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Mesoporous MOF-74 Analogs

Khalid AlKaabi," Casey R. Wade," and Mircea Dinca’#*

SUMMARY

The deliberate insertion of redox-active naphthalene diimide ligands into the
versatile family of metal-organic frameworks known as MOF-74 (CPO-27) gives
rise to a mesoporous electrochromic MOF that can be switched from trans-
parent to dark, a desirable feature in electrochromic devices such as smart win-
dows. Specifically, we report two new materials that have the MOF-74 topology
and display redox activity stemming from a naphthalene diimide salicylic acid
(NDISA) ligand. We show that these materials can be deposited as thin films
on fluorine-doped tin oxide glass. The surprisingly different morphologies of
MOF films obtained from Mg?* and Ni?* ions is likely controlled by the nucle-
ation kinetics of Mg,(NDISA) and Ni,(NDISA), respectively. Both materials
exhibit well-behaved quasi-reversible redox events associated with the [NDI]/
[NDI] - and [NDI]"/[NDI]?*" redox couples, which are also responsible for the
electrochromic switching.

INTRODUCTION

Tuning the electronic structure of metal-organic frameworks (MOFs) by incorpo-
rating redox-active components is a powerful strategy for expanding the function-
ality of this class of compounds. This approach can give rise to materials with
enhanced performance in applications such as electrocatalysis,”” photo- and elec-
trochromism,>” and devices made from conductive MOFs. 8" Although MOFs offer
a high degree of structural and compositional tunability, which makes them attrac-
tive for the design of optoelectronic devices, their implementation in such devices
is partly limited by the inherent difficulty associated with their processing.®™'”
Indeed, most MOFs are obtained as insoluble microcrystalline powolers,13 and the
development of processing methods, such as thin-film deposition, must be pursued
in congruence with the development of new physical properties, such as electro-
chromism.'® Here, we demonstrate that naphthalene diimide (NDI), a redox-active
molecule whose optical properties change with the redox state, can be substituted
with salicylic acid groups to yield MOFs with the same topology as the well-known
MOF-74.">""% This class of materials can be expanded isoreticularly without pore
collapse, and here, too, we observed a pore size reaching the mesoporous regime,
which is beneficial for electrolyte transport in the context of electrochromism.
Although MOFs in the MOF-74 family can show ligand-based redox activity, this is
usually associated with the oxidation of the phenol group that ligates the secondary
building unit; this oxidation weakens the M-O bond and can compromise structural
integrity.!’"'® Here, we show that use of the NDI ligand leads to well-defined revers-
ible redox couples that are also responsible for fast transparent-to-dark optical
switching, a desirable feature in electrochromic devices.
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The Bigger Picture
Electrochromic materials, which
change color or light absorption
with the application of current, are
poised to change the landscape of
energy efficiency, especially in the
form of smart windows. Several
technical targets must be met in
the consideration of new
candidates for electrochromic
materials. These include color,
switching time, and processability
as thin films. With their tunable
chemical composition and
structure, metal-organic
frameworks (MOFs) are prime
candidates for electrochromic
materials. Here, we show that
inserting naphthalene diimide, a
known color-changing organic
compound, into MOF-74, a MOF
with hexagonal channels, creates
a material that has large
mesopores and exhibits fast and
reversible switching from
transparent to dark. This work
describes the first example of a
redox-active mesoporous MOF-
74 analog, a class of materials that
is prominent in the field. It could
thus inspire broader applications
of redox-active MOFs in other
renewable-energy applications,
including energy-storage devices
and catalysis.
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Owing to their electron-deficient and aromatic nature, as well as their facile function-
alization, NDIs have been extensively investigated as n-type semiconductors in
organic electronics.'”?! Because functionalization of the NDI core leads to deriva-
tives that can absorb the full visible spectrum,’? these molecules have been used
in MOF-based applications that target optical reading of an input or analyte, such
as sensing””?? and electro- or photochromism.”” However, many NDI-based
MOFs feature topologies that are prone to interpenetration and/or exhibit metal-
dependent polymorphism. This is problematic when optical output is important,
because the absorption and emission spectra can be influenced by excitonic
coupling processes as a result of the relative proximity of NDI cores. Furthermore,
interpenetration generally reduces pore aperture and can impede electrolyte trans-
port in electrochromic applications. We surmised that incorporating NDI-based
linkers in mesoporous materials with the MOF-74 topology would provide solutions
for both of these challenges while allowing for reversible redox activity in an other-
wise robust set of materials.

