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ABSTRACT: Metal-organic frameworks (MOFs) featuring redox activity are highly appealing for electrocatalytic or charge
accumulation applications. An important aspect in this field is the ability to address as many redox centers as possible in the
material by an efficient diffusion of charges. Herein, we investigate for the first time the charge diffusion processes occurring
upon two sequential one-electron reductions in a MOF thin film. Two pyrazolate-zinc(Il) based metal-organic frameworks
(MOFs) including highly electro-deficient perylene diimide (PDI) ligands were grown on conducting substrates, affording thin
films with double n-type electrochromic properties as characterized by spectroelectrochemical analysis. In depth electro-
chemical and chronoabsorptiometric investigations were carried out to probe the charge diffusion in the MOF layers and
highlighted significant differences in terms of diffusion kinetics and material stability, between the first and second successive
reduction of the redox active PDI linkers. Our results show that MOFs based on multi-redox centers are more sensitive to
encumbrance-related issues than their mono-redox analogues in the context of electrochemical applications, an observation
that further underlines the fundamental aspect of pore dimensions toward efficient and fast ion diffusion.

Introduction

Metal-Organic Frameworks (MOFs) featuring redox activity
are of outmost interest for their potential applicability in re-
sistive chemical sensing,*= photovoltaics,*® capacitors,’2°
electrochromic switching®*? and electrocatalysis.>"’
Hence, extensive efforts have been devoted to increase con-
ductivity in MOFs.!8-2* However, as underlined by Morris et
al.,”> for the specific applications related to electrochemical
systems, such as electrocatalysis or faradic charge accumu-
lation, achieving high conductivities can arise via through-
plane band-like transport,? is not a mandatory requirement
to promote efficient electrochemical activity. In such sys-
tems, the limiting process will be ionic diffusion through the
porous structure, and diffusion of the substrate and product
during catalysis.?®?’ In that regard, conductivity is partially
irrelevant for such applications, and the macroscopic diffu-
sion of charge in these systems is often preferably consid-
ered. An important goal in this field is, hence, not neces-
sarily to induce high conductivity but efficient overall diffu-
sion of charges, both ionic and electronic.

These diffusive processes have been explored both theoret-
ically and experimentally. The related studies, however, pri-
marily focus on straightforward situations, where one type
of redox center induces redox-activity by charge hopping,
involving a single one-electron process (eg., oxidation of
ferrocene, porphyrin or pyrene).?’-3! Indeed, while few re-
ports in the literature address successive one-electron re-
dox processes, there is a lack of in-depth investigation of the
implications of such consecutive events on the diffusion of
charges.1212.1630-33 Shining light on the parameters that gov-
ern successive multi-redox events is crucial to improve the
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Scheme 1. General synthesis of dual electrochromic Zn-
MOF-modified electrodes.

comprehensive applicability of MOF for electrochemical ap-
plications mentioned above.

Classical electrochemical tools such as chronoamperometry
might not be sufficient to distinguish two events occurring
in a close range of potential. However, provided that the
concerned redox centers are chromophores, which is often
true in this field, the material is expected to present electro-
chromism (EC). This feature allows to monitor the redox
events and the changes in absorbance that can be directly
linked to the apparent diffusion of charge by chronoabsorp-
tiometry, as demonstrated in several reports.3436301> With
this in mind, this approach might allow to distinguish, with
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Figure 1. SEM images of the (A) top view and (B) side view of Zn-PDI-Cl on FTO electrodes, (C) top view and (D) side view of Zn-PDI-
SOz on FTO electrodes. Computed structures of Zn-PDI-Cl viewed along (E) the c axis and (G) b axis and of Zn-PDI-SO2 viewed along
(F) the c axis and (H) b axis. (I) Experimental and simulated X-ray diffractograms for both materials.

satisfactory resolution, the diffusion processes occurring
during successive redox events.

In this work, we provide a first case study of two successive
one-electron processes, considered independently from
one another, in a redox active MOF thin film. Electrochrom-
ism was used as a tool to probe the charge diffusion through
two isostructural MOFs immobilized on transparent con-
ductive electrodes, in which n-type redox activity is induced
solely by highly electron deficient azolate perylene diimide
linkers, with metal nodes used only as structural entities
(Scheme 1). The non-participation of the metal nodes to the
redox processes was desired to keep this case study as sim-
ple as possible. The chosen metal cation was Zn'", known for
its redox-innocence on a broad electrochemical range and
for forming rather stable networks in association with py-
razolate ligands.3” Using a chronoabsorptiometric approach
we have independently determined the apparent diffusion
coefficient for two successive reduction processes, by sim-
ultaneously monitoring the rate of formation and disap-
pearance of neutral, mono-reduced and di-reduced species
in MOF thin layers upon applied bias. The results revealed
significant differences in the charge diffusion kinetics be-
tween the first and second successive reduction events
within the same materials and allows us to propose corre-
lations between the MOF film morphology, the pore channel
dimensions and the diffusing counter ions with the charge
diffusion ability and MOF film stability over repeated redox
events.

