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unique situations including a slower kinetic and selective redox

ABSTRACT: Metal—organic frameworks (MOFs) are reaction.””>"* To decouple the effect of counterions delivered
emerging materials for electro- and photo-chemical by the electrolyte solution and understand the charge transport
applications, where an understanding of the underlying process within the narrow pores of the crystalline materials, we
charge-transfer (CT) process will facilitate designing new chose to study the CT quenching process of a photoexcited
materials. However, the involvement of counterions in linker. Given that ZrV—based MOFsZ65* provide robust

traditional electrochemical experiments complicates the
probe on the role of various components during a CT
event. A CT reaction between photoexcited MOF linker
and a node—anchored ferrocene, within mesoporous
framework NU-1000, was spectroscopically probed with-
out the involvement of electrolyte based counterions.
Dielectric dependent CT kinetics indicate that the process
involves a high reorganization energy that is required to
polarize the node bound hydroxyl/aqua ligands. The
findings have clear implication on the design of MOEF-
based electrocatalysis and photoelectrochemical devices.

materials that are amenable to postsynthetic functionaliza-
tion,”"®7*%%1> e used a well-established pyrene-based MOF
NU-1000 featuring the deprotonated form of 1,3,6,8-tetrakis(p-
benzoicacid)pyrene (H,TBAPy) and [Zrs(1;—0),(u;—OH),-
(—=OH),(—OH,),]* nodes.” Microcrystalline NU-1000 sam-
ples were decorated with ferrocene carboxylate via a SALI-
based node functionalization technique (Figure 1) generating
Fc@NU-1000.""7"3

Figure 1b,c highlights the DFT-optimized structure where
the ferrocene moiety is rigidly anchored to the node at a close
proximity to the Zr'Y-oxo cluster; the phenyl-arms of the
adjacent TBAPy linkers restrict its rotational flexibility to define

etal—organic frameworks (MOFs)' are emerging porous

molecular compositions for optoelectronic applications
owing to their modular structures. Diversity in their chemical
structure highlights an enormous range of pore size and
geometry stemming from a wide variety of topological networks
constructed with multitopic linkers and metal-based nodes.'™’
Structures assembled from photo™™* and redox’ active
building blocks, as well as various postsynthesis techniques’
that enable installation of supportive chemical functionality,”
can facilitate these crystalline compositions for light harvesting
(LH),8 energy conversion,se’9 and storagelo systems.

Though light harvesting requires efficient and directional
energy transfer, photon energy conversion requires an electron
transfer process within the framework."' Likewise, electro-
cataly‘cicse’9 and energy storage10 applications require an
efficient charge transport process.12 Literature reportsSf’12
suggest that the energy mismatch between the linkers and
metal-oxo nodes enforces a charge hopping for the transport
processes, where a counterion is coupled with the redox
processes of the linkers. Involvement of the counterion alters
the charge-transfer (CT) kinetics by modifying the driving
force [e.g, L'~PF¢~ + L — L° + L*—PF,"] and activation Figure 1. (a) Structure of the chz)NU-l”OOO; (b, c) DFT optimized
energy relative to the case where no counterion is involved [i.e., partial“s/tructures highlighting the 'rigidl.y bound ferrocene moiety at
L* + L° - L° + L*] and thus making the charge transport the Zr"V-oxo node; (d) SALI functionalization method.
process asymmetric.'”

As counterion migration accompanies an electrochemical CT Received: December 14, 2017
reaction within the narrow pores, it can potentially lead to Published: February 9, 2018
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a “fixed” donor—acceptor system. This computational model
suggests a Fc-to-nearest TBAPy (center-to-center) distance of
9.7 A (see SI Sec C). Electrochemical data (Figure 2) indicate
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Figure 2. (a) Cyclic voltammograms of NU-1000 and Fc@NU-1000.
Experimental condition: sample deposited on FTO electrode (1.2
cm?), 0.1 M TBAPF, in acetonitrile, scan rate is S0 mV/s. (b)
Corresponding energy diagram showing photoexcited charge-transfer
process in Fc@NU-1000 sample.

that the anchored ferrocene moiety in Fc@NU-1000 features a
Fc/Fc" redox potential of +0.7 V, where the TBAPy in
unmodified NU-1000 can be electrochemically oxidized at +1.4
V (vs Ag/AgCl).Sf’13 These electrochemical data suggest that
the excited-state reduction potential of the TBAPy (E~/* =
+1.4 V) lies 700 mV more positive than the Fc/Fc* potential.
Thus, a node-bound Fc moiety in Fc@NU-1000 system can act
as an electron donor to a photoexcited NU-1000% (or
TBAPy*) acting as an electron acceptor. Because the pendant
Fc-moiety in FC@NU-1000 protrudes toward the mesopore (d
~ 30 A; Figure 1), this composition represents an ideal system
to study the effect of solvent dielectrics in the CT process
within the MOF.

