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ABSTRACT: The development of tailor-made electrochromic (EC)
materials requires a large variety of available substances with properties
that precisely match the task. Since the inception of electrochromic metal—
organic frameworks (MOFs), the fieldr elies o nly o na | imited s et of
building blocks, providing the desired electrochromic effect. H erein, we
demonstrate for the first time the implementation of a Piccard-type system
(N,N,N’,N’-benzidinetetrabenzoate) into Zr-MOFs to obtain electro-
chromic materials. With fast switching rates, high contrast ratio, long-life
stability, and exceptional chemical and physical stability, the novel material
is on par with inorganic EC material. The new EC system exhibits an
ultrahigh contrast from the bleaching state, with transmittance in the
visible region >53%, to the colored state with a transmittance of ca. 3%.
The S pm thick film a ttainedup to 9 0% ofthe coloringin 12.5 s and

10V

| ¥
1.5V
[#7

0.0V

iy S )

!
E27 Ccoupleg

0
__FTO on Glass

I
| buT-65/66
o ' '

exhibited high electrochemical reversibility. Moreover, the conformational lability of the electrochromic ligand chosen is locked via
the topology design of the framework, which is not attainable in the solution. Locked conformations of the redox active linker in
distinct polymorphous frameworks (DUT-65 and DUT-66) feature different redox characteristics and opens the door to the
overarching control of the oxidation pathway in the Piccard-type systems.

INTRODUCTION

The modular construction principles of metal—organic frame-
works (MOFs) allow targeted control of their pore sizes and
geometry, as well as their surface chemistry,' ™ offering the
possibility for tailor-made materials for a wide range of
potential applications, increasingly involving their electrical
properties, such as in supercapacitors, batteries, light-emitting
diodes, electrocatalysts,“‘5 or sensors, and also electrochromic
devices.”’

MOFs have an ordered structure determined mostly by the
coordination of the metal and the geometry of the linkers with
a high degree of synthetic control that allows their intrinsic
electrical properties to be tuned. Their porosity provides
opportunities to introduce non-native functionality by
insertion of the guest molecules into the pores.® Crystallinity
and low concentration of defects, typical for MOF materials,
may eliminate the vast disorder that is a major contributor to
poor mobility and low carrier densities in organic conductors
relative to those in crystalline inorganic materials such as
silicon.

The electrical conductivities of MOFs can arise from
different mechanisms. Besides the through bond or through

space, a special class of MOFs also demonstrate a pure redox-
hopping mechanism of conduction.””"" In this case, the
hopping of electrons (or holes) between neighboring redox
centers is coupled to the motion of counterbalancing ions.
Hence, the porosity is the prerequisite for such type of
conductivity since the diffusion of ions is the rate-determining
step. 213

One emerging property of a part of electrically conductive
MOFs based on redox-active linkers is the electrochromic
(EC) behavior. EC materials represent an innovative category
of electronically reconfigurable substances capable of dynam-
ically switching their optical properties. These materials have
found diverse applications related to display technology, which
necessitates a wide array of materials endowed with adjustable
optical characteristics. MOFs have been relatively little
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Scheme 1. Oxidation and Reduction Mechanism of R,BenzTB
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Figure 1. (a) UV—vis absorption spectra of H,BenzTB and Et,BenzTB solutions (1 mM) in DMF measured in transmission. Solid state
measurements of H,BenzTB, DUT-6S, and DUT-66 measured as pellet with BaSO, in reflection and DUT-65/66@FTO measured in transmission.
(b) UV—vis—NIR spectra of Et,BenzTB (1 mM) at different potentials in 0.1 M TBA PF;/DCM. (c) Absorption spectra of Et,BenzTB,
Et,BenzTB*" and Et,BenzTB>" simulated by TD-DFT. (d) Photos of Et,BenzTB solution (1 mM) at different potentials in 0.1 M TBAPF,/DCM,
Pt-mesh as working and Pt-wire as counter electrodes. (e) EPR spectrum of chemically oxidized Et,BenzTB at 160 K in DCM. (f) EPR spectrum of

Et,BenzTB* at RT in DCM and corresponding simulated spectrum.

explored as EC materials, although their modularity and
porosity offer promising avenues for precise control over
electrochromic behavior. In general, three different redox-
active mechanisms are observed in EC MOFs, as the redox
activity can occur at the metal sites,'* the linker,"* or adsorbed
guest molecules.'® Currently, the vast majority of published EC
MOFs or EC covalent—organic frameworks (COFs)"" ™! rely
on redox-active linkers,""**** in which the most frequently
reported linkers for MOFs until now are based on a

6,24—27 7,28
or

naphthalene diimide, perylene diimide,”” pyrene,
tritopic triphenylamine derivatives.””>" But electronic proper-
ties of tetratopic bistriarylamine-based MOFs have received
little attention until now, although bistriarylamine based
molecules are known to have mixed-valence character, strong

coupling of redox centers, and ultrafast electron transfer.>

Herein, we propose a tetratopic, bistriarylamine-derived
linker—N,N,N’,N’-benzidinetetrabenzoate (BenzTB, Scheme
1)—forming stable diradical cations as an efficient building
block for EC MOFs.

