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Electrical conductivity and magnetic bistability in metal–organic 

frameworks and coordination polymers: charge transport and 

spin crossover at the nanoscale 

Víctor Rubio-Giménez,a, b Sergio Tataya and Carlos Martí-Gastaldo*a 

Materials scientists are currently shifting from purely inorganic, organic and silicon-based materials towards hybrid organic-

inorganic materials to develop increasingly complex and powerful electronic devices. In this context, it is undeniable that 

conductive metal-organic frameworks (MOFs) and bi-stable coordination polymers (CPs) are carving a niche for themselves 

in the electronics world. The tunability and processability of these materials alongside the combination of electrical 

conductivity with porosity or spin transition offers unprecedented technological opportunities for their integration into 

functional devices. This review aims to summarise the chemical strategies that have guided the design of this type of 

materials and the identified opportunities for further development. We also examine the strategies to process them as thin 

films and stress the importance of analysing the effects of nanostructuration on their physical properties that might be 

crucial for device performance. Finally, we showcase relevant examples of functional devices that have received increasing 

attention from researchers and highlight the opportunities available for more sophisticated applications that could take full 

advantage of the combination of conductivity and magnetic bistability.

1. Introduction 

Electronic devices shape the world as we know it. The 

tremendous technological advances that we experienced in the 

last 50 years relied on the progressive miniaturization of these 

devices and their components to construct increasingly 

complex and powerful platforms. This achievement has been 

possible thanks to low-cost production through scalable 

complementary metal-oxide-semiconductor (CMOS) 

microfabrication. However, traditional CMOS materials (metal 

chalcogenides) suffer from a fundamental design limitation due 

to the scarcity of usable inorganic anions. As a consequence, the 

electronics field is on the verge of a dramatic transition from a 

materials point of view. As suggested by the International 

Roadmap for Devices and Systems (IRDS),1,2 the industry should 

move on from inorganic and silicon-based materials towards 

organic and hybrid organic-inorganic “beyond CMOS” materials 

that can improve existing properties and bring additional ones 

to the table. Presently, materials scientists are shifting from 

purely inorganic, organic and silicon-based materials towards 

hybrid organic-inorganic materials to construct increasingly 

complex and powerful electronic devices. In this context, it is 

undeniable that coordination polymers (CPs) and metal-organic 

frameworks (MOFs) are carving a niche for themselves in the 

electronics world amongst these “beyond CMOS” materials.  

CPs are hybrid organic-inorganic systems that crystallize by the 

assembly of metal ions and polytopic organic ligands to form 2D 

or 3D extended structures. Compared to classical CMOS 

materials used in electronic devices, CPs combine the extended 

structure and high crystallinity of inorganic solids with the 

synthetic versatility (structural and electronic manipulation 

through chemical modification of ligands and metal clusters),3,4 

easy processability and mechanical flexibility5,6 of organic 

materials. Furthermore, in some cases the structural disposition 

of metallic nodes and organic ligands creates voids or pores that 

can be occupied by gases or other guests. First reported as such 

by Robson and co-workers,7 this particular class of CPs denoted 

as metal-organic frameworks (MOFs)8,9 or porous coordination 

polymers (PCPs)10 offer the possibility of indirectly manipulating 

their properties and even introduce extra functionalities simply 

by infiltration with active guests.11 Nevertheless, most 

consolidated applications, employ MOFs as innocent non-active 

frameworks to store12–17 or separate gases and other 

guests.18,19 Later, the possibility to exploit pore chemistry 

emerged with the use of MOFs heterogeneous as catalysts.20–22 

Still, all the above applications are focused on the physical and 

chemical properties of the internal pores of MOFs while the rest 

of the framework remains in a secondary role. When MOFs and 

other CPs become fundamental parts of electronic devices an 

opposite situation takes place, the framework plays a central 

role in device performance, manipulating the electrons that 

come into contact with it. The way in which these systems 

interact with electrons is fundamentally manifested through 

their electronic properties, i.e. magnetism and electrical 

conductivity. Coincidently, MOFs and CPs offer a very 

competitive advantage to tune these properties by chemical 

design thanks to their molecular nature. Chemists have the 

capability of easily producing tailor-made materials with an 

almost infinite palette of ligands and metal ion combinations. 

Furthermore, the connectivity in between them can also be 

altered, and in the case of MOFs there is the option of 

incorporating functional guests into the pores. Nevertheless, 

material design and bulk synthesis is only the first step in the 

device integration course. The subsequent one being processing 
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these active materials into nanometric thin films to be 

integrated in the final electronic devices. 

In this review, we re-examine the different approaches to 

render MOFs and CPs materials electrically conductive, as well 

as the strategies to nanostructure and process them as thin 

films to act as active interfaces in electronic devices. In this 

sense, various reviews have recently highlighted their 

potential23–28 centring around the electronic properties of MOFs 

and CPs. However, most of them miss out on a second relevant 

property: magnetism, and mostly on the interplay between 

both electronic and magnetic properties of these materials. 

Regarding magnetic properties, we center on magnetic 

bistability as mainly represented by spin crossover (SCO), the 

magnetic propertythat has received the most attention from a 

device point of view for MOFs and CPs. These bi-stable materials 

have great potential for the development of functional 

nanodevices,29 provided that the critical effects of 

nanostructuration (particle size reduction, crystallinity, 

interparticle organization, surface defects, etc.) on the spin 

transition are well understood along with the electronic 

properties of the respective spin states. In other words, 

comprehending how the spin state may impact the electrical 

response of the SCO material in a device setting. 

Finally, we examine a selection of the most prominent examples 

of working devices based on MOFs and CPs, which in our eyes 

exemplify the potential perspectives of device integration for 

these materials. The search for novel crystalline polymeric 

materials and their nanostructuration into electronic devices is 

a challenging task ahead of chemists, physicists and chemical 

engineers. This review aims to reassess the steps taken so far 

towards integrating CPs and MOFs as active components in 

electronic and bi-stable devices. To the best of our knowledge, 

no other published review highlights the importance of 

processing MOFs and CPs as high-quality ultrathin films 

together with the careful examination of their electronic and 

magnetic properties at the nanoscale, the ultimate target being 

the fabrication of functional nanodevices. 

2. Electrical conductivity in framework materials 

This property measures the ability of a material to conduct 

electrical current, that is, the ease with which charge carriers 

(electrons or holes) can travel across it. The magnitude 

experimentally measured is conductivity (; units: S·cm-1 or -

1·cm-1) 

which is 

the 

inverse 

of 

resistivity  (  ), an intrinsic property of materials calculated by 

taking into account the geometrical dimensions of the sample 

(length between the contacts and cross-sectional area) and its 

electrical resistance (R) at a given voltage (V). In principle, the 

highly ordered crystal structure of MOFs or CPs warrants the 

application of band theory to rationalize their electrical 

conductivity and electronic structure. According to it, the 

discrete energy levels that an electron can occupy in an ordered 

solid merge to form continuous energy bands. At absolute zero, 

the filled bands are referred to as the valence band (VB), while 

the unoccupied band with the lowest energy is the conduction 

band (CB).30 Thus, solids can be generally classified as metals, 

semiconductors and insulators (Figure 1) owing to their 

respective electronic band structures and the separation 

between the maximum of the VB and the CB minimum, defined 

as the bandgap (Eg). In metallic conductors the CB and VB 

overlap (Eg = 0), the Fermi level (EF) crosses a partially filled band 

and all the electrons are free charge carriers. Owing to its high 

charge density the electrical conductivity is in turn very high. For 

semiconductors and insulators there is an energy gap, which is 

small for semiconductors (0 < Eg < 3 eV) and large for insulators 

(Eg > 3 eV). However, the boundary between the two is 

sometimes blurry as large bandgap semiconductors are 

considered insulators or vice versa and additional information 

about the conduction mechanism has to be gathered as 

discussed below. In these cases, the Fermi level is located in the 

energy gap between the VB and the CB, either in the middle 

(intrinsic semiconductors), closer to the VB (p-type 

semiconductor) or closer to the CB (n-type semiconductor). The 

energy difference between the Fermi level and the VB 

maximum or the CB maximum is the activation energy (Ea). At 

finite temperature, VB electrons can be thermally promoted 

into the CB, leaving holes in the VB. Both electrons and holes 

become free charges. Therefore, the conductivity increases 

with temperature in the case of semiconductors. Solids with 

different band structures will yield different electrical 

conductivity values depending also on the mobility of electrons 

and holes, which reflects the efficiency of the charge transport. 

Charge carriers in a crystal are not completely free to move, but 

instead interact with the periodic potential of the lattice. Poorer 

orbital overlaps will lead to higher interactions and lower 

mobility. Moreover, a high density of charge scattering sites, 

such as disorder, defects, impurities or grain boundaries will 

further reduce carrier mobility to the point that charge carriers 

will become localized at specific sites with discrete energy 

levels, and charge transport will be possible only when charge 

carries 

hop 

Figure 1. Schematic band structure representations of the different types of solids.
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between neighbouring sites with hopping probability scaling 

with temperature. However, the magnitude of this dependence 

can be different to that expected for band transport regime. In 

general, band transport yields higher charge mobility and higher 

conductivity than hopping. From a design perspective, both 

modes of transport require good spatial and energetic overlap 

between orbitals of appropriate symmetry. 

Despite being fundamental for their device integration, the 

ability to transport charge carriers through 2D or 3D CPs and 

MOFs has not been studied as in-depth as their purely organic 

counterparts,31–34 especially if we include graphene35–39 and 

other carbon nanoforms40–43 in the latter group. In fact, the 

popularity of these materials in electronics does not compare 

with the explosion of low dimensional materials during the last 

decade. Traditionally, conductivity has not been a targeted 

property in CPs (except in 1D metal-organic wires)44 and 

specially in MOFs, so most of them are composed of hard metal 

ions and redox innocent organic ligands which does not favour 

charge carrier mobility. Thus, most CPs qualify as insulators, due 

to their low conductivity at room temperature. However, in the 

last decade this situation has started to change with the 

appearance of various strategies to produce highly conductive 

CPs27,44–46 and specially MOFs.26,47–56 This has allowed 

researchers to envision the future integration of these materials 

as active elements in functional electronic devices.24,25,57,58 

Next, a brief description and classification of the different 

mechanistic approaches for conductive MOFs and CPs is 

presented. This section is directed towards familiarizing the 

reader with the materials and approaches for the subsequent 

discussion on nanostructuration strategies, combination with 

magnetic bistability and serves to hightlight the relative 

immaturity of the field. For more comprehensive assesments of 

electrical conductivity in framework materials, we direct the 

reader to the recent specific reviews on the matter.52–55 

2.1. Guest-induced conductivity 

The guest-induced conductivity approach can obviously be used 

only with porous materials. In this tactic, an insulating network 

is turned conductive thanks to an adsorbed guest molecule, 

organic polymer or metallic nanoparticle. The obvious downside 

of this strategy is that a fraction of the MOF’s porosity is 
sacrificed at the cost of electrical conductivity. In some cases, 

the guest is itself conductive, and simply provides a viable 

channel for charge transport to go through, while in others the 

guest induces, either a redox transformation (leading to the 

generation of charge carriers within the framework) or 

structural transformations resulting in new conductive 

pathways that make the previously insulating framework 

conductive.  

2.1.1. Infiltration of conductive guests 

When metal nanoparticles (NPs), nanoclusters (NC) or 

conductive organic polymers (Figure 2) are infiltrated into a 

MOF, they do not interact with the framework to create 

additional conductive channels but act as conductive channels 

of their own. As visible in Figure 2a, Grzybowski et al. infiltrated 

Rb-CD-MOF with AgNO3 which spontaneously reduced in the 

pores to form Ag nanoclusters (Ag-NCs).59 Charge transport (  

= 2.15·10-7 S·cm-1 upon light irradiation) then occurred via 

tunnelling between the spatially separated Ag-NCs that did not 

entirely fill the pores, thus the MOF was still porous afterwards 

(BET > 600 m2·g-1). This light-assisted tunnelling conductivity 

was reproduced in NC-loaded MIL-53 crystals as well.59 A more 

sophisticated methodology was recently used by Farha, Hupp 

and collaborators who grew continuous strands tetratin(IV)oxy 

clusters along the pore channels of NU-1000 (Figure 2b).60 

However, the final material displayed similar conductivity (  = 

Figure 2. Different variants of the guest-induced conductivity strategy. a) Infiltration with 

metallic NCs (Ag-NCs). b) Generation of a conductive metal oxide strands. c) Generation 

of a conductive polymer in the MOF pores. d) Generation of charge transfer salts 

templated by the framework host-guest chemistry. e) Infiltration with a redox-active, 

conjugated guest molecule (TCNQ). a) Reproduced from ref. 80 with permission from 

American Association for the Advancement of Science, copyright 2014. b) Reproduced 

from ref. 59 with permission from American Chemical Society, copyright 2015. c) 

Reproduced from ref. 63 with permission from American Chemical Society, copyright 

2016. d) Reproduced from ref. 60 with permission from American Chemical Society, 

copyright 2018. e) Reproduced from ref. 65 with permission from Wiley, copyright 2019. 
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1.8·10-7 S·cm-1) and is less porous (BET = 650 m2·g-1) than the 

NiCBNU-1000 system (see below).61 Lastly, in the category of 

conductive polymers as guests, there are examples with 

polypyrrole (PPy), polyethylenedioxythiophene (PEDOT) and 

polythiophene (PT). Similar conductivities were achieved in 

PPy[Cd(NDC)0.5(PCA)]62 (  = 1·10-3 S·cm-1; H2NDC = 2,6-

naptha–lenedicarboxylic acid; HPCA: 4-pyridinecarboxylic acid) 

and PEDOTCr-MIL-101 (  = 1.1·10-3 S·cm-1, Figure 2c),63 but 

only the latter maintained a high porosity (BET = 803 m2·g-1). For 

PTNU-1000 the retained porosity was much larger (BET = 1560 

m2·g-1) but the conductivity was again relatively low (  = 1.3·10-

7 S·cm-1) for this particular Zr-MOF system.64 Martí-Gastaldo and 

co-workers also demonstrated the possibility of restricting the 

growth of polypyrrole by confined oxidation of pyrrole (Py) 

monomers after encapsulation in Rb-CD-MOF to generate 

terpyrrole (TPy) charge transfer salts (Figure 2d).65 Whereas Rb-

CD-MOF and Rb-CD-MOFPy behave as insulators (  = 10-11-

10-12 S·cm-1), Rb-CD-MOFTPy displays a million-fold 

enhancement of the electrical conductivity up to 5·10-6 S·cm-1. 

More recently, Ballav and co-workers polymerized PEDOT and 

PPy inside the pores of UiO-66. Hence, boosting its conductivity 

up to 2·10-2 S·cm-1 for PPyUiO‐66 and 10-3 S·cm-1 for 

PEDOTUiO‐66. Moreover, thanks to the polymerization 
mainly taking place in one of the pores of UiO-66, the infiltrated 

MOFs also kept 69% (PPyUiO‐66) and 57% (PEDOTUiO‐66) 
of the original BET values. In all three cases, the MOF was first 

infiltrated with oligomers that were later polymerized inside the 

pores.66 

2.1.2. Infiltration of non-conductive guests 

The first example of this strategy was reported by Zeng et al. in 

2010, the insulating [Zn3(DL-lac)2(pybz)2] (DL-lac = lactate; pybz = 

4-pyridylbenzoate) was turned semiconductive (  = 3.4·10-3 

S·cm-1) by loading the pores with I2.67 Afterwards, the I2-doping 

strategy has been successfully reproduced with a considerable 

number of insulating MOFs. The appearance of electrical 

conductivity was due to either  donor-acceptor interactions 

between I2 and ligand π electrons,68–72 the oxidation of the 

network73–75 or conduction through polyiodide ions.76–78 

Although in some of these conduction mechanisms were not 

clearly elucidated. It is worth mentioning the particular case of 

{[Cu6(pybz)8(OH)2]·I5
-·I7

-}n, directly synthesized with an array of 

polyiodide ions inside the framework.79 Another variation of 

this strategy to tune electrical conductivity in MOFs is to 

infiltrate the nanopores with redox-active, conjugated guest 

molecules. Allendorf and co-workers demonstrated this by 

using thin-film devices of the MOF Cu3(BTC)2 (also known as 

HKUST-1; BTC, benzene-1,3,5-tricarboxylic acid) infiltrated with 

7,7,8,8-tetracyanoquinododimethane (TCNQ).80 An increase of 

over six orders of magnitude in electrical conductivity was 

achieved (Figure 2e), reaching values as high as 7·10-2 S·cm-1, 

tuneable by changing the exposure time to TCNQ solutions. 

Moreover, in this case, the MOF maintained a moderate 

porosity (BET = 214 m2·g-1) after guest infiltration. Spectroscopic 

data and first-principles modelling suggested that the 

conductivity arose from TCNQ guest molecules bridging the 

binuclear copper paddlewheels in the framework, leading to 

strong electronic coupling between the dimeric Cu subunits.80 

Later, Wöll and collaborators further clarified the conductivity 

mechanism with an extended hopping transport model in which 

carriers hop from guest to guest mediated by virtual occupancy 

of a MOF site.81 This TCNQ-induced conductivity was 

successfully replicated by Loh et al. with a 2D Cu-porphyrin 

MOF.82 Likewise, ferrocene has also been used as redox-active 

guest in HKUST-1 by Wöll and collaborators.83,84 However, 

significantly lower conductivity values (  = 2·10-9 S·cm-1) were 

obtained due to the larger size of ferrocene compared to TCNQ, 

which implies a lower guest loading in the pores. Finally, 

cationic methyl viologen,85 metallacarboranes61 and fullerene 

(C60)86,87 have also been incorporated to MOFs to achieve 

conductivity via donor-acceptor interactions with the 

framework. Remarkably, in the second case, nickel(IV) 

bis(dicarbollide) was infiltrated in the micropores of NU-1000 

leaving the larger mesopores free (BET = 1260 m2·g-1 after 

infiltration), although the measured conductivity was rather 

moderate (  = 2.7·10-7 S·cm-1).61 Nevertheless, for the latter 

case, C60NU-901 exhibited even higher porosity (BET = 1550 

m2·g-1 after infiltration) and conductivity (  = 1·10-3 S·cm-1) 

values.86  

2.2.  Intrinsic conductivity through the framework: through-

space and through-bond approaches 

As mentioned above, the other pathway to achieve MOF 

conductivity is to design intrinsically conductive frameworks. 