Results and discussion
Thin films synthesis and characterization

We report herein the preparation of nanosized Zn-PDI-
MOF thin-films with two previously published perylene
diimide (PDI) pyrazolate ligands.3® These films were grown
in situ on fluoride tin oxide (FTO) substrates. The two PDI
ligands are substituted in their four bay positions by either
chlorine (PDI-CI) or bridged ethyl-1,2-disulfone (PDI-SO2)
groups (Scheme 1). These functionalizations enhance the
electro-deficiency of PDI and allow to reach electrochromic
behaviour at milder potentials than for their unfunctional-
ized homologue. It has indeed been previously demon-
strated that these ligands can induce reversible and stable
double n-type EC, via two successive one-electron reduc-
tions.38

The two different MOF-modified electrodes were synthe-
sized by in situ direct growth by heating for 4h a solution of
zinc nitrate and PDI ligands in presence of FTO-covered
glass plate, as depicted in Scheme 1 (see Supplementary In-
formation for further details). The downward-oriented FTO
face appeared covered by a homogeneous coloured thin
layer. Scanning electron microscopy (SEM, see Figure 1a-d
and Figure S3b-d) revealed the polycrystalline nature of
the films, apparently composed of superimposed nanocrys-
tallites, with a thickness of 100nm and 200nm for Zn-PDI-
Cl and Zn-PDI-SO02, respectively.
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Figure 2. Spectroelectrochemical data: UV-Vis-NIR absorption
spectra resulting of the application of increasingly cathodic po-
tential steps on FTO electrodes modified with (A) Zn-PDI-Cl
and (B) Zn-PDI-SOz2. Each intermediate spectrum is associated
with a specific potential step vs Ag/AgNOs3 (see Supplementary
Information).

Zn-PDI-Cl and Zn-PDI-SO: are expected to be isostructural
to a ZnZ*—naphthalene diimide (NDI) pyrazolate MOF, re-
ported by Dinca et al.3339 A distinctive feature of this struc-
ture is (-Zn-N-N-)« chains, in which Zn?* cations are in tet-
rahedral environment and spaced by the ligand, thus form-
ing tetragonal channels.

To validate this hypothesis, we computed a structure de-
rived from Co(dmdpb)*° (dmdpb = 1,4-bis(3,5-dimethyl)di-
pyrazol-4-ylbenzene). Additionally, the angle between two
ligands around a given Zn chain, known to often deviate
from the ideal 90°, was determined with the fitting routine
MOF-FIT developed by Dincd et al.3° The resulting angle was
found to be 75° and the associated cell parameters were
then used to optimize the geometry of the simulated struc-
ture (see Figures 1e-h and S5). The powder X-ray diffrac-
tion (PXRD) patterns of the resulting simulations matched
well the experimental ones (see Figure 1i, S3 and S7).
While the unit cell parameters, matching with the through-
pore distances between two zinc centers, are large (e.g. a =
26.49 A and b = 34.53 A, see Supplementary Information),
the actual free space for electrolyte to diffuse in is signifi-
cantly smaller, due to the transversal orientation of the PDI
cores. The diagonal distance through the channel, repre-
sented by the distance between the chlorine atoms of oppo-
site ligands (see Figure $6a) is of dvawci-cny = 11 A. Analo-
gously, this distance shrinks to dvawm-n) = 8.8 A, for Zn-PDI-
SOz, underlining the higher encumbrance of the bridged
sulfone groups (see Figure S6b). Prior to any chronoab-
sorptiometric analysis, the n-electrochromic (EC) proper-
ties of the obtained films were studied by spectroelectro-
chemical measurements.

The recorded UV-vis-NIR spectra (Figure 2) are extremely
similar to the corresponding spectra of the solvated ligands

(see Figure S8), showing an excellent conservation of the
optical properties of the PDIs in the materials. Though, a
perceptible variation does exist in the vibronic peaks’ ratio
of Zn-PDI-Cl and Zn-PDI-SO: (see Figure S8). For both
closed-shell ground states PDI® and PDI#, this ratio de-
creases slightly which is consistent with the presence of mi-
nor H-aggregation in the material.#142 Additionally, it has
been shown that for naphthalene diimide (NDI) analogues,
Coulomb coupling, inducing H-aggregation, between facing
chromophores was possible at rather long distances of 6.8
A.83 The shortest inter-linker distance, corresponding to the
c parameter, is about 7.2A in our Zn-PDI MOFs.

In addition, for Zn-PDI-SO2, the radical state PDI*" cannot
be isolated without significant traces of the neutral state
PDIY, observable between 450nm and 550nm. Whereas for
Zn-PDI-Cl, apparent complete conversion of the ligands in
each redox state can be readily achieved. This difference can
be explained by a higher separation of the redox events for
Zn-PDI-Cl than for Zn-PDI-SOz, possibly arising from a dif-
ference in the apparent diffusion of charges through each
material. Following the characterisation of the electro-
chromic properties, the electrochemical response can allow
to reach a first insight on charge diffusion inside these MOF
layers.

