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MICROREVIEW 

Ferroelectricity in metal-organic frameworks: characterization 

and mechanisms 

Kamal Asadi,*[1] Monique Ann van der Veen*[2] 

Abstract: Ferroelectric metal organic frameworks are emerging as 

an exciting field of research, and have witnessed a great progress in 

the last decade. In this contribution we briefly discuss ferroelectricity 

and its means of demonstration. We critically discuss different 

mechanisms leading to ferroelectricity as well as the state-of-the-art 

ferroelectric metal-organic frameworks.   

1. Introduction

Metal-organic frameworks (MOFs) are composed of small 

metallic clusters linked by molecular linkers in an orderly manner. 

Depending on the coordination of the metal and the type of 

organic ligand used, different but well-defined  three dimensional 

crystalline porous structures can be built.1 MOFs’ primary 
envisioned applications include gas storage, sorption, chemical 

sensing,2 carbon capture and catalysis.3 

Their inherent flexibility in the design, enables integration of 

different functionalities into the framework by employing different 

constituents. Lanthanides have been extensively used in 

fabrication of highly luminescent MOFs.4,5 Magnetic MOFs have 

been demonstrated by incorporation of metallic clusters that 

contain elements like Mn.6 Observation of semiconducting 

behavior has raised the expectations for MOF application in 

electronic devices and electrocatalysis.7-9 Ferroelectric MOFs, 

wherein the crystalline structure is polar and its polarity can be 

reversibly switched by an external electric field (see Figure 1), 

form another important subcategory of the functional MOFs.  

Ferroelectricity was first discovered in Rochelle salt by Valasek 

in 1920.10 Rochelle salt is considered as a predecessor of metal-

organic frameworks. Since its discovery, ferroelectricity has 

been observed in different materials ranging from ceramics11 to 

polymers,12-14 molecular crystals15,16 and organic-inorganic 

hybrid materials.17,18 

Ferroelectrics are technologically interesting materials with 

diverse applications in areas like data storage, (ultrasound) 

sensing and actuation, energy harvesting and opto-electronics. 

Ceramics followed by polymers are the two frontrunners of 

integrated ferroelectrics.19 Emerging ferroelectric materials as 

metal-organic frameworks are still in the fundamental research 

phase, and application is not yet in horizon.  

Although ferroelectricity appears to be a niche research focus in 

the MOF field, in the last ten years gradually more papers 

concerning ferroelectric MOFs have been published. The 

developments in field of ferroelectric MOFs until 2012 has 

already been extensively reviewed.20-22 In this review, we 

discuss new developments since 2012. We note that the paper 

does not serve as a comprehensive review but rather reflects 

our personal perspective on the topic. We will briefly discuss 

ferroelectricity, and present an overview of the structural-

physical characterization techniques. With the insight gained on 

measurement methods and data interpretations, we then 

critically assess the latest developments and discuss the 

proposed mechanisms for ferroelectricity in MOFs. We present a 

protocol for device fabrication and measurement method and 

finally end with an outlook for ferroelectric MOF research. 
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2. Ferroelectricity 

2.1. Introduction 

There are a number of books23 and excellent reviews24-27 dealing 

with ferroelectricity in different materials and the applications. 

Here we present a brief but essential introduction to 

ferroelectricity in materials. In what follows we discuss the 

different responses different types of insulating materials can 

show in response to an electrical field, starting with dielctric 

materials and ending with ferroelectric materials. 

Electrical polarization: Dielectric materials polarize when placed 

in an external electric field, E, due to the alignment of small 

molecular dipoles with respect to the applied field. Dielectrics 

therefore show a spontaneous polarization, Ps, which disappears 

after field removal. For linear dielectrics, the electric 

displacement, D, varies linearly with E and a D-E plot therefore 

appears as a straight line passing through the origin. Schematic 

D-E plots for linear and non-linear dielectrics are shown in 

Figure 2a,b and 2c, d respectively.  

Piezoelectricity: When the dielectric is crystalline and the unit 

cell is not centrosymmetric, a relatively large mechanical strain 

is induced that is proportional to the applied field E. Therefore 

under electrical stress, piezoelectric crystals deform and a 

macroscopic dipole appears (inverse piezoelectric effect). 

Polarization disappears after field removal. Piezoelectrics 

generate voltage while under mechanical stress (direct 

piezoelectric effect).  

Pyroelectricity: Pyroelectrics are a subclass of the piezoelectric 

wherein the crystal possesses a unique polar axis and the 

material is polarized even in the absence of an external electric 

field.28 Spontaneous polarization in pyroelectrics varies with 

temperature. At temperatures that are high enough, the crystal 

goes through a phase transition and spontaneous polarization 

disappears. Pyroelectrics therefore show a sharp peak in their 

pyroelectric current at the phase transition temperature. 

 

Figure 1. Schematic representation of the dependency of the polarization with 

applied electric field for ferroelectric metal-organic frameworks. 

Ferroelectricity: Ferroelectrics are a subclass of pyroelectrics 

whose crystalline polarization can be reversed by an external 

electric field.  Ferroelectrics therefore possess a permanent 

electric dipole in their crystalline unit cell whose direction can be 

switched with the external electric field E, resulting in a 

hysteretic behavior in their polarization response versus E, as 

shall be discussed below. 

2.2. Identification of ferroelectricity 

A schematic hysteretic D-E loop of a ferroelectric is shown in 

Figure 1e. Ferroelectrics show remnant polarization, Pr, which is 

defined as the polarization that is present in the material after 

the external field is removed. The coercive field Ec is defined as 

the field needed to set the polarization back to zero. Alternatively 

Ec can be defined as a threshold field at which the polarization 

switches sign. Values for Ps, Pr, and Ec are derived from the D-E 

plot.  

A wide range of analytical techniques are required to properly 

analyze and claim ferroelectricity in a new material. Since the 

most common and straight forward method for demonstration of 

ferroelectricity is to measure hysteretic D-E loop using the so-

called Sawyer-Tower circuit, the majority of the ferroelectric 

MOF literature focuses therefore on demonstration of the D-E 

loops. The dispute over ferroelectricity of a banana skin29 has 

highlighted the extra care that should be taken in the 

interpretation of electrical polarization loops and the claim of 

ferroelectricity. Complimentary characterization techniques 

should be used to demonstrate ferroelectricity of a new material. 

Here a set of measurements techniques to assess 

ferroelectricity in MOFs is provided.  

Structural analysis: The first and foremost crucial measurement 

is X-ray diffraction (XRD) to prove the non-centrosymmetric 

crystalline structure. Among 21 non-centrosymmetric crystalline 

classes 20 are piezoelectric among which 10 are also 

pyroelectrics. Centro-symmetric crystals possess a center of 

inversion symmetry meaning that within the crystal, there exists 

a point (center) with respect to which the inverted crystal is 

identical with the starting structure. The crystal classes and the 

corresponding crystalline structure of the pyroelectrics are given 

in the supporting information Table S1. 

Since ferroelectrics are subclass of pyroelectrics, the crystalline 

structure of any new MOF compounds should fall into one of the 

mentioned crystalline structure in order to be considered as a 

“potential” ferroelectric material. It must be however noted that 
due to complicated chemical and geometrical structures, it is 

sometimes challenging to distinguish non-centrosymmetry in a 

MOF crystal. As a complement to XRD crystallographic analysis, 

optical spectroscopic techniques such as second harmonic 

generation (SHG) can be used.  

