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Insight on the generation of near infra-red (NIR) absorbing species
in electrochromic Surface-Anchored Metal-Organic Frameworks.

Antoine Mazel™, Matteo Fornasarig®, Josianne Owona®<, Lionel Truflandier®, Frédéric Castet® and
Aline Rougier™®

Due to their verstaility and easy processing, Surface-Anchored Metal-Organic Frameworks (SurMOFs) have received recent
interest as promising electrochromic thin films. Herein a step forward in their use and characterization was achieved thanks
to the integration of {Zn(PDICls)2} SurMOFs in a multi-layer electrochromic device (ECD), based on membrane-like
electrolyte. Optical and electrochemical properties of the ECD were fully characterized, revealing a two-step reduction
process localized on the organic ligand and involving subsequent near infra-red (NIR) and cyan absorbing states, leading to
optical modulation of the films. The species responsible for this absorption were isolated and identified in the reduced
states. In parallel to experimental characterization, quantum chemistry was successfully used to investigate the structure-
properties relationship of the SurMOF revealing additional information regarding the structure and the local environment

of the electrochromic ligand.

1. Introduction

Electrochromism (EC) refers to a change of the optical
properties of a material upon application of a voltage!. In the
case of organic-based EC materials, this optical modulation
comes from the electrochemically generated radicals?. Some
organic molecules can undergo several reduction processes,
yielding different radicals with their own absorption properties.
Usually, electrochromic active organic materials come under
the form of polymers deposited on transparent conductive
oxide (TCO)34. One of the limitations of this strategy lies in the
amount of monomers needed to generate the EC polymer, thus
preventing the use of highly sophisticated molecules, usually
obtained in multi-step fashion. In addition, the lack of control
over the repartition of the organic active sites may prevent in-
depth study.

Hybrid materials such as Metal-Organic Frameworks (MOFs) are
synthesized via self-assembly of the organic ligands and metallic
nodes and are thus ideal candidates to create functional
materials where the properties can arise from the organic
ligand. Direct growth of ligands and metallic nodes over
FTO/glass substrates yielded the first EC MOFs thin films56,
More recently, a strategy based on the sequential and
controlled immobilization key component of the MOFs lead to
the fabrication of highly homogenous hybrid materials where
constituents present a preferential orientation with controlled
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relative positions. These crystalline hybrid thin films are called
Surface-Anchored Metal-Organic Frameworks (SurMOFs)7:2,
This method uses a very small amount of precursors (few
mg/cm?) making SurMOFs ideal candidates for the integration
of highly sophisticated ligands into functional materials.

Because of their hybrid nature, electrochromic properties of
SurMOFs can arise from the metallic node, the organic linker or
both. Recently, EC SurMOFs, in which perylene diimide (PDI)
linkers were responsible of the optical modulation, were
reported®. {Zn,(PDICls),} materials exhibit an unexpected
behaviour with two different colours generated depending on
the nature of the electrolyte. Interestingly, in addition of a blue
colour linked to lithium insertion, reduction in pure EMITFSI (1-
ethyl-3-methylimidazolium
imide) led to a cyan colour attributed to the formation of

bis-(trifluoromethanesulfonyl)-

radicals. Because of the lack of stability in this electrolyte,
further characterizations could not be performed on single
layers.

In this work, prototype devices using the {Zn,(PDICl4)2} SurMOF
structure were built by sandwiching EMITFSI electrolyte
between Indium Tin Oxide (ITO)/glass substrate and
SurMOF@ITO/glass. Thanks to this configuration, stability in
this electrolyte was greatly improved and additional
characterizations were performed on the electrochromic
behaviour of the SurMOF. More specifically, absorption
spectroscopy revealed the stabilization and formation of the
mono radical by reduction of the PDICl,4 linker. Interestingly, this
species was formed with a very small potential leading to the
efficient generation of a near infra-red absorbing state, starting
orange addition, in-situ
spectroelectrochemistry analysis gave insight on the formation
of the mono and bi radical species. This work opens up new

from an initial state. In

possibility for the design of NIR-based electrochromic materials



that are of huge interest, especially for their heat-absorbing
capacity?°.

Thanks to the highly ordered structure of SurMOFs,
computational chemistry techniques can also be exploited to
gain deeper understanding of structure-property relationships
in these materials!12, Herein the structural, optical and
electrochromic properties were investigated by combining
quantum chemistry methods with experimental analysis. This
strategy provided insights on the local environment of the
ligands, as well as on the absorbing electronic states at different
stages of the electrochromic process.

2. Experimental
2.1 Materials and method

All the SurMOFs synthesis, optical and electrochemical
characterizations were performed at room temperature in air.
Ethanol, DMF and Zinc acetate were purchased from Aldrich
and used without further purification. EMITFSI in
PMMA/butanone (60:40 wt.%) were purchased from Solvionics.
ITO/glass substrates with a resistance of 30 Q/sq were

purchased from Solems.