The electrochemical and electrochromic properties of such
radical or diradical systems, originally discovered more than a
century ago by Gomberg (1900),** Chichibabin (1907),>* and
Piccard (1913),°*” were extensively studied in the past,”*~**
and such molecules were readily employed in organic solar
cells* and OLEDs.**

However, despite the reported intense colors of the
Chichibabin hydrocarbon and the isoelectronic cation of the
Piccard system, their implementation as EC materials has
remained undervalued to this day.

The Piccard-type system forms a stable open-shell (OS)
singlet diradical cation with strong light-absorbing properties
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Table 1. Summary of Experimental and Calculated UV-Vis Absorption Maxima, Calculated Dihedral Angles of the Linker in
Solution, and Relative Energies of the Closed Shell and Triplet States Compared with the Open Shell State”

Et,BenzTB° Et,BenzTB**
Amar/nm (calc) 248, 397 454, 1389
Jmae/nm (exp) 357 475, 1350°
Dihedral angle ®/deg 38.0 24.5

(Ex — Eos)/kcal'mol™!

“The superscript ® indicates a broad peak.

upon oxidation. The oxidation consists of two distinct single
electron transfers (SETs), allowing for additional color
variability.”> We targeted the incorporation of BenzTB into a
MOF to achieve spatial separation and, thus, to further
stabilize the radical species. This may provide a memory effect
to the EC color change, which is highly desired in EC
devices.*

Incorporation of Chichibabin’s hydrocarbon motif into 7-
conjugated polyradicaloid molecular cages connected by two
benzene-1,3,5-triyl bridgeheads was first demonstrated by Wu
et al.*’” Recently, similar systems, such as Thiele™® and Miiller*’
hydrocarbon analogues, were reported in MOFs*® and
COFs.”" BenzTB as a tetratopic linker was also utilized, i.e.,
by our group, for the construction of MOFs with high porosity
and solvent-dependent fluorescence. In cong'unction with
Zn406+ or paddle wheel clusters, SNU-25,"* DUT-10,*
DUT-13,°**% and DUT-25"° have been synthesized. Also, In-
and Cd-based MOFs have been reported.”” ™

In the following, we report the synthesis and structure of two
chemically stable Zr-based MOFs as well as their electro-
chromic properties. The conformational lability of the BenzTB
enables control of the conformation and locking of the linker
conformation via the topology of the framework,”" which is
unattainable in solution. We demonstrate this strategy through
the deliberate design of two novel polymorphic frameworks
[Z1,0,(OH),(BenzTB),(L),], (DUT-65, DUT-66; DUT—
Dresden University of Technology; L—modulator), which
differ in their topology. The framework imposes a defined
geometry for the BenzTB molecules with a specific dihedral
twisting angle for tuning their redox behavior.”” Analyzing the
two dimorphic MOFs, DUT-65 and DUT-66, differing in
linker conformation, elucidates the mere influence of the
twisting angle on the redox process of the linker without any
other chemical modifications. Thus, the incorporation of
BenzTB into a MOF offers a unique opportunity to study the
impact of conformational isomerism without the need for
additional constitutional changes to the molecule.

Since the carboxylate groups of the BenzTB allow for a facile
grafting of the MOF on transparent conductive oxides (TCO)
(e.g, fluorine-doped tin oxide, FTO) via a preceding self-
assembled monolayer formation,*”®> MOF thin films demon-
strating short switching times, high optical modulation and
long-term stability could be prepared. We highlight the
multitude of color responses provided by the
[Zr;0,(OH),(BenzTB),(L),], framework as a platform for
versatile EC applications.

RESULTS AND DISCUSSION

Piccard-System Based Linkers. The desired H,BenzTB

linker (Scheme 1) was obtained in a high-yield two-step
synthesis from benzidine and ethyl 4-bromobenzoate with
subsequent alkaline hydrolysis (Scheme S1).** Despite the
long history of the Piccard system, the redox behavior of the

Et,BenzTB*" (CS)

Et,BenzTB** (OS) Et,BenzTB* (T)

436, 501, 871 387, 800
410, 811, 1400°
17.0 20.1 272
0.21 0.0 4.11

tetracarboxylate derivative has been rather unexplored. The
strong electron-withdrawing effect of the carboxylates is
expected to impact the redox behavior of the system and
shift the oxidation potential to higher potentials.

First, optical and electrochemical characterization of the
ligand was performed and supported by density-functional
theory (DFT) calculations and electron paramagnetic reso-
nance (EPR) spectroscopy. The ethyl ester of the linker
(Et,BenzTB) was chosen as a model compound, which
demonstrated the same optoelectronic properties as the free
acid (Figure la) with the advantage of adequate solubility in
various organic solvents. In the cyclic voltammogram (cv)
two redox events occur at formally E; /20/ ** =059 V and
E, ;"% = 0.72 V vs Fc/Fc", respectively, corresponding to the
Et,BenzTB”** and Et,BenzTB**/** redox couples resulting in
a small AE;,, of only 0.13 V (Figure S3).

As expected, the electron-withdrawing effect of the
carboxylate groups shifts the redox reactions to higher
potentials compared to the nonfunctionalized compounds or
compounds with electron-donating groups, such as methyl or
methoxy.””*”* Meanwhile, the potential difference between
the first and second redox processes is smaller than in the
above-mentioned cases (see Table S1). The small potential
difference between the two redox steps indicates weak
stabilization of the Et,BenzTB®* moiety. The charge is thus
more localized at one of the nitrogen atoms, as was
demonstrated by Kaafarani et al. in similar systems.*”

The reversible oxidation of Et,BenzITB causes a color
change, which can be monitored via operando ultraviolet—
visible (UV—vis) spectroscopy. The stepwise oxidation of the
moiety allows a deliberate switching between three states, thus
three “main” colors: the nonoxidized, the cation radical, and
the dicationic forms (Figure 1b—d). Room temperature UV—
vis—near-infrared (NIR) spectroelectrochemical studies of
Et,BenzTB oxidation in dichloromethane (DCM) were
undertaken (Figure 1b) and supported by time-dependent
density functional theory (TD-DFT) calculations.