This can be more challenging from a synthetic point of view but 

has several advantages towards the guest-doping approach: i) 

The porosity is obviously preserved, ii) there is no need for post-

synthetic modifications, which can have a negative effect on 

crystallinity, and most importantly iii) conductivity values are 

higher on average. In the intrinsically conductive MOFs and CPs 

group we can distinguish two different mechanisms: through-

space and through-bond conduction.  

2.2.1. Through-space conductivity 

In the through-space approach, π-π stacking interactions 
between electroactive moieties in the framework offer 

Figure 3. Example of through-space conductivity with TTF derivatives as ligands 

highlighting the importance of short contacts between the TTF motifs. a) Structure of the 

M2(TTFTB)2 MOF reported by Dincă and co-workers. b) Correlation between the TTF 

motifs S···S distances and electrical conductivity in M2(TTFTB). Adapted from ref. 97 with 

permission from American Chemical Society, copyright 2015.
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conduction paths responsible for charge transport. The most 

widespread option to produce this type of conductive MOFs is 

the use of tetrathiafulvalene (TTF) derivatives as ligands, based 

on this molecule’s huge popularity to prepare charge transfer 
salts and organic conductors.88–91 Although examples of 1D 

metallic chains had appeared earlier,44,92 the first examples of 

conductive TTF-based 2D or 3D CPs are non-porous and date 

back to 2002 with the report of AgI 3D CP with an S-donor TTF 

ligand.93 After another example of a conductive AgI 3D with 

S-donor TTF ligands by Wang and co-workers in 2008,94 the first 

family of CPs with carboxylate-TTFs was reported by Férey and 

collaborators. Among them MIL-135(K) presented the highest 

conductivity known to date for a TTF-based CP (  = 1·10-3 

S·cm-1).95 Then Dincă’s group used extended carboxylate-TTFs 

to produce porous frameworks,96,97 which showed a close 

dependence between the conductivity and the strength of the 

S···S interactions between neighbouring TTF cores which can be 

tuned by changing the radii of the metallic centers. This series 

of semiconductive MOFs with tetrathiafulvalene tetrabenzoate 

(TTFTB) ligands show moderate porosities with BET values 

around 600 m2·g-1, and rather moderate conductivities (Figure 

3). Dincă also accessed a different MOF topology using 
lanthanides as metal ions, but did not increase conductivity 

values.98 

The synthesis of new conductive TTF-based MOFs using crystal 

engineering is key to deliver the expected properties. In order 

to get good charge carrier mobilities and conductivity values, 

the relative orientation and the distance between the aromatic 

groups of the linkers has to be within certain limits for good 

alignment and sufficient orbital overlapping between the 

adjacent ligands. On paper, this could be achieved through the 

restrictions imposed by choosing the appropriate secondary 

building units (SBUs) through coordination chemistry. However, 

recent works by Zhou99 and Dincă100 point to the fact that inter-

linker π-π interactions might be dominant over the formation of 
common inorganic SBUs in determining the final packing of the 

solid. As a result, metallic and superconductive behaviours, 

reminiscent of TTF organic salts, have not been yet reported in 

TTF-based MOFs, in spite of their potential to surpass those of 

2D π-conjugated MOFs (see below).  

Other than TTF, another case in which close π-π interactions 
between ligands can induce high charge carrier mobilities, is the 

In(III)-isophthalate based MOF prepared by Panda et al.101 The 

presence of the π-π stacking arrangement among the phenyl 
rings of the ligands facilitates the high charge carrier mobility 

(  = 4.6·10-3 cm2·V-1·s-1 at VG = -40 V) displayed by a field-effect 

transistor (FET) fabricated with this 2D MOF, the first realization 

of a FET-MOF ever reported. Another example of through space 

conductivity is NNU-27, a 3D MOF based on ZnII and 4,4′-
(anthracene-9,10-diylbis(ethyne-2,1-diyl))dibenzoic acid 

ligands. The π–π stacking of the anthracene cores provide a 

conjugated pathway for charge carriers (  = 1.3·10-3 S·cm-1).102 

The addition of the same anthracene core to MOF-74 also 

provided through space conductivity to a series of MOFs with 

different metals.103 Similar charge transport paths occur for 

[Zn2(BPPTzTz)2(tdc)2]n, (BPPTzTz = 2,5-bis(4-(pyridine-4-

yl)phenyl)thiazolo[5,4-d]thiazole), a mixed-valence frameworks 

in which electrons travel through the cofacial thiazolo[5,4-

d]thiazole units.104 Yamashita and co-workers also presented 

the 2D MOF [Cd(NDI-py)(OH2)4](NO3)1.3±0.1·nDMA, that yields a 

conductivity in the order of 10-3 S·cm-1 thanks to through space 

conduction via the face-to-face helical π-stacked columns of NDI 

cores.105 Dincă reported a different case of charge transport 
through space with the MOF ZnNDI (NDI = naphthalene 

diimide). The redox active ligand NDI can undergo a reversible 

reduction into a radical form, which creates a conductive 

pathway for charge carriers along the stacked naphthalene 

moieties.106 The measured conductivity of the fully reduced 

framework was not very high (  = 2·10-7 S·cm-1), but this is the 

first example of a 3D MOF in which conductivity can be 

reversibly modulated with a redox reaction. 2.2.2. Through-

bond conductivity 

For the through-bond conductivity formalism, the charge 

transport happens via metal nodes and linkers and thus requires 

a certain degree of covalency in the bonding interactions 

between conjugated organic ligands and metal ions that contain 

loosely bound electrons. Also, both orbital symmetry and 

energy overlap between them are needed to promote good 

charge transport and higher conductivity values. When this 

overlap is poor, we can have systems based on localized states 

that still exhibit electrical conductivity due hopping 

mechanism.107 Vital to such a mechanism is the need for the 

redox centers to have similar or the same reduction potentials 

and individual immobilized units to be close enough for efficient 

hopping. Otherwise, an entire molecular component can act as 

an insulating block to electronic communication across the 

material. This is the case for the 2D honeycomb-like CP 

[{Rh2(acam)4}3(µ3-Cl)2]·4H2O (acam = acetamide) based on 

mixed valent [Rh2(acam)4] units, which displayed a conductivity 

of 2·10-7 S·cm-1.108 A 3D diamond-like network built with the 

same [Rh2(acam)4] dimers but connected via a µ4-I bridges 

instead of µ3-Cl, displayed much higher conductivity (  = 1.4·10-

3 S·cm-1). Electron paramagnetic resonance (EPR) results 

indicated that electrons hop over the Rh2 units with a low 

activation barrier. Dehydration breaks the symmetry, thus 

hindering electron delocalization for a drop in conductivity of 6 

orders of magnitude. Another example of conductive CPs based 

on mixed valency is [Cu2Br(IN)2]n (IN = isonicotinato), a 2D CP 

formed by pairs of CuI/II ions bridged by two IN ligands and a 

bromide anion and a conductivity of 1.2·10-5 S·cm-1.109 



6 
 

Entering the MOF category, we find FeII-FeIII and RuII-RuIII 

Prussian blue analogues (PBAs) prepared by Long and 

collaborators in 2009.110 PBAs are monoclinic, cubic, or 

rhombohedral frameworks of cyano-bridged transition metal 

ions with or withouth alkali counterions.111 In the case of highly 

symmetrical cubic networks Fe4[Ru(CN)6]3·18H2O and 

K1.2Ru3.6[Ru(CN)6]3·16H2O,110 hopping between Ru or Fe sites is 

quite favourable for an overall electric conductivity ranging 

from 5.7·10-3 S·cm-1 (Ru) to 5.6·10-5 S·cm-1 (Fe). Furthermore, 

they showed to be microporous with BET surface areas of 325 

(Ru) and 550 (Fe) m2·g-1. The mixed valence conductivity also 

opened the door up for modulable conductivity in systems with 

metal ions susceptible to easy oxidation such as iron triazolate, 

tetrazolate and pyrazolate MOFs. Four-probe measurements of 

a pressed pellet of polycrystalline FeII(C2N3H2)2 yielded a 

conductivity value of 0.77·10-4 S·cm-1.112 After exposure to I2, 

the conductivity value slightly increased to 1·10-3 S·cm-1 due to 

FeII being oxidized to FeIII for overall mixed valence conductivity. 

The effect was much pronounced in [Fe(tri)2(BF4)x] (tri = 1,2,3-

triazolate) that increased 8 orders of magnitude in conductivity 

after exposure to O2 (Figure 4).113 Dincă and collaborators 
observed a similar change for Fe2(BDT)3 [H2BDT = 5,5′-(1,4-

phenylene)bis(1H-tetrazole)] with air exposure over 5 orders of 

magnitude and exceeding 1 S·cm-1, the highest conductivity so 

far for a 3D MOF.114 Moreover, depending on the exposure time 

the FeII to FeIII oxidation could be modulated along with 

conductivity to reach a maximum after 30 days. Long and 

collaborators achieved a similar redox modulated conductivity 

by controlling the chemical reduction of Fe2(BDP)3 (BDP = 

1,4-benzenedipyrazolate) and reached a maximum conductivity 

of 2.5·10-2 S·cm-1.115 Hupp and co-workers also turned the 

insulating undoped NU-1000 MOF conductive via 

electrochemical oxidation of part of the tetra-phenylpyrene 

linkers. Then the redox hoping charge transport was analysed 

for two different crystal orientations, parallel and perpendicular 

to the pore channels, revealing a highly anisotropic conduction 

in this MOF.116 

The hopping charge transport mechanism between redox metal 

centers is also present in metal tetracarboxylate porphyrin 

MOFs and CPs.117 Morris and collaborators prepared 

micrometric thin films of CoPIZA onto fluorine-doped tin oxide 

(FTO) via solvothermal synthesis containing [5,10,15,20-(4-

carboxyphenyl) porphyrin]Co(III) (CoTCPP) struts bound by 

linear trinuclear CoII-carboxylate clusters to form a porous 

network with large channels.118 The bonds in the cobalt clusters 

are carboxylate in nature which are known to be insulating. 

Therefore, it is unlikely that sufficient HOMO−LUMO overlap 
exists between the two molecular components to justify a band 

structure. Hence, CoPIZA is proposed to be a 3D network of 

individual redox centers. The measured conductivity, 

determined by the reciprocal of the area and thickness 

corrected low frequency intercept of the Nyquist plot, was 

3.62·10−8 S·cm−1, this places the system in the range of wide 

band gap semiconductors. Given the almost insulating 

behaviour of CoPIZA/FTO, charge transfer is likely to occur via a 

redox hopping mechanism as proven by electrochemical and 

spectroelectrochemical analysis.  

Regarding the role played by the ligands, as in the case of the 

metal nodes, CPs with mixed valent aromatic ligands usually 

record high conductivities like the anilate-based MOFs 

(NBu4)2Fe2(dhbq)3 (dhbq = 2,5-dioxidobenzoquinone;   = 1·10-2 

S·cm-1)119 and (Me2NH2)2[Fe2(Cl2An)3]·2H2O·6DMF (An = anilate; 

  = 1.4·10-2 S·cm-1),120 which are much more conductive that 

their non-redox active oxalate analogues.121 Furthermore, even 

when the intervalence charge transfer (IVCT) occurs between 

metal centers instead, like in 

[(H3O)(H2O)(phenazine)3][FeIIFeIII(Cl2An)3]122 and [tris(amino)-

guanidinium][FeIIFeIII(ClCNAn)3],123 anilate ligands yield MOFs 

with higher conductivities due to the much lower electron 

hopping barrier in the anilate complexes with respect to 

oxalates.123 These materials also highlight the interplay 

between the mixed valency required for high conductivity and 

the presence of unpaired electrons that favours high 

temperature magnetic ordering. This conflincting relationship 

has been shown in these semiquinoid frameworks with post-

synthetic redox reactions. Systems with mixed valent ligands 

such as (NBu4)2Fe2(dhbq)3 and (Me2NH2)2[Fe2(ClAn)3] have 

relatively high conductivities, but low magnetic ordering 

temperatures.119,120 However, post-synthetic chemical 

reduction of a part or all the ligands in these frameworks to their 

fully reduced radical forms (dhbq3–• and Cl2An3–•), yields 

compounds with higher magnetic ordering temperatures and 

lower conductivities. Curiously, the 2D MnII benzoquinoid 

framework (Me4N)2[Mn2(Cl2An)3]·3.2Et2O shows the opposite 

behaviour with regards to electrical conductivity. Chemical 

reduction to its radical form Na3(Me4N)2[Mn2(Cl2An3–

•)3]·3.9THF, provokes a magnetic transition from paramagnet to 

permanent magnet with a characteristic temperature of Tc = 41 

K, but at the same time the room temperature conductivity 

increases by more than 5 orders of mangnitude.124 As 

mentioned in section 2.1.2, redox modulation of the electrical 

conductivity has also been reported for TTF-based MOFs. Zuo 

and collaborators prepared 

{[Fe(dca)2][TTF(py)4]0.5·0.5CH2Cl2]}n and {[Fe(dca)][TTF-

(py)4]·ClO4·CH2Cl2·2CH3OH]}n (dca = dicyanamide; TTF-(py)4 = 4-

pyridyl)tetrathiafulvalene). The fist is an interpenetrated 3D 

network, whilst the second is a MOF formed by {Fe[TTF(py)4]}n 

undulating layers joined by dca ligands (Figure 11a).73 Oxidation 

of the TTF-(py)4 linkers using I2 increased the conductivity in 

both compounds by 2-3 orders of magnitude, probably thanks 

Figure 4. Modulable conductivity in a Fe(tri)2(BF4)x MOF (a) that increases conductivity 

with FeII oxidation to FeIII in atmospheric conditions (b). Reproduced from ref. 113 with 

permission from American Chemical Society, copyright 2018. 



7 
 

to IVCT between the oxidized TTF·+ radical units. Interestingly, 

the second compound maintained SCO bistability after 

oxidation (Figure 11b, see section 3.2.).73 Furthermore, IVCT is 

not unique to the through-bond mechanism, as it has also been 

observed to occur through-space between cofacial thiazolo-

[5,4-d]thiazole units in ZnII MOFs.104 Additionally, the use of 

aromatic ligands and transition metal ions can result in a strong 

hybridization of the -d orbitals which facilitates charge 

transport and favours high conductivity. For example, this was 

the case for the layered CP CrCl2(pz)2 (pz: pyrazine), which 

showed a conductivity of 3.2·10-2 S·cm-1 through thermally 

activated hopping mechanism involving both pz π and CrIII 3d 

orbitals.125 

The interplay between conductivity (i.e. electronic structure) 

and structure (i.e. geometry) makes difficult to extrapolate 

conductivity relationships among CP series. The most important 

factors governing conductivity are the number of charge 

carriers and its mobility. In a naive manner, more polarizable 

atoms (lower electronegativity, better orbital overlap) should 

render higher conductivities. The polarizability advantage has 

been observed for CPs and MOFs alike, with ligands that 

coordinate metal centers through S-donor atoms usually 

reaching higher conductivity values than their O and N 

equivalents. Good examples of this are 2D CPs like Cu-HT (HT: 

4-hydroxythiophenol), with one of the highest conductivity 

values for a CP ( = 120 S·cm−1),126 and the metal-organic 

graphene analogue (MOG) family (see below). The relative 

importance of linkers with polarizable bridging atoms and 

loosely bound charge carriers was analyzed by Dincă and 
collaborators with a series of MOF-74 type materials.127 

Replacement of MnII by FeII in Fe2(DSBDC) (MOF-74, DOBDC4− = 

2,5-dihydroxybenzene-1,4-dicarboxylate) yielded a million-fold 

conductivity enhancement. Whilst varying the bridging atom of 

the DEBDC ligand (E = O or S) only changed the bulk electrical 

conductivity by around one order of magnitude, 3.9·10-6 S·cm−1 

for Fe2(DSBDC) versus and 3.2·10-7 S·cm−1 for Fe2(DOBDC). 

Moreover, these values are still ∼6 orders of magnitude higher 

than those of the Mn2+ analogues, Mn2(DEBDC). Because the 

metals are of the same formal oxidation state, the increase in 

conductivity was attributed to the loosely bound Fe2+ β-spin 

electron. The addition of a single electron per metal ion (i.e., 

substitution of d5 Mn2+ for d6 Fe2+) had a much more 

pronounced positive effect on conductivity than changing the 

bridging atom from O to S, indicating that the polarizability and 

electronic configuration of the metal ions plays the most 

important role in charge conduction in this class of 

materials.2.2.3. Metal-organic graphene analogues: highly 

conjugated 2D MOFs and CPs 

Amongst the conductive MOFs available, the most prolific class 

in terms of the number of reports, conductivity and charge 

carrier mobility values to date are MOGs, also referred to with 

the more generic term 2D -conjugated MOFs.128 Thus far, they 

are the most promising candidates for integration into 

electronic devices. These materials are formed by neutral 2D 

planar layers composed by divalent metal ions linked to 

benzene or triphenylene ligands with S, N, or O as bridging 

atoms. The layered structure results strong in-plane charge 

delocalization and extended  -conjugation along the metal-

organic sheets. The term MOG was originally coined by Dincă 
and collaborators in the communication that reported the 

synthesis of Ni3(HITP)2 (HITP: 2,3,6,7,10,11-

hexaiminotriphenylene) due to its low bandgap and good 

electrical conductivity enabled by full charge delocalization in 

the 2D plane.129 Depending on the choice of aromatic backbone 

(benzene, coronene, triphenylene or truxene) and ortho-

substituted hetero atoms (O, N, S or Se) of the ligand, and 

divalent metal ion (FeII, CoII, NiII, CuII, PdII or PtII), the final MOG 

can have hexagonal honeycomb or Kagome in-plane lattices. 

