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ABSTRACT: Coordination polymers (CPs) and metal–organic frameworks (MOFs) have attracted significant research interest 
in the past several decades due to their reticular structures and modularity. However, realizing electrically conductive CPs or 
MOFs with comparable properties to classic conducting organic polymers has only been a recent development. This emerging 
class of materials has found wide application in many fields due to combined features of structural rigidity, chemical tunabil-
ity, porosity, and charge transport. Alongside many studies revealing myriad design approaches to access these materials, the 
role that redox chemistry plays in both material synthesis and modulation of electronic properties has been an emerging 
theme. This perspective provides a brief overview of select examples where redox chemistry mediates control of morphology 
and properties in electrically conductive CPs/MOFs. The challenges and limitations in this area are also discussed. Particular 
challenges include the characterization of redox states in these materials and measuring and understanding highly correlated 
electronic properties and other unusual physical phenomena which may be important for potential applications.

1. Introduction

Coordination polymers (CPs) are a family of extended 
metal-organic compounds that consist of metal nodes 
(metal ions or clusters) and bridging organic ligands.1 As a 
class of novel porous CPs with a high surface area, metal–
organic frameworks (MOFs) have attracted significant re-
search interest in the past few decades.2 This is largely due 
to their synthetic tunability, modular topology, and perma-
nent porosity which enable broad applications in gas stor-
age or separation, catalysis, and biomedicine.3−6 However, 
most CPs or MOFs are poor electrical conductors due to the 
fact that commonly chosen nodes and linkers are frequently 
high-valent metal ions or clusters combined with redox-in-
active linkers such as aryl carboxylates.2 For these reasons, 
realizing electrically conductive CPs or MOFs, for instance 
with comparable properties to classic conducting organic 
polymers, has only been a recent development.1,2 For exam-
ple, the earliest realization of electrical conductivity in 
MOFs was reported by Takaishi and co-workers in 2009 by 
using electron donors and acceptors as building blocks.7 

Since this seminal work, a growing number of CPs or MOFs 
have been reported with high conductivity enabled through 
mechanisms including hopping or band-like charge 
transport (Figure 1A).8 The difference between these two 
charge transport mechanisms is that the carriers such as 
electrons must overcome a “hopping” activation barrier (Ea) 
to move between states in the former. In band-like 
transport, however, electrons can move smoothly in the 
conduction band after overcoming any bandgap that is pre-
sent. These conducting CPs or MOFs have exciting potential 
applications in field-effect transistors, electrochemical 

energy storage, optoelectronics, thermoelectrics, electro-
catalysts, magnetism, and spintronics.9−14 

Studies on conductive CPs have revealed many design ap-
proaches to facilitate charge transport. From a synthetic 
perspective, incorporating redox-active components as 
building blocks is a nearly ubiquitous motif to support con-
ductivity (Figure 1B). First-row transition metals (e.g. Cr, 
Mn, Fe, Co, Ni, Cu) with octahedral or square-planar coordi-
nation geometries are commonly used as redox-active 
metal nodes  and catecholoid- or quinoid-type fragments 
with multiple redox states are widely used as the organic 
linkers.8,9  These redox-active components can provide pos-
sible charge carriers (such as radicals or d electrons) and 
can also dictate charge transport mechanisms through dif-
ferent metal−ligand orbital overlap, extended π−d conjuga-
tion, and π−π interactions depending on their redox-state.9  

These redox-active components introduce an important 
variable to tune function and properties in conducting 
CPs/MOFs. Component redox state plays a key role in many 
properties including electrical conductivity and magnetic 
interactions.15,16 For instance, both the mechanism and the 
bulk conductivity of both non-porous conductive polymers 
and pyrazolate-based MOFs have displayed redox-state de-
pendence.17,18 Furthermore, evidence for both band-like or 
small bandgap semiconducting transport behaviors have 
been observed, but it is less clear what role redox states may 
play in governing this boundary.19,20 This is particularly true 
in comparison with the extensive literature on the mecha-
nisms of charge transport in more traditional organic poly-
mers.21,22 



 

 Despite this broad importance, rational synthetic control 
over component redox states is frequently difficult. Sponta-
neous redox chemistry is commonly observed during con-
ductive CP/MOF formation.23,24 A detailed and general un-
derstanding of how individual component redox state influ-
ences metal-linker coordination geometry, bond strength, 
and material nucleation and growth, both kinetically and 
thermodynamically, is lacking.25,26 These factors may also 
impact the morphology (structure, shape, size) of the 
formed material. In more traditional CP/MOF synthesis, re-
versibility, and hence crystallinity and/or morphology, can 
be controlled through modulating agents.27 However, re-
lated “redox modulating agents” for conductive CPs/MOFs 
are not clearly delineated. Furthermore, redox reactions are 
frequently irreversible, and the related redox potentials of 
nodes and linkers are usually dictated by their structure 
with limited ability for modulation.16 As an additional vari-
able, the planar structure of many redox-active organic 

linkers also means that π-stacking can be an important 
structural motif that may also dictate crystallite growth and 
morphology.26 Balancing covalent and non-covalent inter-
actions alongside redox reactions provides a complex set of 
parameters for optimizing CP/MOF synthesis. This means 
that a fundamentally different set of synthetic design crite-
ria are needed to control structure and properties in this 
class of materials. 