For all three species, the calculated absorption spectra are in
reasonable agreement with the experimental data (Figure 1b,c
and Table 1). For the Et,BenzTB, the absorption maximum at
<400 nm arises from the highest occupied molecular orbital
(HOMO) — lowest unoccupied molecular orbital (LUMO)
transition with admixtures of the HOMO-1 and HOMO-2 —
LUMO transitions. The cationic radical Et,BenzTB** demon-
strates two distinct maxima. The NIR range absorption with a
maximum at 1350 nm and the main visible range absorption
with a maximum at 475 nm can be attributed to the HOMO
— singly occupied molecular orbital (SOMO) and the SOMO
— LUMO transitions, respectively. The predicted spectrum
has only a minor deviation from the experimental data in the
vis range, showing a discrepancy in the absorption maximum of
less than 20 nm, while the NIR range is in perfect agreement.
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Figure 2. View along: (a) a-axis of DUT-65 and DUT-66, (b) along b-axis of DUT-65 and DUT-66; (c) along c-axis of DUT-6S; and (d) along c-
axis of DUT-66. The modulator molecules as well as H atoms are not shown. (e) Topological deconstruction of DUT-65 and DUT-66 and adopted
dihedral angle ® of the BenzTB linker in the eclipsed (top) and staggered (bottom) forms. The hydrogen atoms are omitted. Only the oxygen

atoms of the modulator molecules in the Zr-cluster are shown.

In the case of the Et,BenzTB** diradical cation, two TD-
DFT calculations are performed, for both the OS singlet (S,)
and the triplet (T;) state (Scheme 1). Both states are initially
considered, although the calculations suggest a 4.1 kcal mol™
energy difference between them, indicating that the triplet state
is almost nonpopulated at room temperature. The Boltzmann
distribution provides a Boltzmann factor of 1.06 X 1073,
implying that only approximately 0.1% of the Et,BenzTB*" can
access the triplet state at room temperature. In both cases, the
calculations suggest strong absorption in the entire visible
range, tailing out to the NIR range. This matches well with the
experimental observations, although the peak shape and
intensities demonstrate clear discrepancies with the exper-
imental data.

The maximum absorption peak in the calculated spectrum
appears at 870 nm for the singlet state and at 796 nm for the
triplet, whereas the experimental spectrum shows a local
maximum at 811 nm. This absorption can be attributed to the
HOMO — LUMO excitation of the singlet and the HOMO —
SOMO transition of the triplet. The experimental data,
however, also demonstrate a strong absorption in the NIR
range similar to the one observed for Et,BenzTB*®".

This transition is not expected for Et,BenzTB*', which
indicates either an incomplete second oxidation of the
compound during the measurement or a reaction of
Et4BenzTB2+, resulting in its reduction. For instance, a
comproportionating of Et,BenzTB** with remaining pristine
Et,BenzTB in solution to Et,BenzTB®* is likely possible.

To confirm the radical character of the linker, the mono- and
dicationic forms of Et,BenzTB were oxidized chemically with
Ag[SbF,] and NO[SbF] in DCM to obtain Et,BenzTB** and
Et,BenzTB*', respectively. The oxidation potentials of Ag/Ag”
and NO/NO™" in DCM are 0.65 and 1.00 V vs. the Fc/Fc*
redox couple, respectively.”* Conveniently the oxidation
potential of Ag" is right between the E;,,*’** and E,,**/** of
Et,BenzTB. Thus, defined oxidation states of Et,BenzTB could
be achieved and characterized by UV—vis and EPR spectros-
copy (Section S2.6 and Figure SS). The monocationic
Et,BenzTB*" exhibits pronounced paramagnetic EPR behavior.
Meanwhile, the dicationic Et,BenzTB>* shows no EPR signals,
except for one originating from residual monoradical
impurities in the sample (Figure le). This confirms the
predicted singlet state of the dication and the negligible

number of the triplet population. The observed spectra are well
in line with data previously published on similar com-
pounds, #5656

Synthesis and Characterization of the Zr-Based MOFs
(DUT-65 and DUT-66) Involving BenzTB Ligand and
DUT-65/66 MOF Film. The H,BenzTB could be successfully
utilized as a ligand for synthesizing porous Zr-based MOFs in
the presence of benzoic, formic, or acetic acids as modulators.
The synthesis resulted in the concomitant formation of single
crystals of two polymorphic compounds with a similar
composition [Zrs0,(OH),(BenzTB),(L),], but differing in
topology, further referred to as DUT-65 and DUT-66. The
single crystal analysis shows (for more details, see Section S4)
that both obtained polymorphs constitute 4,8-connected nets
involving Zrg-clusters with reduced connectivity and are
isoreticular to PCN-605 and PCN-606.°" The polymorphism
arises from the conformation of the linker, adopting eclipsed or
staggered forms (Figure 2e). The polymorph involving the
eclipsed form of BenzTB (C, symmetry) gives rise to the scu-a
topology (DUT-65). However, as a tetrahedral node in
staggered conformation (D, symmetry), it forms a flu-a
network (DUT-66, the linker is considered as a 4-connecting
node, Figure S7). Considering the guidelines provided by
O’Keeffe and Yaghi, where each branching point of the organic
linker should be regarded as a separate node of the net,”” the
BenzTB can be deconstructed into two 3-C vertices. Thus, the
underlying net of DUT-65 becomes tty-a and that of the DUT-
66 flt-a topology (Figure 2e).