RESULTS

Condensation of 5-amino-2-hydroxybenzoic acid with 1,4,5,8-naphthalenetetracar-
boxylic dianhydride in N,N-dimethylformamide (DMF) produced N,N'-bis(3-car-
boxy-4-hydroxyphenyl)-1,4,5,8-naphthalenetetradicarboximide (NDI-bis-salicylate,
H4NDISA) in a 70% yield (Scheme S1). Subsequent reaction of H4NDISA with
Mg(NOs3),-6H,0 or Ni(NO3),-6H,0 in a mixture of DMF, ethanol, and water at
120°C for 1 day resulted in the precipitation of [Mg>(NDISA)(H,0),]-2.4(H,0) (Mg-
NDISA) or [Nix(NDISA)(H,0),]-4(H,O) (Ni-NDISA) as a dark-orange or brown
microcrystalline powder, respectively. Powder X-ray diffraction (PXRD) patterns of
materials dried with supercritical CO, matched those simulated from model struc-
tures predicted on the basis of the known MOF-74 topology (Figures 1 and 2).
Pawley refinement for both materials was performed against the experimental
PXRD patterns (Ryp = 5.90%-7.98%; see Figure S1 and Table S1), and it was
found that the MOFs crystallized in trigonal space groups with lattice parameters
a=b~ 59 A% The c parameter was not refined as a result of the low observed
intensity of high-angle peaks; however, we do not expect it to deviate signifi-
cantly from the values reported in other frameworks with the MOF-74 topology
(i.e., c~6.5A).1°18 As expected, the structures exhibited one-dimensional channels
with a pore diameter of approximately 3.3 nm (no solvent molecules were included in
the model). Importantly, these mesopores should facilitate ion and electrolyte trans-
port during electrochromic cycling.

Mg-NDISA and Ni-NDISA exhibit different morphologies when deposited as thin
films. When Mg-NDISA is grown on fluorine-doped tin oxide (FTO) glass under con-
ditions mimicking its bulk synthesis, only thick, non-uniform powders are deposited.
However, uniform films of Mg-NDISA can be deposited on FTO using an anhydrous
mixture of DMF and methanol at 120°C, as confirmed by PXRD analysis (Figures 2
and S2). Scanning electron microscopy revealed a fiber-like morphology for these
films, with features as thin as approximately 25 nm. This morphology contrasts
with that observed for Ni-NDISA films, which were much denser and more uniform,
despite having been deposited under conditions identical to those of the Mg-NDISA
films. Clearly, the difference in morphology stems from the different rates of nucle-
ation and growth for the two materials: the Ni material likely nucleates much faster
and thus produces denser films than its Mg analog, whose growth appears to domi-
nate overall film deposition. Faster nucleation may also be responsible for rapid pre-
cipitation of Ni-NDISA, which can be isolated within approximately 15 min, whereas
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Figure 1. Synthesis and Simulated Structure of M-NDISA along the c Axis
A representation of the secondary building unit is shown. Teal, blue, red, and gray spheres
represent metal (Mg or Ni), N, O, and C atoms, respectively. H atoms are omitted for clarity.

Mg-NDISA requires an induction period of at least 40 min. The different relative
rates of nucleation and growth for the two materials, which affect the morphology
of their thin films, have a profound effect on the optical properties of the films, as
discussed below.

Both Mg-NDISA and Ni-NDISA films exhibit two quasi-reversible one-electron redox
couples (Table 1 and Figure S3). The first and second reduction peaks are consistent
with the formation of the radical anion [NDI] ™ and dianion [NDI]?, respectively. The
cathodic shift in the reduction potentials observed for the thin films in relation to the
free ligand (Table 1 and Figure S4) could be due to the immobilization of the ligand
inside the MOF or differences between solution and solid-state kinetics, as brought
about either by electrolyte diffusion limitations or by electron hopping within the
MOF skeleton. Nevertheless, attesting to the stability of the new MOFs to redox
reactivity, both films showed excellent stability to cyclic voltammetry (CV), and there
was no observable decrease in crystallinity up to ten cycles (see Figures S5 and Sé).
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Figure 2. SEM Micrographs and PXRD Patterns of M-NDISA

(A-D) Scanning electron micrographs of (A and B) Ni-NDISA (at 400 and 200 nm magnifications,
respectively) and (C and D) Mg-NDISA (at 4 and 2 pm magnifications, respectively) thin films.
(E) Simulated and experimental PXRD patterns of Mg-NDISA and Ni-NDISA powders and thin
films (peaks labeled with an asterisk correspond to FTO).