2.1.1 Preparation of the {Zn,(PDICl,),} SurMOFs

All the SurMOFs were fabricated by spray technique in a layer-
by layer fashion on pre-cleaned ITO/glass substrate. The
substrates were cleaned by ultrasonic treatment in
ethanol/water (1:1) bath for 30 min, then treated by activation
by UV/O, to remove impurities and generate a surface with
hydroxyl groups. 1 mM zinc acetate ethanolic solution and 20
UM of PDICl; solutions (5% DMF + 95 % Ethanol) were
sequentially deposited onto the substrates for 15s and 25s in a
layer-by-layer fashion using nebulization nozzles. After waiting
for 35s to enable further coordination, the samples were rinsed
with ethanol to remove unreacted or by-products from the
surface. The thickness of the samples was controlled by the
number of deposition cycles. Every SurMOFs were made with a
30 cycles process, requiring 200mL of PDICl; and 150mL of
Zn(OAc); solutions. The thickness of the films was estimated to
be 450nm, according to previous paper?.

2.1.2 X-Ray Diffraction (XRD)

X-ray diffraction measurements were carried out using a
PANalytical X’pert PRO MPD with Bragg-Brentano 9-29
geometry equipped with a secondary monochromator (KaCu
=1.5418 A) and an X’Celerator detector over an angular range
of 29 = 3-20°.

2.1.3 Device preparation

On pre-cleaned ITO/glass substrate EMITFSI in
PMMA/butanone (60:40 wt.%) was spread on the ITO side and
placed under vacuum for 5min to remove air bubbles. The ITO
substrate covered with electrolyte was heated at 80°C for 5min
and the SurMOF thin film was placed onto the sticky electrolyte
membrane. A weight was applied over the device to ensure

2| J. Name., 2012, 00, 1-3

good contact, after 15min the weight was removed and the
device was ready to be used.

2.1.4 Electrochemical and optical measurements
Electrochemical measurements were carried out in a device
configuration using a BiolLogic SP50 potentiostat/galvanostat
apparatus with SurMOF on ITO/glass as the working electrode
and ITO/glass as the counter electrode. The operating voltage
was controlled between [-4 V,1 V] in EMITFSI, a salt-free
electrolyte. Regarding the optical properties of the device,
absorbance of the SurMOF was measured in-situ using a Varian
Cary 5000 UV-Vis-NIR spectrophotometer coupled with a
BiolLogic SP50 potentiostat/galvanostat apparatus in the same
device configuration as electrochemical measurements. Home-
made 3D printed sample holder was used to record the optical
properties of the device.

2.1.5 Quantum chemistry method

The crystal structure geometry was optimized by using density
functional theory (DFT) with periodic boundary conditions
(PBC), as implemented in the Conquest software!3-15 based on
norm-conserving pseudopotentials (NCPP) using Hamann’s
version'® and numerical atomic orbitals!’. The size of the
valence shell for the NCPP were standard for p-block atoms
whereas, for Zn, the 3s and 3p semi-core states were included
in valence. The quality of the basis was double-zeta +
polarization functions. The exchange correlation functional was
PBE including Grimme dispersion corrections (D2 version15). To
minimize PBC constraints, a supercell of 8 metallic cores
(containing each 2 Zn atoms) plus 16 PDI ligands was built from
an initial guess in line with the experimental assumptions. The
tetragonal lattice including 2 stacked layers of 4 units of
{Zn,(PDICl4),} (with a total of 1040 atoms) was optimized by
relaxing both atomic positions and cell parameters without
symmetry constraints but lattice angles fixed to 90°. A k-point
sampling of 2x2x2 was used at the late stage of the optimization
to secure the results. The final cell dimensions were a=56.11,
b=56.10 and c=12.47 A. The calculated unit cell is depicted in
Figure S1 of the SI. Absorption properties of single molecules
were calculated using time-dependent DFT with the range-
separated hybrid functional CAM-B3LYP and the 6-311+G(d)
Gaussian basis set. The absorption spectra of PDI dimers and
trimers were computed with the same functional by using the
smaller 6-311G(d) basis set. Calculations were performed using
Gaussian16 package'8.