Thermal properties: Ferroelectrics are all pyroelectrics. 

Therefore when the temperature of the compound varies, the 

spontaneous polarization of the crystal changes so that an 

excess of free charge appears which gives rise to the current 

flow in the crystal and external circuit. The experiment is  
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Figure 2. Schematic representation of displacement (or polarization) of a) an 

ideal linear dielectric b) a slightly conductive linear dielectric c) an ideal non-

linear dielectrics d) a slightly conductive non-linear dielectric e) an ideal true 

ferroelectric with the inner loops at low and intermediate fields f) a slightly 

conductive ferroelectric with the inner loop at low fields g-h) shunt 

measurement of an ideal and non-ideal ferroelectric wherein switching peaks 

are clearly visible and its maxima coincides with coercive fields, i) the 

“Butterfly” dielectric response of a ferroelectric as function of applied electric 
field measured using small amplitude capacitance-voltage and j) is the 

response of a  PUND measurement. 

performed under constant electric field and constant elastic 

stress for an unclamped crystal i.e. a crystal that is completely 

free to expand or contract. The pyroelectric coefficient vector, 𝑝, 

is then defined as: 𝑝 = 𝑑𝑃𝑆 𝑑𝑇⁄ , where T is temperature in Kelvin. 

For ferroelectrics there exists a critical temperature, called Curie 

temperature Tc, above which the material goes through 

ferroelectric-paraelectric phase transition and the crystalline 

structure transforms into a high-temperature non-polar phase. At 

Tc the spontaneous polarization disappears as schematically 

shown in Figure 3a, and the pyroelectric current peaks, as 

shown in Figure 3b.  

The most straight forward technique is to measure the 

pyroelectric dynamically, where the pyroelectric material is 

heated uniformly at a constant rate 𝑑𝑇 𝑑𝑡⁄  of 1-2 K per minutes 

and the pyroelectric current is measured, Figure 3b. Different 

measurement methods are well described elsewhere.30,31 Here 

we have intentionally excluded discussion on thermal methods 

based on electrocaloric effects, specific heat or high pressure 

studies which are suited for advanced pyroelectric 

characterizations.  

Dielectric spectroscopy: Dielectric measurements are most 

commonly used for the identifications of phase transitions and 

recording of the transition temperatures. For frequencies below 

100 MHz, small signal dielectric spectroscopy is used, where the 

sample is usually contacted with metallic electrodes. Dielectric 

constant and loss as a function of temperature are obtained from 

admittance measurements. Unclamped ferroelectrics show a 

large increase in their dielectric constant at the ferroelectric-

paraelectric phase transition temperature as schematically 

shown in Figure 3c. 

Phase transition affects the dielectric constant, ε, as the 

ferroelectrics shows an anomaly at Tc, Curie temperature, as 

shown schematically in Figure 3c, which is described by the 

Curie–Weiss law: 𝜀𝜀0 = 𝐶𝑇 − 𝑇𝐶 

where ε0 is the permittivity of vacuum, C is the Curie constant, 

and TC is the Curie–Weiss temperature.  

Second harmonic generation response (SHG): Ferroelectric 

materials are inherently excellent nonlinear optical materials due 

to the lack of center of inversion symmetry. The electric field of 

the incident light induces electronic polarization in the material. 

The induced dipole oscillates with the frequency of the incident 

light and reradiates an electric field according to Maxwell’s 
equations. In general the polarization P is written as: 𝑃(𝑡) =  𝑃0 + 𝜀0𝜒𝑒𝐸(𝑡) + 𝜒(2)𝐸(𝑡)2 + ℎ𝑖𝑔ℎ𝑒𝑟 𝑜𝑟𝑑𝑒𝑟𝑠  
where, P0 is a constant time independent polarization, and χ is 

the electric susceptibility. The term containing second powers of 

the electric field E gives rise to second harmonic generation, that 

is responsible for doubling the frequency (or halving the 

wavelength) of the incident light.  
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Optical SHG is a sensitive non-contact technique tool for probing 

local polar order and structural symmetry in ferroelectric 

materials.32 SHG further allows for in-situ study of dynamical 

effects such as phase transitions, as schematically shown in 

Figure 3d, the SHG response disappears at Tc. Furthermore 

SHG-microscopy also allows for the determination of the point 

group symmetry of the crystal, and can be used to complement 

XRD.33  

 

Figure 3. Schematic response of different physical properties of a ferroelectric 

material to temperature change: a) polarization drop of ferroelectric as a 

function of temperature due to its pyroelectricity b) pyroelectric current c) 

dielectric constant anomaly and d) SGH response. Note the change in 

response of different properties at Curie temperature, Tc. 

Mechanical properties: Ferroelectrics are all good piezoelectrics 

due to the presence of polarization. Piezoelectrics can be 

characterized for their direct piezoelectric effect using methods 

such as “Berlincourt”.34 When the material is electrically 

contacted the inverse piezoelectric effect can be probed, where 

strain is then measured as a function of electric fields. The 

measurements methods for bulk and thin-film are well-

established and reviewed in several books.35  

Piezoelectric force microscopy (PFM): PFM is a scanning probe 

microscopy based technique that allows for manipulating of the 

domains and probing polarization dynamics at nanometer scale 

at high-resolutions. In PFM a conductive tip is in contact with the 

sample and an electrical voltage is applied between the tip and 

the bottom electrode.36 Due to the inverse piezoelectric effect, 

the ferroelectric material responds with an expansion or 

contraction. The movement of the crystal is followed by the 

cantilever deflection. Applying an alternating bias, VAC, results in 

an alternating deflection commonly referred as the PFM signal 

whose amplitude and phase contain information about the local 

piezoelectric strength and orientation of the ferroelectric 

domain.37,38  

It has been shown that PFM hysteresis loops can also originate 

from a number of non-ferroelectric mechanisms.39 Upon 

exclusion of the parasitic effects, PFM is a powerful technique 

for the study of switching and domain dynamics at the 

nanoscale.39  

Electrical measurements: The most common method for 

demonstration of ferroelectricity is by measuring the 

displacement (D-E) loop, which requires fabrication of a parallel 

plate capacitor from the material under test. The capacitor is put 

in a series configuration with a reference capacitor. Typically an 

alternating bias of triangular form with a certain frequency is 

applied, and the voltage drop over the reference capacitor hence 

charge is measured. Since capacitors are in series the 

measured charge of the reference capacitor is then equivalent to 

the charges on the capacitor under test. A schematic 

polarization loop of a ferroelectric is shown in Figure 2e. 

 At low fields almost all ferroelectrics behave as linear dielectrics. 

The hysteretic loop only opens at high fields where nonlinear 

polarization is dominant. The low field displacement responses, 

known as inner loops are schematically shown in Figure 2e-f.  