Both frameworks crystallize in an orthorhombic crystal
system: DUT-65 in Cmmm and DUT-66 in Fmmm space
group (Table S6). When the structures along the crystallo-
graphic axes are examined, the views along a- and b-axes
appear identical for both compounds. A prominent difference
is visible in the view along the respective c-directions: In DUT-
65, diamond-shaped channels are formed by the interconnec-
tion between the Zr-clusters and the BenzTB linkers. In DUT-
66, the staggered conformation of the BenzTB linkers blocks
the channel in this direction by generating an AB-type
arrangement of SBUs (Figure 2a—d).

Both DUT-65 and DUT-66 phases are likely to be obtained
as a mixture (Figure 3) and can even cocrystallize in the same
single crystal, as confirmed by the single crystal X-ray
diffraction. The refinement of the occupancy of the atom
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Figure 3. Experimental PXRD patterns of bulk DUT-65 (blue) and
DUT-66 (purple) materials. PXRD pattern of thin film grown on
FTO substrate (green). The patterns calculated from the crystal
structures of DUT-65 and DUT-66 are shown in black and red,
respectively.

positions shows the ratio of the DUT-66 to DUT-65 (and vice
versa) domains to be approximately 4:1 (Section S4). Thus,
each polymorph always contains a small fraction of the other
phase.

Typically, the fraction of the DUT-66 phase increases for the
powdered samples obtained at lower temperatures, lower
modulator amounts, and, consequently, shorter synthesis time
(for more details, see Section S3). It is challenging to obtain
DUT-66 as large single crystals, and it requires lower
temperatures than the DUT-6S (80 °C vs. 120 °C) (Figure
S6a). Both observations suggest that the DUT-66 phase has a
lower formation barrier but is less thermodynamically stable
than the DUT-6S phase. Furthermore, the water content of the
synthesis mixture is crucial for the formation of the DUT-66

phase. For instance, by substituting ZrCl, with ZrOCl,-xH,0
(6 < x < 8) or by substituting the benzoic acid modulator with
formic acid, a microcrystalline DUT-66 could readily be
synthesized (Figure S6¢). The formation of DUT-66 phase is
also promoted by choosing N,N-dimethylformamide (DMF)
as a solvent instead of N,N-diethylformamide (DEF), since the
decomposition of the formic acid and DMF at elevated
temperatures in the acidic medium of the synthesis mixture
may result in water formation.”” This apparently changes the
kinetics of crystallization and promotes faster formation of the
flt-a topology.

The torsion strain of the linker, determined by DFT
calculation, reveals the reasons for the formation of the two
observed topologies (Section S2.4). The calculation shows that
the increase in the total energy induced by the geometrical
strain is equally large for both conformations in the
nonoxidized BenzTB. From the relaxed geometry with dihedral
angle (©) of 37°, the total energy of the molecule increases by
0.50 kcal/mol to allow for the tty-a topology with dihedral
angle of 0.0° and by 0.50 kcal/mol to allow for the flt-a
topology with ® = 65.9°. This value is below the accuracy of
the DFT method,”" which implies that the two configurations
are quasi-isoenergetic.

Geometric analysis of the porosity of the two structures
applying Mercury software’” results in one-dimensional
channels for both compounds with the maximum pore
diameter of 132 and 122 A for DUT-65 and DUT-66,
respectively (Table S7, ESI). The limiting pore diameters are
9.7 A in the case of DUT-65 and 10.2 A in the case of DUT-
66. The calculated helium-accessible pore volume is 1.20 cm?
g~! for DUT-65 and 1.11 cm® ¢! for DUT-66. The expected
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Figure 4. (a) CV of Et,BenzTB (1 mM) in 0.1 M TBAPF,/DCM, DUT-6S, and DUT-66 composites on GC in 0.1 M TBAPF;/ACN. (b) Scan
rate dependent CV measured on the MOF film on FTO substrate. (c) The peak current density vs (scan rate)/%. (d) Logarithmic current—
potential plot. (¢) Dunn’s method analysis of diffusion contribution at 10 mV s™'; (f) Histogram showing the contribution of capacitance and
diffusion at different scan rate of DUT-65/66@FTO in 0.1 M TBAPF¢/ACN.
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specific surface areas are 2810 m’ g~' and 2721 m® g7,
respectively.

The experimental open pore porosity could not be derived
from the nitrogen physisorption isotherms due to the flexibility
of the frameworks and the structural pore closing transition
upon solvent removal (Figure $10c,d).°" Since the accessibility
of the pores in the liquid phase is more important for the
envisioned application as an EC material, it was verified by dye
adsorption experiments. For this purpose, the crystals were
soaked in ethanol solutions of the following dyes: Nile red,
brilliant green, methylene blue, Reichardt’s Dye, and rhod-
amine B. All the molecules, except Reichardt’s dye, could enter
the pores of DUT-65 and DUT-66 and be adsorbed, as can be
seen from the color change of the crystals (Table S8).