Despite these challenges, rationally using the redox 
chemistry of CP building blocks provides a unique oppor-
tunity to control, engineer, and modulate the morphologies 
and/or properties of materials. Indeed, there are increasing 
examples where CP component redox properties can be 
tuned either before (pre-synthetic), during (in-situ), or after 
synthesis (post-synthetic, Figure 1C). This perspective aims 
to provide a brief overview of how redox chemistry medi-
ates control of morphology and physical properties, partic-
ularly focusing on the redox chemistry of building blocks in 
conductive CPs or MOFs with frameworks that support con-
tinuous bonding networks to realize charge transport. We 
will use select examples in this area to illustrate the syn-
thetic principles underpinning this approach, drawing sig-
nificantly from our own work. We will further discuss the 
common experimental techniques that have been used to 
probe and characterize redox states and their limita-
tions/challenges. Finally, we will discuss practical consider-
ations of material morphologies for device incorporation. A 
few proof-of-concept examples of possible emergent appli-
cations in unusual charge transport phenomena and spin-
mediated applications will also be mentioned. The inter-
ested reader is directed towards a suite of other excellent 
reviews if a more comprehensive discussion on redox activ-
ity in MOFs or CPs is sought.28−30 

 

2. Examples of Redox Chemistry Mediated Control over 
Morphology and Properties 

Quinone-based organic molecules are prototypical redox-
active linkers for many conductive CPs/MOFs. Many of 
these early examples exhibit in-situ ligand redox chemistry 
that occurs spontaneously during material synthesis, lead-
ing to formally mixed-valence quinoid-semiquinoid linkers 
in the resulting materials. This mixed valency contributes to 
both high electrical conductivity and potential magnetic 
properties.23,24 In addition to in-situ generated redox-states, 
these properties can be further manipulated through post-
synthetic redox tuning. For instance, one-electron reduction 
per formula unit in a 2D conductive iron-quinoid magnet 
leads to an increase in magnetic ordering temperature from 
80 K to 105 K with a concomitant decrease of conductivity.16 

These examples underscore the importance and application 
of redox chemistry in material synthesis and properties 
modulation.  

 
2.1 Pre-Synthetic Redox Chemistry 

A recent study by Snook et al. demonstrates that partial 
oxidation of the organic linker prior to metal binding can 
dictate the morphology of a prototypical 2D conductive 
MOF, Cu3(HHTP)2 (HHTP= 2,3,6,7,10,11-hexahydroxytri-
phenylene).26 The authors developed a controlled oxidative 
synthesis of the material that used substituted quinones as 
the chemical oxidant rather than air. Their findings suggests 

 

Figure 1. Overview of redox-tuning in conductive CPs and 
MOFs. A. Illustration of how redox-state influences conductiv-
ity mechanisms and carrier densities either in hopping charge 
transport (left) or band transport (right). B. Commonly incor-
porated redox-active building blocks in conductive CPs or 
MOFs. Examples of first-row transition metals as redox-active 
metal nodes, and catecholoid-type organic linkers with possi-
ble redox states are shown. C. Schematic illustration of differ-
ent strategies for tuning component redox states before, dur-
ing, or after material formation (M represents the metal node 
and L represents the organic linker). 



 

that stronger oxidants (e.g., 1,4-benzoquinone) with faster 
sublimation rates led to mixtures of rod-like particles and 
spherical clusters, while weaker oxidants (2,6-dimethyl-
1,4-benzoquinone) led to more well-defined, rod-like parti-
cles. Furthermore, systematically varying the extent of ini-
tial oxidation of HHTP with different equivalents of 2,5-di-
chloro-1,4-benzoquinone leads to distinct rod, block, and 
flake-like morphologies as shown in Figure 2A. It also alters 
the nanocrystal aspect ratio (length:diameter) by over 60-
fold. Although the exact mechanism of how the oxidized 
HHTP alters the material morphology is complex and not 
yet fully understood, these results represent an important 
example of how ligand oxidation can impact the nucleation 
and growth of 2D conductive metal–organic frameworks. 
   Our group has also recently developed synthetic strategies 
to precisely control the oxidation states of CP building 
blocks by pre-defining the redox state in the linker.31,32 Pre-
vious synthetic studies demonstrated that the redox state of 
tetrathiafulvalene-2,3,6,7-tetrathiolate (TTFtt) linker units 
remains unchanged by transmetalation.33 This suggests that 
using differently oxidized/reduced linker synthons should 
enable different redox states in subsequent materials. In-
deed, this strategy affords CPs of the general formula [NiTT-
Ftt]n where n = 0 or 2− and different TTFtt redox states un-
derpin dramatically different properties. Increasing oxida-
tion of the TTFtt core leads to a switch in carrier properties 
from a p-type semiconductor (Li-NiTTFtt) to an n-type 
metal (NiTTFtt) (Figure 2B left). These materials also ex-
hibit redox state dependent photothermoelectric proper-
ties (Figure 2B right). Specifically, with a NIR laser (808 nm) 