We sought to investigate the utility of Mg-NDISA and Ni-NDISA as electrochromic
materials by measuring their absorption spectra during electrochemical cycling.
Notably, because both materials can be deposited as thin films, both films are trans-
parent when the NDI ligands are in their neutral state, and both turn dark upon
reduction. However, because of their mesh- or fiber-like morphology, Mg-NDISA
films exhibit significant scattering, which reduces their optical quality and therefore
limits their practical applications (Figure S7). As such, spectroelectrochemical inves-
tigations were performed only on Ni-NDISA films, which exhibit no observable scat-
tering. As shown in Figure S8, a UV-visible (UV-Vis) spectrum of the free ligand,
H4NDISA, in DMF closely matches that of Ni-NDISA films in their neutral state.
Both are dominated by the strong 7 — m* transitions of the NDI core, with Apax at
362 and 383 nm. The Ni-NDISA film exhibited fast color changes at a constant po-
tential of —2.0 V (versus Fc/Fc™) (Figure 3). The absorption spectrum, collected at
1 s intervals, revealed the complete formation of [NDI] ™ species after 7 s, followed
by the formation of doubly reduced [NDI]?>~ cores after an additional 23 s. The dark
states of the reduced films are due to the intense absorptions across the visible spec-
trum centered at Anax = 475, 700, and 772 nm for [NDI] ~ and 397, 423, and 560 nm
for [NDIJ>~. We note that the width of the Apmax peak for NDl in its singly reduced state
extends wider than it does in the doubly reduced state. Because the singly reduced
state can be reached with an applied potential of only ~1 V in a two-electrode de-
vice, as expected from the CV in Figure S3, low power consumption can be expected
for devices made from Ni-NDISA. Furthermore, because [NDI]~ and [NDI]?* have
almost complementary absorption profiles across the visible spectrum, Ni-NDISA
films become nearly black at potentials where the ratio of [NDI]™ to [NDIZ is
approximately 1:1 (see Figure 3 and Movies S1 and S2). Complete recovery of the
transparent, neutral material upon application of an anodic potential confirms that
the Ni-NDISA films exhibit fully reversible electrochromic behavior. Finally, the mes-
oporosity of Ni-NDISA, which is necessary for fast electrolyte transport within the
material, was confirmed by measuring N, uptake isotherms on the activated bulk
powder. As shown in Figure S?, Ni-NDISA displayed a type IV isotherm with high
N, uptake at 77 K, consistent with the presence of mesoporous channels. Fitting
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Table 1. Redox Potentials for Mg-NDISA, Ni-NDISA, and H;NDISA

[NDI])/[NDI] - [NDI]~/[NDI]*

Eq/2 (V) Eq/2 (V)
Mg-NDISA —1.1 -1.7
Ni-NDISA —1.2 -1.9
H4NDISA -1.0 —1.4

All potentials are reported versus Fc/Fc*. See Figures S3 and S4 for CV curves.

the N adsorption isotherm to the Brunauer-Emmett-Teller (BET) equation gave an
apparent surface area of 1,722 + 9 m?/g, in line with previous MOF-74 analogs
with similar pore sizes.'”

DISCUSSION

Switching between the neutral and singly reduced state of Ni-NDISA, 7 s under our
conditions, is faster than that of transition metal oxides (e.g., WO3), which typically
exhibit switching times of multiple seconds to minutes,”?” and is comparable with
some of the reported polymeric electrochromic materials.??” However, a reason-
able comparison with other electrochromic materials can only be obtained in cases
where the experimental setup and thin-film growth conditions are identical. We thus
expect that it will be possible to improve the switching times for Ni-NDISA by opti-
mizing the device construction, the electrolyte, and the quality of films. Although the
intense absorption of the Ni-NDISA films caused deviations from a linear absorption
response, thereby preventing the determination of a reliable coloration efficiency
(CE), it is reasonable to assume that these films exhibit CE values similar to those re-
ported for previous NDI-based electrochromic MOFs,” which exceeded 100 cm?C ™"
in the blue region of the spectrum.

In conclusion, synthesis of a new salicylate-functionalized NDI ligand led to the isola-
tion of two new mesoporous MOFs that have the MOF-74 topology and display
ligand-based redox activity. We developed strategies for the deposition of thin films
of Niz(NDISA) and Mgx(NDISA), which exhibit morphologies that are highly depen-
dent on their relative rates of nucleation and growth. Ni-NDISA films exhibit fast
electrochromic switching from transparent to dark, a feature that is desirable for
electrochromic materials and has potential applications in optoelectronic devices.
Beyond electrochromism, our strategy for the formation of mesoporous MOFs
bearing ligands with reversible multi-electron redox couples may find applications
in energy-storage devices, especially when combined with redox-active metals.