Likewise, the stacking of the 2D layers can be eclipsed (AA), 

slipped-parallel (AB) or staggered (AA-1). In general, the 

crystallinity of MOGs is somewhat poor due to the fast assembly 

kinetics caused by strong interlinker -   interactions. 

Therefore, it has been extremely difficult to obtain single 

crystals that are large enough for single crystal X-ray diffraction 

(SCXRD), except for one case.130 Thus, most of the reported 

structures are based on powder X-ray diffraction (PXRD) 

analysis of microcrystalline powders coupled with structural 

simulations, density functional theory (DFT) calculations, high 

resolution transmission electron microscopy (HRTEM) or/and X-

ray absorption fine structure (EXAFS) analysis. From a structural 

point of view, this has made it difficult to obtain a definitive 

structural arrangement in some reports, especially to 

distinguish between out-of-plane dispositions which can be 

very close energetically. Figure 5 shows the variety of structural 

arrangements of this family of materials. 

Regarding benzene linkers (Figure 5a-b), the honeycomb 

assembly with hexagonal pores is the most common in-plane 

framework disposition for ligands benzenehexathiol (BHT), 

hexaiminobenzene (HIB), hexahydroxybenzene (HHB) and 

finally 1,3,5-triaminobenzene-2,4,6-trithiol, referred to as 

bis(iminothiolato) (IT) or bis-(aminothiolato) (AT) depending on 

the oxidation state of the bridging N group. However, there are 

a few notable exceptions, one is the [Cu3(C6S6)]n or Cu-BHT 

Kagome network originally reported by Xu, Zhu and 

collaborators.131 Its fully filled honeycomb structure does not 

generate pore openings so Cu-BHT is non-porous and therefore 

a CP. We encounter the same situation with its selenium 

derivate, Cu-BHS (BHS = benzenehexaselenolate) which 

presents the same in-plane arrangement.132 Another exception 

is the recently reported [Ag5(C6S6)]n or Ag-BHT, a lamellar CP 

with fully filled topology.133 The reported structure has 

alternatively stacked 2D Ag-S networks and layers composed of 

1D metal-dithiolene polymer with octahedral and square planar 

AgI ions. Vaid and co-workers also published a CP 

semiconductor with PbII and BHT. In this case, there is a 3D 

connectivity in between consecutive layers of PbII ions and BHT 

ligands, in a similar structure to that of PbS.134 The rest of 

compounds known to date with benzene linkers have a 

hexagonal honeycomb lattices and include Ni-BHT,135 Co-

BHT,136 Pd-BHT,137 Pt-BHT,138 Ni-IT,139 Ni-AT,140 Ni-HIB,141,142 Cu-

HIB,141,142 Co-HIB141,143 and Co-HHB,144 all with a general formula 

of [M3(C6X6)2]n where M = Ni, Co, Cu, Pd or Pt and X = Se, S, NH, 

NH2 or O.  
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As mentioned above, it is difficult to distinguish between 

interlayer stackings in MOGs. For the Cu-BHT Kagome network, 

the stacking configuration was initially reported as an 

undistinguishable mixture of AA and AB patterns,131 but another 

PRXD analysis of a sample with improved crystallinity showed 

that the eclipsed packing is a better fit to the data.145 

Interestingly, of the benzene hexagonal honeycomb MOGs, 

only Co-HIB143 shows an eclipsed packing stacking. Ni-BHT135 

and NiAT140 stack in a staggered (AA-1) disposition, whilst Pt-

BHT,138 Ni-HIB,142 Cu-HIB142 and Co-HHB144 have slipped-parallel 

interlayer arrangement and Co-BHT disposition has not been 

reported. The other benzene-based MOG with a Kagome lattice, 

Cu-BHS, was better fitted to a slipping AA’ configuration.132 

The structural variety of benzene MOGs is also present in their 

triphenylene extended equivalents (Figure 5c). These ligands 

with four aromatic rings are 2,3,6,7,10,11-

hexahydroxytriphenylene (HHTP), HITP, 2,3,6,7,10,11-

hexathiotriphenylene (HTTP) and 2,3,6,7,10,11-

triphenylenehexaselenol (TPHS). All of them yield in-plane 

hexagonal honeycomb lattices with FeII, CoII, NiII, CuII and PtII as 

metal centres. Concerning their out-of-plane stacking, the first 

2D frameworks published as MOGs were Dincă’s Ni3(HITP)2
129 

and Cu3(HITP)2,146 which were both originally reported as having 

slipped-parallel disposition, as well as the THTA-Co MOG built 

with mixed HITP and HTTP ligands.147 On the other hand, 

Co3(TPHS)2,148 Co3(HTTP)2,149 Ni3(HTTP)2
150 and Cu3(HTTP)2

151 

layers are eclipsed and in the case of Pt3(HTTP)2 they are 

staggered.152 Additionally, Ni3(HITP)2 was latter clarified as 

having a eclipsed or near-eclipsed staking as well thanks to a 

single crystal study.153 Sticking with materials formed by the 

HTTP ligand, we can find a rare example of a 3D MOFs prepared 

with PbII metal ions: Pb-HTTP.154 This 3D gyroidal net features a 

formula [Pb3OH0.5(HTT)]1.5- in which trigonal Pb3(3-O) cores 

are bonded to tritopic HTTP linkers, generating a three-

connected network of the gyroid topology (srs net) as 

Figure 5. Different in-plane lattices and packing of 2D -conjugated MOFs based on core of a) benzene, b) benzene and coronene, c) triphenylene and truxene, d) D2 symmetric 

catechol and e) phthalocyanine and naphtalocyanine ligands with hydroxi, amine, thiol or selenol binding groups. 



9 
 

determined by SCXRD. Even though this material is 

semiconducting (  = 1.1·10-6 S·cm-1), it cannot be considered a 

MOG owing to its 3D topology and large bandgap (1.7 eV). 

 
Figure 6. a) Crystal structure of Co-CAT-1 along the c axis. b) HR-TEM image of 

nanocrystals of the isostructural Ni-CAT-1. Reproduced from ref. 130 with 

permission from American Chemical Society, copyright 2012. 

Thus far, all the above mentioned MOGs are composed by 

divalent metal ions 4-coordinated in a square planar geometry. 

Yet, there are a few cases where metal centers have octahedral 

geometries with triphenylene linkers occupying the equatorial 

positions and axial monodentate ligands occupying the axial 

ones. Focusing on MOGs prepared with the HHTP ligand, the 

first 2D -conjugated MOFs ever reported are the M-CAT-1 

series.130 A 2012 paper by Yaghi and collaborators featured 

three MOFs Co-CAT-1, Ni-CAT-1 and Cu-CAT-1. Co-CAT-1 and Ni-

CAT-1 have the same structure which consists of octahedral CoII 

and NiII ions coordinated to HHTP ligands and H2O molecules to 

form two different kinds of layers, one formed by an extended 

Co3(HHTP)2(H2O)6 network with hexagonal pores and the other 

by discrete Co3(HHTP)(H2O)12 units (Figure 6). The two types of 

layers are alternatively stacked in the out-of-plane directions in 

an eclipsed fashion with the HHTP molecules in each layer 

rotated 60° with respect to each other. Also, the two axial water 

ligands of these discrete complexes are hydrogen bonded to 

oxygen atoms of the HHTP in the neighbouring layers, which 

causes the hexagonal layers to be slightly corrugated. All this 

structural information was obtained thanks to synchrotron 

SCXRD that allowed to solve the crystal structure of Co-CAT-1. 

Unfortunately, the crystal structure of Cu-CAT-1 could not be 

solved, but PXRD data pointed to a different structure to that of 

Co-CAT-1 and Ni-CAT-1. Following reports have shone light on 

the issue through PXRD, DFT calculations, HRTEM and structural 

modelling. Like other MOGs with HITP and HTTP ligands, Cu-

CAT-1 or Cu3(HHTP)2 has only one type of hexagonal 

honeycomb layer in which CuII centers are square planar 

without the presence of axial H2O molecules. Initially, there are 

minor discrepancies in the literature over the interlayer stacking 

of these layers, according to Xu’s155 and Martí-Gastaldo’s156 

models they present a slipped-parallel AB disposition with 

similar interlayer distances (3.33 Å and 3.36 Å respectively), 

whilst a recent report by Behrens and collaborators describes 

an eclipsed stacking favoured by attractive metal–metal 

interactions and with a slightly lower interlayer separation (3.16 

Å).157 Nonetheless, experimental conductivity data together 

with DFT calculations of the electronic structure pointed 

towards an AB stacking as the most likely disposition.158 

Afterwards, a HRTEM study of exfoliated single crystals by 

Dincă’s group clarified the controversy, hence consecutive Cu-

CAT-1 layers are displaced in an undulating fashion which 

creates a kind of zig-zag pore channel.153 

 

Figure 7. The 3D connected LnHHTP MOFs. a) View along the c axis of the crystal 

structure of NdHHTP. Side views showing the interlayer distance (b) and the 

heptacoordination of the NdIII ions (c). d) Electrical conductivity of the LnHHTP 

plotted as a function of their interlayer distances. Adapted from ref. 159 with 

permission from Springer Nature, copyright 2020. 

Another special type of MOF built with HHTP was just reported 

by Dincă and collaborators using lanthanide ions.159 Hence, 

LnHHTP (Ln = LaIII, NdIII, HoIII, YbIII) have a general formula of Ln1 

+ xHHTP(H2O)n (x = 0-0.2) and crystallize in the same hexagonal 

honeycomb in-plane arrangement as triphenylene based MOGs 

(Figure 7a). However, in this case there is out-of-plane 

connectivity through the Ln ions that lie in-between the HHTP 

layers and are coordinated to six O atoms of the ligands and one 

additional water or hydroxide molecule (Figure 7b-c). 

Therefore, making LnHHTP MOFs 3D systems. Concerning their 

properties, they present similar porosity to triphenylene based 

MOGs with BET values between 200 and 510 m2·g-1. However, 

their charge transport characteristics are somewhat unique. 

DFT calculations indicate that a strongly anisotropic metal-like 

transport perpendicular to the Ln-HHTP layers and a 

semiconductive behaviour along them. Although the 

conductivity measurements were performed using pellets made 

form polycrystalline materials, the authors related the 

conductivity values of the different LnHHTP MOFs to their 

interlayer distances. Conductivity values up to two orders of 

magnitude higher were obtained for the materials with a 

shorter interlayer HHTP-to-HHTP distance (Figure 7d). Thus, in 

this case the charge carriers would travel perpendicular to the 

layers in a through space regime. In contrast with 2D MOG 

systems, for which charge transport occurs more favourably in-

plane as indicated through comparison of horizontal and 

vertical devices of Cu-CAT-1 oriented films.160 

Finally, there are a few special MOG systems with mixed or 

chemically modified ligands. Kitagawa, Otake and co-workers 

published a dual-ligand MOG, Cu3(HHTP)(THQ) (THQ = 

tetrahydroxy-1,4-quinone) that combines triphenylene and 

benzene based linkers with X = O.161 Here, a CuII ion is 

coordinated to one HHTP and one THQ. In order to balance the 

different affinities of both ligands and obtain the dual-ligand 

MOG, a Cu(en)2 (en = ethylenediamine) complex was used as 

precursor instead of a CuII salt like in the rest of Cu-based MOGs. 

Cu3(HHTP)(THQ) crystallizes in the same hexagonal in-plane 

arrangement as its triphenylene-based counterparts and the 

layers stack in an AB slipped-parallel disposition according to 

PXRD and HRTEM analysis. In the other case, Ruoff, Yoo and 
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collaborators prepared a macrocycle derivative of Ni3(HITP)2. 

NiTAA (TTA = tetraaza[14]annulene) was prepared via an in situ 

polycondensation reaction of HITP with 1,1,3,3-

tetramethoxypropane and a NiII salt to form a 2D hexagonal 

honeycomb network with imine bonds in the coordination 

sphere of NiII. The out-of-plane disposition of layer fits better 

with a slipped-parallel stacking mode.162 

The structural differences commented above, give rise to acute 

differences in the porosity of MOGs. They are all in the 

microporous range (pore apertures from 0.2 to 20 nm), but the 

smaller pores of MOGs with benzene linkers logically yield lower 

values. For instance, Ni-HIB, Cu-HIB and Co-HHB have all AB 

interlayer stackings and show BET values up to 4-5 times lower 

(152, 114 and 143 m2·g-1 respectively)140,144 than the equivalent 

triphenylene MOGs. Meanwhile, Co-HIB with an eclipsed (AA) 

stacking gives out a slightly higher value (BET = 240 m2·g-1).143 

Generally, triphenylene MOGs have larger pore apertures and 

naturally larger BET values. However, they do not clearly 

correlate well with the interlayer stackings. For instance, 

Co3(HTTP)2 and Pt3(HTTP) have similar BET values (370 and 329 

m2·g-1 respectively),149,152 but the first one has an eclipsed 

disposition whilst the second one is staggered. Meanwhile, 

dual-ligand MOG Cu3(HHTP)(THQ) has a BET surface area of 441 

m2·g-1 with a slipped-parallel disposition.161 It is important to 

highlight the disparity in the reported BET values, even for the 

same material, probably due to small experimental differences 

in synthesis and solvent removal (activation) protocols or the 

difficulties on controlling the crystallinity of this family of 

materials. For example, BET surface areas of 284,163 348,158 

512157 and 540155 m2·g-1 have been calculated just for Cu-CAT-1 

in different reports. In any case, the record BET surface area for 

a MOG is 630 m2·g-1 of Ni3(HITP)2
164 There are also some minor 

discrepancies in the pore size thorough the literature (see Table 

1). 

Regarding the electronic properties of the MOG family, in 

general conductivity values are comparable to those of typical 

organic conductors (  > 1·10-6 S·cm-1). As previously 

mentioned, MOGs are a family of very interesting conductive 

materials due to their high conductivity and low modulable 

bandgaps. Their extended -conjugation along the sheets and 

the strong p-d orbital coupling165 results in large in-plane charge 

delocalization. Furthermore, both metallic nodes and organic 

linkers can serve as the source of charge carriers thanks to their 

redox active characters and unpaired electrons. The redox 

active character of their benzene and triphenylene ligands is 

well known (Figure 8), as well as the possibility to form stable 

radicals. In fact, in most MOGs the ligand gets oxidized to a 

monoradical with a total charge of 3- in order to achieve charge 

balance with the divalent metal ion. For Co-CAT-1 this was 

demonstrated via EPR data, which displays a near-symmetric 

signal at g = 2.105 characteristic of a ligand-centered 

monoradical. Thus, on the basis of the charge balance, the 

oxidation state of the deprotonated HHTP suggests that each of 

the three dioxolene fragments is in the semiquinone oxidation 

state and the Co ions are all divalent. Interestingly, for Cu-based 

MOGs X-ray photoelectron spectroscopy (XPS) data shows 

presence of CuI in Cu-BHT whilst for Cu-CAT-1 or Cu3(HHTP)2 the 

oxidation state is +2, and for Cu3(HITP)2 there is a mixture of CuI 

and CuII ions.  

The specific mechanism of charge transport through 2D porous 

MOF networks is not yet well-understood, with some examples 

exhibiting band-like transport while the behaviour of others fits 

better with a Mott variable range hopping. Disagreements 

regarding their electronic structure are also present in the 

literature. This is likely due to the different methods used for 

measuring electrical conductivity and the polycrystalline nature 

of the samples for variable density of grain boundaries and 

interparticle resistance. For instance, experimentally Ni3(HITP)2 

behaves as a semiconductor when a polycrystalline film in 

measured by the van der Pauw method.129 But, DFT calculations 

predict a metallic behaviour for the bulk and a narrow bandgap 

semiconductive one for a single layer.166 Further calculations by 

Foster et al. attributed the discrepancy to the influence of 

internal interface defects which introduce transport barriers by 

breaking the π-conjugation and disturbing the band 

structure.167 These defects consisting on grain boundaries, 

strike-slip faults between grains and interlayer displacements, 

are behind the hopping mechanism that governs charge 

transport in most MOGs samples. Finally, four probe 

measurements of single crystals revealed a bulk metallic 

behaviour, whilst equivalent pellet measurements of a 

polycrystalline sample still yielded a semiconductive 

response.153 This is a problem as most MOGs can only be 

prepared as polycrystalline samples for which intergrain charge 

hopping is a critical step hindering charge transport. 