Despite its simplicity, one should pay attention not to merely rely 

on the displacement loop measurements. To highlight two 

common misleading loops we schematically present 

displacement curves for both linear and non-linear dielectrics for 

the ideal and slightly conductive cases. For the case of an ideal 

dielectrics no hysteresis is observed, Figures 2a and 2c. Slightly 

conductive dielectrics show hysteresis in their D-E loop, which 

appears due to the accumulation of conduction charges on the 

reference capacitor, as shown in Figures 2b and 2d for linear 

and non-linear dielectrics, respectively. Such D-E loops can be 

mistakenly interpreted as ferroelectric polarization. The D-E 

loops for ideal and non-ideal ferroelectrics are shown 

schematically in Figures 2e and 2f. Note the similarity between 

Figures 2d and 2f, albeit originating from two different 

mechanisms.  To distinguish ferroelectric loops form non-

ferroelectric ones, complementary electrical measurements are 

required. 

Parasitic effects can be ruled out by a complementary test called 

shunt resistance wherein the reference capacitor is replaced 

with a reference resistor to measure instead of charge, the 

displacement current, 𝑖 = 𝑑𝑄 𝑑𝑡⁄ , where 𝑄 is the charge passing 

through the circuit in unit time. Ferroelectrics, as schematically 

shown in Figure 2g-h, show two distinct peaks in their current 

response due to polarization switching. One can therefore easily 

distinguish between hysteresis caused by conduction and the 

ferroelectric one because hysteresis due to conduction does not 

contain any switching peak contributions. 

T

e
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d
P

/d
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S
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We note one should also be careful about the shunt 

measurements as other parasitic effects can produce current 

peaks in the shunt measurements.40 Such misleading current 

loops are typically characteristics of materials with low ionic 

conductivities. 

As a good experimental practice, it is highly advisable to conduct 

electrical measurements in a dry atmosphere and preferably 

under vacuum. Since shunt measurement and D-E loop require 

the same equipment it is highly advisable to perform and report 

both loops. Since ferroelectrics behave linearly at small electric 

fields, measurement of polarization loops at biases well-below 

coercive voltages should result in the inner loops in Figure 1 e 

and f, undistinguishable of the D-E loops of linear dielectrics, as 

shown in Figure 2b. 

To further verify ferroelectricity of the material under test, it is 

highly advisable to measure capacitance as a function of bias 

and derive the dielectric constant which for ferroelectrics shows 

a butterfly loop in response to the applied bias as schematically 

shown in Figure 2i. 

To eliminate the effect of the parasitic currents due to leakage 

and conduction on polarization measurements, a pulsed 

technique called PUND can be used. In a PUND measurement, 

first a known polarization is set in the sample. Then a train of 

two pulses of the same polarity is applied, as shown 

schematically in Figure 2j. The response to the first pulse 

contains both switching and parasitic currents, whereas the 

second response contains only parasitic currents. Subtracting 

the two gives the net switching current whose integration with 

time give the net remnant polarization of the sample. The 

electrical measurement methods has been discussed in detail in 

recent reviews.41,42  

We conclude this section with the statement that ferroelectricity 

of a new compound can be claimed when at least the set 

following measurements have been performed: XRD, dielectric 

spectroscopy to measure ε as function of temperature, 

polarization and switching current loops and the PUND. 

3. Ferroelectric metal-organic frameworks 

Since, the developments in the field of ferroelectric MOFs until 

2012 have already been extensively reviewed,43-45 we focus on 

the ferroelectric MOF literature published since 2012. Papers 

were retrieved using Web of Science and Google Scholar with 

the search term “ferroelectric metal organic framework”. A 
summary of the reported MOFs, the structural-physical 

characterization and the proposed ferroelectricity mechanism is 

given in Table 1. Here we first discuss the structural and then 

electrical characterizations. Subsequently we discuss the 

mechanism proposed for ferroelectricity.  

3.1. Structural characterization 

Three major routes have been explored to induce non-

centrosymmetry in metal-organic frameworks. MOFs constructed 

with building blocks with 3-fold rotational symmetry46,47  or a 

chiral center48 have been extensively studied for their non-linear 

optical properties due to their non-centrosymmetric structures. 

Another route has been adding non-coordinating polar groups to 

the linker molecule to create non-centrosymmtric crystal 

structures.49,50  

With regard to MOF papers reporting ferroelectricity they 

generally provide crystallographic analyses and report the 

crystal structure and its symmetry. Almost, all the reported 

compounds lack inversion symmetry as the prerequisite for 

ferroelectricity, except one compound69 with centrosymmetric 

hexagonal structure, for which the observed D-E hysteresis 

behaviour is attributed to guest water molecules. We note that a 

significant amount of the reported MOFs contain water in their 

structure. It has been argued, particularly for chiral MOFs that 

presence of water molecules can induce the crystal to go to a 

non-centrosymmetric configuration.69  

SHG has been employed to probe polarity of several MOF 

crystals highlighted in Table 1. Usually a near-infrared laser is 

used and the visible response of the MOF has been detected. 

Typically the presence of an SHG response has been reported 

to confirm the non-centrosymmetric structure. and no further 

analysis is carried out. SHG is a powerful optical spectroscopy 

technique, thorough and dedicated SHG studies on ferroelectric 

MOFs are still scarce.  

Even though that for most MOFs the determination of the 

nonlinear optical efficiency was done in a semi-quantitative 

manner with the Kurtz powder method,51 it seems that the 

response can be quite impressive for several non-

centrosymmetrical MOFs.52,53 

Numerous papers report pyroelectricity of MOFs,as highlighted 

in Table 1 by dP/dT, from which we extracted the Curie 

temperature for the compounds. Curie temperatures have also 

been reported using ε-T measurements. In some cases there is 

a substantial difference in Tc values for the same MOF 

compound. It must be noted however that being pyroelectric 

does not warrant per se ferroelectricity.  

It is striking that despite the presence of well stablished electro-

mechanical techniques MOFs have rarely been characterized for 

their piezoelectric properties. There is only one paper that 

discusses piezo properties of a chiral MOF compound that 

crystalizes in the C2 point group with d22 value of ~7 pC/N.54 

Similarly there is only one report in which PFM is performed on 

MOF.57 Details of the measurement and the method employed 

to exclude the non-ferroelectric contributions in the PFM signal 

however has not been discussed. We note that there is an 

immediate need to characterize MOFs for their 

electromechanical piezo response either using 

electromechanical techniques or with PFM.  
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Table 1. Overview of metal-organic frameworks related to ferroelectricity. 
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[Co(titb)(L)]·3H2O  with H2L=4,4′-(ethene-1,2-diyl)dibenzoic acid (H2L) and titb = 1,3,5-tris(imidazol-1-ylmethyl)-2,4,6-trimethylbenzene
55

 

 
monoclinic 
(Cc) 

- - 9,12 0,063 0,044 - - - - 

[NH3(CH2)4NH3].[Mn2 (HCOO)6]
56

 

  
trigonal  
(P31c) 

dP/dT 350 - - - - - - Water induced 

[H2N(CH3)2][Ba(H2O)(BTB)]
57

 

 
orthorohmbic  
(Pna21) 

- - - - - - - PFM Ion motion in pores and channel 

[C2H5NH3][Na0.5Fe0.5 (HCOO)3]
58

 

 
monoclinic  
(Pm) 

SHG 365 - - 0.2-0.8
[d]