3. Results and discussion

The orange-coloured films of {Zn,(PDICl4),} were grown at room
temperature on ITO/glass substrates via spray-coating by liquid-
phase epitaxy (LPE) in a layer-by-layer (LbL) fashion using zinc
acetate as metal source and PDICl, as organic linker. Thanks to
the low concentration of ligands, aggregation was not an issue
and ethanol/DMF (95:5) solution could be used. The out-of-
plane X-Ray Diffraction (XRD) data revealed highly oriented Zn-
SurMOF-2 structure with [00/] orientation, which is consistent
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with other SurMOFs obtained from various ditopic
dicarboxylate linkers and zinc acetate via LPE methods%.20, The
SurMOF structure consists of 2D square grid-like of PDICls
parallel and perpendicular to the surface, held together by a Zn
paddle wheel (Figures 1la and 1b). These 2D sheets are then
stacked in a AA fashion, as expected in a P4 symmetric SurMOF-
2 structure. The lattice dimension perpendicular to the
substrate (28 Acuka = 3.11°, @ = 28 A) closely matches with the
length of the linker. Scanning Electron Microscopy (SEM) top-
view pictures showed a flake-like morphology with a
homogeneous coverage all over the ITO surface (Figure 1c). An
optimized structure of the non-oriented parent MOF was
obtained thanks to DFT. The presence of only [00/] planes on the
experimental XRD confirms the oriented aspect of the SurMOF.
In addition, the oriented structure was simulated and the
resulting XRD pattern perfectly matches the experimental one
(Figure 1d). The simulated structure revealed an inter-sheet
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distance of 6.2 A, giving additional information over the SurMOF
structure, since this distance could not be obtained
experimentally because of the lack of dedicated instruments.
Optimized unit cell parameters and other structural data are
collected in the supporting information (Figure S1 and Table S1).
In particular, the calculations revealed a significant distortion of
the PDI aromatic cores, with an out-of-plane deviation of about
30° due to steric hindrance between chlorine atoms. Torsion
angles ranging between 55° and 64° were also found between
the PDI core and the lateral phenyl groups. The shortest
distances between carbon atoms belonging to adjacent PDI
units are equal to 3.3-3.4 A, which indicates that the cohesion
of the supramolecular architecture is ensured by a network of
-1 interactions. Strong interlayer interactions between
chlorine atoms and PDI cores are also evidenced, as shown by
C-Cl distances in the 3.5-3.8 A range. The stacking energy has
been evaluated to 1.43 eV per {Zn,(PDICl4),} unit.

b)
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Figure 1. a) Simulated structure of {Zn,(PDICl,),}. b) Zn-paddlewheel isolated from the structure. (Colors for atoms: red = oxygen, grey = carbon, navy blue = nitrogen, green = chlorine,
white = hydrogen and cyan = zinc). c) Top-view SEM picture. d) Simulated non-oriented (bottom), oriented (middle) and experimental (top) X-ray diffraction patterns.

In a previous article, in depth measurements in EMITFSI
electrolyte were not given as a result of the lack of stability of
the SurMOF in EMITFSI solution, mostly due to acidic protons
located at the C2 position of the imidazolium, leading to the
decohesion of the film from the substrate®. However, stability
was greatly improved by using electrolyte with
PMMA/butanone formulation, generating membranes rather
than being liquid. This method implied the construction of

This journal is © The Royal Society of Chemistry 20xx

prototype devices resulting from the assembly of
SurMOF@I1TO/glass films and ITO/glass slides through the
electrolytic membrane (Figure 2a). The electrochemical and
optical properties of the SurMOF were recorded in this
configuration allowing additional information to be gathered in
regards of the mechanism and the generation of different active
species.

J. Name., 2013, 00, 1-3 | 3
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Because of the device configuration, reference electrodes
cannot be used, hence reduction potentials obtained in solution
with three electrodes cannot serve as reference®.To assess the
change in colour for the device, chronoamperometry (CA) was
used in combination with absorption spectroscopy. Polarization
of the device from 0.5 V to -4 V was performed for 150s
followed each time by the recording of the full absorption
spectrum from 1000 nm to 400 nm while applying the given
potential. Between each polarization, CA at +0.5 V for 60s was
applied to re-oxidize the SurMOF from its reduced cyan colour
back to its original orange state (Figure 2b). In addition, such
configuration may limit the EC performance as the counter electrode
is not covered with an electrochemically active material.

1) Vaccum
2) 80°C

3) Pressure
—
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Figure 2. a) Scheme representation of the construction of the device. b) Picture of the
colour switch of the device (glass/ITO/EMITFSI/{Zn,(PDICl,),}/1TO/glass).