Furthermore, different studies of the same MOG have reported 

acutely different values depending on the samples’ crystallinity, 

crystallite morphology and the measurement conditions. For 

example, the conductivity of Cu-CAT-1 varies from 1.5 S·cm-1 for 

a single crystal four probe measurement,153 to 10-4 S·cm-1 for a 

10 nm thick film on interdigitated electrodes.156 Whilst another 

study found a conductive 1 order of magnitude inferior (1.5 

S·cm-1) for a single crystal four probe measurement.130 This 

highlights another issue in conductive MOFs and CPs: how 

sample morphology and the technique used for measuring 

electrical conductivity can have an important influence on the 

recorded values.168 

Generally, MOGs with benzene-backbone ligands achieve 

higher conductivity values than their triphenylene counterparts 

(see Table 1). Thus, the most conducive MOG is Cu-BHT (  = 

2500 S·cm-1), which also holds the record for the most 

conductive CP ever reported.145 Meanwhile, its selenium 

equivalent Cu-BHS has a lower conductivity of 110 S·cm-1.132 

However, we can consider them special cases of MOG due to 

their Kagome lattices. The rest of benzene MOGs have slightly 

Figure 8. HHTP is a redox-active linker that can undergo reversible interconversions 

between catecholate, semiquinonate and quinone forms. 
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lower values, the remaining systems built with the BHT linker 

are just one of order of magnitude less conductive like Ni-BHT 

(  = 160 S·cm-1)169 and Ag-BHT (  = 250 S·cm-1).133 The HIB 

MOGs are a slightly less conductive, but still report high 

conductivity values for Cu-HIB (  = 13 S·cm-1),142 Ni-HIB (  = 8 

S·cm-1)142 and Co-HIB (  = 1.57 S·cm-1).143 Finally, Cu-HHB shows 

a moderate conductivity (  = 2.7·10-6 S·cm-1), this highlights the 

effect of the orbital interaction between the CuII ions and the 

linkers which is weaker for HHB, likely due to the lower energy 

of its HOMO in comparison with that of its nitrogen 

derivative.144 Despite having less data available, it is safe to say 

that triphenylene MOGs present a similar tendency in 

conductivity values with Ni3(HITP)2 and Cu3(HITP)2 being slightly 

more conductive than Cu-CAT-1, Co-CAT-1 and Ni-CAT-1. 

Another factor that influences charge transport in MOGs is 

interlayer separation. Thus, theoretical studies have pointed 

that increasing interlayer distances by inserting axial ligands 

coordinated to the metal ions can lead to changes in the 

electronic behaviour of these systems.170 So far, there is only 

one example of a MOG with axially coordinated molecules and 

a single type of layer. Fe3(HTTP)2(NH4)3 presents a unique AA 

inclined stacking with a similar porosity to other triphenylene 

MOGs (BET = 526 m2·g-1). The conductivity of the system was 

extensively studied with time-resolved terahertz spectroscopy, 

and temperature-dependent 4-probe and Hall effect 

measurements. The FeIII MOG was presented as a 

semiconductor (Eg = 0.2 eV) with the highest charge carrier 

mobility reported so far for a MOG (  = 230 cm2·V-1·s-1).171,172 

Finally, other MOGs have been obtained using ligands with 

different connectivity or conjugated core than those with 

benzene or triphenylene based linkers. Feng and co-workers 

recently succeeded in the preparation of a conductive CPs using 

the linker 1,2,3,4,5,6,7,8,9,10,11,12-perthiolated coronene 

(PTC), a polycyclic aromatic hydrocarbon with six fused rings 

and twelve peripheral thiol groups.173 In combination with 

square planar FeIII ions, PTC yielded a 2D CP closely related 

system to the MOG family (Figure 5b). Fe-PTC is constructed by 

negatively charged planar layers that are vertically stacked in 

the AB disposition and have intercalated ammonium cations. 

The system presents a semiconductive behaviour (  = 10 

S·cm−1) and ferromagnetic ordering at low temperature.174 

Besides, Zhang, Zhao and co-workers used a C3-symmetric 

ligand core of truxene, a popular molecule in organic 

electronics, functionalized with hydroxy groups. 2,3,7,8,12,13-

hexahydroxyl truxene (HHTX) was combined with CuII ions to 

yield the same hexagonal honeycomb 2D network of MOGs with 

an eclipsed stacking mode between layers (Figure 5c). The 

system presented a semiconductive behaviour as well (  = 

8.4·10-4 S·cm-1) and a relatively low porosity (BET = 120 m2·g-1) 

considering the pore diameter (2.2 nm).175 Chen, Ma and 

collaborators used a D2-symmetric redox-active ligand with CuII 

to prepare Cu-DBC (DBC = dibenzo-[g,p]chrysene-

2,3,6,7,10,11,14,15-octaol). This layered MOF is not like other 

2D MOFs described here, as it crystallizes into a 4-fold 

interpenetration of distorted diamond (dia) networks (Figure 

5d). Nevertheless, it displays high electrical conductivity (  = 

1·10-2 S·cm−1) and moderate porosity (BET = 271 m2·g-1).176 

2.2.4. Other conductive 2D MOFs 

Recently, a new family of conductive 2D phthalocyanine (Pc) 

based 2D MOFs has appeared in the literature with three 

different Pc ligands so far (Figure 5e): 2,3,9,10,16,17,23,24-

octa-amino-phthalocyaninato (Pc-NH),177 2,3,9,10,16,17,23,24-

octahydroxy-phthalocyaninato (Pc-OH)178–182 and 3, 4, 12, 13, 

21, 22, 30, 31-octahydroxy-naphthalocyaninato (NPc-OH,).180 

Various examples have been reported so far with different 

metals coordinated to the central cavity and to the terminal 

groups. All of them are composed of planar layers with square 

pores that stack in the eclipsed AA-stacking mode. Ni-NiPc-NH 

has a high conductivity (  = 0.2 S·cm−1) so far for this type of 2D 

materials, whist the rest are typically one or more orders of 

magnitude lower. It also shows the highest BET value (593 m2·g-

1),177 probably due to the neutral nature of the layers unlike the 

rest of systems. 

Additionally, we can find other conductive 2D frameworks that 

contain metal ions but are constructed through organic 

reactions that form strong covalent bonds. Hence, they are 

considered a subclass of covalent organic frameworks (COFs), 

known as metal-covalent organic frameworks (MCOFs).183 Most 

conductive MCOFs are based on metallophthalocyanines,184,185 

but one example Ni-COF is composed of NiII-Salphen units and 

has a structure reminiscent of MOGs with similar conductivity 

(  = 1.3·10-2 S·cm−1) and BET (362 m2·g-1) values.186 
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Table 1. Summary of conductivity and porosity data for the MOGs reported to date. 

  

MATERIAL 
CONDUCTIVITY 

[S·cm−1] 
MEASUREMENT METHOD 

ACTIVATION 

ENERGY [eV] 

MOBILITY 

[cm2·V-1·s-1] 

CARRIER 

DENSITY [cm3] 

BET 

[m2·g-1] 
REF. 

Co-HHB 7.3·10-8 Pellet, van der Pauw 0.46 - - 143 144 

Ni-HIB 8 Pellet, van der Pauw - - - 152 142 

Cu-HIB 13 Pellet, van der Pauw - - - 114 142 

Co-HIB 1.67 Pellet, 4-probe - - - 240 143 

Ni-IT 0.1 Pellet, van der Pauw 0.041 - - - 139 

Ni-AT 3·10-6 Pellet, van der Pauw 0.113 - - - 140 

Ni-BHT 
0.15 Pellet, 2-probe - - - - 135 

160 Flake, van der Pauw 0.026 - - - 169 

Cu-BHT 
1580 Film, 4-probe 0.00206 116 (e)/99 (h) - - 131 

2500 Film, 4-probe - - - - 145 

Pd-BHT 2.8·10-2 Pellet, 4-probe - - - - 137 

Ag-BHT 250 Film, 4-probe 0.4 - - - 133 

Pt-BHT/I2 0.39 Pellet, 4-probe - - - - 138 

Cu-HSB 110 Pellet, 4-probe - - - - 132 

Co-CAT-1 
2.7·10-6 Pellet, 4-probe - - - 

571 163 

490 130 

3.3·10-3 Film, van der Pauw - - - - 187 

Ni-CAT-1 
0.1 Pellet, 4-probe - - - 

473 163 

425 130 

1.1·10-3 Film, van der Pauw - - - - 187 

Cu-CAT-1 

0.2 Single crystal, 4-probe - - - - 163 

2·10-2 Pellet, 4-probe - - - 284 130 

2·10-2 Film, 2-probe 0.16 - - 540 155 

1·10-4 Film, 2-probe 0.24 - - 348 156 

4.5·10-2 Pellet, van der Pauw 0.15 - - 512 157 

1.5 Rod, 4-probe - - - - 153 

0.5 Flake, 2-probe - - - - 153 

0.29 Film, 4-probe 0.13    160 

0.21 Rod, 2-probe - - - 475 188 

Fe3(HHTP)2 3·10-3 Pellet, 4-probe - - - 69 163 

Cu3(HHTP)(THQ) 2.5·10-5 Pellet, 2-probe 0.3   441.2 161 

Ni3(HITP)2 

40 Film, van der Pauw - - - 630 129,164 

58.5 Pellet, van der Pauw - - - - 189 

150 Single crystal, 4-probe - - - 690 153 

Cu3(HITP)2 0.2 Pellet, 2-probe - - - - 146 

Co3(HTTP)2 

1.4·10-3 Pellet, van der Pauw 0.173 - - 
370 147 

3.2·10-2 Film, van der Pauw 0.118 - - 

2.4·10-9 Pellet, 4-probe - - - 266 151 

Ni3(HTTP)2 3.6·10-4 Pellet, 4-probe - - - 166 151 

Cu3(HTTP)2 2.4·10-8 Pellet, 4-probe - - - 171 151 

Pt3(HTTP)2 2.47·10-4 Pellet, 2-probe - - - 329 152 

Co3(TPHS)2 10-6 Pellet, 2-probe 0.294 - - 246 148 

Fe3(THT)2(NH4)3 3.4·10-2 Film, 4-probe 0.125 220 6.2·1014 526 171 

Fe-PTC 10 Pellet, 4-probe 0.2 - - - 174 

Cu-HHTX 8.4·10-4 Pellet, 2-probe 0.21 - - 120 175 

Cu-DBC 1·10-2 Pellet, 2-probe 0.3 - - 271 176 



13 
 

3. Magnetic bistability in MOFs and CPs 

Magnetism is another fundamental electronic property of MOFs 

and CPs that contain open-shell metal centres with unpaired 

electrons. Naturally, it has received significant scientific 

attention over recent years,190–199 specially cooperative 

magnetic phenomena such as magnetic long-range ordering 

and spin state switching. Spin crossover (SCO) in particular, is 

the property with a more extended application in electronic 

devices25,29,200–205 and hence it is the main focus of this review. 

This phenomenon refers to the transition between high spin 

(HS) and low spin (LS) electronic configurations that occurs in d4-

7 first row transition metal ions coordinated in an octahedral 

geometry. The spin state is determined by the relative 

magnitude of the ligand field splitting (the electrostatic field 

acting at the central metal ion) compared to the mean spin-

pairing energy. If the first is greater, electrons will pair up and 

completely fill the lower energy t2g orbitals before populating 

the higher energy eg orbitals. Hence, the metal ion adopts a 

diamagnetic LS configuration. If the opposite is true, the 

unpaired electrons yield a paramagnetic HS state (Figure 9). 

Each of the two spin states endows the material with different 

magnetic, optical, mechanical, electronic and structural 

properties.206,207 The SCO transition between HS and LS can be 

induced by a variety of external inputs like temperature, light, 

pressure, guests and magnetic or electric fields.208–212 

Furthermore, this transition has extremely fast dynamics and 

can occur cooperatively across the material, thus yielding bulk 

hysteretic behaviours.213 FeII is the most common metal ion to 

present SCO behaviour followed by CoII and FeIII,214–217 whilst 

SCO in d4 systems, like CrII, MnII and MnIII, is much less 

frequent.218 

3.1. FeII Hofmann-type coordination polymers 

The perspective of combining the physical properties of metal-

ligand coordination networks (chemical tunability, porosity, 

processability, etc.) with SCO materials’ bi-stable nature is very 

attractive from a device point of view. Within the wide variety 

of 2D and 3D SCO MOFs and CPs that have been reported, FeII 

Hofmann-type219 coordination polymers (FeII-HCPs) are by far 

the most popular.220 Their structure is composed by planar grid-

like metal-cyanide layers interconnected by nitrogen-containing 

ligands (Figure 10). These sheets alternate octahedral FeII metal 

ions, responsible for the SCO behaviour, and divalent group 10 

metal centres that adopt a square planar geometry. The FeII 

atoms are coordinated to the N of four cyanide groups and to 

two additional pillaring ligands. If these are bis-monodentate, 

the resulting structure is generally 3D, with a general formula of 

[FeII(L){MII(CN)4}] (L = Ligand, MII = NiII, PdII or PtII), as a single 

pillaring ligand covalently bonds two adjacent layers (Figure 

10b). On the other hand, when monodentate ligands (usually py 

derivatives) are used a 2D network is obtained with a general 

formula of [FeII(L)2{MII(CN)4}], although neighbouring sheets are 

still interconnected via -   interactions (Figure 10c). 3D FeII-

HCPs networks usually have permanent porosity, which can be 

used to influence the SCO transition through the incorporation 

of guests that affect the ligand field splitting of FeII.221,222 Real, 

Bousseksou, Kitagawa and collaborators have extensively 

investigated this possibility. Thus using either invasive guests to 

induce redox changes in the network,223 or softer guests that 

more subtly modify the coordination environment through 

electronic interactions with the pillaring linkers224–235 or by 

blocking the rotation of their aromatic rings.236–238 Sometimes, 

this can trigger the appearance of multi‐step spin transitions by 
breaking the symmetry of the FeII-HCP network.228,231–235 The 

stabilization of either the HS or the LS state can occur depending 

on the chemical nature, which determines the type and 

strength of electronic interactions, and size of the guest 

molecules, which delimits the expansion/contraction of the 

network characteristic of the SCO transition.237,239,240 

Conversely, in 2D FeII-HCPs the interdigitated arrangement of 

the consecutive layers does not leave any pore space for regular 

permanent guest sorption. Moreover, they usually present 

Figure 9. 

Figure 10. FeII-HCPs

FeII-HCPs FeII-HCPs FeII-HCPs 
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lower SCO transition temperatures and narrower hysteresis 

loops due to a lower degree of cooperativity in-between the 

non-covalently bonded layers. However, a few examples 

prepared by Neville, Kepert and collaborators escape this 

tendency by using functionalised 1,2,4-triazoles as axial FeII 

ligands (Figure 10d). Hence, they report near ambient room 

temperatures and guest dependent SCO properties, as guest 

solvents interact with the free N of the triazole ring.241–243 

Additionally, some other 2D FeII-HCPs with py derivatives as 

pillaring linkers also present guest sorption capabilities when 

the number of layers is reduced below a critical number. In this 

sense, [FeII(L’)2{Pt(CN)4}] (L’ = py, pyrimidine and isoquinoline) 
ultrathin films (<30 layers) have been proven capable to 

accommodate solvents in-between their layers, through an 

axial lattice expansion observed via synchrotron XRD.244–246 

3.2. Electrical conductivity and SCO 

The combination of SCO and electrical conductivity in a single 

material has been a long-desired goal for material scientists. 

Particularly, in the context of the use of electrical stimuli to 

control the SCO transition or vice versa, as electrical current 

would constitute a more feasible way of managing input/output 

signals in a SCO device setting rather than temperature or 

pressure.203 Unfortunately, most SCO compounds known to 

date are insulating, particularly SCO CPs and MOFs. This is still a 

major obstacle for their integration in electronic devices. 

 

Figure 11. a) View along the c axis of as-synthesized {[Fe(dca)][TTF-

(py)4]·ClO4·CH2Cl2·2CH3OH]}n and {[Fe(dca)][TTF(py)4]·0.5 

I3·ClO4·CH2Cl2·CH3OH·C6H12}n after of I2 exposure. Next to the structures photographs 

of the corresponding crystals are shown. b) Temperature dependence of the molar 

magnetic susceptibilities before and after of I2 exposure. Reproduced from ref. 73 

with permission from Wiley, copyright 2017. 