Electrochemical analysis

A first investigation of the relative diffusive properties of
the films was performed by cyclic voltammetry (CV) with
increasing scan rates v = 10-1000mV/s (see Figure 3a and
insetat 50mV/s). The aim was to probe the redox potentials
in both materials and to have a first insight on differences
between the first and second redox events in a given MOF
film. Prior to any in-depth electrochemical (or spectroelec-
trochemical) analysis, the films were systematically acti-
vated by cyclic voltammetry, which also allowed to probe
for the actual detection of the PDI electrochemical signature
(see Figures S9 and S10).

The observation of only faradic current at low scan rate is
consistent with charges diffusion by redox-hopping mecha-
nism. At low scan rates (v = 10-100mV/s), both materials
exhibit two distinguishable redox events, attributed to PDI
reductions. However, increasing values of v highlights dif-
ferences: i) Zn-PDI-Cl keeps well-distinguished redox
events and exhibit lower separation AE, of the reduction
and oxidation peaks potentials Epcand Ep,, respectively, but
ii) Zn-PDI-SOz quickly present merging redox events and an
up to 6-fold higher peak separation (see Figure 3b and 3c).
This difference of peak separation is consistent with a bet-
ter charge diffusion in the less-hindered Zn-PDI-Cl, and
might also partially result from a slower interfacial electron
transfer rate between FTO and Zn-PDI-SOz2. Similarly, ob-
serving that for Zn-PDI-Cl, AE;: is consistently lower than
AEp2 hints a difference between the first and second appar-
ent charge diffusion.

When considering the electrochemical response of MOFs in
the context of cyclic voltammetry, two regimes are theoret-
ically distinguished, as notably discussed by Ott et al. 2%: i) a
“fast” regime, giving a finite diffusional response, for which
the diffusion of charges through the structure is fast enough
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Figure 3. (A) Cyclic voltamograms for Zn-PDI-CI (orange) and Zn-PDI-SO: (pink) at varying scan rate v = 10-1000 mV/s (inset: data
at moderate scan rate v =50 mV/s), (B) redox peaks potentials E;, as a function of scan rate v and (C) relative difference AE, between
the cathodic and anodic peaks potential Eycand Ep, respectively. i(v) and i(v1/2) plots for (D) first redox event peak current ip.1 and
(E) second redox peak current ipc2 of Zn-PDI-Cl and (F) fused redox events peak current ipc of Zn-PDI-SO2.

compared to v to induce a diffusion layer of counter-ions
thicker than the film and a linear response of i(v), and ii) a
“slow” regime, giving a semi-infinite diffusional response,
for which the diffusion of charges through the structure is
too slow compared to v and induces a diffusion layer of
counter-ions thinner than the film and a linear response of
i(v1/2). Both of these regimes are distinguished by an adi-
mensional parameter A, first defined by Andrieux and Savé-
ant in 1980,* representing the ratio between the film thick-
ness drand the diffusion layer thickness dai:

d d
Ro=tm= =L e
dairs DyppRT
Fv

Where Dapp represents the apparent diffusion coefficient of
charges, R the perfect gases constant, F the Faraday con-
stant, T the temperature and v the scan rate. The fast regime
is observed for Ae — 0 and the slow regime for A. — co.
Hence, in theory, every MOF-modified electrode presents a
shift of regime, characterized by a critical scan rate veitical

corresponding to the equalization of both drand dasy. In re-
ality, the vast majority of MOF-modified electrodes present
a semi-infinite electrochemical response even at the lowest
classically studied v (10 mV/s) and thus the aforemen-
tioned regime shift is not observed. This can be rationalized
by the fact that the most common thickness df= 1 pm and
apparent diffusion coefficients Dapp # 10-19 to 10-14 cm?/s are
conjointly too high and too low to induce a Veritical Observable
in the usual scope of the experiment (see Table S2 and Sup-
plementary Information for further details).141528-314546

Hence, the observation of this regime shift can suggest a
high diffusion coefficient for the studied film. Here, as de-
picted in Figure 3d-f both materials present such a shift.
Furthermore, since Zn-PDI-Cl electrochemical signature
maintains a clear distinction between both first and second
reductions, it is possible to determine vcritical for both first
and second reductions. The change of linearity from iy(v) to
ip(v1/?) occurs between v = 150 mV/s and v = 300 mV/s for
the first reduction, whereas it occurs between v = 50 mV/s
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Figure 4. Chronoabsorptiometric measurements, collected in TBA-based electrolyte (A) for Zn-PDI-CI, (B) for Zn-PDI-SOz and
collected in Na-based electrolyte (C) for Zn-PDI-C], (D) for Zn-PDI-SO2 and (E) related apparent diffusion coefficient Dapp. (F)
iVt vs V't plots for Zn-PDI-Cl and Zn-PDI-SO: in Na*-based electrolyte.

and v = 100 mV/s for the second reduction (see Figure 3d-
e). This difference in veritical SUggests a significant difference
between the kinetics of the first and second reduction
events. Ott et al. recently demonstrated that TBA* counter
ions do not induce strong enough ion-pairing with reduced
arylene diimides to result in a noticeable difference in elec-
trochemical response between the first and second reduc-
tion events.3! Hence, this difference can result either from
limitation in ion diffusivity or from electron diffusivity in
the course the reduction process. On one hand, it is highly
probable that both of these sources of variations impact the
observed properties, as they are interacting in many ways.
On the other hand, it is possible to postulate that the limited
ion diffusion for the second reduction process is due to a lo-
cally lower diffusivity of TBA*in pores that already contain
one TBA* for each PDI*- generated by the first reduction.
Hence, the second reduction of such a multi-redox system
will always be slower, due to coulombic repulsions and ste-
ric hindrances, provided that the pores are not large enough
to minimize such interactions.