EXPERIMENTAL PROCEDURES

cv

Measurements were carried out in a degassed DMF solution containing 0.1 M
[(nBu)4NIPF4 using three-electrode electrochemical cells with the FTO substrate as
the working electrode, platinum mesh as the counter electrode, and a platinum elec-
trode (Pt disc) as the pseudo-reference electrode (calibrated against the Fc/Fc*
couple). In order to ensure a stable potential from the pseudo-reference electrode,
the films were cycled several times before the final CV was obtained and calibrated
against the Fc/Fc* couple.

Spectroelectrochemistry

Measurements were conducted in a sealed transparent glass cell under a nitrogen
flow in a degassed DMF solution containing 0.1 M [("Bu)4N]PF, using a three-elec-
trode setup with the FTO substrate as the working electrode, platinum mesh as
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Figure 3. Spectroelectrochemical Analysis of Ni-NDISA

(A and B) Spectroelectrochemical data of Ni-NDISA collected by transmission UV-Vis
spectroscopy show the reversible formation of [NDI] ~and [N DI> when (A) —0.5 — —2V reducing
and (B) =2 — — 0.5V oxidizing step potentials were applied (versus Fc/Fc").

(C) Images of reversible color switching of Ni-NDISA films at several reducing potentials (-1.6, -2,
and —2.3V versus Fc/Fc*). Complete reversibility to the neutral transparent state was achieved by
applying a reverse anodic bias (0.7 V versus Fc/Fc*). All measurements were performedin 0.1 M
[("Bu)4N]PFs/DMF solution using a three-electrode setup, and the UV-Vis spectra were collected
at 1 s intervals (see Experimental Procedures for details).

the counter electrode, and a platinum electrode (Pt disc) as the pseudo-reference
electrode (calibrated against the Fc/Fc* couple). The UV-Vis spectra of the Ni-
NDISA films were obtained by applying a constant step potential from —0.5 to
—2V (versus Fc/Fc*) and measuring the spectra at constant time intervals (1 s).

M-NDISA Structure Simulation

M-NDISA structures were simulated starting from the reported structure of IRMOF-
74-IV."> NDISA was introduced in place of the original linker in the reported MOF,
and the secondary building unit was modified to take into account the difference in
connectives between NDISA and the original linker. No solvent molecules were
included in the model. The unit cell parameters were then refined against the exper-
imental pattern by Pawley refinement in Materials Studio (v.5.0.0.0, 2009; Accelrys
Software). The simulated PXRD and structure are in the trigonal R3 space group; how-
ever, both R3 and R3 space groups fitequally well. The pore diameter was then deter-
mined by measuring the van der Waals distance between two open-metal sites. Both
Mg-NDISA and Ni-NDISA gave similar lattice parameters.

Gas-Sorption Measurements

Oven-dried sample tubes equipped with TranSeals (Micromeritics) were evacuated
and tared. Samples were transferred to the sample tube, which was then capped by a
TranSeal. The evacuated sample tubes were weighed again, and the sample mass
was determined by subtracting the mass of the previously tared tubes. N, isotherms
were measured with grade 5.0 N, gas using a liquid-nitrogen bath (77 K).

Synthesis of N,N'-Bis(3-carboxy-4-hydroxyphenyl)-1,4,5,8
Naphthalenetetradicarboximide

A dry 100 mL Schlenk flask was charged with 1,4,5,8-naphthalenetetracarboxylic di-
anhydride (1.0 g, 3.7 mmol), 5-amino-2-hydroxybenzoic acid (1.2 g, 7.8 mmol), and
anhydrous DMF (35 mL) under a nitrogen atmosphere. The reaction mixture was
heated at 130°C with rapid stirring for 1 day. The flask was cooled to room temper-
ature, and the orange suspension was filtered off and washed with DMF, diethyl

Cell

Chem 1, 264-272, August 11, 2016 269




Chem

ether, and methanol and then dried in vacuo to afford 1.5 g (70%) of orange powder.
At this stage, the solid was isolated with one molecule of dimethyl amine (HN(CHs),)
per molecule of NDISA and was used in this form for further synthesis (the
reported yield takes the presence of HN(CHj3), into account). In order to obtain
the pure form of the solid, an additional wash with ~30 mL of 2 M HClI for 1 day
was necessary. "H NMR (400 MHz; dmso-dy): 8 8.71 (4H, s), 8.35 (2H, s), 7.805
(2H, d, J = 2.8 Hz), 7.40 (2H, dd, J; = 8.6 Hz, J, = 2.4), 6.96 (2H, d, J = 8.4 Hz),
2.55 (6H, (HN(CH3),), s). "*C NMR (600 MHz; dmso-dy): & 171.16, 163.05, 161.68,
134.07, 130.49, 130.25, 126.96, 126.58, 125.11, 116.79, 116.49, 34.21 (HN(CH3),).
Elemental analysis calculated for C3oH»1N3O4: C, 61.71; H, 3.68; N, 7.30. Found:
C, 61.39; H, 3.76; N, 7.15. This corresponds to a formula of H4NDISA-HN(CH3),.