Looking at the present state of the area, the main goal of most 

researchers in the SCO field has exclusively centred around the 

transition phenomena itself. In the meantime, the challenge of 

producing highly conductive SCO materials has been largely 

overlooked. Some efforts have been dedicated to produce 

materials that display SCO together with high electrical 

conductivity values. However, only one of the previously 

described strategies for infusing electrical conductivity in non-

magnetic MOFs and CPs has been really explored. Following the 

path of molecular conductors, the strategy of including 

electroactive TTF moieties in the organic linkers has been 

attempted to induce electrical conductivity into FeII-HCPs and 

other SCO CPs. For FeII-HCPs, the axial organic ligand that 

connects the metal-cyanide layers can be chemically modified 

to incorporate an electroactive group. Real and collaborators 

used this strategy to prepare {Fe(ttf–adpy)2[M(CN)4]}·nH2O (ttf–
adpy = 4-tetrathiofulvalenylcarboxamidopyridine; M = Ni, Pd, 

Pt), a series of 2D FeII-HCPs.247 Here, FeII centres are axially 

coordinated to ttf–adpy ligand, which consist of a pyridine unit 

bonded to a TTF core via a secondary amide. Electrochemical 

studies indicated that free ttf–adpy has low oxidation potential 

to form the radical. As result, the ttf–adpy units were neutral 

for all cases and the 2D FeII-HCPs displayed low cooperative SCO 

transitions strongly dependent on their water content.247 As 

commented in section 2, Wang et al. prepared {[Fe(dca)][TTF-

(py)4]·ClO4·CH2Cl2·2CH3OH]}n, a non-interpenetrated CP with 

open pore channels and octahedrally N-coordinated FeII ions 

that undergoes gradual and incomplete SCO in its as-

synthesized form.73 When a single crystal was exposed to a I2 

solution, {[Fe(dca)][TTF(py)4]·0.5 I3·ClO4·CH2Cl2·CH3OH·C6H12}n 

was obtained, which has I3
- anions inbetween oxidized TTF·+ 

radical ligands (Figure 11a). Surprisingly, this compound did 

maintain SCO transition, although it was significantly more 

incomplete and more gradual (Figure 11b).73 These being the 

only published attempts at making a highly conductive SCO 

framework material, reinforces the idea that a lot more effort 

needs to be dedicated to this challenging task. Nevertheless, we 

can find one additional in the 1D chain CP [Co(MQ)2] (MQ = 8-

mercaptoquinoline), a semiconductor (  = 1.7·10-7 S·cm-1) with 

a gradual SCO transition of the CoII ions in an unusual 

coordination environment of N and S atoms.248 Also, in a 

somewhat unique strategy, Martin and Lemaire, prepared a 

SCO conducting metallopolymer based on qsal type ligand 

covalently linked to a thiophene polymer. The 

electropolymerized film showed a gradual SCO transition with 

no thermal hysteresis but it did show hysteretic conductivity 

with temperature. Although the conductivity values are the 

highest so far for a SCO material (approximately 10-100 S·cm-1), 

the relationship between SCO and conductivity was not clearly 

demonstrated.249 

The rest of the studies of charge transport properties of SCO 

materials have dealt with compounds that were not specifically 

designed with conductivity in mind and are therefore poor 

conductors. Again, there is not a very extensive amount of work 

done concerning this type of materials, particularly SCO CPs and 

MOFs, as it is extremely challenging to measure current values 

below the detection limit, especially at low temperatures. In a 

recent publication, Martí-Gastaldo, Tatay and co-workers 

fabricated ultrathin films (thickness < 15 nm) to analyse the 

conductivity of 2D FeII-HCPs: [Fe(L)2{Pt(CN)4}] (L = pyridine, 

pyrimidine, and isoquinoline).246 Out-of-plane charge transport 

was then measured using liquid Eutectic Gallium Indium alloy 

(EGaIn) as top electrode (Figure 12). Analysis of thickness 

dependent current density measurements  at room 

temperature (HS) yielded a low decay coefficients (β = 0.03-0.08 

Å-1), characteristic of a hopping regime (<0.1 Å-1) and in line with 

other SCO ultrathin films measured in the same 

conditions.250,251 Thus, in this through space hopping 

conduction, the axial linker L heavily influences the vertical 

charge transport by altering the interlayer distance, and also 

governs the electronic interaction with the EGaIn top contact.246 
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Figure 12. a) Schematic crystallographic structure of the [Fe(L)2{Pt(CN)4}] (L = 

pillaring linker) 2D FeII-HCPs used in by  Martí-Gastaldo and co-workers. b) 

Dependence of the logarithm of the absolute value of the current-density (log|J|) 

measured at 0.1 V as a function of film thickness films. Maximum number of counts 

for each histogram has been normalized to 1. Solid lines are Gaussian fits to the data. 

Error bars correspond to the Gaussian width. Straight dashed lines are a linear fit to 

the data. In all cases, colours indicate the number of growth cycles. Reproduced from 

ref. 246 with permission from American Chemical Society, copyright 2019. 

Finally, the only other SCO CP whose charge transport 

properties have been broadly extended is [Fe(Htrz)2(trz)](BF4) 

(Htrz = 1,2,4-1H-triazole), an ionic 1D CP formed by chains of FeII 

centres linked by triazoles252,253 that has a hysteretic SCO 

transition at around room temperature.254 Bousseksou, Salmon 

and co-workers performed most of the work with this material 

(Figure 13).255–260 These different studies were performed with 

different set-ups (two probe contacts or interdigitated 

electrodes,259,260 DC258 or AC conductivities255,261,257) and using 

samples with slightly different crystallite sizes (0.7-5 µm x 200-

300 nm high aspect ratio needles258–260 or ~200 nm nearly 

spherical particles255,261,257,258) and large electrode gaps of 

several micrometres. Nonetheless, most of them yielded 

comparable results and pointed to the same conclusion: the HS 

form is less conductive than the LS state (Figure 13b). However, 

there was one sample of spherical NPs that showed the 

opposite trend, a more conductive HS phase. The authors 

ascribed this exception to small changes in the defect structure 

or in the particle morphology (grain boundary effects).258 

Surprisingly, the magnetic measurements on this particular 

sample showed similar SCO properties to the others. Precise 

conductivity values were only given in one publication for DC 

measurements on pellets of needle-like micrometric crystallites 

(HS = 5·10-1 S·cm-1; LS = 6·10-4 S·cm-1) and spherical 

nanoparticles (HS = 9·10-7 S·cm-1; LS = 6·10-7 S·cm-1).258 Again, 

the difference between samples is quite remarkable, especially 

considering that they both displayed similar SCO properties. 

Increased grain boundaries are probably to blame for this 

disparity. 

 

Figure 13. a) Schematic crystallographic structure of [Fe(Htrz)2(trz)](BF4), anions 

have been omitted for clarity. b) Temperature dependence of the real part of the AC 

conductivity recorded at 10 kHz at various applied pressures. b) Temperature 

dependence of the molar magnetic susceptibility. Adapted from ref. 261 with 

permission from American Chemical Society, copyright 2017. 

A different work by Dugay, Coronado and co-workers reported 

similar results for high aspect ratio nanorods (10 x 25 and 6 x 44 

nm in size) deposited onto interdigitated electrodes with a gap 

of 50 nm.262 The LS state was found to be the high-conduction 

state by up to 2 orders of magnitude difference and a hysteresis 

loop 45 K in the electrical current versus temperature plot. But, 

as the reproducibility of the measurements was analysed, they 

were found not to be reversible after only one heating/cooling 

cycle. Current values progressively decreased below the 

detection limit, presumably as more FeII centres get trapped in 

the HS configuration. Later, they managed to conduct a more 

reproducible study of 110x50 nm core-shell NPs of 

[Fe(Htrz)2(trz)](BF4) with a 11 nm SiO2 shell, which were 

contacted by graphene single layer electrodes with a gap of 300 

nm. Results showed again a more conductive LS state.263 

Bousseksou, Salmon, Rotary and co-workers also argued that 

the charge transport in big particles of [Fe(Htrz)2(trz)](BF4) 

occurs via polaron hopping. Hence, they associate the higher 

conductivity in the LS state to its higher stiffness (i.e., higher 

phonon frequencies), which results in higher hopping rates.257 

However, in a separate study, Dugay, Coronado and co-workers 

used time-resolved microwave conductivity to show that there 

is actually two different transport regimes in the LS state: 



16 
 

tunnelling through shallow traps which transits into a trap free 

hopping regime with increasing temperature.264 

All the above studies of [Fe(Htrz)2(trz)](BF4) show an opposite 

trend to the results reported by Prins et al., which showed that 

the HS state has a larger conductivity than its counterpart. 

Nanoparticles of 11 ± 5 nm were placed between gold 

electrodes with a gap of either 100 nm or 1 μm, thus operating 

in the tunnelling regime.265 The authors suggested that the 

increase in Fe-N bond lengths (0.2 Å) upon the LS to HS spin 

transition could lower the tunnel barrier, thus leading to an 

increase of the conductance. This reinforces the premise that 

different charge transport regimes (tunnelling versus hopping) 

yield a different predominant spin state in terms of electrical 

conductivity. Interestingly, a hysteresis loop of similar width to 

the magnetic curve was obtained in the conductance as a 

function of temperature plot. However, concerning 

reproducibility: out of ten samples, the conductance switch 

occurred in 50% of them, while just 30% displayed hysteresis 

and in the remaining 20% the change in conductance was 

(partially) irreversible.265  

However, there is one conflicting study to this idea concerning 

[Fe(Htrz)2(trz)](BF4). Torres-Cavanillas et al. prepared 

core@shell spherical NPs with a Au core (ca. 12 nm) and a 

[Fe(Htrz)2(trz)](BF4) shell (4 nm).266 Charge transport 

measurements were then performed in a device fabricated by 

depositing the NPs onto interdigitated electrodes. The device 

showed a sharp hysteretic transition in thermal variation of the 

electrical current with an on/off ratio of 1500 between a high 

conductance LS and a low conductance HS state. This 

conductance transition was explained via a percolation model. 

[Fe(Htrz)2(trz)](BF4) NPs of 16 nm without the Au core were also 

prepared, but they were too insulating for transport 

measurements.266 Again, previous measurements of small NPs 

(11 ± 5 nm) showed opposite results for the HS/LS conductivity 

change.265 

3.3. Electrical properties of individual spin states 

Regardless of achieving materials that show both SCO transition 

and high conductivity, gathering information on the electrical 

properties of each of the individual spin states is also of vital 

importance for device integration. However, the amount of 

work done in this sense is still scarce with very few studies of 

bulk materials, nanometric particles or films of extended CPs. 

The vast majority of them being materials composed of discrete 

molecular complexes and not framework systems that are the 

main scope of this review. At the present time, there is not even 

clear evidence to draw definitive general conclusions about 

which spin state is more conductive (HS or LS), due to 

contradicting experimental results. This is a difficult problem to 

tackle as most SCO materials have already low charge carrier 

mobilities at room temperature, so cooling them down yields 

negligible current values. Hence, it is extremely challenging to 

obtain reliable measurements in bulk samples or to fabricate 

viable nanometric devices. Thus far, the options have been 

restricted to either working with SCO systems with HS-to-LS 

transitions that occur at high temperatures, reducing the 

electrode separation or downsizing particles or film-based 

devices in order to operate in the tunnelling regime. But of 

course, modifying the charge transport mechanism from 

hopping to tunnelling can also influence the device resistance 

variation with the spin state, and so can the SCO/electrode 

interface. All this along with the already challenging fabrication 

and characterization of devices as well as reproducibility issues, 

add to the difficulty in elucidating the relationship between spin 

state and conductivity.203,204 Most reports that observe a more 

conductive HS configuration are of single molecule, monolayer 

or few-layer junctions (tunnelling regime), while most of the 

papers pointing in the opposite direction are of large contact 

are devices or nanocrystalline samples (hopping regime). 

Nonetheless, there are a few exceptions to this clasification.267–

269,266,270 So far there is only one record of a single crystal 

measurement with the two-probe method.271 Undoubtedly, the 

synthetic difficulties in producing large crystals are also an 

important obstacle for SCO materials along with their low 

charge carrier mobilities. 

3.4. Electrical conductivity and valence tautomerism in PBAs 

 
Figure 14. a) Schematic crystallographic structure of FeCo Prussian blue analogue. 

The vacancies at the [Fe(CN)6] site and the Na+ atoms have been omitted for clarity. 

Temperature dependence of resistivity and magnetization for b) 

Na0.5CoII
1.25[FeIII(CN)6]·4.8 H2O and c) Na0.38CoII

1.31[FeIII(CN)6]·5.4 H2O. Adapted from 

ref. 272 with permission from American Chemical Society, copyright 2004. 

Valence tautomerism (VT) can be considered another type of 

cooperative magnetic by-stability, as it consists on the 

reversible interconversion between redox states of different 

metal ions in polynuclear coordination compounds. We find a 

similar case to the conductivity and SCO relationship in the 

conductivity dependence with VT switching that can be 

observed in some PBAs. As previously mentioned in section 

2.2.2., PBAs are analogues of FeIII
4[FeII(CN)6]3·nH2O with a 

general formula of  AxMy[M(CN)6]z·nH2O, in which A is an alkali 

metal ion and M are transition metal ions.111 The octahedral 

coordination of the transition metal ions with cyanide anions 

results in cubic (Figure 14a), monoclinic or rhombohedral 3D 

networks depending on the distortion of the coordination 

sphere. If the metal-cyanide network is not neutral, the pores 

are occupied by the alkali counterions. Usually, the M 

coordinated with the N of the cyanide ligand presents a trivalent 

oxidation state in the HS configuration and the one coordinated 

with C presents a LS divalent oxidation state. The process in 

which an electron can travel in-between these metal centers 

can be classified as VT. FeCo PBAs are widely known to present 

VT, also referred to as charge-transfer-induced spin transition 

(CTIST),273,274 due to the reversible transition between 

diamagnetic FeII-LS-CN-CoIII-LS and paramagnetic FeIII-LS-CN-CoII-HS 
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configurations. 275 Similarly to SCO, the CTIST transition can be 

triggered by temperature or light irradiation and provokes 

changes in the compounds’ bond lengths, magnetic, 
photochromic and electric properties.276 

The first report on the dependence between electrical 

conductivity and VT was published by Sato et al. for the Fe Co 

PBAs Na0.5Co1.25[Fe(CN)6]·4.8H2O and 

Na0.38Co1.31[Fe(CN)6]·5.4H2O.272 These compounds show an 

abrupt change in conductivity at the same temperature of the 

magnetic phase transition between FeII-LS-CN-CoIII-LS and FeIII-LS-

CN-CoII-HS with a similar hysteresis loop in both of them (Figure 

14). Moreover, the conductivity phase can also be altered by 

applying an electric field. This behaviour has also been observed 

for MnFe PBAs. Thus, Molnár et al. observed a similar effect in 

a series of RbxMn[Fe(CN)6]y·zH2O PBAs.277,278 Additionally 

electrical conductivity modulation with VT has been observed in 

cyanide-bridged CPs of lower dimensionality than 3D PBAs. For 

instance, the 1D chain {(Tp)Fe(CN)3Co((R)-pabn)(BF4)}·H2O (Tp = 

hydrotris(pyrazol-1-yl)borate; (R)-pabn = (R)-N(2),N(2′)-
bis(pyridine-2-ylmethyl)-1,1′-binaphtyl-2,2′-diamine) shows 

and evolution from insulator to semiconductor with the CTIST 

transition.279 

4. Nanostructuration strategies for device 

fabrication 

All the strategies reviewed above highlight the wide range of 

possibilities to produce electrically active and magnetically bi-

stable CPs and MOFs. This potential for tailor-made materials 

has pushed industrial and academic researchers to initiate the 

path to integrate them in electronic devices, resulting in several 

reviews and roadmaps that indicate the current challenges and 

technological barriers.23–25,57,58 Nevertheless, before truly 

considering them as components of an electronic device 

compatible with CMOS technology, it is necessary to 

understand how these materials function within the device and 

how they interface with it. On this order of ideas, it is first 

necessary to deposit and study these materials on surfaces as 

thin films. Materials have to be carefully processed with 

exquisite control over several factors that play an important 

role in the device performance. Ideally, film thickness, substrate 

coverage, homogeneity, roughness, crystallinity and crystalline 

orientation with respect to the substrate have to be carefully 

controlled to achieve a viable device. Controlling the above 

parameters is necessary so that the designer properties of the 

original bulk material are equivalent in its nanostructured form. 

The quality of the film can be changed drastically depending on 

the deposition method drastically affecting material 

performance. Besides, this structuration also presents a 

challenge for chemical and physical characterization.27 In the 

following sections, we will review some of the techniques used 

for the deposition of CPs and MOFs as thin films. 

Figure 15. Schematic illustrations exemplifying the most common protocols used for the synthesis and/or transfer of MOFs and CP to solid substrates.
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As shown in Figure 15, we will divide deposition methods 

depending on how the final material is formed: (i) deposition 

from crystals or colloids/colloidal dispersions, where materials 

are previously synthesized and then deposited on the surface, 

(ii) direct synthesis of micrometer-thick films that are generally 

grown by seeding methods and (iii) Layer-by-Layer (LbL) films 

grown by sequential deposition methods. As we will see later, 

some of those methods can be improved by functionalizing 

substrates to promote and direct the nucleation, orientation, 

and structure of the resulting film. 

4.1 Deposition of pre-formed materials. 

This type of procedure is composed of two steps. The first one 

involves the synthesis of the desired material in solution 

(bottom-up approach) or as bulk material that in turn can be 

physically or liquid phase delaminated (top-down approach). In 

the second step, the pre-formed material is deposited on the 

surface.  

4.1.1. Bottom-up deposition 

Fabrication of MOF films by this method has been used, among 

others, by Sanchez, Serre, and co-workers. It consists on 

preparing MOF particles with well-defined size and transferring 

them onto silicon substrates by dip-coating. They demonstrated 

this concept experimentally with three different MOF 

structures: MIL-89 [Fe6O2Cl2(BDC)6],280 MIL-101 

[Cr3OF(BDC)2(H2O)2]281 and ZIF-8 [Zn(Cu4H5N2)2] (Figure 16).282 

Depending on the concentration of the particles in solution, 2-3 

layers of particles were deposited at the same time. Repetition 

of the dip-coating process led to thicker films for good control 

of the thickness. However, the mechanical resistance of such 

films is moderate due to their poor adhesion to the substrate. 

The advantage of this method is that the size and crystallinity of 

the particles is controlled in a first step and is not limited by the 

preparation of the films. On the other hand, it relies on the 

preparation of stable colloidal dispersions and does not permit 

producing oriented films. These films can broadly be described 

as bulk crystalline powders resting on a substrate due to the 

high roughness of the films and their irregular micrometric 

thickness. 