 - - - 
perovskite type, order-disorder 
amine cations 

[Mn(4-tzba)(bpy)2· 2O](bpy)·3H2O With tzba=4-tetrazolbenzoic acid; bpy=2,2′-bipyridine)
59

 

 
orthorohmbic (Pna21) SHG 392 - - - - - - - 

[(CH3)2NH2]Fe(HCOO)3 
60

 

 
trigonal  
(R3C) 

dP/dT 164 1,25 ~1 0,6 - silver paste - - 

[CuL2(H2O)2]·(NO3)2·(H2O)1.5· (CH3OH) with L = [PhPO(NH4Py)2]
61

 

 
monoclinic  
(Cs) 

- 313 5.9 (9.7) 21.79 (18.35) 27.95 (28.53) 0,1 Al tape / discs - - 

[Zn2(mtz)(nic)2(OH)]·0.5nH2O with Hphtz = 5-phenyltetrazole, Hnic = nicotinic acid 
62

 

 
orthorhombic (C2v) - - 2,57 6,26 2,9 -  - - 

[Zn(phtz)(nic)]with Hphtz = 5-phenyltetrazole, Hnic = nicotinic acid 
62

 

 
monoclinic  
(Cs) 

- - 1,42 5,27 2,5 - - - - 



MICROREVIEW          

 

 

 

 

 

{[Fe(2,2′-bipyridine)(CN)4]2 Co-(4,4′-bipyridine)}·4H2O
63

 

 
monoclinic  
(C2 or Cm) 

dP/dT 220 15 (10 K) 0.5 (10 K) 0.5 (10 K) - - PUND 
charge-transferred 
Fe

2+−Co3+−Fe3+
 

[Cu4O(Lvcz)2Br4]·H2O HLvcz=voriconazole
 64

 

 
triclinic  
(P1) 

SHG 
 

0,128 0,093 0,0455 - - - - 

[Cu2(HLvcz)2I2]·H2O HLvcz = voriconazole
64

 

 
triclinic  
(P1) 

SHG 350 0,0838 0,098 0,0589 - - - - 

[[Ag(HLvcz)2]CF3SO3 Lvcz=voriconazole
64

 

 
triclinic  
(P1) 

SHG 
 

0,0657 0,112 0,0571 - - - - 

[Zn(s-nip)2] s-nip=(S)-2-(1,8-naphthalimido)-3-(4-imidazole)propanoate
65

 

 
monoclinic  
(P21) 

- ~ 300 4,08 0,294 0,035 - - - - 

[Co(s-nip)2]·(H2O)0.5 with s-nip = (S)-2-(1,8-naphthalimido)-3-(4-imidazole)propanoate 
65

 

 
monoclinic  
(P21) 

- ~ 300 3,68 0,0332 0,013 - - - - 

[Cd3(S-L)4]·(ClO4)2 with L = 2-(1-(2-pyridine)-ethylimino)-5-bromo-6-methoxy-pheno
 66

 

 
monoclinic  
(P21) 

- 
 

1,47 0.08 0,035 - silver paste - - 

[Cd(L2)2]3.4H2O with H2L= 2- aminoisonicotinic acid
67

 

 
trigonal  
(C3v) 

- ~ 373 8,45 0.024 0,007 - - - - 

[Cd(tib)(p-BDC-OH)] . H2O with tib = 1,3,5-tris(1-imidazolyl)benzene, p-H2BDC-R = 2-R-1,4-benzenedicarboxylic acid
 68

 

  
monoclinic  
(P41) 

- - ~1.2 11.65 6,65 - - - - 

[InC16H11N2O8]·1.5H2O
69

 

 
hexagonal (P6222)

[e]
 - 

144-
158

[a]
 

1,65 3.81 1,64 
0.2 Hz-
200kHz 

Ag /MOF/ 
tungsten 

- water induced 

[(CH3)2NH2]Fe (HCOO)3
70

 

  
SHG, dP/dT 164 

  
- 

 
- - 

perovskite type, order-disorder 
amine cation 

[Cu2L4(H2O)2]·(ClO4)4·(H2O)5·(CH3OH) with L=PhPO(NH-3-pyridyl)2
71

 

 
trigonal  
(R3) 

- - 16 1,8 - 0,1 powder - - 

[Cu3L6(H2O)3]· (ClO4)5·(NO3)·(H2O)11 with L=PhPO(NH-3-pyridyl)2
71

 

 
trigonal  - - 30 0,55 - 0,1 powder - - 
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(R3) 

[Fe(tib)2/3(H2O)4[SO4] with tib=1,3,5-tris(1-imidazolyl) benzene
72

 

 
trigonal  
(R3) 

- ~ 293 0,4 0,029 0,27 400-2000 powder - - 

 [Ce2(H2O)3(D-tar)3]·3H2O with tar=tartrate
73

 

 
triclinic  
(P1) 

- 
 

0,579 0,233 0,009 - powder - - 

 [Ce2(H2O)3(L-tar)3]·3H2O with tar=tartrate
73

 

 
triclinic  
(P1) 

- - 0,505 0,171 0,015 - powder - - 

Cu2(bpy)(H2O)(Clma)2 with Hclma = R-2-chloromandelic acid and bpe = 4,4'-dipyridine
74

 

 
monoclinic  
(P21) 

- - 21,4 0,167 0,008 - powder - - 

Cu(bpp)(Clma) with Hclma = R-2-chloromandelic acid and bpp = 1,3-di(4-pyridyl)propane
74

 

 
monoclinic  
(P21) 

- - 1,69 0,183 0,021 - powder - - 

[(CH3)2NH2][Mn (HCOO)3]
75

 

 
monoclinic  
(Cc) 

Brillouin 
scattering 

- - - - - - - 
perovskite type, order-disorder 
amine cations 

[Ag2(HPIDC)] with H3PIDC = (pyridin-4-yl)-1H-imidazole-4,5-dicarboxylaic acid
76

 

 
monoclinic  
(Cc) 

SHG - 2,65 0,48 0,27 - powder - - 

Zn3(titmb)(BTC)2(H2O) with titmb = 1,3,5-tris(1-imidazol-1-ylmethyl)-2,4,6-trimethylbenzene and H3BTC = 1,3,5-benzene-tricarboxylic acid
77

 

 
monoclinic  
(P21) 

SHG - 0,68 0,0486 0,0144 - powder - - 

[Mn(H2O)2(bpe)(SO4)]·H2O with bpe=trans-1,2-bis(4-pyridyl)ethene
78

 

 
monoclinic  
(C2) 

- - 8,8 0,4177 0,28895 - powder - - 

{Co2(L)-(bpe)(H2O)}.5H2O with H4L = N-(1,3-dicarboxy-5-benzyl)-carboxymethylglycine
79

 

 
hexagonal  
(P61) 

- 320 1 2,6 1 - single crystal - water guest molecules 

[Zn(Mitz)Cl] with Mitz = 3-tetrazolyl-6-methyl-5-(4-pyridyl)-2-pyridone
80

 

 
orthorombic 
(Pna21) 