Unfortunately, the CVs of Zn-PDI-SO2 does not allow such a
comparison since the two peaks quickly merge with the in-
crease of v. Nonetheless, the merged peaks intensity i, ex-
hibit linearity with v1/2 starting at v = 50 mV/s which tends
to indicate that both first and second events are in the
“slow” regime (semi-infinite diffusional response) at this
scan rate (Figure 3f). Thus, the overall diffusion of charges
in Zn-PDI-SO: appears again slower than in Zn-PDI-C],
most likely due to the more hindered pore structure of the
first compared to the latter. Finally, the lack of resolution of
the electrochemical approach on these events legitimates

the use of chronoabsorptiometry to probe for specific kinet-
ics of both successive redox events.

Step-Chronoabsorptiometry (SCA)

Whereas spectroelectrochemical measurements allowed to
probe the redox species PDI?, PDI*"and PDI? in steady state,
investigating the kinetics of the system requires a dynamic
study. Thus, step-chronoabsorptiometry (SCA) was per-
formed. This method consists in monitoring the variation of
charge and absorption at discrete wavelengths (A(PDI?),
A(PDI*), A(PDI?)) upon stepwise sweep (AE) from a start-
ing potential (E1) to an end potential (E2). Each cathodic
step was followed by an anodic switch to a fixed potential
(Ereset), at which the system’s neutrality is restored and
every ligand is oxidized back to PDI®. For the sake of clarity,
the chosen conditions are summed-up in Table 1.

Table 1. Parameters used for the acquisition of SCA data de-
picted in figure 4.

Zn-PDI-CI  Zn-PDI-SO2

A(PDI?) /nm 485 495
A(PDI) /nm 915 905
A(PDIZ) /nm 615 588
Eq /VEal -0.5 0

E /Vial -1.6 -1.1
AE JV -0.1 -0.1
Ereset /VE -0.2 0.4

[a] Potentials versus Ag/AgNOs reference electrode



The SCA plots (see Figure S12) depict the superimposed
variations of charge and absorbance at every wavelength
upon application of steps of potential for 10 seconds (bot-
tom). The simultaneous variation of charge and absorbance
confirms that the absorbance variations are indeed induced
by charge injection in the material.

Further discussion will focus on the absorbance variations,
and for sake of clarity, charge evolution will not be depicted
on following plots (Figure 4a-d) and every cited or de-
picted potential will be versus Ag/AgNOs couple. For Zn-
PDI-Cl (Figure 4a-c), the absorption at A(PDI?) = 485 nm
corresponding to the neutral PDI? quickly starts to decrease
at E = -0.6V as the signal of the radical PDI*~ appears at
A(PDI*") = 915 nm. This latter signal maxes out at E = -0.9V.
At this potential, the slight increase in absorption at A(PDI?
) = 615nm can be partially attributed to the radical absorp-
tion (see Figure S11). At this threshold potential, the disap-
pearance of PDI? reaches a plateau and further cathodic
steps induce the formation of PDI?" by reduction of PDI*".
The plateau of absorbance of PDI? is reached at E=-1.5V.
One can notice that the plot of the absorbance at A(PDI*")
presents spikes of the same intensity as the aforementioned
A(PDI*") plateau. These spikes attest of the prior reduction
of the PDI ligands in the material to PDI*~ before their reduc-
tion to PDI?™ takes place. This apparently obvious observa-
tion supports that the double electron transfer reaction
PDI? + 2Ze- & PDI?- is not occurring, as expected. Further-
more, this means that the curves of A(PDI?) and A(PDI*)
contain direct information regarding the kinetics of the first
and second redox events, respectively. As a general remark,
the squareness of the waves attests for a complete and thus
fast process.

Inregard to the previous observations, Zn-PDI-SO2 appears
as a slower system. Whereas the absorbance seems to reach
a decently low value at A(PDI?) = 495 nm and a plateau at
A(PDI*) = 905 nm for E = -0.4 V, the waves do clearly not
present the square shape of the previous plot. In addition,
spikes can only be observed at A(PDI*") for the back oxida-
tion, while the decrease of absorbance following the first re-
duction follows a weak slope. This observation tends to in-
dicate that, while the system can decently get reduced to the
first PDI*" state, 10 seconds steps are not long enough to al-
low Zn-PDI-SO:2 to be fully reduced to the PDI?" state, im-
plying lower kinetics of conversion for the second redox
event. This qualitative observation is consistent with the
differences observed for Zn-PDI-Cl in the electrochemical
study. In addition to qualitative information, quantitative
data can be extracted from the chronoabsorptiometric anal-
ysis, such as the coloration times t. or the apparent charge
diffusion coefficients Dapp. The former underlines again the
appearing slower diffusion of charges for the second event,
as for instance t(PDI?) = 0.18s and t.(PDI?-) = 0.71s, for Zn-
PDI-Cl (see Supporting Information). The latter is accessi-
ble via a modified Cottrell equation, and will be discussed in
details, as it represents the most meaningful information of
this study.