at an intensity of 2.0 W/cm2, a NiTTFtt pellet shows a tem-
perature increase of 100 °C and produces a Seebeck voltage 
of 270 µV. Pellets of Li-NiTTFtt show even better photo-
thermal properties. This material displays a temperature 
increase of 95 °C and a Seebeck voltage as high as 660 µV 
under a lower NIR laser intensity of 0.4 W/cm2. It is notable 
that the photothermal and photo thermoelectric perfor-
mances of the p-type Li-NiTTFtt material substantially out-
perform some of the best organic materials, and NiTTFtt is 
an unusual example of an n-type organic photothermoelec-
tric material. These findings illustrate how presynthetic re-
dox modulation can be a useful strategy for designing new 
conductive, thermal, or photophysical properties in materi-
als. Still, there are many remaining questions, such as how 
different linker oxidation states impact structural features 
such as interchain packing, crystallinity, or morphology as 
well as physical properties such as Seebeck coefficients, the 
identity of the charge carriers, and carrier concentrations. 
The interplay of both structural and physical parameters is 
likely to synergistically govern charge transport, thermal, 
and/or photophysical properties. 

   

2.2 In-Situ Redox Chemistry 

In-situ redox chemistry commonly occurs spontaneously 
during material synthesis when redox-active building 
blocks are employed. This in-situ redox chemistry often re-
sults in a different oxidation state or building block mixed 
valency in the formed material when compared with the ox-
idation states of the isolated linker or metal synthons.23,24 In 
some cases, this can be rationally programmed, for instance 
by controlling the synthetic conditions (oxidizing aerobic 
atmospheres or anaerobic conditions as an example), but in 
many cases resultant redox changes are less intuitive. 19,26 In 
addition to the quinone-based conductive CPs/MOFs men-
tioned above, in-situ redox chemistry also occurs in related 
2D semiconducting MOFs based on hexahydroxytri-
phenylene,34 hexaaminobenzene,19 or 2,3,6,7,10,11-hex-
aiminotriphenylene.35 The successful synthesis of these 2D 
MOFs almost always requires the presence of oxygen for in-
situ oxidation. The related quinoidal linkers hexahy-
droxybenzene (HHB) or tetrahydroxy-1,4-quinone (THQ) 
have many accessible redox-isomers and several possible 
intermediates as shown in Figure 3A.36 Materials synthe-
sized with these linkers have demonstrated variable and 
unpredictable in-situ redox chemistry which has a dramatic 
effect on both morphology and physical properties. For ex-
ample, the first 2D semiconducting MOF featuring this mo-
tif, Cu-HHB, was synthesized in 2018 by reacting Cu2+ with 
either HHB or THQ.37 The presence of ethylenediamine in 
the synthesis is critical in controlling the crystallinity and 
yield of the product both kinetically and thermodynami-
cally. Protonated ethylenediamine is also present in the 
chemical formula, suggesting a nearly −1 charge at each 
CuO4 unit. Later, Zheng Meng et al. reported a MOF with a 
similar morphology, but which was formally charge neutral, 
Cu3(C6O6)2, through continuous air bubbling during synthe-
sis.38 This MOF exhibits a more oxidized linker oxidation 
state, and the authors invoke that strong π-stacking interac-
tions result in singlet dimers between adjacent layers which 
lead to localization, semiconducting properties, and inter-
esting magnetism.  

 
Figure 2. Examples of pre-synthetic redox chemistry in con-
trolling material morphologies and properties. (A) Overview 
of two-step synthesis of Cu3(HHTP)2 using pre-oxidant of 2,5-
dichloro-1,4-benzoquinone (top) and corresponding SEM im-
ages showing different morphologies from various equiva-
lents of pre-oxidant used (bottom). Adapted from ref. 26. 
Available under a CC BY-NC 3.0 DEED. Copyright 2022 Royal 
Society of Chemistry. (B) Scheme overview of synthesis of 
[NiTTFtt]n CPs via pre-synthetic redox control over linkers 
(left) and redox state dependent photothermoelectric proper-
ties (right). Adapted from ref. 32. Copyright 2022 American 
Chemical Society. 



 

Switching from Cu2+ to a more easily oxidized Fe2+ metal 
ion results in further variation and the isolation of several 
different novel 3D conducting CPs/MOFs due to in-situ re-
dox chemistry (Figure 3B). For instance, reacting 
FeSO4·7H2O with THQ in a degassed mixture of water and 
diethylene glycol at 120 °C affords the 3D cubic MOF 
Fe12(C6O6)6 which contains eight water molecules per for-
mula unit.39 However, performing the reaction in a mixture 
of water and dimethylformamide (DMF) at lower tempera-
tures results in a similar cubic Fe8(C6O6)6 material without 
any solvent molecules in the pores.40 These two materials 
display dual mixed valency for both the linkers and the 
nodes. The C6O6 linkers have formal 6–/5– and 4–/3– 
charges in Fe12(C6O6)6 and Fe8(C6O6)6 respectively. Differ-
ential redox states in this system can also result in devia-
tions from cubic to layered 2D morphologies. Our group 
presented the synthesis of a new 3D semiconducting mate-
rial Fe5(C6O6)3 by reacting FeCl2 with a more reduced linker 
precursor HHB instead of THQ.36 Fe5(C6O6)3 consists of 2D 
hexagonal layers with a staggered AB stacking that are fur-
ther bridged by axial Fe centers through Fe–O bonds to gen-
erate a 3D material. This material also features dual mixed 
valency with C6O6 linkers with formal 5–/4– charges. Be-
yond their structural differences, these three materials 