To verify that the [NU-1000]*/Fc can produce a photo-
induced CT complex as predicted, excited-state dynamics of
Fc@NU-1000 samples were examined using femtosecond
transient absorption (fs-TA) spectroscopy upon the photo-
excitation (4,,) at 400 nm that predominantly excites NU-1000.
Figure 3 highlights, in the early time (~0.6 ps, black), an
intense NIR singlet excited-state absorption (ESA) band (~730
nm) and a corresponding bleaching band (500 nm) appear for
the Fc@NU-1000 sample. These transient spectroscopic
features are reminiscent to the unmodified NU-1000 (Figure
S4). However, with the decay of the S; (at 730 nm; 7 ~ 15 ps),
the Fc@NU-1000 sample renders evolution of a new ESA peak
at 600 nm with a sizable corresponding bleaching intensity at
500 nm, confirming the ESA feature at 600 nm is indeed a
TBAPy-based species (741, = 56 ps, green in Figure 3). As
expected, this 600 nm ESA band is absent in pristine NU-1000
and matches to the spectral signature of the TBAPy*™ species
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Figure 3. Representative fs-TA spectra of Fc@NU-1000 in N, purged
toluene solvent at the delay times noted. Experimental condition: A, =
400 nm; excitation fluence = ~0.1 mj/cmz; Fc/TBAPy = 0.175.

(Figures S3, S4). Thus, we assign the transient feature at 600
nm as [NU-1000]°" stemming from the [NU-1000]*/Fc
species. The charge separation (CS) and thermal recombina-
tion (estimated from the rise and decay time constant of 600
nm ESA band) commence over ca. 9 and 430 ps time scale,
respectively.

Because the signature peak for the charge-transferred product
[NU-1000]*" appears at 600 nm where the ESA band for [NU-
1000]*/Fc species starts, we anticipated a possible complica-
tion in the analyses of the early time dynamical data. Thus, we
used a classic fluorescence quenching experiment to study the
CT process within this system. To do so, we first functionalized
the Zr"-oxo nodes with varying degree of ferrocene-carboxylate
(Fe-COO™) by using a well-established SALI method.*"” "
Note that NU-1000 features a 8-connected node that can
accommodate a maximum of four incoming Fc-COO™ ligands
(Fc/TBAPy = 2). However, for this study the range of installed
Fc-COO™ ligands was varied from zero to a maximum of 0.353
per TBAPy linker (0.000 (U), 0.006 (F), 0.015 (E), 0.030 (D),
0.093 (C), 0.175 (B), and 0.353 (A)) as determined via SEM-
EDS method (see SI Sec C). These Fc@NU-1000 samples
were degassed and filled with nitrogen or nitrogen purged
solvent. Steady-state emissive data (Figures 4 and $6)
underscore a monotonic decrease in the emission intensity
associated with the increase in the ferrocene loading.
Excitation—emission mapping data suggest no spectral shift of
the emission peak involved with the variation of the ferrocene
loading.

Absolute quantum yield quickly diminishes with increasing
ferrocene loading and plateaus at a Fc/TBAPy ratio of as low as
~0.06 (see Table S2; Figure SS). The saturation in the
experimentally measured absolute quantum yield (®) is shown
in Figure Sa as a plot of ®/®, against the Fc/TBAPy ratio in
various dielectric media (®,, is the quantum yield of pristine
NU-1000). Because excitons in MOF migrate through a
fluorescence resonance energy transfer (FRET) process, an
amplified quenching is observed.'” The phenomena can be
described as two competitive processes, where the photoexcited
S, state depletes via a S;—S, decay (emission) and CT reaction
with ferrocene (quenching).””

Transient emission decay profiles of these samples, in various
solvents, indicate a faster decay profile with an increase in Fc/
TBAPy ratio (Figures Sb, S7). From the saturation behavior of
the emission quenching and the corresponding fluorescence
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Figure 4. (a) Emission quenching as a function of Fc/TBAPy ratio;
and (b—d) excitation—emission maps highlighting the transition
energy. The arrow in panel (d) denotes residual low energy emission
from a small amount of NU-901 impurity.'® Experimental condition:
solvent = 2-methyl tetrahydrofuran; T = 298 K.
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Figure S. Emission quenching in Fc@NU-1000: (a) quenching
efficiency and (b) transient emission decay profiles (in 2-methyl
tetrahydrofuran solvent) highlighting fast decay with increase in Fc/
TBAPy ratio.

lifetime data (Figures S, S7 and Table SI-3), the CT rates were
estimated from

@,

— =1+ 74k,

@ (1)
where @, and 7, are the intrinsic fluorescence quantum yield
and lifetime without quenchers, respectively; ®; is the saturated
fluorescence quantum yield; and k, is the CT (quenching) rate.