Hence, DUT-65 and DUT-66 are ideal candidates for EC
studies, providing the EC linker and pores that are accessible
for the ions. Moreover, MOFs demonstrated remarkable
chemical stability. The samples soaked in water for 3 days
retained crystallinity, according to powder X-ray diffraction
(PXRD) data (Figure S6d), and no detectable linker leaching
according to liquid UV—vis analysis of the supernatant was
observed.

A different approach had to be chosen to synthesize the
MOF films on FTO since the methods described above led to
the formation of large crystals rather than homogeneous
polycrystalline powders. For the film synthesis, acetic acid was
employed as a modulator, and the linker-to-metal ratio was
adopted (Table SS). Scanning electron microscopy (SEM)
analysis of the MOF@FTO confirmed the homogeneity of the
obtained films. The thickness of the films is readily controlled
by the synthesis time, allowing for the formation of 1 to 30 ym
thick films (see SI section 6). Considering the obtained XRD
pattern of the MOF thin films, the intensities of the peaks at
20 = 545° (indicative of DUT-65) and at 20 = 5.87°
(indicative of DUT-66) are almost identical, which suggests
the coexistence of the two phases in the film. Moreover, both
conformers can coexist in one single crystal (see SI section 4).
The intensity of (001) peak at 20 = 4.41° is reduced
compared to the bulk sample (Figure 3), pointing to the
oriented growth of the crystals on the substrate.

Electrochemical Behavior of DUT-65, DUT-66, and
DUT-65/66 MOF@FTO Film. To study the redox properties
of the compounds with a predominant conformation, CVs of
DUT-65 and DUT-66 were measured on MOF-containing
composites prepared from a slurry with graphitized carbon and
poly(vinylidene fluoride) (PVDF) additives on a glassy carbon
(GC) electrode.

DUT-6S, involving eclipsed linker conformation, shows
reversible redox waves with two anodic (E,! = 0.56 and E> =
0.77 V vs Fc/Fc*) and two cathodic (E.' = 0.38 and E = 0.53
V vs Fc/Fc*) peaks that are assigned to BenzTBY** and
BenzTB**/** couples with redox potentials at formally E, ,'**
= 0.47 and E, ,**/** = 0.65 V vs Fc/Fc", respectively (Figure
4a). In both cases, the two peaks correspond to two distinct
one-electron oxidation waves at each nitrogen redox center.”
The redox potentials of the BenzTB are slightly shifted to
lower potentials for the DUT-65 MOF compared to those of
the free Et,BenzTB molecule. The shifts amount to 0.12 V for
BenzTB”*" and 0.07 V for BenzZT'B**/** redox couples and
likely arise from the strain on the linker induced by the MOF
topology.

DUT-66, involving staggered linker conformation, however,
demonstrates only one redox wave with an anodic peak at E, =

0.76 V vs Fc/Fc" and a cathodic peak at E_ = 0.47 V vs Fc/Fc*
(Figure 4a). Obviously, the two distinct SETs, observable for
the free linker and DUT-65, merge. This observation is also
supported by differential pulse voltammetry (DPV) (Figure
S11).

It is evident that the twisting of the molecule influences its
redox behavior and narrows the potential gap between the first
and second oxidation. The constraint imposed on the linker by
the MOF does not allow for the sufficient stabilization of the
oxidized state. A stabilization can only effectively occur in a
more planar conformation of the linker (as in the case of DUT-
65), which allows for a mesomeric stabilization of the oxidized
state through the aromatic system, as depicted in Scheme 1.
The findings are in line with previous theoretical calculations
as well as crystallographic studies showing that oxidation of the
BenzTB core would be accompanied by planarization and
adoption of partial quinoidal character in the biphenyl group,
with rotation of the peripheral aryl groups about the N—C aryl
bond.*”*!

The dihedral twist imposed by the MOF results in a stron
electronic decoupling of the two amines in the molecule.’
Calculations confirm the increase of the diradical character for
the more twisted conformation as well as the lowering of the
energy barrier between the singlet and triplet states. The
difference in energy between HOMO and HOMO-1 (Table
S4), conceptually connected to the delocalization of holes,
points in the case of DUT-66 on the weaker coupling between
triphenylamines in comparison to DUT-65. This also suggests
a higher reactivity of the dicationic form of the linker in the
staggered conformation.

The different behaviors of DUT-65 and DUT-66 during
oxidation and reduction underline the possibility of controlling
the redox behavior of the linker molecules by locking their
conformation via MOF formation. Such control is unattainable
in the solution or crystalline organic materials without
constitutional changes.”*