display variable electric and thermoelectric properties. For 
example, Fe8(C6O6)6 exhibits n-type thermoelectric behav-
ior (Seebeck coefficient S: −194.0 μV K–1) with a moderate 
conductivity (σ:3.9(3)×10–3 S cm–1) at room temperature. 
Fe12(C6O6)6 also exhibits n-type thermoelectric behavior (S: 
−194.0 μV K–1) with a somewhat lower conductivity (σ: 
2.7×10–4 S cm–1). In contrast, Fe5(C6O6)3 is a p-type semicon-
ductor (S: +59.3 μV K–1) with a comparably higher conduc-
tivity of 2.0(4)×10−2 S cm−1. The calculated thermoelectric 
power factor (S2σ) follows a similar increasing trend with 
the formal oxidation states of the C6O6 linkers in this series 
of materials. All these discoveries provide key illustrations 
of how synthetic variables such as reaction conditions and 
linker synthon oxidation states can affect/dictate in-situ re-
dox chemistry. This differential redox chemistry leads to 
different component redox states and thus significantly dif-
ferent properties in the resulting materials. 

 

2.3 Post-synthetic Redox Chemistry 

Redox chemistry can also be rationally changed through 
post-synthetic modification to further tune materials prop-
erties, and this is perhaps a more common route for redox 
modulation in CPs.15−16 One particular note about this ap-
proach in MOFs is that the porosity which is inherent to 
many materials means that counterion intercalation/dein-
tercalation is frequently easier during redox-changes in 
MOFs than in many other redox-active solid-state materi-
als.16,18,40 For instance, the reduction of the aforementioned 
Fe8(C6O6)6, which is non-porous, with sodium naphtha-
lenide showed no obvious structural changes but a signifi-
cant drop in conductivity.40 This is likely due to the limited 
pore volume and surface area of the material making the Fe 
sites within the particles less accessible for reduction lead-
ing to inhomogeneous redox chemistry. In comparison, 
fractional reduction of a porous Fe2(BDP)3 (BDP= 1,4-
benzenedipyrazolate) using potassium naphthalenide can 
successfully accommodate stoichiometric intercalation of 
charge-balancing cations.41 This controlled reductive inser-
tion leads to mixed valency and a nearly 10,000-fold en-
hancement in conductivity.  

Our group has recently reported that post-synthetic re-
dox modulation can be extended over an extremely broad 
range, with four discrete redox states in the 2D MOFs 
LixFe3(THT)2 (x = 0−3, THT = triphenylenehexathiol, Figure 
4A).42 Here, the porosity of this honeycomb framework is 
critical as the overall framework topology is unperturbed 
by the variable counterion loading. Only a slightly different 
interlayer distance is observed between unoxidized 
Li3Fe3(THT)2 (3.522(21) Å) and the most oxidized 
Fe3(THT)2 (3.365(4) Å). Also, a suite of spectroscopic evi-
dence confirms a ligand-centered oxidation during redox 
modulation. Furthermore, many of the physical properties 
in this set of materials, including electrical conductivity, 
thermoelectric behavior, carrier concentrations, and mag-
netic interactions, respond dramatically to redox tuning 
(Figure 4B, 4C). Oxidation leads to 10,000-fold greater con-
ductivity, p- to n-type carrier switching, 10,000-fold greater 
carrier concentration, and weakened antiferromagnetic in-
teractions. This is only one example where controlled post-
synthetic redox tuning can be used to modulate the elec-
tronic structures of semiconducting materials. This 

 

Figure 3. (A) Multiple accessible oxidation states (top) and 
possible intermediates (in dashed box) of C6O6. (B) In-situ re-
dox chemistry in dictating materials morphologies and prop-
erties in Fex(C6O6)y materials. Orange: Fe, red: O, grey: C; co-
ordinated solvent molecules are omitted for clarity. Adapted 
from ref. 36. Copyright 2022 Wiley-VCH. 



 

approach can be contrasted with more commonly used dop-
ing methods in classic nonporous semiconductors. 

 

3. Challenges and Opportunities: Redox Chemistry in 
Material Characterization and Novel Applications 

3.1 In-Depth Spectroscopic Methods to Probe Compo-
nent Redox States. 

Since redox chemistry plays such an important role in dic-
tating material formation, morphology, and electronic prop-
erties, it is important to characterize component redox 
states to test various synthetic strategies and to understand 
structure–property relationships. As discussed above, re-
dox-active building blocks may change their oxidation state 
either in-situ or during subsequent post-synthetic modula-
tion. Rigorous characterization of component redox state is 
frequently quite challenging even in molecular systems and 
even more so in extended solids. Charge delocalization or 
dynamic electronic structures in these materials may make 
exact formal redox states inappropriate or incomplete de-
scriptors.  Many spectroscopic techniques have different 
timescales for probing relevant information of electronic 
structures with their own advantages and disadvantages, 
and these must be carefully considered when interpreting 
data.43 Interpretation of spectroscopic results requires ad-
ditional caution and several complementary analyses using 

different techniques should be adopted in a comprehensive 
and supporting manner. There are several spectroscopic 
methods to probe the oxidation states of either metal cen-
ters or organic linkers as shown in Figure 5. 