Better control on film thickness and orientation can be achieved 

when the formation of the material to deposit takes place at the 

air-liquid (AL) or liquid-liquid (LL). In this case, metal ions and 

organic linkers present in different phases coordinate at the 

interface to yield coordination crystalline nanosheets.283 

Multilayer, few or single layer nanofilms can form at the liquid–
liquid or air-liquid interfaces This approach has been extensively 

developed specially for 2D CPs and MOFs,27 also known as 

coordination nanosheets (CONASHs),284,285 metal-organic layers 

(MOLs),286metal-organic framework nanosheets (MONs)287 or 

just low dimensional MOFs (LD MOFs).288 When films are pre-

assembled at the LL interface, the procedure typically consists 

of carefully layering a solution of ligand in an organic solvent or 

a mixture of solvents onto a water solution of the metal salt, if 

the ligand solution is denser than water, then the metal solution 

is layered on top instead (Figure 15). For instance, Sakamoto et 

al. prepared bis(dipyrrinato)zinc(II) complex micro and 

nanosheets containing zinc(II) porphyrin that could be layered 

quantitatively onto a flat substrate (Figure 17).289 More 

sophisticated versions of this method include using a pure 

solvent as a diffusion barrier in between the two immiscible 

solvents that contain the metal-organic building blocks139,140 or 

spraying the top solution instead of layering it with a 

syringe.290,291 

The AL interfacial synthesis is similar to the LL version, a 

controlled amount of a diluted solution of a volatile organic 

solvent containing the ligand is carefully dispersed onto the 

surface of an aqueous solution of a metal salt. The organic 

solvent quickly evaporates leaving the ligand to react with the 

metal ions at the AL interface forming a floating layer of the CP 

or MOF in question. In any case, the final step involves the 

transfer of the films from the liquid-liquid interface to a solid 

substrate. This can be done by piercing the interfacial film with 

a substrate going either from the organic to the water solution 

or vice versa, by repeating the assembly-deposition process 

several times, the final film thickness can be controlled. 

Sometimes, the organic layer can be left to evaporate or 

syringed out, so the final transfer occurs through the air-liquid 

interface.  For this method to produce single or few-layers films 

the synthetic conditions (solvents, concentrations, reaction 

time, temperature, etc.) have to be carefully selected. In spite 

of this, it is not always possible to obtain them if interlayer 

interactions are strong. The thickness and lateral size of the 

nanosheets produced with this methodology can usually vary 

between micro and nanometres. However, some works by 

Nishihara and collaborators have reported centimetre-sized 

and defect-free sheets by LL interfacial synthesis although 

additional crystallographic evidence is still desirable in order to 

support these claims.285 Regarding conductive MOG systems, 

several of them have been prepared as nanosheets using LL 

interfacial synthesis, mainly by Nishihara and co-workers. Thus, 

the first system was Ni-BHT in 2013135 followed by Pd-BHT,137 

Cu-BHT,131,145 Co-BHT,136 Ag-BHT,133 Ni-IT,139 Ni-AT,140 Ni-HIB, 

Cu-HIB, Co-HIB,141 THTA-Co,147 Co-HTTP149 and Cu-CAT-1.156 

 

Figure 16. Field Emission SEM images of thin films prepared by dip-coating a silicon 

substrate on a colloidal solution of ZIF-8 NPs. a) top view and b) side view. Scale bar 

length is 100 nm. Reproduced from ref. 282 with permission from the Royal Society 

of Chemistry. 
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The obvious limitation of the interface synthesis is imposed by 

the size of the reaction vessel and the low control over the 

substrate coverage. There are no means to repair cracks or 

empty space that appear between individual sheets (Figure 17). 

The use of organic solvents and the need to have a steady LL or 

AL interfaces to minimize defects also make this method hardly 

compatible with high-temperature synthesis. In 2010, Makiura 

et al. introduced the Langmuir-Blodgett (LB) technique292 as an 

elegant method to overcome some of these limitations and gain 

control of the interfacial area coverage.293 The LB technique is 

an elegant method for the fabrication of well-defined layered 

structures with precision at a molecular level. A picture of a 

standard LB through is depicted in Figure 18a. Once a floating 

CP or MOF has been formed at the AL interface two barriers are 

used to reduce available interface area bringing individual 

sheets together (Figure 18b). Using a Wilhelmy plate the 

changes in surface pressure (π), defined as the difference in 
surface tension (σ) measured between a clean subphase and a 
surfactant-covered subphase, can be measured. The plot of π as 
a function of mean molecular area (MMA) at the interface, 

calculated from the known number of molecules dispersed in 

the area left available by the barriers, is known as a compression 

isotherm (Figure 18c). The study of these isotherms renders 

very useful information about the behaviour of the floating 

layer. As shown in Figure 18c, at the initial point of a π-MMA 

compression isotherm, π is almost 0 as there is plenty of empty 
space between the sheets of the dispersed layer. Then, as the 

sheets are brought closer together by barrier compression, π 
increases as the available area and MMM decreases. Initially 

this raise is minimal as molecules still have plenty of space 

available (distance between adjacent sheets is large and their 

interactions are weak), there is little effect on the surface 

tension of the subphase. Then as MMA is further reduced and 

sheets start to adopt more compact packing (sheets begin 

exerting a repulsive effect on each other), the slope of the 

π-MMA isotherm becomes very steep. Finally, if the barriers 

keep advancing until the layer cannot be further compressed, it 

collapses forming either thicker crystalline aggregates or they 

submerge in the subphase by dissolution or micelle formation. 

This collapse produces an inflexion point in the isotherm, and if 

the molecule is coloured the collapse can also be observed by 

the naked eye.  

The LB set-up also includes a dipping mechanism or dipper, 

which allows the transfer of the compressed floating film to the 

substrate, either with its surface parallel or perpendicular to the 

interface. This whole process can be repeated several times for 

two-dimensional CP or MOF ultrathin film of the desired 

thickness. There are two main transfer modes: vertical and 

horizontal. In the vertical transfer the substrate is firstly 

immersed through the floating film and then emerged or vice 

versa. In the first scenario, floating film can be transferred to 

the substrate in the downwards and upwards motion. In the 

horizontal transfer mode or Langmuir-Schaefer (LS) 

deposition,294 the substrate surface and the floating monolayer 

make contact horizontally, either by stamping the surface from 

above or by pulling the substrate from inside the subphase.  

 

 

Figure 17. a) Representative photograph of a bis(dipyrrinato)zinc(II) microsheet 

transferred to a quartz substrate. b) Optical microscopic image of the microsheet on 

a silicon(100) substrate. c) SEM image of the microsheet on a silicon(100) substrate. 

d) AFM image of the microsheet on a silicon(100) substrate with a cross-section 

profile (blue line) taken along the black line. Reproduced from ref. 289 with 

permission from Wiley, copyright 2017. 

 

Figure 18. a) Photograph of a Langmuir mini-trough. b) Schematic illustration for 

MOF/CP nanosheet formation, compression and transfer to a substrate in a LB 

trough. c) π-MMA compression isotherm with schemes illustrating the different 

stages of film growth with decreasing MMA, from the initially isolated nanosheets 

that are compressed to a continuous layer, to the final collapse state. 
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Early reports by Makiura et al. reported the formation and 

transfer to a substrate of the layered CP [Cu2(py)4(CoTCPP)] (py 

= pyridine; TCPP = 5,10,15,20-tetrakis(4-

carboxyphenyl)porphyrinato),293,295,296 which curiously does not 

exist in the bulk form. Later, the same authors prepared a series 

of related porphyrin MOFs, including [Cu2(H2O)2(H2TCPP)] or 

NAFS-2,297 NAFS-21298 with 5,10,15,20-tetra(4-pyridyl)-

porphinato zinc(II), NAFS-13 or [Cu2(H2O)2(PdTCPP)],299 and 

NAFS-31 and 41,300 which are equivalent to NAFS-2 but with 

trans-ditopic and expanded tetratopic porphyrins respectively. 

After NAFS-1, the LB technique has been used to fabricate 

ultrathin films of other MOFs. Feng and co-workers prepared 

single-layer sheets of the MOGs Ni3(HTTP)2
150 and THTA-Co147 

but unfortunately the substrate coverage was not continuous. 

Nishihara and co-workers had done something analogous with 

Ni-BHT.301 Similar films of a different 2D CuII MOF were 

prepared by Ruoff and collaborators.302 Later Moradi et al. also 

prepared monolayers of 2D CuII CP with a complex 3D 

calix[4]arene amphiphile. The carboxylate and alkyl chains in 

the ligand are located in opposing sides, thus guarantying a 

particular orientation on the water surface.303 In all these cases, 

the floating films were transferred to bare hydrophilic 

substrates (i.e. Si/SiO2, Au, quartz, etc). Rubio-Giménez et al. 

later proved how the hydrophobicity of the substrates plays a 

key role in the transfer process by using NAFS-1 as a model 

system.304 Brewster angle microscopy (BAM) images of the 

floating film showed that it was continuous, but the final film 

once transferred to a bare hydrophilic substrate was rather 

discontinuous for the case of Si/SiO2 whilst in the case of clean 

metallic substrates there was barely any transfer at all. By 

functionalizing these substrates with the appropriate alkyl self-

assembled monolayers (SAMs), they turned highly hydrophobic 

and the transferred films were then continuous with full 

coverage for all surfaces. This hydrophobicity effect in LB 

transfer was latter replicated with Cu-CAT-1 films.156 The LB 

method is not exclusively limited to the bottom-up assembly of 

ultrathin nanosheets and can be also used to produce MOF thin 

films by sequential transfer of dispersions of NPs.305,306 

4.1.2. Top-down deposition 

Although extensively developed mainly for graphene,307–309 and 

inorganic 2D materials like transition metal dichalcogenides 

(TMDs),310,311 layered double hydroxides (LDH),312 and many 

others,313,314 liquid phase exfoliation has also been used to 

prepare dispersions of layered CPs and MOFs that are then 

transferred to the surface. Exfoliation in a liquid phase usually 

requires the assistance of ultrasonication to achieve 

delamination into a suspension that is easily processable. As a 

result, liquid exfoliation has been widely used to produce 

nanosheets of a variety of 2D CPs and MOFs,286,287,315 including 

a couple of MOGs153 and other conductive 2D frameworks.316 

For instance, Amo-Ochoa et al. used sonication to delaminate 

mixed-valence a copper CP [Cu2Br(IN)2]n (IN = isonicotinato) 

crystal into 5 nm sheets and deposited them as films on graphite 

surfaces (Figure 19).109 Moreover, liquid exfoliation has also 

been used to prepare monolayer flakes of a 2D SCO materials. 

Thus, Lei and Zheng exfoliated single layers of [Fe(4-

PyP)(H2O)][Pt(CN)4]·H2O·CH3OH (4-PyP = diethyl 4-

pyridylphosphonate), a 2D FeII-HCP by ultrasonication in 

water.317 Ruiz-Molina and collaborators did the same with a 

different 2D CP. Despite thicknesses being rather polydisperse, 

they were still able to find few single layer flakes.318 

However, indiscriminate sonication normally reduces the lateral 

size of the sheets from micro to few hundred nanometres and 

hinders their crystalline quality in comparison to those obtained 

by micromechanical exfoliation. As a result, a few examples of 

wet exfoliation that do not require ultrasonication have 

recently appeared. Sonication can be avoided by solvent‐
induced delamination320,321 or chemical exfoliation.322 From the 

chemical point of view, a particularly elegant example is the 

chemical exfoliation of [Zn2(Pd-TCPP)] recently reported by 

Zhou and co-workers.323 First, the 2D CP was intercalated with 

a bidentate 4,4′-dipyridyl disulphide ligand that coordinated to 

ZnII of adjacent layers, then the disulphide bond was broken by 

chemical reduction with trimethylphosphine, thus generating 

nanosheets in high yields.323 

Liquid phase exfoliation does not require large single crystals as 

starting materials and is commonly considered as an efficient 

method to produce a big quantity of nanosheets in solution. 

Oppositely, solvent-free micromechanical exfoliation is the 

preferred method to produce highly crystalline nano and 

microsheets of a layered material. Physical exfoliation is done 

without chemical disturbance by applying simple mechanical 

 

Figure 19. a) Detail view of the copper environment in a [Cu2Br(IN)2]n single layer, b) 

Superposition of layers along the a axis, c) AFM topography image of [Cu2Br(IN)2]n 

after liquid phase exfoliation and deposition on HOPG. Reproduced from ref. 109 

with permission from the Royal Society of Chemistry. 

 

Figure 20.  Mechanical exfoliation of a layered CP into atomically thin sheets. a) 

AFM image and height profile of a flake of MuV-1-Cl b) Structure of a single layer of 

MUV-1-Cl viewed along the c axis. c) TEM images and SAED patterns for MUV-1-Cl 

flakes. Reproduced from ref. 319 with permission from Springer Nature, copyright 

2018. 
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force to a bulk crystal. The sheets deposited onto a substrate 

using this method are thus only formed by single crystalline 

domains. However, there are clear practical limitations to this 

method, from the difficulty in controlling the thickness and 

lateral size distribution of the exfoliated sheets; especially in the 

case of soft materials like CP and MOFs, to the low substrate 

coverages and exfoliation yields that can be achieved. 

Moreover, relatively large single crystals are needed for this 

method to work, specially using the scotch tape technique, this 

can is specially challenging when dealing with CPs. Still, there 

are a couple of interesting examples in the literature. Coronado 

and co-workers reported the first example of a mechanically 

exfoliated CP with [Fe(acac2-trien)][MnCr(Br2An)3]·(CH3CN)2 

which is formed by neutral honeycomb layers. Very recently, 

this team also achieved atomically thin microsheets of MUV-1, 

a family of FeII benzimidazole 2D CPs, via mechanical exfoliation 

(Figure 20).319  

4.2 In situ film growth in presence of the substrate 

In this strategy substrate and CP or MOF precursors share the 

same reactor space during material synthesis. In the simplest 

case, reaction conditions similar to those for bulk material 

synthesis are used, but in the presence of a substrate that can 

be chemically modified to assist and/or orient the film growth. 

When the reaction has finished, a film is formed on the 

substrate, most often along with a powder precipitated at the 

bottom of the reactor container.324,325 For example, Kung et al. 

used the solvothermal method to grow MOF-525 films on 

conducting glass substrates from its components (meso-

Tetra(4-carboxyphenyl)porphyrin (H4TCPP) linkers and hexa-

zirconium nodes).326 As visible in Figure 21, cubic crystals 

ranging from 500 nm to 1000 nm embed into each other all over 

the substrate. 

Zacher et al. showed that the nature of the surface and 

especially its acid/base properties, influence whether a film can 

grow or not. The authors suggested that binding between the 

surface and the film is mediated by the organic linker, and 

therefore a MOF that contains acid linkers like HKUST-1 cannot 

grow on acidic surfaces such silica.325 However, a MOF that 

contains both acidic and basic linkers such as [Zn2(BDC-

Br)2(DABCO); (DABCO = 1,4-diazabicyclo[2.2.2]octane)] can 

growth on both silica an alumina. Arnold et al. reached similar 

conclusions by studying the anisotropic growth of Mn(HCO2)2 

on alumina and graphite.324 As a result, the use of organic 

molecules has been proposed to improve heterogeneous 

nucleation and growth. Huang et al. treated a porous Titania 

support with 3-aminopropyltriethoxysilane (APTES). This 

molecule can bind to the surface by the silane group and to 

ZIF-22 [Zn(ABLM)2; (ABLM = 5-azabenzimidazole) crystals 

through the terminal amino group.327 As a result, thick (40 μm) 
and well-intergrown films of higher quality than the ones 

obtained without the linker were obtained. The same 

phenomenon has been observed for ZIF-90 [Zn(C4H3N2O)2].328 

Usually, MOF synthesis takes place in solvothermal conditions. 

However, microwave-heating approaches have been developed 

for bulk materials synthesis and have been extended to films.329 

The advantage of this method over conventional heating is the 

increased nucleation rate. Indeed, a few hours is enough to 

archive full crystallization. This method was introduced by Yoo 

et al. using a substrate (porous alumina) coated with a 

conducting layer, such as graphite or gold, and immersed in a 

MOF-5 [Zn4O(BDC)] precursors solution. Upon microwave 

irradiation, the temperature of the conductive layer increased 

rapidly and introduced fast heterogeneous nucleation for MOF-

5 crystals.330 Later, Bux et al. used this microwave-assisted 

deposition to prepare a 40 μm thick ZIF-8 film on porous Titania 

that exhibits molecular sieving properties.331 

A variation of the above ideas consists on modifying 

reaction/nucleation rates controlling the 

concentration/diffusion of one of the reagents involved. For 

instance, gel-layer synthesis to better control nucleation over 

the surface. This method was originally applied to MOFs by 

Yaghi and co-workers to grow Zn(HBTC) (HBTC = 5-carboxy-

benzene-1,dicarboxylate dianion).332 Later, Schoedel et al. 

employed this method to grow HKUST-1 and Fe-MIL-88B-NH2 

films on a -COOH or -OH terminal alkanethiolate SAM 

functionalized Au-substrates. They immersed the substrates in 

poly (ethylene oxide) gel loaded with metal-ion precursor (Cu2+ 

or Fe3+) and then carefully added the linker solution (H3BTC or 

H2(NH2-BDC) on the top of the gel layer. The morphology and 

thickness of the resulting MOF film could be controlled by the 

length of the poly(ethylene oxide) and the concentration of the 

metal ions in the gel. The thickness of Fe-MIL-88B-NH2 film was 

estimated to be 40 nm.333 

An electrochemical method to control the reaction rate was 

originally developed by researchers at BASF.334 The principle 

was based on supplying the metal-ion, by anodic dissolution to 

a solution that contained the organic ligand and a conducting 

salt. Careful modification of the conditions used to 

electrochemically produce bulk MOF material enabled the 

preparation of thin films. This process was demonstrated with 

HKUST-1, by applying an anodic voltage to the copper electrode 

in the presence of a solution containing BTC and 

 
Figure 21. SEM images of MOF-525 polycrystalline thick films prepared via 

solvothermally growth. Reproduced from ref. 326 with permission from the Royal 

Society of Chemistry. 
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methyltributylammnium methyl sulfate (MTBS) as conduction 

salt. Films of well packed HKUST-1 crystals with thicknesses in 

the range 2 to 50 μm were obtained bycontrolling the synthesis 

conditions.335 

In-situ growth can also be achieved by confining the reaction to 

the gas-solid interface, thus avoiding the use of solvents. 