MOF@FTO films of varying thicknesses were examined by
CV. Despite containing both MOF phases, the films’ properties
seem to be dominated by the DUT-65 phase. This can be
derived from the electrochemical behavior (Figure 3) and
Raman spectra (Section $8.4). The films with a thickness of ca.
5.2 pm demonstrated superior performance compared to the
films with ca. 1, 12, and 28 um in thickness (Figure S13).
While the thinner films exhibited far lower stability and showed
a rapid decrease in their redox activity after only 10 cycles
(Figure S16), the thicker films exhibited much higher
resistances and a stronger diffusion limitation of the observed
redox reaction. For this reason, all further characterization was
performed with the MOF@FTO films with a thickness of 5
pum. CV scans at different scan speeds allowed for the
estimation of the diffusive and capacitive contributions of the
observed currents (Figure 4b). The linear relationship of the
current to the square root of the scan rate is indicative of a
diffusion-controlled process (Figure 4c). Applying the power
law (eq S1), slopes of b = 0.69 to b = 0.80 were determined for
the individual oxidation and reduction peaks (Figure 4d).7>7¢
These values lie in the transitional region between the ideal
diffusive (b = 0.5) and ideal capacitive (b = 1.0) behaviors.””””*®
The method was also employed separately for the first
oxidation step by reversing the potential sweep at 1.2 V vs
Ag/Ag". This allowed the second oxidation step to be excluded
from the analysis.
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Figure 5. (a) Operando UV—vis spectra obtained at different applied potential. (b) Potential dependent absorbance at the four wavelengths with
highest observed absorbance changes (380, 485, 800, and 1080 nm). (c) Photos after 30 s equilibration time at the respective potentials. (d)
Kinetic evolution of absorbance at 50 mV/s scan rate. All measured on 5 ym DUT-65/66@FTO films in 0.1 M TBAPF,/ACN vs Ag/Ag".

Although a purely diffusion-controlled behavior is expected
for a redox-conductive MOF,"”””~*! very similar b values of
0.74 and 0.72 were found for the first oxidation and reduction
step, respectively (Figure S13d). However, if the redox
reaction occurs predominantly at an interface (e.g, FTO/
MOF, or MOF/electrolyte interfaces), the role of the diffusion
diminishes.®’ This indicates that not the entire MOF layer
participates in the redox process, but only a fractional part.*”

With the help of Dunn’s method (eqs S2 and S3 in Section
S7), the two contributions, the diffusive and capacitive, can be
distinguished (Figure 4e). The increase in the capacitive
contribution with higher scan rates was determined, while the
diffusive contribution diminishes accordingly (Figure 4f). At
higher scan rates, an even smaller part of the MOF layer
engages in the redox reaction. Such behavior is not unexpected
for redox-conductive systems. At slow scan rates, enough time
is given for the charge carriers to diffuse through the entire
MOF layer, thus allowing for the oxidation of all the linkers
present. At faster scan rates, the material close to the FTO
oxidizes rapidly to the double oxidized state, which is again
nonconductive, thus forming an insulating layer and
prohibiting continued oxidation of the material further away
from the anode.'>*’

The apparent diffusion coefficient (D), which is closely
correlated to the charge diffusion through the framework, was
calculated using the Randles—Sevcik equation (eqs S4—S6, SI

section 7)%* after determining the electroactive surface
concentration (I',) through exhaustive oxidation. With T, =
3.18 X 107% mol cm_2 the diffusion coefficient D,,, amounts to
2.43 X 107 cm? s™'. This value is on the higher end of the
reported range for other redox-active MOFs, which is
unexpected, considering the large size of the PF4~
anion, 213818586

To highlight the advantage of an inherently porous material
and confirm the stability of the chosen MOF, the CV in an
aqueous LiClO, containing electrolyte of DUT-65/66 on FTO
was compared to the H,BenzTB linker drop-casted on FTO
(SI section 7.4). Similar to the organic electrolyte, the MOF
demonstrates two distinct oxidation and reduction peaks with
very small potential difference (AE, < 0.06 V), indicating rapid
diffusion, reversibility of the redox process and stability in
aqueous media. In contrast, the linker-based film demonstrates
only one oxidation peak and one reduction peak with a very
large AE, of over 0.85 V. This clearly indicates the
considerable diffusion limitation in the denser amorphous
linker film compared to that in the porous MOF.

Spectroelectrochemical Characterization of the DUT-
65/66 MOF@FTO Film. The redox activity of the MOF is
accompanied by changes in its optical properties. These
changes are manifested in the pronounced color change
(Figure Sc), shifts in the molecular vibrational frequencies, and
changes in fluorescence. These effects were monitored by
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operando UV—vis (Figure 5), Raman spectroscopies, ex situ IR-
spectroscopy, and operando fluorescence spectroscopy (see SI
section 8).

In the UV—vis range, the MOF@FTO layer demonstrates
the same behavior as that of the linker solution. The MOF film
is colorless and transparent in the Vis range in its neutral state
and has only a strong absorption band in the UV range of 380
nm. At 0.9 V vs. Ag/Ag" the alteration in the spectrum starts
with a decrease in the intensity of 380 nm band and the
appearance of new bands at 485 and >1050 nm. The NIR
absorption peak, which is expected at appr. 1390 nm could not
be monitored due to technical limitations and manifests itself
as the increased absorption at 4 > 1050 nm. The new bands are
assigned to the formation of the BenzTB*' species as the
colorless film changed to red (Figure Sa,c). With further
oxidation (up to 1.5 V vs Ag/Ag"), the absorption at 485 and
>1050 nm decreases while an intense broad peak at 800 nm
emerges. This indicates the formation of BenzTB*". The color
change is fully reversible, and the MOF film can be bleached
again by applying a reducing potential of 0.0 V vs Ag/Ag*. The
kinetic evolution of absorbance at the four wavelengths
corresponding to the three oxidation states of the linker
demonstrates highly symmetrical behavior during oxidation
and reduction, which underlines the reversibility of the process
(Figure 5d).