57Fe Mössbauer spectroscopy can provide information on 
Fe spin and oxidation states in quantitative isomer shifts (δ, 
mm/s) and quadrupole splittings (∆𝐸Q, mm/s). This tech-
nique is widely used for characterization of Fe-based mole-
cules and materials. For example, the Mössbauer spectrum 
of the above-mentioned material Fe5(C6O6)3 displays three 
sets of signals (Figure 5A).36 Two signals (δ: 0.665(1) mm/s, 
∆𝐸Q: 0.933(7) mm/s, ~24%; δ: 0.683(2) mm/s, ∆𝐸Q: 
1.308(14) mm/s, ~49%) are consistent with high-spin 
Fe(III), while the third feature (δ: 1.269(3) mm/s, ∆𝐸Q: 
3.105(4) mm/s, ~27%) is distinctly assigned as a high-spin 
Fe(II) site based on its larger ∆𝐸Q. This information, com-
bined with the molecular formula, provides a critical bench-
mark to estimate the oxidation state of the organic linkers. 
It is important to note that Mössbauer spectroscopy oper-
ates on a time scale of 10−6 – 10−8 s and thus the observation 
of distinct signals for structurally equivalent sites indicates 
charge localization and slower electron itinerancy than this 
limiting time scale.41 

X-ray absorption spectroscopy (XAS) is another popular 
technique to analyze the local geometric and electronic 
structure of a system at a much faster timescale of 10−14 s.43 

 

Figure 4. (A) Synthetic scheme for Fe4(THT)2 and LixFe3(THT)2 (x = 3−0) through cation exchange and stoichiometric oxidation. 
Structural models of Li3Fe3(THT)2 and Fe3(THT)2 showing different interlayer distances through Rietveld analysis. Color code: 
orange, Fe; yellow, S; gray, C; purple, Li; pink, H. (B) The Seebeck coefficient (S) and the conductivity (σ) plot against the counterion 
and oxidation level. The grey dashed line is a guide to the eye for 0. (C) Summary of DC Hall charge carrier concentration (N) at 
room temperature as a function of the counterion and oxidation level. Adapted from ref. 42. Copyright 2023 American Chemical 
Society. 



 

Specifically, the position of the K-edge provides a direct 
read-out on the formal oxidation state of the interrogated 
nucleus. Furthermore, pre-edge signal shape and intensity 
in the X-ray absorption near edge structure (XANES) spec-
tra can provide crucial information on oxidation states and 
coordination geometries. Fitting of the extended X-ray ab-
sorption fine structure (EXAFS) region can provide detailed 
bond lengths and sometimes angles.32 As shown in Figure 
5B, the Ni-K edge XANES spectra of three TTFtt-based ma-
terials display identical K-edge positions which suggests 
similar Ni(II) oxidation states.32 However, the higher inten-
sity of the peak at 8338.6 (4) eV in the NiTTFtt material cor-
responds to a more symmetric D4h metal center. Fits of the 
EXAFS spectra of these materials result in similar Ni-S bond 
lengths, further supporting Ni(II) oxidation states for all the 
materials and suggesting that all redox-changes must be oc-
curring on the linkers. This conclusion is supported by S K-

edge XAS studies on this system which show that the Ni–S 
bonding covalency decreases with higher TTFtt redox 
states. Together, these analyses support that the major con-
ductivity pathways in these TTFtt based materials are 
through linker-linker interactions.44 These findings demon-
strate that XAS spectroscopy is powerful tool to examine ox-
idation states and covalency in electronically complex S-
based materials. However, accurate interpretation and/or 
fitting frequently requires reliable standards such as model 
complexes or advanced theory. 

X-ray photoelectron spectroscopy (XPS) is another com-
mon technique to study the properties of solids and sur-
faces, providing information on charge distribution, oxida-
tion state, ionization potential, etc.45 The quantitative use of 
XPS is based on signal intensities which directly relate to the 
amounts of different atomic species present. Thus, this data 
needs careful carbon referencing, background subtraction, 

 
Figure 5. Different spectroscopic methods to probe the oxidation states of both metal centers and organic linkers. (A) 57Fe Möss-
bauer spectrum of Fe5(C6O6)3 recorded at 77 K and fitting results for three species. Adapted from ref. 36. Copyright 2022 Wiley-
VCH. (B) Ni K-edge XANES spectra of TTFtt-based materials. Adapted from ref 32. Copyright 2022 American Chemical Society. (C) 
High-resolution S 2p XPS results for the redox LixFe3(THT)2 materials. Adapted from ref 42. Copyright 2023 American Chemical 
Society. (D) Raman spectra of three 2D metal-quinoid materials excited at 473 nm. Red is for the as-synthesized iron-quinoid ma-
terial, blue is for the reduced iron-quinoid material, and purple is a zinc analogue material. Adapted from ref 16. Copyright 2017 
American Chemical Society. 



 

and peak deconvolution to be thoroughly interpreted. When 
applied correctly, this method provides a powerful way to 
assign the oxidation state of metals (e.g., Cu, Fe, Co) by com-
paring the measured binding energy to known compounds 
or controls.46,47 It can be used to reveal redox changes in the 
linker scaffold during redox tuning, especially in S-based 
materials.15,47 For instance, we have used this technique to 
confirm linker-centered oxidations in the 2D MOFs 
LixFe3(THT)2. The XPS results show no general change in 
the Fe 2p spectra but a gradual shift toward higher energy 
in the S 2p spectra between 162 and 166 eV (Figure 5C).42 

This trend is corroborated with Raman spectroscopy, with 
a clear 10 cm−1 shift toward lower energy for the aromatic 
ring vibrations in the series of LixFe3(THT)2.  As one note, 
however, XPS is a surface sensitive technique, and thus 
etching of the surface and repeated analysis is recom-
mended to make sure that observed signals are representa-
tive of the bulk. 