Ameloot and collaborators used this approach to fabricate 

homogeneous pinhole-free 50 nm films of ZIF-8 with high-

aspect-ratio features in a highly controlled manner (Figure 22a-

e). An atomic layer deposited (ALD) nanometric ZnO film was 

reacted with the chemical vapour deposited (CVD) ligand to 

yield the final MOF film.336 Afterwards, this strategy has been 

optimized for ZIF-8337–339 and successfully applied to many other 

MOFs.188,340–342 In the case of Nilsen of co-workers, they 

successfully produced UiO-66 and UiO-66(NH2) films over silicon 

substrates by exposing to acetic acid vapours Zr4+-BDC mixtures 

generated by the sequential Atomic/Molecular Layer 

Deposition (ALD/MLD) of ZrCl4 and BDC precursors over silicon 

substrates (Figure 22f-h).343,344 Lastly, vapour-assisted 

conversion (VAC) is another thin film fabrication methodology 

at the edge of vapour and liquid synthesis that was first 

developed for covalent organic frameworks (COFs) by Medina 

and co-workers.345 In the MOF version, substrates coated with 

a drop of the transition metal/ligand precursor solutions are 

exposed to modulator/solvent vapour mixtures. They used VAC 

to successfully fabricate various not only 3D Zr-based MOFs 

(Figure 22i-l)346 but 2D triphenylene MOGs (Co-CAT-1, Ni-CAT-1 

and Cu-CAT-1).187 This VAC technique is highly versatile in terms 

of the dimensionality and nature of the MOFs that can be 

prepared and is not limited to sublimable building blocks that is 

currently one of the main limitations of the CVD and ALD/MLD 

approaches. 

4.3 Sequential growth by Layer-by-Layer/Liquid phase epitaxy 

A third strategy, the so-called LbL approach involves the 

sequential growth of the ultrathin film by consecutive exposure 

of the substrate to the building blocks of the CP or MOF in 

question (Figure 15). In this strategy, metal and ligand building-

blocks do not share the reaction space at the same time. The 

LbL procedure was pioneered by Mallouk and co-workers to 

fabricate thin films of various CPs,347–349 although it had been 

previously used for other materials.350 Years later, it was 

extensively employed by Fischer, Wöll and collaborators to 

fabricate MOF ultrathin films, also referred as SURMOFs.351–354, 

They also rebranded the technique as liquid phase epitaxy 

(LPE).355,356 

In the simplest case, a LbL growth cycle consists of consecutive 

immersion of the substrate into a solution of the metal ion or 

the organic linker with intermediate washing steps using pure 

solvent.357,358 This gives each of the components the 

opportunity to saturate all deposition sites without the 

formation of new nuclei at the surface or in solution. Between 

each step, the sample is rinsed with solvent to remove 

uncoordinated precursors. Under ideal conditions, every cycle 

should imply the deposition of a single unit cell. This linear 

growth mode allows to adjust the final thickness of the film to 

the number of cycles. The previous functionalization of 

substrates with SAMs that have the appropriate head group to 

modify surface properties or coordinate to the metal ions and 

thus direct film growth for the following growth cycles is a 

common practice.359 The resulting films are in general highly 

crystalline, smooth, homogeneous and cover the whole area of 

the substrates that was functionalized with the appropriate 

head groups,351,353–355,360–362 and is thus compatible with the 

deposition of patterned features.360 The head group and the 

packing of the SAM also controls orientation of the resulting 

MOF or CP.363 However, most studies have only focused on the 

out-of-plane orientation. Hence, heteroepitaxial methods that 

use oriented hydroxide precursors matching the MOF’s lattice 
parameters have been developed to control both in-plane and 

out-of-plane orientations.364,365 

Concerning LbL techniques, a simple manual dipping method 

was reported by Mallouk et al. for the sequential deposition of 

 
Figure 22. a) Chemical vapour deposition of ZIF-8 thin films. The procedure consists 
of a metal oxide vapour deposition and a consecutive vapour–solid reaction, b) 

Scanning electron microscopy top view, c) Focused-ion beam TEM cross section. 

Inset: high-resolution magnification of the interface between ZIF-8 and the 

substrate., d) X-ray diffraction pattern of a ZIF-8 CVD film and simulated pattern for 
ZIF-8, e) 3D rendered AFM topography. f) Experimental setup for heat post-

deposition crystallization treatment of the films in acetic acid vapour, g) AFM image 

of the Zr-1,4-BDC film after treatment in acetic acid vapour, h) Cross-section SEM 

images of the same surface viewed at 45°and 90° angles. i) Schematic representation 

of the VAC process for the fabrication of oriented MOF films. Top and cross-section 

SEM views of j) UiO-66(NH2), k) UiO-67 and l) PPPP−PIZOF-1 films. a-e) Adapted from 

ref. 336 with permission from Springer Nature, copyright 2016. f-h) Adapted from 

ref. 337, licensed under CC BY 4.0, published by the Springer Nature. i-l) Reproduced 

from ref. 338 with permission from American Chemical Society, copyright 2018. 
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[Ni(bpy)Pt(CN)4] (bpy = 2,2’-bipyridine).349 Wöll, Ocal and co-

workers used the dipping process to selectively graft HKUST-1 

over COOH regions of a gold mercaptohexadecanoic acid 

(MHDA)/hexadecane thiol (HDC) patterned substrate.366,367 The 

substrate was successively was sequentially immersed in 

Cu(OAc)2 and H3BTC ethanolic solutions, between each 

immersion the sample was rinsed with ethanol and dried with 

N2 stream. This same dipping process was later automatized by 

Gu et al. using an automatic robot dipper. Moreover, they found 

that the MOF films that were prepared under ultrasonication 

had cleaner and more homogenous surfaces and reduced their 

root mean square roughness from 38 to 10 nm (Figure 23).368 

A continuous flow method was used by Wöll and co-workers to 

synthesize Cu and Zn-MOF-2 [M(BDC); M = Cu or Zn] ultrathin 

films.369 In this report, four pumps were connected to a sealed 

chamber. Two pumps were used for controlling the reaction 

time with the precursor [M2(CH3COO)2∙H2O] (M= Cu or Zn) and 

H2BDC to 30 and 60 minutes respectively. Another one, 

controlled the rinsing time, and the fourth one was responsible 

for pumping out the solution from the reactor. As shown in 

Figure 24a, this method has also been used to epitaxilly grow 

other 2D SURMOFs such as Zn-TCPP, in which consequtive 

layers are connected by van der Waals forces.370 In addition, 

Quartz Crystal Microbalance (QCM) and Surface Plasmon 

Resonance (SPR) have been widely reported as complementary 

methods to monitor the amount of material deposited during 

the process. For example, Shekhah has recorded the sequential 

injection of Cu(Ac)2 (Ac = Acetyl group) and H3BTC and then 

rinsed with ethanol on a functionalized QCM electrode.371 

Moreover, these techniques can be used to obtain information 

about film porosity after the growth is finished.306,335,372–379 

The spray method is related to the dipping method.382 In this 

case, a spray system is adapted to dispense the reagents (Figure 

24b). This approach has been used to grow MOFs ultrathin film 

with fast speed and keeping a high degree of crystallinity and 

orientation. In this method, there are three nozzles for spraying 

the solutions including metal salts, organic ligands, and rising 

solvent, respectively. As a proof of concept, HKUST-1 was again 

selected to demonstrate the efficiency of this method by Wöll’s 
group.382 Carboxylic acid terminated SAM-modified substrates 

were alternately exposed to aerosol mixtures containing 

Cu(OAc)2 or H3BTC produced by spray nozzles. Like the other 

methods, the removal of residual reactants (metal source, 

organic linkers) was achieved by exposing the substrate to an 

aerosol produced from the pure solvent. As depicted in Figure 

24b, controlled spraying LbL can also be used to produce films 

of 2D systems such as Cu-CAT-1.380 Also, the spin-coating 

method is an effective way to prepare thin and homogeneous 

films out of solutions on flat substrates. In 2009, Vozar et al. 

reported an automated spin-assisted layer-by-layer 

assembly.383 In this system, a substrate is rotated rapidly, and 

precursors and cleaning solution are deposit onto the substrate, 

typically using a nozzle impinging upon the center of the 

substrate. The rapid spinning of the sample produces a thin 

layer over the full substrate area. This setup was originally used 

to fabricate polymer-clay nanocomposites and was recently 

adapted by Chernikova et al. to grow Cu2(BDC)2·xH2O (Figure 

24c), ZIF-8 and HKUST-1 ultrathin films.381  

 
Figure 23. a) Series of topographic AFM images for different HKUST-1 samples 

deposited on a MHDA/ HDC patterned substrate corresponding to 10, 20, 23, 30 and 

45 immersion cycles. The total color scale (total height range) is 110 nm for all the 

images. Because of the low topography of the 10 cycles sample, the inset shows the 

same image with the scale magnified by a factor of two, inset scale bar is 2 µm. b) 

Film thickness as a function of the number of immersion cycles. AFM images of 

HKUST-1 SURMOFs prepared without ultrasonication c) and with ultrasonication d). 

The surface roughnesses are 35 nm (c) and 6 nm (d). a-b) Adapted from ref. 367 with 

permission from the PCCP Owner Societies. c-d) Adapted from ref. 368 with 

permission from Elsevier, copyright 2015. 

 
Figure 24. Examples of LbL fabrication methods by a) continuous flow, b) controlled 

spraying and c) sequential spin-coating of Zn-TCPP, Cu-CAT-1 Cu2(bdc)2·xH2O thin 

films respectively. a) Reproduced from ref. 370 with permission from Wiley, 

copyright 2018. b) Reproduced from ref. 380 with permission from Wiley, copyright 

2017. c) Reproduced from ref. 381 with permission from American Chemical Society, 

copyright 2016. 
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The LbL method has also been extensively applied to SCO films, 

of FeII-HCPs. After the first HCP films of [Ni(bypy)Pt(CN)4] were 

grown by Mallouk and co-workers,349 a series of 3D FeII-HCPs 

films were grown by Bousseksou, Real and collaborators. These 

include [Fe(pz)Pt(CN)4],384,385 [Fe(azpy)M(CN)4] (M = Ni, Pd or 

Pt),386 [Fe(bpac)Pt(CN)4],226,387 Afterwards, Kitagawa and co-

workers structurally validated the growth of [Fe(py)2M(CN)4], 

proving via synchrotron XRD that the films were crystalline and 

preferentially oriented with the metal-cyanide layers parallel to 

the substrate.388,389 They also reported the oriented growth of 

a new accordion-like 3D FeII-HCP: 

[Fe(H2O)2(bpy)][Pt(CN)4]·H2O.390 Unfortunately, due to the fast 

exchange dynamics for Fe2+, the LbL procedure for all these 3D 

FeII-HCPs, requires very low temperatures (-60ºC) in order to 

achieve a regular epitaxial growth and avoid Fe2+ desorption in 

the washing steps. Kitagawa and co-workers later extended this 

LbL method to ultrathin films (16 nm thick) of 2D FeII-HCPs: 

[Fe(py)2Pt(CN)4]244,391 and [Fe(py)2Ni(CN)4],392 which could be 

grown at room temperature unlike their 3D counterparts. 

Moreover, [Fe(py)2Pt(CN)4] films below a certain thickness limit 

(<22 nm) displayed a gate-opening behaviour that allowed 

solvent uptake in-between the layers of this non intrinsically 

porous framework.244 Kitagawa’s group procedure for 

[Fe(py)2Pt(CN)4] films was latter improved by Rubio-Giménez et 

al. by adapting the LbL set-up into a N2-filled glovebox, thus 

avoiding Fe2+ oxidation and improving the quality of the films in 

the ultrathin film range (~1-22 nm).393 The same research team 

also extended this procedure to two other 2D FeII-HCPs 

[Fe(pym)2Pt(CN)4] and [Fe(isoq)2Pt(CN)4] in a study of the 

influence of the axial ligand onto the gate-opening solvent 

uptake.246 

The ALD/MLD technique can also be used in a LbL fashion to 

build CPs and MOFs in a more aligned way to current CMOS 

technologies.394,25 Karppinen and co-workers have been 

working extensively on this procedure, which involves 

consecutive self-terminating reactions. Thus, in it the 

framework is sequentially built via independent gas pulses of 

the organic ligand and a reactive metal precursor. This 

procedure has been moderately successful, as most of the 

prepared films are either amorphous,395–398 require a separate 

recrystallization under a solvent atmosphere399–401 or their 

diffractograms do not clearly match a known structure.402–404  

4.4 Nanostructuration effects on the spin crossover transition 

The integration of FeII SCO materials in functional nanodevices 

has attracted substantial attention in recent years.29,201–204,405 

However, there is still a long way to go and additional efforts 

need to be made in the study of the relationship between 

physical properties and the spin state. Processing SCO materials 

at the nanometric scale has proven to have very significant 

effects on all aspects of the SCO phenomena.29,406–410 These 

include: i) the stabilization of one of the spin states, which 

affects the transition temperature; ii) the cooperativity 

between the SCO centers, which affects the abruptness of the 

transition and the width of its hysteresis and iii) the presence of 

defects, which affects the completeness of the transition. These 

properties can be altered by changes in the film thickness, sizes 

and shapes of crystallites; film orientation; substrate coverage 

and interactions with other SCO particles or non-SCO substrates 

or matrixes. Understanding the relationship between the 

characteristics of the film and the SCO properties is a key 

requirement to fabricate viable devices. 

Regarding SCO CPs and MOFs, again most studies has been 

done with the 1D CP [Fe(Htrz)2(trz)]+ and FeII-HCPs, for which 

there is an extensive amount of reports about 

nanostructuration effects on NPs, which have been already 

covered by various reviews.406,29,407–410 Nonetheless, the study 

of NPs adds other variables to the problem that are difficult to 

control such as size polydispersity, chemical composition 

changes or surface defects. The main consequence of 

nanostructuration is the size reduction effect. These can be 

divided into surface and confinements effects. In general, the 

first ones dominate for particles larger than 5-10 nm, whilst 

confinements effects only acquire importance in smaller 

particles.29  

Largely, experimental observations in NPs relate the decrease 

in particle sizes (increase of surface-to-volume ratio) with a 

decrease in cooperativity (increasingly gradual SCO transitions 

and narrower hysteresis, lower transition temperatures 

(stabilization of the HS state) and less complete transitions 

(increase of the residual HS fraction). This has been consistently 

observed for both 2D and 3D FeII-HCPs. For instance, in NPs of 

[Fe(pz)Pt(CN)4]⋅nH2O studied both by the groups of Real and 

Mallah. The former prepared surfactant-free particles of 

Figure 25. Evolution of the temperature dependence of the molar magnetic susceptibility for SCO NPs of different sizes of [Fe(pz)Pt(CN)4], FeII-HCP (a) [Fe(py)2Pt(CN)4],  

FeII-HCP (b); and [Fe(Htrz)2(trz)](BF4), a 1D CP (c). Insets show the crystal structures of the different materials. a) Adapted from ref. 412 with permission from American Chemical 

Society, copyright 2008 b) Adapted from ref. 393, licensed under CC BY 3.0, published by the Royal Society of Chemistry. c) Adapted from ref. 417 with permission from the Royal 

Society of Chemistry.
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230x230x55 nm and 61x61x21 nm,411 whilst the latter studied 

much smaller particles (7 and 14 nm, Figure 25a).412 Regardless, 

both observed a decrease in cooperativity, lower transition 

temperatures and an increase in the residual HS fraction, went 

along with the decrease in particle size. Similar results were 

obtained by Real, Gaspar and collaborators with a series 2D FeII-

HCP: [Fe(3-Fpy)2M(CN)4] (3-Fpy = 3-fluoropyridine; M = Ni, Pd, 

Pt). The SCO properties of surfactant-free nanocrystals of 

400x400x30 nm, were compared with NPs in the range 200-70 

nm prepared using the coating polymer poly(vinylpyrrolidone) 

(PVP).413 Rubio Giménez et al. also observed the same effect 

with nanocrystals of [Fe(py)2Pt(CN)4] (Figure 25b).393 On the 

other hand, confinement effects manifested in ultrasmall 

particles of [Fe(pz)Ni(CN)4] prepared by Bousseksou, Salmon 

and co-workers. They observed a higher transition temperature 

in 2-4 nm NPs and even the reappearance of a hysteresis 

loop.414,415 However, it must be noted that the chemical 

composition of the NPs and the surfactant were not constant in 

these cases. Per contra, although their SCO properties follow 

the same trend with downsizing, NPs of [Fe(Htrz)2(trz)]+ 

compounds seem to be much less sensitive to size reductions 

effects.254,416 For example a hysteresis of 24 K was detected for 

4 nm NPs (Figure 25c).417 This can be rationalized in terms of the 

relative number of FeII centres potentially exposed to surface 

effects. This is logically higher for 2D and 3D FeII-HCPs than for 

a 1D chain CP. Strangely, a recent report by Galán-Mascarós and 

co-workers showed that particle size reduction and defect 

generation in [Fe(trz)(Htrz)2][BF4] nanocrystals via ball milling, 

caused a wider hysteresis loop without affecting the 

completeness of the SCO transition.418 The physical 

environment around the particles has also got a significant 

influence on the SCO transition. Several reports have examined 

these matrix effects,414,419 the magnitude of which depends on 

the chemical and physical properties of the matrix, which helps 

or hinders the propagation interactions of the SCO transition. A 

matrix can be viscous liquid media, an organic polymer or a shell 

attached to the NP itself. Moreover, the matrix can govern 

interparticle interactions promoting cooperativity by 

transmitting the elastic vibrations of the spin switching.420 

In addition to NPs there has been extensive work in the 

literature on ultrathin films of discrete FeII complexes prepared 

by vacuum sublimation. Thus, few-layer to sub-monolayer films 

have been prepared onto different substrates and their SCO 

properties examined using STM and XAS. Thermal evaporation 

of these complexes allows a precise control over film thickness. 