SHG - 2,6 0,51 0,21 - powder - - 

[Mn(tib)2(H2O)4]SO4 with tib = 1,3,5-tris(1-imidazolyl) benzene
80

 

 
rhombohedral (R3c) - 278 2 0,208 0,586 - powder - - 

[Co(tib)2(H2O)4]SO4 with tib = 1,3,5-tris(1-imidazolyl) benzene
80
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rhombohedral (R3c) - 290 2,6 0,383 0,208 - powder - - 

[Sr(μ-BDC)(DMF)] with BDC = benzene-1,4-dicarboxylate
81

 

 
trigonal  
(P31) 

- - 7,1 0,025 0,018 16,7 powder - Induced by DMF molecules 

[Sr(μ-BDC)(DMF)] with BDC = benzene-1,4-dicarboxylate
82

 

 
trigonal  
(P31) 

- - 0,81 0,83 0,48 - single crystal - guest DMF molecules 

Co(SDBA)(BIMB) with H2SDBA = 4,4′-dicarboxybiphenylsulfone and bimb = 4,4′-bis(1-imidazolyl)biphenyl
83

 

 
monoclinic  
(Cc) 

- - 3,38 0,238 0,051 - powder - - 

Mg(int)2·H2O with int = isonicotinate
84

 

 
monoclinic  
(P21) 

- - ~ 2 ~0,016 ~0,0075 - single crystal - - 

[Sm(HCOO)3]
85

 

 
trigonal  
(R3m) 

- - 6,59 0,4 0,026 - powder - - 

[Cd(BDAC)]2.H2O with HBDAC = (1'H-[2, 2']biimidazoly-1-yl)-acetic acid
86

 

 
orthorhombic (Ccc2) - - 1,493 1,14 0,91 - - - - 

[Zn2(TPOM)(5-OH-bdc)2]·(DMF)(H2O)2 with TPOM = tetrakis(4-pyridyloxymethylene)methane
87

 

 
monoclinic  
(P2) 

- - 5,755 0,451 0,052 - 
crystal sample 

plate 
- - 

[Cd(pmida)H2O]·1.8 H2O] with pmida = N-(4-pyridylmethyl)iminodiacetate
88

 

  
Orthorombic 
(Pna21) 

SHG - 37,5 ~1,75 0,605 - single crystal - - 

[Cd3(BPT)2(H2O)9]·2H2O with BPT = biphenyl-3,4′,5-tricarboxylate
89

 

 
monoclinic  
(C2) 

SHG - 10,48 0,039 0,025 - powder - - 

[Ni2(bptc)(en)2(m2-H2O)].2H2O with H4bptc = biphenyl-2,5,20,50-tetracarboxylic acid, en = ethylenediamine
90

 

 
orthorhomic (Fdd2) - - Not reported - - - single crystal - - 

[Cd6(L)4(Cam)4(H2O)4]·2H2O with H2Cam = enantiopure camphoric acid
91

 

 
monoclinic  
(C2) 

SHG - 17,11 
 

0,14 - - - - 

[Co(BIPA)(titmb)]·H2O with H2BIPA = 5-bromoisophthalic acid and  titmb = 1,3,5-tris(imidazol-1-ylmethyl)-2,4,6-tri-methylbenzene
92

 

 
orthorombic 
(Pna21) 

SHG - 0,5 0,06 0,016 - powder - - 

[CX3CH2YH3]Mn(HCOO)3 with X=H or F, Y=N or P
93
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orthorombic 
(Pna21) 

- - - - 2-6
d 

- - - 
perovskite type, order-disorder 
amine cations 

[C(NH2)3]Cu[(HCOO)3]
94

 

 
orthorombic 
(Pna21)   

- - 0,37
d 

- - - 
perovskite type, order-disorder 
amine cations 

[C(NH2)3]Cu[(HCOO)3]
125

 

 
orthorombic 
(Pna21) 

dP/dT 265 - - 0,11
f 

- - - 
perovskite type, order-disorder 
amine cations 

[(CH3)2NH2]M[(HCOO)3] with M = Co or Mn
95

 

 
Trigonal 
(R3c) 

RUS 
165 
(Co), 

185 (Mn) 
- - - - - - 

perovskite type, order-disorder 
amine cations 

[(CH3)2NH2]Mg[(HCOO)3]
122 

 
monoclinic  
(Cc) 

- 270 - - - - - - 
perovskite type, order-disorder 
amine cations 

[(CH3)2NH2]Co[(HCOO)3]
96

 

 
monoclinic  
(Cc) 

dP/dT 140-230
a 

5  
(100K)  

2,5  
(150 K) 

1  
(100 and 

150K) 

0,6  
(100K) 0,25  

(150 K) 
- powder - 

perovskite type, order-disorder 
amine cations 

[(CD3)2(ND2)3]Co[(DCOO)3]
97

 

 
monoclinic  
(Cc) 

SHG 151 7 (136K) 1 (136K) 0,7 (136K) - - - 
perovskite type, order-disorder 
amine cations 

[NH4][Zn(HCOO)3]
98

 

 
hexagonal  
(P63) 

- 181 2,8 (163K) 1,03 (163K) 0,68 (163K) - single crystal - 
perovskite type, order-disorder 
amine cations 

[NH4][Mg(HCOO)3]
123 

 
hexagonal  
(P63) 

-        
perovskite type, order-disorder 
amine cations 

Mn5(NH2bdc)5(bimb)5.
99

 

 
monoclinic  
(Cc) 

- - 0,35 2,556 1,2 - single crystal - - 

[a] frequency dependent 

[b] Measurements were carried out at temperature if not mentioned otherwise. 

[c] Ps was taken at the maximum applied field (typically below 10 kV/m). 

[d]
 
Calculated polarization. 

[e] Reported crystal structure is centrosymmetric. 

[f] The polarization was calculated from the pyroelectric current after poling at E=±6kV from 300 to 150 K. 
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Electrical characterizations: First we note that measurement of 

D-E loop at different biases (well-below coercive voltages) to 

obtain the inner loops and at different frequencies, as shown in 

Figure 2g, are mostly missing from the literature.  

Typically, coercive fields less than 5 kV/cm have been reported 

for ferroelectric MOFs. Some of the values reported Ec does not 

make any physical sense such as those with Ec well below 1 

kV/cm, which translate to voltages of 0.1 V for a layer of 1 μm 

thick. Such values are extremely low compared to conventional 

ferroelectrics such as BTO (10 kV/cm),100 PZT (20 to 80 

kV/cm)101 and PVDF (500 kV/cm).102 We note that Ec values as 

low as 5 kV/cm have only been reported for the state-of-art 

molecular ferroelectrics whose polarization loop was recorded at 

422 K.103 However substantially higher Ec at room temperature is 

expected even for molecular ferroelectrics since Ec is thermally 

activated. The majority of the D-E loops have been recorded at 

relatively low fields. Whether such low fields can polarize the 

material remains still an open question.  

Reported remanent polarization values for the “ferroelectric” 
MOFs are typically well below 1 μC/cm2. Values as low as 7 nC/ 

cm2 have also been reported. Measuring such low values in 

combination with the low Ec is an indicative of a slightly 

conductive dielectric rather than a ferroelectric, as shown in 

Figure 2b and 2d. In fact loops recorded at room temperature 

mostly look like to Fig. 2b even though that for some of the 

compounds an anomaly is reported in the dielectric constant as 

a function of temperature. It is surprising that usually the 

frequency at which the loops are recorded is recorded is not 

reported and that the D-E loops are not measured at different 

frequencies. 