Synthesis of [Mg2(CgH10N2040)(H20),]-2.4(H,0)(Mg-NDISA) Powder

A 20 mL vial was charged with NDISA (55 mg, 0.094 mmol), Mg(NOs),-6H,0O (80 mg,
0.31 mmol), and DMF/ethanol/water (7.5:0.5:0.5 mL). The reaction mixture was
heated at 120°C for 1 day. After the reaction was allowed to cool to room temper-
ature, the precipitated solids were separated by filtration and washed with DMF.
The solids were then placed in 20 mL of methanol for 3 days; the solvent was dec-
anted and refilled at least three times. The solids were then evacuated in a Tousimis
Samdri PVT-3D critical-point dryer; the methanol-containing samples were
completely exchanged with liquid CO,. Then, the chamber containing the solids
and liquid CO; was heated to 40°C to achieve supercritical conditions and held un-
der those conditions for approximately 20 min. Finally, the chamber was slowly
vented (20 min) to obtain crystalline solids. The samples were always kept solvated
before the CO, drying step. Samples for combustion elemental analysis (C, H, and N)
were heated to 40°C under a vacuum for 24 hr. Elemental analysis calculated for
Mg2(CogH18.8N2014.4): C, 50.8; H, 2.86; N, 4.23. Found: C, 50.8; H, 2.79; N 4.13.

Synthesis of [Ni»(C2gH10N2010)(H20)2]- 4(H,0)(Ni-NDISA) Powder

A 20 mL vial was charged with NDISA (55 mg, 0.094 mmol), Ni(NO3),-6H,0 (104 mg,
0.36 mmol), and DMF/ethanol/water (7.5:0.5:0.5 mL). The reaction mixture was
heated at 120°C for 1 day. After the reaction was allowed to cool to room temper-
ature, the precipitated solids were separated by filtration and washed with DMF.
The solids were then placed in 20 mL of methanol for 3 days; the solvent was dec-
anted and refilled at least three times. The solids were then evacuated in a Tousimis
Samdri PVT-3D critical-point dryer; the methanol-containing samples were
completely exchanged with liquid CO,. Then, the chamber containing the solids
and liquid CO; was heated to 40°C to achieve supercritical conditions and held un-
der those conditions for approximately 20 min. Finally, the chamber was slowly
vented (20 min) to obtain crystalline solids. The samples were always kept solvated
before the CO, drying step. Samples for combustion elemental analysis (C, H, and N)
were placed under a high vacuum (107 torr) for 6 hr. Elemental analysis calculated
for Nix(CogH22N2014): C, 44.26; H, 2.92; N, 3.69. Found: C, 43.87; H, 2.27; N 3.46.
Before the gas-adsorption measurement of Ni-NDISA, the sample was placed under
a high vacuum (107 torr) at 100°C for 1 day.

Synthesis of M-NDISA Films on FTO, where M = Mg?*, Ni%*

H4NDISA (55 mg, 0.094 mmol) and Mg(NO3),-6H,O (80 mg, 0.31 mmol) or
Ni(NO3),-6H,0 (90 mg, 0.31 mmol) were dissolved in anhydrous DMF (10 mL) and
anhydrous methanol (1 mL) in a 20 mL vial. Precleaned FTO substrate (see general
considerations in the Supplemental Information for details) was submerged in the
solution with the conductive side facing downward. The solution was then heated
to 120°C in a convection oven for 40 min in the case of Mg-NDISA and for 30 min
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in the case of Ni-NDISA. All manipulations were done under ambient conditions. Af-
ter the reaction was allowed to cool to room temperature, the substrates were
removed, soaked, and washed with fresh DMF, and any solids attached to the
non-conductive side were removed with a DMF-wet cotton swab. The substrates
were then submerged in a vial containing methanol (20 mL) for at least 3 hr and
up to 1 day before evacuation. The films were then evacuated in a Tousimis Samdri
PVT-3D critical-point dryer (see the previous section for details on CO, drying). The
samples were always kept solvated before the CO, drying step.

SUPPLEMENTAL INFORMATION

Supplemental Information includes general considerations, 11 figures, 1 table,
1 scheme, and 2 movies and can be found with this article online at http://dx.doi.
org/10.1016/j.chempr.2016.06.013.
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