Prior to this quantitative approach, it is relevant to incorpo-
rate additional variability in this study in order to gain in-
sight on the origin of the appearing differences of kinetics

between the first and second redox events. To do so, a com-
mon way is to change the size and chemical nature of the
diffusing species i.e., here the cation of the supporting salt
in the electrolyte. Based on the study of Wang et al.,*” we
chose Na* cations, representing the a decent balance be-
tween size and ion pairing with reduced arylene diimides.
The resulting plots are depicted in Figure 4c-d.

The impact of this smaller cation on the rate of the systems
is clearly visible and affects even the already fast Zn-PDI-Cl
system, for which one can notice the enhanced squareness
of the curves. Furthermore, the spectral signature of PDI?~
can be detected at milder potential E = -0.8 V, as the A(PDI*~
) curve maxes out. The most noticeable effect can be ob-
served on the A(PDI?") curve. The absorption is able to reach
a plateau for potentials as low as E = -1.1 V, which is 400
mV lower than with TBA* cations.

Similar effects can be observed for Zn-PDI-S0-. In addition,
Na* cations allow for a more complete conversion of PDI*
in PDI%, as depicted by the A(PDI*") curve reaching a near
zero absorbance value and the resulting appearance of pre-
viously unobservable spikes.

To get a quantitative appreciation of the fastness of the re-
dox system, it is possible to extract apparent diffusion coef-
ficients from the variation of absorbance by using the fol-
lowing modified Cottrell equation (see Supporting Infor-
mation for more details):

ZAAmax(/U\/Da t
AA(Q) = — o £P )

Where Admax is the maximal variation of absorbance and dr
is the thickness of the film. The resulting diffusion coeffi-
cients (see Figure 4e and Table S1) land among the highest
reported in the literature for MOF-modified electrodes (see
Table §2).141528-314546

These diffusion coefficients are consistent with the previous
observations and follow the tendencies: i) Dapp(Zn-PDI-Cl)
> Dapp(Zn-PDI-S02) for a given reduction event and a given
cation, ii) Dapp,1 > Dapp,2 for a given material and a given cat-
ion and iii) Dapp(Na*) = Dapp(TBA*) for a given material and
a given reduction event. Noticeably, the change from TBA*
to Na* does not seem to impact dramatically the first reduc-
tion, possibly due to the lack of coulombic repulsions and
steric hindrances at the corresponding ion concentrations.
Moreover, this change of cation allows for a reduction of the
ratio Dapp,1/Dapp,2 which is also consistent with an ionic dif-
fusion control of the differences in kinetics between first
and second reduction events.

In order to visualize the steps of the charge diffusion and
partially distinguish between electronic and ionic diffu-
sions, the model of Scholz*8 can be applied, as previously re-
ported in the context of MOFs.2” We hereinafter propose a
critical discussion of this model regarding i) the applicabil-
ity and relevance of this model for MOF multi-layered thin
films in general, ii) the specific case of successive redox
events in such materials.
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Figure 5: Normalized it'/2 vs. (t1/2) and A(A(PDI*-)) vs. (t1/2) curves for (A) Zn-PDI-Cl and (B) Zn-PDI-SOz, extracted from the SCA
experiments, using Na+ as a diffusing cation, as represented in Figure 4c, d. The left part of both figures reports the corresponding
full SCA curve for PDI*-, as a reading aid marking the overall evolution of absorbance over the reported potential steps. The applied
cathodic steps (V vs Ag/AgNOs3) are depicted in black and the anodic, resetting, steps in grey

Model of Scholz: main feature

The most significant feature of this model is the plot of it'/2
vs. (t1/2). To support further discussion, refer to Figure 4f,
depicting it'/2 vs. (t1/2) curves for both materials, as ex-
tracted from the most cathodic step of the SCA experiments.
Briefly, 3 main stages have been identified: the first stage
(A) correspond to first electron jumps at the three-phase
junction (crystal-electrode-solution) and is followed by
pseudo-stage (A)—(B), corresponding to the propagation of
the redox events from this junction. The process type (i.e. its
directionality) is controlled by the fastest rate between
electrons or counter-ions diffusions (Figure 4f ). However,
Morris et al. demonstrated experimentally that the ionic dif-
fusion is always several orders of magnitude slower than
the electronic diffusion, even for extremely wide pores (e.g.,

ferrocene-modified NU-1003, 474 hexagonal pores) and for
hopping-based electron diffusion.2® Thus, the first step of
the redox process is assimilated to a conversion of the redox
centers along the faces of the crystal (i.e, crystal-solution
interface). Hence, pseudo-stage (A)—(B) is associated with
ion diffusion from a quasi-semi-infinite medium, only lim-
ited by electron diffusion and related to the initial increase
of the curve. The second stage (B) is reached when the faces
are fully converted, which matches with the plot maximum.
The subsequent decrease —pseudo-stage (B)—(C)— is
linked to the diffusion of charges into the bulk of the crystal.
This process is thus limited by the diffusion of counter-ions
through the pores. The last stage (C) is reached when the
redox active units in the crystal are almost completely con-
verted.