Generally a film consisting of MOF powder is used as capacitor 

in these measurements. However, it is not always  mentioned in 

the literature how the parallel plate capacitor has been 

fabricated, how the MOF-film and contacts were made. A 

handful of reports mention silver paste or metal adhesive tapes 

as contact material, which in such case extra care should be 

taken. Silver past contain organic solvents and metal tapes 

contain an adhesive layer both of which can complicate data 

interpretation.  

Using MOF single crystals, as compared to powder can be 

advantageous since the crystal can be directly contacted with 

metallic needles provided that the crystal is of decent size. 

3.2. Mechanism of ferroelectricity in metal-organic 

frameworks 

For a limited part of the reported MOFs a more thorough study 

of the ferroelectric properties has been provided. For these 

MOFs we provide a tentative overview of their mechanisms 

leading to ferroelectricity.  

 

Polar guest induced ferroelectricity 

 

This category discusses ferroelectricy induced by guest water or 

other  polar molecules such as ethanol in metal-organic 

frameworks.129,130 It has been shown for instance that 

[InC16H11N2O8]·1.5H2O is centrosymmetric in its dry form 

(hexagonal crystal structure with P6222 point group symmetry). 

Exposure to moisture however induces a polar phase in the 

framework to which they attribute the source of the ferroelectric 

D-E hysteresis loop.69  

 

Figure 4. a) D-E loop of as synthesized, dehydrated and rehydrated 

compound [{Co2(L)(bpe)(H2O)}·5H2O]n. "Reprinted with permission from 

Journal of the American Chemical Society 2013, 135, 10214–10217. Copyright 

2013 American Chemical Society."
79

 b) SHG signal of 

Fe(OH/F)(BDC)·[butanol] during a heating/cooling/rehydration cycle. The SHG 

signal vanishes completely during heating under N2 flow and remains zero 

upon cooling. Heating and cooling occurred at 1 K/min under N2 flow. In a last 

step, the SHG activity was recovered by allowing H2O molecules to enter the 

pores. Figure 3b is  reproduced from Dalton Trans. 2016, 45, 4401-4406 - 

Published by The Royal Society of Chemistry.
50

 

Dong et al.79 have synthesized a helical MOF compound, 

[{Co2(L)(bpe)(H2O)}·5H2O]n, using cobalt(II) as the metal cluster 

and N-(1,3-dicarboxy-5-benzyl)-carboxymethylglycine (H4L) as 

ligand. The MOF can accommodate ordered helical water 

streams in its helical grooves. Measured the D-E loop of the 

hydrated, dehydrated and rehydrated is given in Figure 4a. 

While the dehydrated MOF behaves as a non-linear dielectric, 

the hydrated form shows hysteretic response. A broad peak 

near 320 K was measured for the dielectric ε-T response of the 

MOF, which was ascribed to changes in the polarizability of H2O 

molecules confined in the helical groove due to disorder or 

gasification.  
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Using SHG spectroscopy Markey et al.50 have shown that while 

the fluor doped MIL-53(Fe) has a non-centrosymmetric lattice 

when the pores are filled with butanol. Upon heating under N2 

environment the butanol is removed, and the crystal transforms 

to a centrosymmetric one. Upon cooling in a water-free 

environment centrosymmetric crystal structure of the MOF is 

preserved since SHG activity was absent, as shown in Figure 4b. 

Upon rehydration, the SHG signal is back and the crystal 

transforms to its polar form. Interestingly the MOF also has a 

polar structure when the pores are filled with para-xylene, a 

centrosymmetric guest molecule.  

 

Perovskite type ferroelectricity 

 

A series of MOFs show the equivalent of a perovskite structure 

and follow the ABX3 pattern in which A is typically a quaternary 

amine cation in the pores, B is a divalent metal ion (M2+) and X 

is (formate)–. The formate– and M2+ transition metal ions form as 

semicuboid anionic ReO3–type structure an example of which is 

shown in Figure 5. The paraelectric-ferroelectric phase transition 

is ascribed to the disorder-order transition of the A cations 

trapped in the pores. In contrast to helical MOFs, in the 

perovskite like MOFs, the amine cations are locked in the cages 

and long range diffusion is not possible. Perovskite like MOFs 

are the most thoroughly studied class of ferroelectric MOFs. The 

M2+ transition metal ions can be chosen as such to induce 

ferromagnetic properties, making several of these perovskite 

MOFs multiferroic materials. As can be seen from Table 1, the 

perovskite MOF show polarization of typically around 1 μC/cm2, 

and undergo the paraelectric-ferroelectric phase transition in a 

temperature range from 150 K to 200 K. 

Figure 5. The crystal structure of [(CH3)2NH2]Zn(HCOO)3] that follows the 

perovskite ABX3 structure with A = the quaternary amine in the cages, B = 

Zn
2+

 and X = formate linking the Zn octahedrons. "Reprinted with permission 

from Journal of the American Chemical Society 2008, 130, 10450-10451. 

Copyright 2008 American Chemical Society." 
104

 

The structures [(CH3)2NH2]M(HCOO)3] with M = Zn, Mn, Fe, Co 

or Ni were originally reported as antiferroelectric with a Curie 

temperature between 160-185K.104,105 XRD of the compounds 

showed that the amine cation occupies one of the three 

equivalent positions with regard to the M–formate framework. 

Below the transition temperature the amine cation can only 

occupy two positions and become ordered. The order-disorder 

type ferroelectric-paraelectric transition has been confirmed for 

[(CH3)2NH2]Mn(HCOO)3], vibrations of the cation was probed by 

Raman spectroscopy, above the transition temperature the 

cation vibration appears as a single broad band due to the 

freedom of the cation to move between three equivalent 

positions, while below the transition temperature the vibrations 

split in multiple sharp lines.106 The order-disorder transition was 

further confirmed by entropy changes upon phase transition of 

the crystal structures75,97 and the ordering can be described by a 

three state 3-D Potts model.107 We further note that order-

disorder transitions have been confirmed using deuterated 

analogues of the MOF compound.97,128 With Cr3+ doping of the 

material the phase transition temperature lowers, and its first 

order nature changes to partially diffused.126  

 