Absorption spectra of DUT-65/66@FTO at 800 nm were
collected in situ by alternately applying 0.0 and 1.5 V vs Ag/
Ag* for 50 s each (Figure 6). The coloration and bleaching
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Figure 6. (a) Optical transmittance kinetic curve of the S yum DUT-
65/66@FTO at 800 nm and (b) zoom of the first S cycles.

response times are determined to be 12.5 and 4.2 s,
respectively, to achieve 90% of its full optical modulation
(ESJ, Figure S17). The S ym thick MOF@FTO film exhibits
an ultrahigh contrast from the bleaching state (highly
transparent neutral form) with transmittance in the visible
region >53%, to the colored state with a transmittance of ca.
3%.

The reversible coloration and bleaching resulted in only
minor degradation within 30 cycles. Utilizing the modified
Cottrell equation (eq S8), the kinetics of electron transport
through the films could be analyzed (Figure 7). The
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Figure 7. Superimposed Cottrell fits of the first 3 dynamic absorbance
response cycles at alternating potential of 0.0 and 1.5 V vs Ag/Ag" for
50 s each.

concentration of oxidized species within the framework can
be directly quantified as a function of time by keeping track of
the absorbance at 800 nm, which corresponds to the oxidized
form of the BenzTB linker.”*®” The apparent diffusion
coefficient (D,,,) for the system, as determined from the
modified Cottrell relation, is only 2.61 X 1072 cm” s, which
is several orders of magnitude lower than the diffusion
coefficient determined from the Randles—Sevcik equation.
This discrepancy suggests that the determined electroactive
surface concentration (I',) deviates from reality and was likely
underestimated (eq S5). This parameter was calculated from
the overall charge passed after exhaustive oxidation. However,
compared to the geometrically calculated amount of redox
active species in the film, it can be determined that only
approximately 10% of the film contributes to the redox process
during cycling (Section S7.3). Considering this aspect, the
reason for deviation of the diffusion coefficient determined
with the two above-mentioned methods becomes obvious. The
film thickness estimated from the cross-section SEM and used
for the Randles—Sevcic equation does not correspond to the
film thickness truly engaging in the redox process. As only 10%
of the film appear to participate in the redox activity, the d;
value should be asssumed to be 0.52 um. In this case the
Randles—Sevcic equation provides a diffusion coefficient of
244 x 107" em® s7, which is much closer to the value
obtained from the Cottrell relationship and in line with values
for similar MOFs,'>%>#>56 Considering the polycrystalline
nature of the film, the anisotropic diffusion coeflicients
expected in the given MOF system,” and the large size of
the PF,~ anion, the value is adequate. Reduction of ions’ size
can help to further improve the diffusion.'”
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Although a thinner film could be potentially beneficial to
improve the diffusion, approaching a film thickness of 1 pm
causes rapid deterioration during redox cycling. A significant
difference in the diffusion coefficient for DUT-65 and DUT-66
is not expected based on the similar limiting pore diameter
(9.7 vs 10.2 A, for DUT-6S and DUT-66 respectively) and
earlier published computational studies.*

The coloration efficiency (CE) at 800 nm, denoting the
ability to generate optical modulations in response to changes
in energy or charge, defined as the change in optical density
per injected charge density at a particular wavelength, was
calculated to be 78 cm? C™' (eq S7), which is on par with
tungsten oxide based devices.”’ ™' Unfortunately, the CE in
the NIR range could not be determined.

Upon oxidation, a change in the fluorescence of the films is
observed. While the neutral DUT-65/66 films demonstrate a
fluorescence with a A, = 485 nm when excited with a 390 nm
wavelength, the fluorescence is completely suppressed upon
oxidation. After reduction, the films regain their initial
fluorescence (SI section 8.2).

The in situ Raman spectroscopy once again confirms the
predominantly closed shell state of the oxidized MOF in the
film. First, the dicationic form of the MOF exhibits a clear C=
N stretching band, while, second, the C—N"* stretching only
occurs in the mono-oxidized film (SI section 8.4).

CONCLUSION

Two new chemically stable, porous Zr-based MOFs, involving
redox-active tetratopic N,N,N’,N’-benzidinetetrabenzoate li-
gand, were synthesized. The conformational flexibility of the
linker leads to the formation of two polymorphs, DUT-65 and
DUT-66, containing eclipsed and staggered conformations of
the linker, respectively. The polymorphs could be obtained
deliberately by adjusting the modulator, synthetic temperature,
solvent, or zirconium precursor. Both MOFs demonstrate
excellent thermal stability and are stable in aqueous electro-
lytes. The effect of the different linker conformations on the
redox behavior of the MOF was observed for the first time, as
manifested in the electronic decoupling of the triarylamine
moieties of the linker in the staggered conformation. This
unique feature demonstrates a new approach to studying the
properties of different conformers without constitutional
changes.

The MOF film deposited on the FTO substrate shows
excellent electrochromic performance, with a fast electro-
chromic switching process based on facile access for the
electrolyte and ions to the electrochemically active linkers
through the MOF pores. The film can be reversibly switched
between transparent, red, and virtually black states, while only
the red state demonstrates significant absorbance in the NIR
range. The film with optimized deposition parameters can
realize a transmittance change of 90% and fast switching rate
for coloration and bleaching of 12.5 and 4.2 s, respectively.
The coloration efficiency of the material is 78 cm® C™'. The
switching behavior is stable over at least 30 cycles without a
noticeable change. Besides the switching of absorption, the
fluorescence of the film can be switched on and off via
oxidation.