Model of Scholz: applicability

Directly apply this model to any MOF layer on an electrode
can be appealing. However, Scholz model was established
for a single micro-sized crystal on an electrode. The appli-
cation of such a model, realized by Morris et al. in the afore-
mentioned studies was brilliantly performed on single lay-
ers of well-dispersed micro-crystals, which allowed to effec-
tively transpose this model into reality. While this applica-
tion was essential to get access to general fundamental in-
formation on the behavior of MOFs upon electrochemical
conversion, the present work aim to provide the community
with simple methods, applicable to as many as possible
multi-redox-active MOF thin films. Such films are generally
composed of numerous layers of crystallites aggregates of
various sizes, specifically when created by in situ growth, as
it is the case for Zn-PDI-Cl and Zn-PDI-SO:. The issue with
such materials, with regard to Scholz model], is that the de-
scribed steps of conversion are mixed, as the multiplication
and overlapping of crystallites of variable sizes should re-
sult similarly in the multiplication and overlapping of their
conversion processes, starting at different times after the
application of a potential step at the electrode. It is hence
impossible to unmix these contributions and apply the
mathematical model to obtain quantitative data.

Additionally, for multi-redox systems, successive redox
events can add another layer of complexity to the conver-
sion phenomenon, as parts of the material will in principle
start their second reduction prior to the completion of the
first reduction in other parts of the material (e.g., typically
surface versus bulk).

Nonetheless, the curve it!/2vs. (t1/2) may still be relevant de-
spite the fact that the well-established stages A, B and C are
most probably overlapping, as it still allows to qualitatively
highlight stages of conversion, since overlapping of curves
shifted in time should mainly result in the broadening of the
curves but not in the complete loss of their intrinsic struc-
ture, being an initial increase of the signal mainly related to
surface diffusions and a final decrease mainly correlated to
bulk diffusion.

We hence aim to have a first glance at the relevance of the
it'/2 vs. (t'/2) curve in the context of multi-layered MOF pre-
senting successive redox events. We propose to consider
both the evolution of absorbance A and of it'/? in the square
root of time space, as represented in Figure 5, which super-
impose, for the SCA experiments using Na* as a diffusing
counter ion, the normalized curves A(A(PDI*-)) vs. (t'/2) and
it'/2ys. (t'/2). The absorbance of the radical PDI*- was chosen
as it allows to get simultaneous insights over both redox
events.

Data description

It has to be stated that for diffusional models (i.e., Scholz’s
or Cottrell’s), the applied potential, inducing diffusion, is
supposed to be non-limiting. Hence, this potential is gener-
ally chosen as sufficiently beyond the involved redox couple
potential. If this condition is not met, the diffusion speed
will appear to have a dependency on the applied potential,

until a plateau can be reached. This phenomenon is ob-
served for the first redox event PDI® — PDI*-, in Figure 5a
step -0.7V vs step -0.8V, and in Figure 5b step -0.1V vs
step -0.2V, for Zn-PDI-Cl and Zn-PDI-SO2, respectively.
This results in an apparent contraction of the it'/? and
A(A(PDI*-)) curves toward shorter times and the reach of ex-
trema in the time window of the potential steps.

As the applied potential is further shifted in the cathodic re-
gion, the absorbance of PDI*- starts decreasing again after
the initial increase, as the produced radicals are consumed
by the second redox event PDI*- — PDI?-. This phenomenon
is accompanied by a noticeable distortion of the it!/2 curve,
which now includes the contributions of both the first and
second redox events. This new contribution further con-
tracts and merge into the first one until the overall shapes
of it1/2 and A curves does not present noticeable differences
from one step to another (i.e, three last steps of both figures
5a and 5b).

General observations

Firstly, the overall conversion process seems faster for
higher potentials, regardless of the number of redox events.
This statement is very well exemplified when comparing
the steps -0.8V and -1.6V of Figure 5a. For both steps, the
system undergoes a complete conversion over the 2.5 s1/2
squared timescale, but the -1.6V step induces an extremely
accelerated conversion for two redox events with respect to
the mono-redox conversion induced by the -0.8V step. This
observation is of critical importance as it highlights the im-
pact of the choice of potential to probe for charge diffusion
through Cottrell-derived methods. Indeed, variations of Dapp
with the applied potential is never (to the best of our
knowledge) considered in studies on redox active MOFs.
The general method adopted by the community is to con-
sider redox events probed by cyclic voltammetry or differ-
ential pulse voltammetry and to choose a potential located
at proximity of the end of the considered event’s peak. Ther-
modynamically, this method is justified and does allow a
complete conversion of the film. But it has been demon-
strated by Genies et al. for polypyrrole films that the influ-
ence of potential on charge diffusion could be non-negligi-
ble,* partly as it may impact the structure of the material
and thus the charge migration, over a great range of poten-
tial located after the considered redox couple potential. On
one hand, the extend of this effect is likely attributed to the
flexibility of a polymeric film, and should hence be of greatly
reduced impact for MOFs. On the other hand, verifying this
assertion for each MOF appears to be relevant as we ob-
serve such an impact of potential in Figure 5. For the pre-
sent situation, the three last steps, for which the kinetic fea-
tures present negligible variations, were chosen for the de-
termination of an averaged Dapp. Finally, this observation
underlines how the chronoabsorptiometric approach is rel-
evant for multi-redox systems as it allows to study both
events at the same high potential, whereas a purely chrono-
couloamperometric approach would not allow such a study,
and may expose to potential-related issues when consider-
ing charge diffusion.