NH4]Zn[HCOO]3 is the first perovskite-type MOF for which a 

ferroelectric D-E hysteresis loop has been reported. It has a 

Curie temperature of 191 K. The measured remnant polarization 

of 1.03 μC/cm2 agrees well with the theoretically predicted value 

of 0.96 μC/cm2 estimated from the ordered position of the  NH4
+ 

cations.89 Ferroelectricity of [(CH3)2NH2]M(HCOO)3] structures, 

more specifically the Co2+ MOF, was confirmed by measuring D-

E hysteresis loop, and observation of second-harmonic 

generation response below the Curie temperature. The order-

disorder transition was further unraveled for 

[(CH3)2NH2]Zn(HCOO)3] with specific heat measurements and 
1H NMR measurements,108 as well as with electron 

paramagnetic resonance (EPR) measurements when doped 

with Mn2+.109 Resonant ultrasound spectroscopy (RUS) and 

Brillouin scattering has been employed to study the paraelectric-

ferroelectric phase transition further which both reconfirm the 

order-disorder phase transition mechanism.95,110 Interestingly, 

the [(CH3)2NH2]M(HCOO)3] compound with M = Mg2+ a much 

high transition temperature between a polar and 

centrosymmetric phase has been reported, namely 270K, albeit 

without a D-E hysteresis loop.122 This was attributed to the more 

ioned Mg-O bonds leading to stronger H-bonds between the 

amine cation and the formate O atoms. Similarly the  

[NH4]Mg[HCOO]3 was synthesized to attempt to realize a higher 

Curie temperature than the Manganese containing compound, 

[NH4]Mn[HCOO]3 which has a Tc of 254 K.123 The Tc of the Mg 

compound however was similar: 255 K.124
  

 

Density Functional Theory calculations have predicted that 

cations with more polarizable electron density can lead to higher 

remnant polarization.94 It has been shown that by replacing the 

amine with a cation containing more electron negative elements, 

namely CF3CH2PH2, the polarization can be increased from 2 

μC/cm2 to 6 μC/cm2,93  which is close to values typically reported 

for ferroelectric polymers.111 We note however that despite the 

low remnant polarization, perovskite like MOFs are also heavily 

studied for their magnetic and multiferroic properties.112,113,120,121  

 

Room temperature ferroelectricity in perovskite like MOFs is still 

an ongoing quest as it requires Curie temperatures that are 

polar well above 300 K. The perovskite MOF based on 

guanadimium [(NH2)3C]Cu(HCOO)3] shows a comparitively high 

Tc of 263 K. The modest polarization of 0,11 μC/cm2 is caused 

by an induced dipole moment on the apolar cations 

[(NH2)3C]+125. Recently a heterometallic perovskite MOF 

[C2H5NH3][Na0.5Fe0.5(HCOO)3] has been reported that can show 

a dielectric anomaly has been observed around 360 K, which 

interestingly fulfils the Curie-Weiss law.Fout! Bladwijzer niet gedefinieerd. 

Observation of the order-disorder phase transition for the 
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compound can be suggestive of cation ordering at room 

temperature, which make this particular compound a potential 

candidate for the first room-temperature ferroelectric perovskite 

MOF. Polarization measurements have not been yet reported for 

this compound. In contrast another heterometallic perovskite 

MOF [(C2H5)2NH2][FeIIFeIII(HCOO)6]  has also shown a dielectric 

anomaly, albeit at the much lower temperature of 240K. Whether 

the low temperature phase is non-centrosymmetric  has not yet 

been reported.126  

 

Charge transfer 

 

Unique among metal-organic frameworks, the {[Fe(2,2′-
bipyridine)(CN)4]2Co-(4,4′-bipyridine)}·4H2O framework (see 

Figure 6) shows ferroelectricity most likely through a mechanism 

of charge transfer upon cooling down. Below 220 K, the Fe3+ – 

Co2+– Fe3+ motifs transit to Fe3+ – Co3+– Fe2+ and thereby 

creating net dipole hence becomes a polar motifs. Application of 

an electric field can then switch Fe3+ – Co3+– Fe2+ motifs into 

Fe2+ – Co3+– Fe3+ motifs, hence switching the dipole direction 

and the polarity. Polarity of the low temperature phase has been 

confirmed with pyroelectric current measurements. The Curie 

temperature of 220 K has been reported and a polarization 

hysteresis loop obtained was obtained using PUND method at 

10 K.63 We note that water effects can be excluded as the loop 

was measured at cryogenic temperatures and polarization due 

to motion of water molecules can be ruled out.  

The charge transfer mechanism in a metal-organic framework 

has been obtained by using a framework that is heterometallic 

wherein the metal centres are very closely positioned. Obtaining 

such frameworks from rational design is not a trivial task. 

 
 

Figure 6. Packing diagram of the two-dimensional layers of Fe2Co MOF. H 

atoms are omitted for clarity. Atomic scheme: Fe, orange; Co, purple; C, gray; 

N, blue. Reprinted with permission from Inorganic Chemistry 2015, 54, 6433–
6438. Copyright 2015 American Chemical Society."

63
 

3.3. Protocol for the identification of ferroelectricity in 

metal-organic frameworks 

From the summary given in Table 1, it becomes clear that a 

general protocol for measuring ferroelectric properties in MOF is 

still missing. Therefore, here we outline the most relevant 

measurements to survey ferroelectric properties and suggest a 

protocol to report experimental data for new MOF compounds: 

 

1- Determination of the dry crystalline structure.  

Hence, without guest molecules such as water, solvent,  

inside the pores. When the dry crystal falls into one of the 

categories listed in Table S1 (supporting info), then the 

framework itself can be potentially a ferroelectric. 

Complementary measurement such as presence of second 

harmonic generation response or observation of 

pyroelectric currents, can confirm the non-centrosymmetry 

and polarity of the crystal. 

2. Fabrication of a parallel-plate capacitor. 

To identify whether a polar structure is ferroelectric 

electrical measurements are needed, for which a parallel-

plate capacitor is needed. As a good practice, device 

fabrication process should be reported with particular 

attention to the following points:  

a. How the MOF film was made? (i.e. single crystal, 

powder, thin-film, pressed powder disks, etc) 

b. What is the thickness of the MOF layer? 

c. What are the contacts and how are they defined? 

Contacts containing adhesive should be 

preferably avoided due to the unknown properties 

of the adhesive. Care should be taken using silver 

paste as it contains different organic solvents. 

d. What is the device area? 

e. What is the environment in which the 

measurement has taken place? (e.g. vacuum, 

ambient, temperature and humidity) 

f. Measurement of the dielectric constant of the 

(dehydrated) MOF as a function of temperature, to 

obtain the Curie temperature. 

g. Next to electric field, the voltages that are applied 

for polarization measurements should be 

reported. 

h. Measurements of the shunt loop to rule out 

hysteresis due to dielectric conductivity, which can 

be simply obtained by replacing the reference 

capacitor used for D-E loop with a known resistor. 

i. Report of the inner loops. 

j. PUND or Capacitance-voltage measurement can 

complement the loop measurements.  

k. Measurement of the D-E or shunt loops at 

different temperature. Switching peaks (or 

polarization) should disappear above Curie 

temperature.  

A careful consideration of the abovementioned points would help 

to advance the field of ferroelectric MOF through reliable 

characterization of ferroelectricity in MOFs. 

3.4. Outlook and challenges 

The field of ferroelectric MOFs is still in its embryonic research 

phase. There are ambiguities as discussed above, that need 

clarifications, and still many fundamental open questions. 

Despite the wide application range of ferroelectrics. Synthesis of 

new ferroelectric MOFs and fundamental understanding as how 

to induce polarization in the crystal are of high priority. Here we 
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highlight some of the challenges that are lying ahead or can be 

tackled.  

Room temperature ferroelectricity: There are at the moment only 

limited number of guest-free MOFs with a thorough 

characterization of their ferroelectric properties. These all show 

ferroelectricity at temperatures well below room temperature. 

