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High entropy oxides (HEO) are single-phase solid solutions which are formed by the incorporation of five or more elements into a 
cationic sublattice in equal or near-equal atomic proportions. Its unique structural features and the possibility of targeted access to 
certain functions have attracted great interest from researchers. In this review, we summarize the recent advances in the electronic 
field of high-entropy oxides. We emphasize the following three fundamental aspects of high-entropy oxides: (1) The conductivity 
mechanism of metal oxides; (2) the factors affecting the formation of single-phase oxides; and (3) the electrical properties and 
applications of high-entropy oxides. The purpose of this review is to provide new directions for designing and tailoring the func-
tional properties of relevant electronic materials via a comprehensive overview of the literature on the field of high-entropy oxide 
electrical properties.
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1.  Introduction

Entropy is a thermodynamic parameter that indicates the 
degree of disorder or chaos in a material. Entropy is influ-
enced by temperature, the number of elements and the atomic 
fraction of each element in the composition. The relationship 
between the atomic fraction of an element and the entropy of 
a mixture is shown by the following equation.1

 ΔS R X Xmix
i

N

i i= −
=∑ 1

ln ,  (1)

where R, N and Xi are the ideal gas constant, the number 
of components and the atomic fraction of component i, 
respectively.

In 2004, Yeh et al.2 first introduced the concept of high 
entropy alloys (HEAs) based on the principle that the con-
stitutive entropy of mixing (∆Smix in Eq. (1)) increases with 
the addition of more equimolar elements to the alloy system. 
Recently, a series of new ceramic materials derived from 
high-entropy alloys, so-called high-entropy oxides (HEOs), 
have attracted intensive scholarly research interest. The grow-
ing interest in the field of HEOs is reflected in the large number 
of studies focusing on their different structural and functional 
aspects, which have been reported within five years of their 
discovery.3–6 In highly disordered multicomponent systems, 
HEOs trigger a series of very attractive features, including 
the tendency to form solid solutions with a single-crystal 

structure, properties beyond their constituents and the possi-
bility to modulate their functional properties.7–11 HEOs have 
different crystal structures, including rock salt,12,13 fluorite,14 
chalcocite,15,16 pyrochlore,17 spinel,18–20 etc. In addition, they 
have remarkable properties for applications in thermal and 
environmental protection,21,22 thermoelectricity,23 hydroly-
sis,24 catalysis25–27 and energy storage.28–31 For example, Zhao 
et al. prepared a high-entropy (Ca0.2Sr0.2Ba0.2La0.2Pd0.2)TiO3 
perovskite. The presence of numerous boundaries and the 
ultra-dense discontinuous lattice produce significant inter-
facial and dipole polarization. Meanwhile, the superdense 
strain originating from the severe lattice distortion of this 
high entropy composition provides a strong transport capac-
ity for the electron carriers and promotes dielectric dissipa-
tion. Thus, the EAB increases from 0.7 GHz to 1.4 GHz and 
the bandwidth of (Ca0.2Sr0.2Ba0.2La0.2Pd0.2)TiO3 is increased 
by nearly two times over BaTiO3.32 Kheradmandfard et  al. 
fabricated entropy-stabilized (Mg1/5Cu1/5Ni1/5Co1/5Zn1/5) 
O-oxides by a new ultra-fast green microwave-assisted tech-
nique, and the work demonstrates that this material shows 
excellent lithium storage performance (i.e., reversible capac-
ity can exceed 250 mA/g at 5 A/g).33 Wang et  al. recently 
prepared a high-entropy oxide (Co, Cr, Fe, Mn, Ni)3O4 with 
spinel structure for Li-ion batteries and obtained high capacity 
(discharge/charge, 1034/680 mAh g−1) and excellent cycling 
performance, which was attributed to the stabilizing effect of 
entropy during the intercalation/de-lamination of Li+.34
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Many aspects of high entropy oxides (HEO), such as high 
entropy-based nomenclature, synthesis methods, associated 
thermodynamic parameters, phase structures and some func-
tional characteristics, have been highlighted in several review 
articles. The focus of this paper is on the electrical properties 
of HEO. The conductivity mechanisms of metal oxides asso-
ciated with high-entropy oxide materials are briefly discussed. 
The factors that influence the synthesis of single-phase oxides 
are summarized. A summary of the electrical properties in 
less researched high-entropy oxide materials is provided. At 
last, we present our views on the future direction of electrical 
properties research to provide new directions for the design 
of electronic materials with excellent performance.