Depending on the applied potential, different species were
reversibly generated (Figure 3a). Reduction at -4 V led to the
formation of a cyan species (Amax = 680 nm) whereas reduction
at -0.5 V generated an IR-absorbing species (Amax = 770 nm, A’ =
925 nm). Thanks to their well-known spectroscopic signature?!
they were identified as the PDICIl,4 radical dianions (PDICI;2) and
monoanions (PDICls7), respectively (Figure 3b). Time-
dependent (TD) DFT calculations performed on the isolated
organic ligand in its crystalline geometry reproduced well the
redshifts observed upon bi- and mono-reduction (Figure S3) and
confirmed the assignment of the spectral bands. Furthermore,
the absorption spectrum computed for the organic ligand
connected on both sides to the metallic node did not show
significant difference from that of the ligand alone, consistently
with the localization of the frontier molecular orbitals on the

4| J. Name., 2012, 00, 1-3

organic core (Figure S4). This indicates that the optical
properties of the SurMOF mainly arise from the organic units.
However, a complete simulation of the device absorption
spectrum would require inter-ligand interactions to be taken
into account. Initial attempts in that direction have been made
by simulating the spectra of PDI dimers and trimers extracted
from the optimized crystal geometry, which show a slight
blueshift of the main absorption band with the cluster size due
to the H-aggregation of the organic chromophores (Figure S5).
In addition, the radical dianion has already been investigated by
EPR in electrochromic SurMOF and the absorption spectra
presented in this work is consistent with the one from this
earlier study®. Interestingly, a state where both species coexist
was generated while operating at -1 V. Interestingly, this
potential yielded that state with the highest absorbance at 770
nm. In addition, the ratio of the two vibronic bands of the
radical dianion is different compared to the full reduced state (-
4 V), indicating that different absorbing species are involved in
the reduction process. Further work should be dedicated to
understand this behaviour, especially since inter-chromophoric
interactions are expected in this kind of materials!®.
Chronoamperometry measurements highlighted two different
processes depending on the species generated (Figure 3c). On
one hand, a fast and clear return to the base line was observed
while applying a potential of -0.5 V, indicating a fully finished
process that takes place quite instantaneously. Interestingly,
absorption spectroscopy showed the generation of PDICls~
while the signal from the PDICl, initial state remains quite
comparable to the as-deposited state, highlighting a possible
equilibrium state where PDICl; and PDICl;~ coexist. This
observation was also confirmed by quantum chemistry,
highlighted by the presence of a band at 650 nm on the
simulated absorption spectra of the mono-reduced ligand
extracted from its crystalline state (Figure S2).

On the other hand, reduction at -4 V led to an unfinished
process, highlighted by the remaining current after 150s. In
addition, this final equilibrium state was achieved very slowly as
indicated by the sluggish shape of the CA curve. In this case,
spectroscopic contribution from PDICl; diminishes while the
PDICl42 signal raises. The remaining of the PDICl, signal and the
CA curve shape seem to indicate that complete transformation
from PDICl; to PDICI4Z could be pushed by applying more
reductive conditions. However, due to ITO stability, a potential
could not be applied beyond -4 V in the experimental
configuration.
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Figure 3. a) lllustration of the two-step reduction process of the PDICl, ligand. b) Absorption spectra of the as-deposited film and after polarization at -0.5, -1 and -4 V in EMITFSI.

(Arrow: Abrupt drop at 800 nm originated from the measurement setup). c) Chrono-amperometry of the {Zn,(PDICl,),} SurMOF with an inset of the first 30s.

4. Conclusions

To conclude, following a previously reported protocol, [00/]
oriented electrochromic thin films were grown on ITO
substrates at room temperature. The expected {Zn,(PDICls)2}
SurMOFs structure was simulated and optimized thanks to
density functional theory. XRD patterns extracted from the
computed structure perfectly matched the experimental data
and thus confirmed the previously reported structure,
highlighting the oriented aspect of the SurMOF. Furthermore,
these calculations shed further light on the local environment
of the ligand, the torsion angle of the PDICl; unit and the inter-
sheet distance within the framework.

Quantum chemistry was also used to confirm the nature of the
reduced states responsible for the electrochromic properties of
the SurMOFs. These findings are fully consistent with the
experimental data and confirmed the formation of PDICl4Z
upon reduction of the framework. The calculations also showed
that the absorption properties of the neutral and reduced states
are only dependent on the nature of the ligand core with no
electronic contribution from the benzoic acid groups. These
findings open a wider possibility of linker design for the building
of electrochromic SurMOFs.

By using a device configuration consisting of a membrane-based
electrolyte sandwiched between ITO/glass and the SurMOF thin
films, electrochemical stability of the latter was greatly
improved. Thanks to this configuration, in depth
spectroelectrochemical characterizations were performed,
revealing a two-step reduction process that was not observed
using common electrochemical characterizations. Complete
reduction was achieved by applying -4 V to the device, leading
to a reversible colour change from the orange initial state to a

This journal is © The Royal Society of Chemistry 20xx

cyan one attributed to the PDICl,; dianions, as confirmed by the
simulated absorption spectra of the bi-reduced PDICl,4 ligand
extracted from the crystalline structure. In addition, a NIR
absorbing state was generated and was attributed to the
presence of the PDICls; mono-radical anion. Despite the
remaining presence of the neutral PDICl4, this species was
generated with a very low potential and additional work should
be dedicated to the complete mono-reduction as NIR
electrochromic thin films may be of interest for smart windows
applications.
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