For any application polarization switching at room temperature 

or above is desired. The quest is still ongoing as room 

temperature polarization loops with coercive field and 

polarisation values to clearly underpin their ferroelectricity have 

not been reported yet. 

Thin-film capacitor: Fabrication of thin-film MOF has been a long 

standing challenge.114A review of the used techniques is 

provided in reference 115.115  Recently MOF thin-films have 

been synthesized epitaxially on a substrate by chemical vapour 

deposition.116 Conventional photolithography was carried and 

complex structures of the MOF thin-film were realized. It is 

evident that for fundamental studies a reproducible platform is 

required. Thin-film capacitors are the primary device to fabricate 

and realization of the ferroelectric MOF thin-films is crucial to 

that end.  

Piezoelectric characterization: So far the electro-mechanical 

properties of (ferroelectric) MOFs have hardly been tackled. As 

ferroelectrics are all piezoelectrics, knowledge on the piezo 

properties of MOF would provide a better understanding of the 

ferroelectric properties. Studies of the strain-stress under an 

applied field are of paramount importance. Porous ferroelectrics, 

wherein porosity is introduced in a disordered manner via 

processing tricks, are becoming a new trend for energy 

harvesting applications117 MOFs are inherently well-ordered 

porous structures that can perhaps show unconventional 

electro-mechanical properties. 

Multi-functional MOFs: There is great degree of freedom in the 

choice of metallic clusters and the linkers for the synthesis of a 

MOF compound. One can therefore integrate different, even 

mutually exclusive properties in a single compound of which 

multi-ferroic MOFs are a good example.118,119 Other orthogonal 

properties such as luminescent ferroelectrics can be 

scientifically interesting. 

4. Conclusions 

We briefly discussed ferroelectricity and primary methods to 

survey ferroelectric properties in a new compound. We 

highlighted the latest development in the field of ferroelectric 

MOFs. Three mechanisms leading to ferroelectricity have been 

identified and critically discussed. Based on the shortcoming 

present in the literature, we have presented a protocol for the 

study of ferroelectricity in MOF compounds. We have presented 

an outlook and highlighted the missing pieces of the puzzle 

“ferroelectric MOFs”. 
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C 2015, 119, 24522−24528 

[110] M. Maczka, M. Ptak, S. Kojima, Appl. Phys. Lett. 2014, 104, 222903. 

[111] D. Zhao, I. Katsouras, K. Asadi, P. W. M. Blom, D. M. de Leeuw Phys. 

Rev. B 2015, 92, 214115. 

[112] A. Stroppa, P. Barone, P. Jain, J.M. Perez-Mato, S. Picozzi Adv. 

Mater. 2013, 25, 2284-2290. 

[113] W. Wang, L. -Q. Yan, J. -Z. Cong, Y. -L. Zhao, F. Wang, S. -P. Shen, 

T. Zou, D. Zhang, S. -G. Wang, X. -F. Han, Y. Sun Sci. Rep. 2013, 3, 

2024. 

[114] O. Shekhah, J. Liu, R. A. Fischer, Ch. Wöll Chem. Soc. Rev. 2011, 40, 

1081-1106. 

[115] P. Falcaro, R. Ricco, C.M. Doherty, K. Liang, A. J. Hill, M. J. Styles 

Chem. Soc. Rev. 2014, 43, 5513—5560. 

[116] I. Stassen, M. Styles, G. Grenci, H. Van Gorp, W. Vanderlinden, S. De 

Feyter, P. Falcaro, D. De Vos, P. Vereecken, R. Ameloot Nat. Mater. 

2016, 15, 304–310. 

[117] J. Roscow, Y. Zhang, J. Taylor, C.R. Bowen Eur. Phys. J. Special 

Topics 2015, 224, 2949–2966. 

[118] R. Ramesh Nature 2009, 461, 1218-1219. 

[119] G. Rogez, N. Viart, M. Drillon Angew. Chem. Int. Ed. 2010, 49, 1921 – 

1923. 

[120] Y. Tian, W. Wang, Y. Chai, J. Cong, S. Shen, L. Yan, S. Wang, X. 

Han, Y. Sun Phys. Rev. Lett. 2014, 112, 017202. 

[121] Y. Tian, J. Cong, S. Shen, Y. Chai, L. Yan, S. Wang, Y. Sun Phys. 

Status Solidi RRL  2014, 8, 91–94.  

[122] B. Pato-Doldan, M. Sanchez-Andujar, L.C. Gomez-Aguirre, S. Yanez-

Vilar, J. Lopez-Beceiro, C. Gracia-Fernandez, A. A. Haghighirad, F. 

Ritter, S. Castro-Garcıa Phys. Chem. Chem. Phys. 2012, 14, 8498–
8501. 

[123] M. Maczka, A. Pietraszko, B. Macalik, K. Hermanowicz Inorg. Chem. 

2014, 53, 787-794.  

[124] G.-C. Xu, W. Zhang, X.-M. Ma, Y.-H. Chen, L. Zhang, H.-L. Cai, Z.-M. 

Wang, R.-G. Xiong, S. Gao J. Am. Chem. Soc. 2011, 133, 14948–
14951. 

[125] Y. Tian, A. Stroppa, Y.-S. Chai, P. Barone, M. Perez-Mato, S. Picozzi, 

Y. Sun Phys. Status Solidi RRL 2015, 9, 62-67. 

[126] M. Maczka, A. Ciupa, A. Gagor, A. Sieradzki, A. Pikul, M. Ptak J. 

Mater. Chem. C 2016, 1186-1193. 

[127] M. Maczka, A. Sieradzki, B. Bondzior, P. Deren, J. Hanuza, K, 

Hermanowicz J. Mater. Chem. C 2015, 9337-9345.  

[128] M. Maczka, A. Gagor, B. Macalik, A. Pikul, M. Ptak, J. Hanuza Inorg. 

Chem. 2014, 457-467. 

[129] H. Cui, Z. Wang, K. Takahashi, Y. Okano, H. Kobayashi, A. Kobayashi 

J. Am. Chem. Soc. 2006, 128, 15074-15075. 

[130] H.-X. Zhao, X.-J. Kong, H. Li, Y.-C. Jin Proc. Nat. Ac. Sci. 2011, 108, 

3481-3486. 

 

 

 

 

  



MICROREVIEW          

 

 

 

 

 

 

Entry for the Table of Contents (Please choose one layout) 

 

 

MICROREVIEW 

Ferroelectric metal organic 

frameworks are emerging as an 

exciting field of research, and have 

witnessed a great progress in the last 

decade. In this contribution we briefly 

discuss ferroelectricity and its means 

of demonstration. We critically discuss 

different mechanisms leading to 

ferroelectricity as well as the state-of-

the-art ferroelectric metal-organic 

frameworks.   

   
Ferroelectric metal-organic 

frameworks* 

Kamal Asadi,* Monique A. van der 

Veen* 

Page No. – Page No. 

Ferroelectricity in metal-organic 

frameworks: characterization and 

mechanisms 

 

  

*one or two words that highlight the emphasis of the paper or the field of the study 
 

   

 

((Insert TOC Graphic here: max. 

width: 5.5 cm; max. height: 5.0 cm: the 

final letter height should not be less 

than 2 mm.)) 


