus at an Fc/TBAPy ratio of ~0.06. 

 

 
Figure 3. Emission quenching as a function of Fc/TBAPy ratio: (a) reduction of QY, (b) 
quenching efficiency, and (c) faster decay (in Toluene solvent). 

 
The CT lifetimes extracted from the emission quenching experiments provide a rate 

constant of 7.5×10¹⁰ s-¹ was found in toluene solvent which falls within the range of rate 
constant expected for 𝑟𝐷𝐴 ≃10 Å.23, 24 However, a solvent dielectric dependent rate constant 
rendered a surprising trend: with the variation of 𝜖𝑠from 1-9 (air-trifluorotoluene) the CT 
rate constant remained essentially unchanged. Such behavior can be expected for a system 
possessing high total reorganization energy that is similar to the ΔG0. While the later value 
obtained from the electrochemical data to be -0.74 to -1.1 eV (in high to low polar solvent), 
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the total reorganization energy in low dielectric media (negligible λs) is contributed only 
by the internal vibrational component (λi = 0.42 eV). This disparity suggests the existence 
of a polar component that contributes to the λi value. Considering the fact that the ferrocene 
moiety is deeply buried within the Zr6IV-oxo node that host hydroxyl and aqua ligands can 
play a role reminiscent of a polar solvent. Note that the frontier molecular orbital for the 
TBAPy linker (especially the LUMO for the anion) also extends to these Zr6IV-oxo nodes 
through the bridging phenyl rings, which also should require some polarization to stabilize 
the charged species. 

Conclusions 

Overall, this study shows that the Zr6IV-oxo nodes do not alter the electronic property 
(HOMO/LUMO energy levels) for the bound linkers in the framework composition, which 
may stem from a significant mismatch of the frontier energy levels of the respective 
component owing to a large band-gap of the cluster. However, these polar Zr6IV -oxo 
clusters host hydroxyl and aqua ligands which may require a sizable reorganization energy 
for linker/ligands that possess charge-density in the close proximity of the node to slow 
down the charge-transport rate within such framework materials.  
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