Fourier-transform infrared (FT-IR) and Raman are also 
extremely useful spectroscopic techniques to detect 
changes in valence and spin states in the linker scaffold.36 
Unlike Mössbauer and XAS techniques, vibrational spec-
troscopy provides a more indirect readout on formal oxida-
tion states. However, trends in the strength of bonds, as as-
certained by their vibrational frequencies, can provide de-
cisive information within a series or closely related set of 
compounds. For instance, in the FT-IR spectra of Fex(C6O6)y 
materials, the C–O stretching frequency at around 1000 
cm−1 shifts towards lower frequency in Fe5(C6O6)3 than in 
Fe8(C6O6)6,  supporting a more reduced linker oxidation 
state in the former material.36 This conclusion is supported 
by Mössbauer analysis. In another 2D iron-quinoid material, 
a Raman active C−C stretching mode within the bridging lig-
and ring shifts from 1364 cm−1 to 1390 cm−1 upon post-syn-
thetic reduction by cobaltocene (Figure 5D).16 The 26 cm−1 
energy difference also indicates that the additional electron 
from reduction resides in an orbital of primarily π character 
centered on the C−C bond.  

Besides these aforementioned spectroscopic methods, 
other techniques including UV-vis-NIR spectroscopy, EPR 
spectroscopy and cyclic voltammetry can also be used to 
provide information regarding component redox states or 
redox changes in electronic structures.16,32,38  Beyond this, 
bulk conductivity measurement techniques such as time-re-
solved terahertz spectroscopy,20 Hall effect measure-
ments,20, 42 and field-effect transistor measurements41  are 
essential to understand how different component redox 
states tune charge transport properties (such as carrier 
densities) and mechanisms. Again, complementary results 
from different techniques should be considered to avoid 
weaknesses from any single method. 

 

3.2 Practical Considerations of Material Morphologies 
for Device Incorporation 

Synthetic control over macroscopic morphology in many 
conductive CPs/MOFs is still comparatively poor due to fast 
reaction kinetics in common synthetic routes such as sol-
vothermal synthesis and interfacial synthesis.32,37 This 
means that targeted materials are most often obtained as 
polycrystalline powders or films with small crystalline do-
main sizes. The grain boundaries and anisotropy in these 

morphologies may limit or obscure intrinsic properties in 
structural and charge transport studies. Polycrystallinity 
and disorder also generally inhibit charge transport.48 High-
quality single crystals or high-quality films with fine control 
over orientation, homogeneity, and thickness are needed 
for both detailed characterization and determination of fun-
damental structure−property relationships as well as appli-
cation in devices. Therefore, development of novel method-
ologies to prepare conductive CPs/MOFs as high-quality 
single crystals or thin films is of great importance for future 
developments in this field. Alternatively, developing pro-
cessable disordered materials which still possess robust 
physical properties may be another avenue towards dura-
ble device incorporation.31 There are many ongoing efforts 
towards better control over morphology engineering for 
these materials. Below we discuss three examples of using 
novel methodologies combined with redox chemistry to fa-
cilitate large single crystal growth, enable large thin film ac-
cessibility, and even to obtain novel morphologies as a mo-
lecularly thin network.48−50 

Ha et al. recently reported a biphasic solution-solid ap-
proach that can generate single-crystal plates of Ni-CAT-1 
with lateral dimensions exceeding 10 μm.48 The organic lig-
and, hexahydroxytriphenylene (HHTP), is deposited as an 
oriented thin film on a silicon substrate by vacuum thermal 
evaporation. The metal salt precursor, nickel acetate, is then 
deposited on another silicon substrate by drop casting. A 
key aspect of this growth method is to confine the reaction 
volume to a very thin layer between two solid substrates 
tightly held together by magnets (Figure 6A). The confined 
synthetic space likely modulates the kinetics of the reaction, 
including the spontaneous redox chemistry that is fre-
quently observed in these systems. The obtained large sin-
gle crystals of Ni-CAT-1 permit measurements of the basal 
plane’s electrical conductivity. The best measured value is 2 
S/cm with an average value of 0.8 S/cm that is two orders 
magnitude higher than the bulk conductivity of a polycrys-
talline pressed-pellet sample. A Hall measurement on a sin-
gle crystal device of Ni-CAT-1 further suggests a high car-
rier concentration is the origin of the high conductivity in 
this material. However, the authors were unable to measure 
an accurate Hall effect in pressed pellet samples due to sup-
pression of the charge carrier mobility by grain boundaries.  