10 Zn-PDI-CI | TBA" | . = 915 nm 10 Zn-PDI-CI | TBA® | & = 615 nm| 7
: ‘ v i1 4 I
e Val
» o
[a] [=}
o o
|-«
Eos " Eos S
z -
0,0-HTTHEATTY ‘ AL 00 }
A.° 250 500 750 1000 B.° 250 500 750 1000
- tis - tis
10 - Zn-FDl-CF'!iV | 2 =915 nm| . 10 Zn-PDI-CI | Na* | .= 615 nm - i
\ Q4 -
OaY 4
8 \ 8 1
o o
Eos +|-¢ Eos S e
= z ‘
o' | ot
‘ < ‘ <L
| 0 i3+
0,0 00 -

c "o 250 500 750 1000 D 0 250 500 750 1000
. -
tis tis
F' | 50 TBA' | l = 50

Zn-| PDI-SO; | TBA" | = 588 nm o

I 1
ES f?f S R fgg o o
= 1 ’

. H HMH ‘ 1l

tis tls

Figure 6. Stability of the Zn-PDI MOFs by monitoring of absorb-
ance during cycling potential steps of 10s. Data for Zn-PDI-Cl in
TBA-based electrolyte while cycling between (A) PDI? and
PDI*-, (B) PDI*- and PDI?- and in Na-based electrolyte while cy-
cling between (C) PDI? and PDI*-, (D) PDI*- and PDI?-. Data for
Zn-PDI-SO2 in TBA-based electrolyte while cycling between (E)
PDIO and PDI*-, (F) PDI*- and PDI2- and in Na-based electrolyte
while cycling between (G) PDI? and PDI*-, (H) PDI*- and PDI?-.

Interestingly, for the higher potential values, what is inter-
preted as the part mainly related to ionic diffusion of the
it1/2 curves (located after the maximum —pseudo stage
B—C of the idealized Scholz model—) appears in reality to
correlate mainly to the second reduction event, as their
maxima superimpose with the ones of A(A(PDI*-)), the latter
being the point at which the materials’ first redox conver-
sion is almost complete. This observation highlights the fact
that the existing differences between the rates of the suc-
cessive redox events seems to be the determining factor in
the overall diffusional behavior and thus the shape of the
it1/2 curves. To dive into the details of the implications of
these data, the focus further is set on the last potential step
of each set of data (i.e. -1.6V and -1.0V for Zn-PDI-CI and
Zn-PDI-SO:, respectively).

Observations at high potential — Last step

The two last steps of both sets of data (i.e. -1.6V and -1.0V
steps of figure 5a and 5b, respectively) act as relevant ex-
amples of general cases.

Firstly, one can note that as the maxima of the it'/2 and
A(A(PDI*-)) curves match, the first pseudo-stage (A)—(B)
mainly includes contributions from the first redox event,
surface and bulk.

Secondly, and given by the previously established immense
differences in the rates of surface versus bulk diffusion, this
pseudo-stage (A)—(B) must also include some part of the
surface diffusion from the second conversion. The second
part of the itl/2 curve, namely pseudo-stage (B)—(C), is
hence mainly related to the bulk diffusion of the second con-
version reaction.

Lastly, the overall process occurs on very small timescales.
Stage (C) is reached within tc = 1s and tc = 6.25s for Zn-PDI-
Cl and for Zn-PDI-SOq, respectively. Moreover, the shape of
the it/2(t1/2) curves are quite symmetrical compared to
what was reported for Scholz ideal model*® and by Morris
et al. for real systems.?7.2° Whereas it is impossible to distin-
guish between the contributions of surface and bulk when
considering both redox event, the symmetry of the it1/2(t1/2)
curve is also quite high for the lowest potential steps, for
which only the first redox event occurs. This means that the
contributions of surface and bulk diffusions, i.e, Scholz ideal
pseudo stage (A)—(B) and (B)—(C), respectively, extend
over comparable times durations. These observations cor-
relate with the overall fast conversion observed with every
analytical method in this work. We rationalize this phenom-
enon in the following paragraph.