The CT time constant obtained from the emission
quenching experiment is consistent with the fs-transient
spectroscopic data. For example, in toluene solvent, the CT
time constants are 13 and 9 ps from the emission quenching
and fs-data, respectively. Furthermore, considering the distance
between the Fc and its closest TBAPy linker, these rate
constants are within the range predicted in literature for rp,
~10 A" In absence of ferrocene-carboxylates or TBAPy
compounds with varying oxidation potentials, we sought to
analyze the CT rates as a function of solvent dielectrics. Our
experimental rate constant values (Table 1) vary only by a
factor of 3 in response to a dielectric variation of 37. This
nonresponsive kinetics indicate that this system possesses high
total reorganization energy comparable to the CT driving force.
The estimated AG° value, using the standard Weller equation,zo
was found to be —0.739 eV in acetonitrile solvent and will
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Table 1. Charge-Transfer Parameters in FC@NU-1000

Media € k. x 10 (s71) A (eV)®
Air 1.0006 9.4 0
3-MePent 1.89 8.6 0
Toluene 2.38 7.5 0.041
2-MeTHF 6.97 7.4 0.576
CF;-Toluene 9.18 6.7 0.621
MeCN 37 2.8 0.837

“The solvent reorganization energy (4,) for the bulk solvent
was calculated by the Marcus relation (eq below).'®
1 1

&1 1 1 . S
Ay = (717 +— - —)(—2 - —) Where €, is the permittivity

4reg 2rp DA n €

of free space, ¢, the static dielectric constant of the solvent, n is the
refractive index, and e the magnitude of the charge of an electron; rp,
the center-to-center distance between Fc and the closest TBAPy,
measured from the DFT optimized structure (10 A; Figure 1), rp, the
effective radius of the donor ion (3.5 A), and r, the effective radius of
the acceptor ion (7.4 A).]

slightly increase in low dielectric media (—1.085 eV for dry
sample; assuming a fixed donor—acceptor size and distance).
We know, from the Marcus theory’' that the reorganization
energy plays a crucial role in CT rate kinetics process.

., 1 (4, + AG®)?
k= “TH e e—exp| -
no Pt Jandk,T 470k, T 2)

Where Hp, represents the strength of electronic interaction
between the reactant and the product. The total reorganization
energy A, is the sum of internal (4;), stemming from the
difference in vibrational energy in the redox products, and
solvent reorganization energy (4; Table 1, footnote equation).
Ferrocenes have been used as one electron redox system owing
to its negligible internal reorganization (~0.03 eV)** where the
A; for the TBAPy within NU-1000 was reported to be ~0.39
eV."” These values cannot account for the high 1, (~1 eV)
required, especially, in low dielectric media such as toluene, 3-
methyl pentane, and air to be comparable with the
corresponding AG® values.

Though nonassociation of the charge-balancing counterions
in a redox reaction can contribute to the reorganization energy
by affecting the structure,”” in our case, however, both of the
redox products are held fixed as part of a relatively rigid
mesoporous framework (with a low Fc/TBAPy loading ratio of
0.35 relative to the maximally possible crowded loading of 2.0)
and thus should not significantly contribute to internal
reorganization energy. Because the solvent reorganization
energy (), in low-dielectric media, will not have much
contribution to the A; the framework must account for the
required environmental response. A closer look at the Fc@NU-
1000 structure reveals that the Fc moieties anchored at the
node are in close proximity to the polar hydroxy/aqua ligands
at the Zr'"V-oxo cluster (Figure 1), which provides a water-like
environment. Literature reports suggest that for a Fc/Fc'
system, the 4, in water can be taken as 1.0 eV (where A, ~
0.84—0.95 eV).” Polarization of the node bound hydroxy/aqua
ligands by the ferrocenium ion thus accounts for the high
reorganization energy required for quenching of a photoexcited
TBAPy.

In conclusion, we have characterized the charge-transfer
(CT) complex between photoexcited TBAPy linker and node
anchored ferrocene moiety within a Zr-based metal—organic
framework and probed the CT kinetics using femto- and pico-
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second time-resolved spectroscopy. In these experiments, the
CT products ([NU-1000]*"/Fc*) are fixed in the mesoporous
NU-1000 framework, which allowed a dielectric variation
(examined here a range of ¢, = 1—37) without the involvement
of electrolyte based counterions. The dielectrics dependent CT
kinetic data unambiguously indicate that the CT process
involving a node bound redox partner that resides in close
proximity to the polar [Zrs(u3;—0),(u3—OH),(—OH),-
(—OH,),]*" node requires a large reorganization energy. This
large reorganization energy is used to polarize the hydroxyl/
aqua ligand at the node by the photoinduced charged product.
We anticipate that the findings of this study will provide
important consideration in the future design of MOF-based
electrocatalytic and photoelectrochemical systems. For exam-
ple, linkers that possess frontier molecular orbitals extended to
the node-binding carboxy-phenyls might boost electronic
tunneling but have to pay a reorganization energy penalty.
Thus, a strategy that is capable of eliminating the node-bound
polar hydroxyl/aqua ligands may become important.
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