Liu et al. developed a novel electrochemical synthesis 
method to prepare a large-area thin film of 2D Cu3(HHTP)2 
on a single-crystal Cu (100) surface.49 As shown in Figure 
6B, two pieces of Cu foil are used as an anode and cathode 
and submerged in the deprotonated HHTP solution. By ap-
plying an appropriate voltage, Cu2+ ions can be released 
from the Cu anode to react with HHTP anions and generate 
a MOF film on the electrode surface. Further experimental 
investigation suggests that the electrolysis rate of the Cu an-
ode is proportional to the applied voltage. Therefore, the 
morphology and thickness of the MOF film can be easily 
controlled by varying the applied voltage or the electrolysis 
time.  Transmission electron microscope characterization 
indicates the average size of the crystalline domain is nearly 
80 nm, which is significantly higher than the films prepared 
by interfacial methods.14,51 The high crystalline quality of 
this MOF film also yields 1000 times higher electrical con-
ductivity. This controllable electrochemical synthesis 



 

method is also proposed as an effective route for the indus-
trial-scale production of 2D conductive MOF films on Cu foil. 

It is also worth noting that the growth of molecularly thin 
2D layers of conductive MOF materials can offer exciting op-
portunities for investigating their electronic and magnetic 
properties. Martín-Fuentes et al. reported the on-surface 
synthesis of a Co-HHTP metal−organic network on a 
Au(111) surface (Figure 6C).50 The on-surface chemistry in-
volves deprotonation of the linkers and the subsequent for-
mation of Co−O bonds upon annealing. The resulting peri-
odic network features a unique threefold Co2+ coordination 
topology with the linkers that is ascribed to the power of 
surface-confined metal−organic chemistry. Due to its low 
coordination index, the Co atoms exhibit a large orbital 
magnetic moment with an orbital to effective spin moment 
ratio of 0.8, an in-plane easy axis of magnetization, and large 
magnetic anisotropy. These results open new pathways for 
magnetic materials for potential spintronic and memory de-
vices. 

 

3.3 Emergent Applications in Novel Multifunctional Ma-
terials 

CPs or MOFs that exhibit both conductivity and porosity 
have found numerous applications in chemiresistive sen-
sors, electrochemical energy storage, and electrocatalysis.9-

12 Moreover, the highly delocalized electronic structures 

and the presence of radical spins in many of these materials 
also raise the possibility of unusual charge transport (su-
perconductivity or metallic transport as examples) and 
spin-mediated phenomena.31,47,52 These phenomena may 
enable applications including quantum sensing and 
spintronics, as two examples.14,53 Importantly, these prop-
erties are not easily accessed in conventional MOFs, and 
even more typical inorganic material candidates for these 
applications do not exhibit the same degree of tunability as 
CPs. However, a deep understanding of structure-property 
relationships, precise control and modulation of correlated 
physical properties through redox modulation, and further 
improvement of the macroscopic material quality using re-
dox chemistry are all essential to advance these applica-
tions.  

 As one example, superconductivity is a unique quantum 
phenomenon and is a long-standing topic of interest in 
physics and material science.54 The Zhu group reported the 
first example of superconductivity in coordination poly-
mers in 2017.52 Highly crystalline copper (II) benzenehex-
athiolate CP (Cu-BHT) exhibits bulk superconductivity at ~ 
0.25 K that is confirmed by electrical resistivity, magnetic 
susceptibility, and specific heat measurements (Figure 7A). 
A second superconducting phase at ~ 3 K with a small vol-
ume fraction was also detected by magnetic susceptibility 
measurements. Moreover, Cu-BHT has the potential to be a 
metallic quantum spin liquid (QSL) as it is an S = ½ system 

 
Figure 6. Examples of using novel methodologies to control material morphologies. (A) Schematic illustration of the growth 
method of Ni-CAT-1, the SEM image of obtained crystals and optical microscope image of a single-crystal device for electrical 
property measurement. Adapted from ref 48. Available under a CC BY-4.0. Copyright 2020 American Chemical Society. (B) Elec-
trochemical reaction cell for the preparation of a Cu3(HHTP)2 film on Cu foil. Adapted from ref 49. Copyright 2021 Wiley-VCH. (C) 
High-resolution STM image with a superimposed ball and stick model of Co-HHTP on Au(111). Adapted from ref 50. Copyright 
2022 American Chemical Society. 



 

with a Kagomè lattice. Although the superconducting tran-
sition temperature is quite low, the varied choice of building 
blocks and the diverse topological structures of these family 
of materials highlight their potential in discovering or de-
signing new superconducting materials. 

Our group also reported an unusual new CP material, 
NiTTFtt, that is structurally amorphous but still exhibits 
signatures of metallic character (Figure 7B).31 The amor-
phous structure of NiTTFtt precludes a classical band struc-
ture as there is no long-range periodic order. However, this 
material displays high electronic conductivity (up to 1,200 S 
cm−1) and intrinsic glassy metallic behavior confirmed by 
multiple experiments. This material also features remarka-
ble robustness for conductivity with heat, air, and even cor-
rosive conditions. Theory shows that the unusual metallic 
behavior is due to the strong overlap between the molecular 
units in the 3D disordered stacks. These findings demon-
strate that rational molecular design in conducting CPs can 
enable metallic conductivity even in heavily disordered ma-
terials. 