General remarks

When considering a redox-hopping based MOF-modified
electrode, one goal is obviously to reach stage (C) as fast as
possible. To do so, one can shorten stage (B) by increasing
ion diffusion rate, using wide pores and small, moderately-
pairing electrolyte (e.g. Na* in our case). It is also possible to
shorten stage (A) by using redox centers having high self-
exchange rate constants as demonstrated by Morris et al.
with NU-1000 modified with metallocenes based on Fe, Ru
and 0s.?” However, one needs to take into account that: i)
ion diffusion is always slower than electron diffusion and,
ii) ion diffusion accounts for the main part of the overall
conversion since the main part of the redox centers is lo-
cated in the bulk of the crystal. These observations suggest
that reducing the crystal size and thus increasing the sur-
face to volume ratio will not only maximize the participa-
tion of stage (A), based on fast electronic diffusion, but also
increase the overall rate of ionic diffusion by extending the
crystal-electrolyte interface area though which ions can en-
ter the bulk. Additionally, bulk ionic diffusion has been
demonstrated as being the main source for existing differ-
ences between successive redox events, it is hence likely
that reducing its participation to the overall charge diffu-
sion would reduce such differences. One can also notice that
the crystal sizes of the studied materials, whilst dispersed,
seem superior for Zn-PDI-Cl than for Zn-PDI-SO: films (see
Figure 1a, c and Figure S3a, c). This observation tends to



indicate that the participation of surface diffusion to the
overall process could higher for Zn-PDI-SO2 than for Zn-
PDI-CI. This may therefore suggest that the aforementioned
effects are ever-so-slightly underestimated in the present
work, which does support the conclusions.

The present general remarks hold especially true for mate-
rials relying on redox-hopping promoted charge diffusion
and is thus of particular relevance for related applications,
such as electrocatalysis and faradic charge accumulation.

Stability

Finally, the stability of Zn-PDI-Cl and Zn-PDI-SO2 toward
redox cycles was probed (see Figure 6), with cycles of al-
ternating potentials targeting either the first redox event or
both redox events. Different parameters can be considered
regarding the materials stability, being: i) hindrance of the
structure, ii) nature of the diffusing cations and iii) targeted
reduced specie i.e,, PDI*" or PDI?-. As evidenced by c.a. 100%
retention of the maximal optical density over 100 cycles,
both films present excellent electrochemical stability when
cycling between PDI? and PDI* states and regardless of the
diffusing cation (Figure 6a,c,e,g). However, the film cycla-
bility drops when considering further reduction to the PDI?-
state (Figure 6b,d,f,h). This again underlines differences
between first and second redox events. As discussed previ-
ously, a subsequent reduction forces a second equivalent of
counter-cations inside the porous structure. This con-
strained diffusion seems to strongly impact the materials
integrity over time. It is probable that the higher energetic
environment generated by inter-ion repulsions, as well as
the presence of uncompensated injected charges, can favor
degradation reactions at the weakest bonds of the materi-
als, ergo, the coordination bonds. The repulsion-based na-
ture of this degradation phenomenon is evidenced by sta-
bility trends comparable to those of diffusion coefficients.
Furthermore, a similar trend has recently been demon-
strated by Bessinger et al. with a series of COFs of different
pore size, showing that more constrained environments
lead to decreased stability upon electrochemical conver-
sions.50 [t is also worth noticing that this limitation is almost
overcome by using Na*-based electrolyte for Zn-PDI-Cl, im-
plying that, even if a second redox event seems to be slower
and induce instability, a rational choice of diffusing species
can help to drastically reduce this effect.

Conclusion

In summary, two nanosized-MOF modified electrodes were
elaborated by in situ growth on FTO glass. These thin layers
were formed by the self-assembly of Zn?* cations and elec-
tron deficient PDI-pyrazolate ligands, the latter acting as re-
dox centers for the propagation and accumulation of elec-
trons through the materials. The resulting MOF films exhibit
double n-type electrochromism, a property that was ex-
ploited to assess the existence and extend of differences be-
tween multiple successive redox events, during rather fast
charge diffusion. We have shown that chronoabsorp-
tiometric approach can be applied to identify and probe two
distinct apparent diffusion coefficients for successive one-
electron events. It is well-established that charge diffusion

efficiency is notably dependent on the ability of the counter
ions to reach the redox centers within the material. We
demonstrate here that a corollary effect is that further re-
dox events in a series will be increasingly more difficult for
each additional charge injected as the material pores will be
filled with additional counter-ions, leaving less room for
new ones to diffuse in. This effect has been illustrated with
a lower Dapp for the second reduction of Zn-PDI-Cl and Zn-
PDI-SO2 as compared to the first one. Also, this increased
pore crowding over additional redox events tends to lower
the MOF stability toward repeated redox cycling. Both sta-
bility and apparent rate of charge diffusion can be increased
by using an electrolyte based on smaller (and poorly pair-
ing) counter ions. In our case, Na* ions showed particularly
pronounced effects for the second reduction event, under-
lining the profound ionic-based limitation of charge diffu-
sion in redox-active MOFs based on redox hopping.

Finally, it/2 vs. (t'/2), derived from the Scholz model, and
A(A(PDI*)) vs. (t¥/2) curves were conjointly considered to
get a detailed insight of the conversion process for multiple
cathodic potential steps. Based on this set of data, we tried
to provide the community with a critical discussion and to
highlight the relevance of the chronoabsorptiometric ap-
proach for probing multiple successive redox events in
MOFs.
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