However, it requires complex equipment and is limited to a 

relatively small collection of sublimable compounds. 

Furthermore, the resulting films are typically amorphous, unless 

they are recrystallized afterwards,421,422 which in combination 

with interactions with the substrate can strongly affect their 

SCO properties. These studies are out of the scope of this work 

and been recently reviewed by Ruben and Kumar.423 

In contrast with NPs and discrete complexes, the 

nanostructuration effects in crystalline thin films of SCO MOFs 

and CPs have been largely overlooked. As discussed in the 

previous sections, in the category of SCO MOFs and CPs, mainly 

FeII-HCPs have been grown onto solid substrates using the LbL 

method. As with thermal evaporation, LbL also allows for a 

precise control of film thickness by defining the number of 

growth cycles. Furthermore, LbL yields highly crystalline films 

with preferential orientation with respect to the substrate. The 

study of the magnetic properties of this FeII-HCPs thin films at 

the nanometric limit can be considered a challenging task, as 

conventional techniques such as SQUID magnetometry or 

Raman spectroscopy are not sensitive enough. Both of them 

require relatively thick films to get a good signal-to-noise ratio. 

Thus, films of a minimum thickness close to 100 nm are often 

required to observe the SCO transition, far from the threshold 

for which nanostructuration effects are expected to appear. 

This is the case for the series of 3D FeII-HCP thin films reported 

by Real, Bousseksou and collaboratorswhich were studied in 

that thickness range. Consecuently, authors barely noticed any 

difference in the SCO properties between bulk references and 

thin films of [Fe(pz)Pt(CN)4],384 [Fe(azpy)M(CN)4] (M = Ni, Pd or 

Pt),386 [Fe(bpac)Pt(CN)4],226,387 except for a slight change in the 

transition temperatures. The [Fe(bpac)Pt(CN)4] publication 

features the thinnest film measured via Raman spectroscopy 

(16 nm, 10 growth cycles), which also does not show any 

significant difference with the SCO behaviour of the 

corresponding bulk reference sample.387 

In the only study to date of a [Fe(py)2Pt(CN)4] in the ultrathin 

film range (<20 nm), Martí-Gastaldo and collaborators studied 

the dependence of the SCO properties with the film thickness 

(Figure 26). Variable temperature XAS was used to characterize 

 
Figure 26. SCO behaviour of [Fe(py)2Pt(CN)4] ultrathin films analysed with XAS data 

and correlation with film microstructure. a) XAS spectra as a function of temperature 

for a 7-cycles [Fe(py)2{Pt(CN)4}] thin film. b) HS fraction as function of the 

temperature for the 7-cycles film. c) HS fraction at 100 K as a function of the number 

of cycles (1 cycle ≈ 0.72 nm). 1 x 1 µm2 AFM topography images of 2 (d), 5 (e) and 10 

(f) cycles after being processed with a Prewitt operator to highlight particle edges. 

The changes in the microstructure of the films with the number of cycles were 

monitored by analysing mean lateral grain size (G) and film coalescence (C) on 1 x 1 

µm2 AFM images. Schematic illustrations of the microstructure of each film are 

shown below each AFM image, showing the evolution from a film composed by 

isolated nanocrystals to a fully-coalesced one. Adapted from ref. 393, licensed under 

CC BY 3.0, published by the Royal Society of Chemistry. 
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the spin state in the ~1-22 nm thickness range (1-30 LbL growth 

cycles). Thus, the authors analysed the XAS spectra together 

with the AFM characterization of the films and observed a 

dependence of the film morphologies with their SCO properties. 

From below 15 growth cycles (<12 nm), there is a dramatic 

decrease in the cooperativity and the completeness of the 

transition, which coincides with a microstructural change in the 

films. The LbL growth process generates partially segregated 

crystallites surrounded by a matrix of FeII centres blocked in the 

HS state. Around the referred thickness threshold, these 

crystallites coalesce into a homogeneous film. Curiously, as the 

thickness gradually increases (one unit cell per growth cycle) the 

crystallite lateral size does not significantly change with the 

successive growth cycles. Thus, the thickness influence on the 

SCO properties cannot be attributed to a size effect, but to 

interparticle interactions, which enhances cooperativity and 

reduces the residual HS fraction. 

We believe that these works represent an initial step on the 

necessary understanding of the SCO phenomenon at the 

ultrathin film limit, concomitant to the use of these materials on 

functional nanodevices. However, further joint work by the SCO 

and the MOF/CP research communities should follow in order 

to achieve this goal. 

5. Integration of conductive MOFs and SCO CPs in 

functional devices 

As previously mentioned, the path to integrate these molecular 

materials in functional devices is already being paved.24,25,57,58 

Two of the devices that have centered applications of 

conductive frameworks are FETs and chemical sensors whereas 

SCO has been almost exclusively used to transduce magnetic 

bistability into rectified mechanical, optical or electrical 

responses. 

5.1 Field-effect transistors 

FETs are three-terminal circuit elements that use electric fields 

to modulate the electrical behaviour of the device. A FET 

consists of a semiconductor or active channel, a dielectric and 

three conducting electrodes (gate, source and drain). Source 

and drain electrodes are connected to the semiconductor 

through ohmic contacts. The conductivity of the channel is a 

function of the potential applied across the gate and source 

terminals. In practical digital circuits they operate as logic gates. 

In electronics research, FETs are also a useful to characterize the 

electronic properties of semiconductors, as key parameters 

such as charge carrier mobilities and threshold voltages can be 

extracted from them. There are few examples of working FET 

devices where a CP or a MOF is the semiconductor (Figure 27a-

b), and only one example of a MOF being used as a dielectric 

(Figure 27c).424 For the first case, the first FET-MOF device ever 

reported was based on the In(III)-isophthalate MOF reported by 

Panda et al.101 This MOFs showed conductivity through space 

with high charge carrier mobility (  = 4.6·10-3 cm2·V-1·s-1 at VG = 

-40 V). Long and co-workers prepared single crystal MOF-FETs 

of chemically reduced KxFe2(BDP)3 (x = 0-2) and studied the hole 

and electron mobilities as a function of x. The mobilities 

increased with the progressive reduction until hitting a 

saturation for x = 1.115 The remaining MOF-FETs are based on 

members of the highly conductive MOG family: Cu-BHT and 

Ni3(HITP)2. Both showed high charge carrier mobility values: 116 

(electrons) and 99 (holes) cm2·V-1·s-1 for Cu-BHT131 and 38-45.4 

(hole) cm2·V-1·s-1 for Ni3(HITP)2.425,426 Unfortunately, not all 

MOG-FET devices have performed well. Louie and co-workers 

prepared FET-type devices of Ni-HBA flakes with both top and 

bottom contacts that shows a slight current modulation with 

back gate voltage.141 The same small modulation was also 

observed by Rubio-Giménez et al. in bottom-gated FET devices 

based on Cu-CAT-1 ultrathin films.156 

5.2 Chemical sensors 

Chemical sensors are electronic devices that transduce changes 

in analyte concentration into electrical signals. MOFs in general 

have very attractive features that have motivated researchers 

to use them as active materials in chemical sensors. As it has 

been described above, they are easily processable as ultrathin 

films with high surface-to-volume ratios, have intrinsic 

porosities to host possible analytes and their electronic and 

structural characteristics are easily tuneable through chemical 

modification. Hence, the topic of MOFs as sensors has been 

extensively reviewed in the literature during the past few 

years.427–431 There are various types of MOF-sensors depending 

on the electronic property that is altered with analyte 

Figure 27. Selected examples of MOF-FETs. Schematic diagrams of device architectures 

for MOF-FET devices composed of Cu-BHT (a) or Ni3(HITP)2 (b) as active channels and 

HKUST-1 as bottom dielectric (c) along with output and transfer characteristics. a) 

Reproduced from ref. 131, licensed under CC BY 4.0, published by the Springer Nature.. 

b) Reproduced from ref. 425 with permission from American Chemical Society, copyright 

2016. c) Reproduced from ref. 424 with permission from American Chemical Society, 

copyright 2017. 
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interaction: impedance, chemicapacitive, chemiresistive, Kelvin 

probe and FET sensors.432 The simplest type of sensors are 

chemiresistors that react to the presence of analytes with 

changes in their electrical response. Thus, their response can be 

analysed by monitoring the direct current that flows through 

the active element at a constant biasing voltage. If the MOF is 

to act as the active element, chemiresistors require the use of 

conductive systems. MOGs are thus good candidates for 

chemiresistive sensors because of their high electrical 

conductivities comparable to conductive organic polymers and 

other 2D materials.433 The first MOG to be integrated in a 

chemiresistive device was Cu3(HITP)2.146 Dincă and co-workers 

fabricated a very simple device by drop casting an acetone 

suspension of Cu3(HITP)2 onto interdigitated gold electrodes 

and used it for the reversible chemiresistive sensing of ammonia 

vapour. Other MOGs chemiresistors soon followed (see Figure 

28), further demonstrating their capability to detect selectively 

detect small concentrations of various volatile organic 

compounds (VOCs),434 NH3, 380,435 NO, H2S and H2O,436,437 

methanol157 and even anions and cations (potentiometric 

detection).438 However, most research efforts concentrated on 

sensing performance parameters such as sensitivity, stability 

and selectivity, whilst the mechanism behind the change in 

electrical response remained not well understood and host-

guest interaction between MOFs and analytes have not been 

well characterized.128 Recently, Rubio-Giménez et al. proposed 

a possible origin of this chemiresistive phenomenon in Cu-CAT-

1, which lays in the bandgap modification due to the interaction 

of the CuII ions with gas analytes.158 

There have also been significant advances to fabricate gas 

sensor using SCO MOFs. As reviewed beforehand, in porous FeII-

HCPs the SCO phenomenon is very sensitive to the presence of 

guest molecules.221,222 Therefore, a lot of these frameworks 

have shown potential as active elements in sensing devices. 

However only Bousseksou, Salmon and collaborators have 

fabricated an actual sensing device for VOC in which the sensing 

principle are changes in the SCO transition.439 In order to do so, 

they deposited a patterned thin film of Fe(bpac)[Pt(CN)4] [bpac 

= bis(4-pyridyl)acetylene] using the previously described LbL 

technique and photolithography. Changes in the SCO due to the 

presence of the analytes were then optically detected via 

changes in the refractive index. The device could detect 

different aromatic VOC with a moderate sensitivity (few 

hundreds of ppm). We believe that advances in SCO sensors 

should progress towards current-based sensing devices. 

Detection of spin changes via electrical signals has faster 

dynamics and easier integration with current technology. 

5.3 Switchable devices 

Hitherto, there has been moderate success in developing 

functional nanodevices based on SCO MOFs and CPs. Apart from 

the nanostructuration issue discussed above, the SCO 

properties can be somewhat fragile in a device setting as they 

might be sensitive to the ambient conditions (e.g. humidity) or 

to successive switching cycles which might affect 

reproducibility. Nevertheless, SCO CPs have shown potential in 

temperature or pressure sensors, memory devices or 

mechanical actuators.  

As detailed in the previous sections SCO materials show 

temperature and pressure dependence of their spin state, 

which translates in detectable through measurable physical 

such as their absorbance spectra or their refractive index. This 

has been used to fabricate temperature sensors based on 

photonic displays. For instance, Real, Gaspar, Levchenko and co-

workers developed an optical pressure sensor based on the 3D 

FeII-HCP [Fe(pz)Pt(CN)4], in which small changes in the applied 

pressure could be correlated to the spin state ratio via an optical 

absorption band (Figure 29a).440 As visible in Figure 29b, 

Lapresta-Fernández et al. used composites of [Fe(NH2-

trz)3](BF4) and various organic polymers to fabricate 

thermochromic sensor arrays that macroscopically changed 

colours between white (HS state), pink, light pink and purple (LS 

state).419,441 As discussed in section 3.2, SCO CPs have showed 

potential as electrical memory devices as well. However, a 

stable readable device has yet to be released, unlike in the case 

of discrete SCO complexes.442,443 

Figure 28. Examples of MOG chemical sensors. a) Scheme of a Cu-CAT-1 chemiresistive 

device and its possible mechanism for the detection of NH3. b) Column chart showing 

the selective response of the Cu-CAT-1 device to NH3. c) Scheme showing the fabrication 

of a chemiresistive sensor array solvent-free by mechanical “drawing” of MOG powders 

onto gold electrodes. d) Principal component analysis of the MOG sensor array 

responses to various VOCs. e) Photographs of flexible MOG textile sensing devices. f) 

Custom enclosure for dosing MOG textile sensing devices with analytes. g) Principle 

component analysis for MOG textile sensing devices showing capability for 

differentiating NO, H2S, and H2O. h) Scheme of the potentiometric ion sensing devices 

fabricated with the M-CAT-1 MOG family. i) Potentiometric response of the device to K+ 

and NO3
- ions. a-b) Reproduced from ref. 380 with permission from Wiley, copyright 

2017. c-d) Reproduced from ref. 434 with permission from American Chemical Society, 

copyright 2015. e-g) Reproduced from ref. 437 with permission from American Chemical 

Society, copyright 2017. h-i) Reproduced from ref. 438 with permission from American 

Chemical Society, copyright 2018. 
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SCO CPs have also shown potential as mechanical actuators, as 

the spin transition also provokes a structural strain that can be 

translated into mechanical work. Bousseksou and co-workers 

have pioneered this application with various examples of 

organic polymer composites with embedded compounds of the 

1D CP FeII-trz family (Figure 29c).444–447 They also demonstrated 

this effect on single crystals of a 3D FeII-HCP (Figure 29d).444 

Interestingly, other authors have also showed the powerful 

effect of the SCO strain of [Fe(Htrz)2(trz)](BF4)448 and 

[Fe(pz)Pt(CN)4]449 in the electrical conductivity of organic 

polymer composites. 

6. Conclusions and future outlook  

The combination in the toolbox provided by coordination 

chemistry and crystal engineering together with the versatility 

of molecular frameworks is a fruitful playground for the 

chemical design of materials that combine properties such as 

porosity, electrical conductivity and magnetic bistability, all 

relevant to the development of functional devices. 

The works highlighted above confirm how the design principles 

required for endowing porous frameworks with electrical 

conductivity have boosted the development of multiple 

materials with fine control over charge transport. However, we 

are still missing a deeper physical understanding of mechanisms 

that control charge transport. This limitation is likely imposed 

by the synthetic difficulties in producing single crystals and the 

heterogeneity of polycrystalline solids and different methods of 

measurement, that are typically used. We are confident the 

next years will witness an increasing number of publications 

covering the physical mechanisms that control this 

phenomenon for a clearer understanding of anisotropic 

transport, charge mobility and carrier density, still required to 

bridge the gap of this field with organic electronics. Regarding 

the development of conductive SCO CPs, the field is still 

underdeveloped and holds great potential for further 

development. Current examples are limited to a handful of 

systems and the through-space and through-bond strategies 

that have deemed successful for producing conductive MOFs, 

are not so easy to implement without altering the electrostatic 

field of the magnetic centres and the SCO properties of the 

solid. We believe this challenge will be more easily attained by 

exploring other alternatives that do not involve changes in the 

metal-organic connectivity and ligand field splitting. Here, 

combination with conductive polymers or infiltration with 

redox-active guests might be helpful. Also, the use of mixed-

valence systems exemplified by the family of Prussian Blue 

Analogues, constitutes a feasible way to implement higher 

electrical conductivities compatible with magnetic bistability. 

Concerning the processing of these materials, the works above 

highlight the broad number of synthetic methods currently 

available to produce thin films with fine control over their 

thickness, coverage, roughness, orientation and crystallinity. 

These are an excellent starting point for their integration into 

solid-state devices but the effect of nanostructuration over 

their physical properties relevant to device function is often 

overlooked even though conductivity and SCO might be 

extremely sensitive to particle size reduction effects, pore 

surface coverage or heterogeneity at the nanoscale. This has 

not been a major problem for the development of a high 

number of FETs, sensors, actuators or switching devices that 

make use exclusively of electrical conductivity or spin 

transitions. However, the development of applications that 

exploit the combination of both properties at the atomic level 

as molecular junctions or spintronic devices are still limited by 

our poor understanding of the effects of nanostructuration or 

interface effects. We are confident this area holds great 

technological potential and we expect an increasing number of 

fundamental studies deepening into these physical aspects 

necessary for the integration of these materials into more 

sophisticated electronic devices.  
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Figure 29. Examples of SCO switchable devices. a) Depende of the LS fraction of 

[Fe(pz)Pt(CN)4] with the potential applied to a piezoelement which translates it into 

pressure, measured at 293 K. b) Display of various [Fe(NH2-trz)3](BF4)/polymer 

composites that change colour as a function of temperature. c) A cantilever of 

[Fe(Htrz)2(trz)](BF4)/polymer composite lifting some weight with the SCO-induced 

actuation. d) Comparison of the cantilever at 93 and 78 K, highlighting the SCO-

induced actuation of {Fe(3-CNpy)[Au(CN)2]2}·2/3H2O. a) Adapted from ref. 440 with 

permission from American Chemical Society, copyright 2019. b) Adapted from ref. 

419 with permission from the Royal Society of Chemistry. c) Reproduced from ref. 

445 with permission from Wiley, copyright 2018. d) Reproduced from ref. 444 with 

permission from Springer Nature, copyright 2013. 
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