Besides unusual charge transport phenomena, spin-po-
larized transport in conductive CPs is also an emerging area. 
Organic spin valves (OSVs) have been fabricated using 
highly crystalline and oriented thin films of Cu3(HHTP)2 
with tunable thickness on a La0.67Sr0.33MnO3 (LSMO) ferro-
magnetic electrode (Figure 7C).14 The magnetoresistance 
(MR) response of these LSMO/Cu3(HHTP)2/Co devices 

reaches up to 25% at 10 K, indicating a possible spin-tun-
neling transport process in the material. The MR can in 
these devices can be retained with good film thickness var-
ying from 30 to 100 nm, and at high temperatures up to 200 
K. These results demonstrate that 2D conductive MOFs can 
serve as a promising platform for OSVs and may have po-
tential multifunctional applications in spintronics.  

Finally, CPs with redox-active components also have 
promise in emerging quantum technologies. Sun et al. have 
shown that these materials can also support quantitative 
quantum sensing at room temperature. In the new 2D MOF 
material, MgHHTP, organic radicals, which arise from spon-
taneous oxidation in the material synthesis, can behave as 
electron spin qubits.53 Quantum states in these radicals can 
be partially polarized by an external magnetic field, manip-
ulated by microwave pulses, and read out through electron 
spin echo microwave pulse sequences. The authors further 
demonstrate the quantitative measurement of lithium con-
centration at the ppm level using this system (Figure 7D).  

 

4. Conclusion and Outlook 

As a class of growing materials in recent years, electri-
cally conductive CPs/MOFs with redox-active building 
blocks have shown extraordinary properties and wide ap-
plications in many fields due to their combined features of 
structural rigidity, chemical tunability, porosity, and charge 

 

Figure 7. Examples of emergent applications of conductive CPs in novel multifunctional materials. (A) Cu-BHT exhibits bulk super-
conductivity at ~ 0.25 K by electrical resistivity measurement. Adapted from ref 52. Copyright 2018 Wiley-VCH. (B) NiTTFtt mate-
rial with 3D disordered stacks display glassy metallic feature. Adapted from ref 31. Copyright 2022, Nature Publishing Group. (C) 
Diagram of an assembled vertical OSV using 2D conductive MOF. Adapted from ref 14. Copyright 2020 Wiley-VCH. (D) Representa-
tive illustration of adsorbed chemical analytes in the MOF and interactions with the embedded radicals through hyperfine coupling 
for quantum sensing. Adapted from ref 53. Copyright 2022 American Chemical Society. 



 

transport properties. Along with many studies revealing the 
design approaches to access these materials, the role of re-
dox chemistry in controlling morphology and electronic 
properties has been increasingly recognized. Redox chem-
istry of the components can occur before, during, or after 
material synthesis either in a controllable way or in a spon-
taneous manner. The final component redox states typically 
play a critical role in material properties; redox changes can 
lead to modulation of many physical properties including 
electrical conductivity, magnetic interactions, carrier type 
and concentration, mobilities, and Seebeck coefficients. Re-
cent examples from the literature, discussed here, also sug-
gest that component redox state may determine factors be-
yond pure electronic or physical properties, including 
metal-linker coordination geometry, bond strength, and 
material nucleation and growth. These features introduce 
additional complexities in conducting CPs/MOFs but also 
provide great opportunities in controlling and modulating 
the morphologies or properties of materials. These classes 
of materials generally exhibit highly delocalized electronic 
structures and may possess unpaired spins due to the redox 
activity of their components. This can lead to practical chal-
lenges in the characterization of the extent of redox chem-
istry or component redox states, further obscuring underly-
ing structure-property relationships. On the other hand, 
this combination of features also leads to highly correlated 
and potentially tunable physical properties, such as coexist-
ence of electrical conductivity and spin interactions for 
novel applications. 

Despite a great deal of interest and many key advances, 
there is still a substantial amount of exploration required to 
understand what role redox chemistry plays in conducting 
CPs/MOFs. Firstly, developing synthetic methods to pre-
cisely control component redox states is important and nec-
essary to test and understand structure-property relation-
ships. This redox control can, for instance, be realized with 
the use of stochiometric oxidants/reductants at various 
points during materials synthesis. Electrochemical tech-
niques, such as controlled-potential chronoamperometry, 
may also be a viable route to synthetic redox-control. Sec-
ondly, development and application of in-situ spectroscopic 
techniques to monitor spontaneous redox chemistry during 
material synthesis, such as PXRD, UV–vis, and FT–IR, will 
bring a better understanding of how redox chemistry dic-
tates material morphology and properties. Thirdly, detailed 
quantification of physical properties as a function of redox 
state is vital, especially parameters that govern charge 
transport (carrier identity, concentration, mobility, etc.). A 
better understanding from these studies will enable the ap-
plication of redox chemistry in a rational way to improve 
properties and to enable access to high quality single crys-
tals and thin films. These advances will be synergistic, as im-
proved material morphologies and processing are vital for 
both accurate characterization (and understanding) as well 
as practical device fabrication. Adding appropriate redox 
additives or redox modulators to adjust component redox 
chemistry during material synthesis, generating redox 
building blocks either in-situ or via controlled electrochem-
ical synthesis, and other related methods are all promising 
strategies in realizing this goal. Finally, discovering other 
redox-active motifs and incorporating them into materials 
through rational molecular design may support highly 

correlated electronic properties such as spin-polarized 
transport. Expansion of this area may reveal additional un-
usual physical phenomena and emergent multifunctional 
applications that may not be easily accessed in conventional 
MOFs or other inorganic materials. 
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