EXPERIMENTAL SECTION

The linker was synthesized according to the published procedure.
The details can be found in SI section 2.

53,92

DUT-65 Single Crystals (S.C. DUT-65). DUT-65 single crystals
were obtained by dissolving ZrCl, (175.3 mg, 752 ymol, S equiv) and
benzoic acid (8.73 g 71.5 mmol) in 23 mL of anhydrous DEF
through ultrasonication (15 min). To the obtained solution
H,BenzTB (100 mg, 150 pmol, 1 equiv) was added, and the mixture
was again sonicated until complete dissolution of the linker (S min).
The clear solution inside a sealed 50 mL Schott flask was placed into a
preheated to 120 °C oven for 21 days to yield pale yellow single
crystalline material. Yield after cooling to room temperature, washing
with DMF (3 X 20 mL), and drying in air for 2 h was 165 mg.

DUT-66 Single Crystals (S.C. DUT-66). These crystals were
obtained by dissolving ZrCl, (175.3 mg, 752 pmol, S equiv) and
benzoic acid (5.51 g 45.1 mmol) in 23 mL of anhydrous DMF
through ultrasonication (1S min). To the obtained solution
H,BenzTB (100 mg, 150 pmol, 1 equiv) was added, and the mixture
was again sonicated until the full dissolution of the linker (S min).
Finally, formic acid (2.25 mL, 60.2 mmol) was added before the clear
solution inside a sealed S0 mL Schott flask was placed into a
preheated to 80 °C oven for 2 days to yield pale yellow single
crystalline material. After washing with DMF (3 X 20 mL) and drying
in the air for 2 h, the mass amounted to 150 mg.

DUT-65/66Thin Films on FTO (DUT-65/66@FTO). The films
were obtained by first cutting FTO glass into 2.5 X 0.7 cm? slides and
cleaned by subsequent sonication in Hellmanex, acetone, and
Millipore water. The cleaned slides were dried in a nitrogen flow
and introduced into a 1 mM solution of H,BenzTB in DMF (3 mL)
overnight at 80 °C in such a way that only half of the FTO slide was
immersed in the solution. After cooling down to room temperature,
the FTO slides were transferred with their conductive side facing
down into scintillation vials (12 mL in volume) with the synthesis
solution containing dissolved ZrCl, (21.0 mg, 90.2 umol, 2.5 equiv),
H,BenzTB (24.0 mg, 36.1 pumol, 1 equiv), and acetic acid (0.5 mL,
8.7 mmol) in anhydrous DMF (2 mL). The synthesis mixture was
then placed in a preheated to 120 °C oven for the respective time
between 1 and 72 h (Figure S8). The coated slides were then allowed
to cool, washed subsequently with DMF (3 X S mL), and left soaking
in fresh DMF until further use.

Further experimental details can be found in the Supporting
Information.

Crystallographic Data for DUT-65 and DUT-66. The datasets
were collected at the BESSY-II synchrotron, operated by Helmholtz—
Zentrum Berlin for Materials and Energy.93

DUT-65: colorless crystals, CgoHN,O3,Zrs, M, = 2124.54 g
mol ™!, orthorhombic, Cmmm, a = 19.380(4) A, b = 29.500(6) A, ¢ =
20.080(4) A, V=11480(4) A3, Z =2, T =295 K, GooF = 1.192, R, (I
> 2 o(I)) = 0.0723, wR, (I > 26(I)) = 0.2321.

DUT-66: colorless crystals, CgoHN,O3,Zr5, M, = 2124.54 g
mol ™!, orthorhombic, Fmmm, a = 19.430(4) A, b = 29.460(6) A, ¢ =
40.150(8) A, Z = 4,V = 22982(8) A, T = 295 K, GooF = 1.068, R, (I
> 2 o(I)) = 0.0618, and wR, (I > 20(I)) = 0.2218.

Accession Codes

CCDC 2339817 (DUT-65) and 2339818 (DUT-66) contain
the supplementary crystallographic data for this paper. These
data can be obtained free of charge via www.ccdc.cam.ac.uk/
data_request/cif,, or by emailing data_request@ccdc.cam.ac.
uk, or by contacting The Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK,; fax: +44
1223 336 033.
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ACN, acetonitrile; BenzTB, N,N,N’,N"-benzidinetetrabenzoate;
CE, coloration efficiency; COF, covalent organic framework;
CV, cyclic voltammogram; D, apparent diffusion coefficient;
DFT, density-functional theory; DCM, dichloromethane; DEF,
N,N-diethylformamide; DMF, N,N-dimethylformamide; DPV,
differential pulse voltammetry; DUT, Dresden University of
Technology; Fc, ferrocene; FTO, fluorine-doped tin oxide;
GC, glassy carbon; HOMO, highest occupied molecular
orbital; LUMO, lowest unoccupied molecular orbital; MOF,
metal—organic framework; NIR, near-infrared; PVDF, poly-
vinylidene fluoride; PXRD, powder X-ray diffraction; S.C,,
single crystal; SEM, scanning electron microscopy; SAM, self-
assembled monolayer; SOMO, singly occupied molecular
orbital; SET, single electron transfer; TBAPFy, tetrabutylam-
monium hexafluorophosphate; TD-DFT, time-dependent
density functional theory; TCO, transparent conductive
oxide; UV—vis, ultraviolet—visible
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