2.  Conductive Mechanisms in Metal Oxides

For traditional gallium (GaAs), indium phosphide (InP), etc., 
their conductive behavior can be perfectly described by the 
energy band theory based on the single-electron approxima-
tion, i.e., their conductivity is generated by the directional 
migration of carriers (electrons or holes) in the conduction 
and valence bands.35,36 However, there have been great 
obstacles in using energy band theory to explain the conduc-
tive properties of transition metal oxides. For example, when 
explaining the conductivity of nickel oxide (NiO), accord-
ing to the energy band model, ionic crystals of sodium chlo-
ride structure should be conductors owing to their unfilled 
valence band, but the resistivity measured at room tempera-
ture is as high as 5 × 1014 Ω∙cm. Similarly, MnO should 
be a conductor owing to its unfilled valence band, but it is 
experimentally confirmed that MnO is an insulator and its 
resistivity is only 1017 Ω∙cm at room temperature. The same 
problem has been encountered when using energy band the-
ory to explain the conductive properties of other transition 
metal oxides such as CoO, Fe2O3 and CuO. So far, the mech-
anism of conductivity of oxide semiconductor materials can 
be summarized into two types, namely, narrow-band theory 
and polariton theory.

2.1.  Narrow-band theory

The narrow-band theory was first proposed by Nevill Mott 
in 1949.37 He believed that transition metal crystals become 
insulators when the atomic spacing is so large that carriers 
cannot transfer to each other. From the energy band theory, 
the energy band becomes wider as the distance between iso-
lated atoms becomes smaller, and conversely, the energy band 
becomes narrower as the distance between isolated atoms 
becomes larger. Therefore, in a crystalline material with an 
unfilled valence band, the energy band is narrow enough to 
obtain a material with insulator properties. For transition 
metal crystals, the energy bandwidth of the d-band is about 
a few electron volts, so the conductive process can proceed 
smoothly. However, for transition metal oxide crystals, the 
large distance between transition metal cations leads to the 

poor commonality between electrons, increasing the effective 
mass of carriers and making it difficult for the conductive 
process to occur. Therefore, transition metal oxides exhibit 
insulator properties at room temperature.38,39

2.2.  Polariton theory

The concept of polariton was first introduced by the  
Soviet physicist Lev Davidovich Landau in 1933 (Fig. 1).40 
Subsequently, the British physicists Nevill Mott and Rudolf 
Peierls also explored the polariton theory, as the single-elec-
tron approximation in the energy band theory failed to rea-
sonably explain the conductive properties of transition metal 
oxides.37 They proposed that since the ion is charged in ionic 
crystals, it can interact with carriers to produce polariza-
tion phenomena. The carriers are trapped by this polarized 
medium, which is called carrier self-trapping. The carriers 
and carrier-ion interactions can be considered as a whole, and 
the whole is called the polarizer. If the overlap of electron 
clouds between ions is large, the energy band is wide and the 
corresponding degree of lattice distortion is large it is called 
a large polariton. On the contrary, when the electron cloud 
overlap is small and the polarization radius is smaller than 
the lattice constant, it is called a small polariton (e.g., NiO, 
the polarization radius is about 1 Å and the spacing between 
Ni2+ ions is about 3 Å, so it is a small polariton). The energy 
level of the polariton is located near the bottom of the con-
duction band or the top of the valence band. When polaritons 
are thermally excited, the carriers will jump from one atom to 
another. Polariton theory suggests that the conductive process 
of transition metal oxides is conducted by carriers jumping 
between adjacent energy levels, rather than through carrier 
motion in the energy band. Thus, this mechanism of conduc-
tivity is called the hopping conductivity model.41–43

3.  Factors for the Formation of Single-Phase  
Multi-Component Oxides

The HEO with multiple elements make it difficult to synthe-
size polycrystalline ceramics with a single crystal structure. 

Fig. 1. Polaron model.
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It is necessary to consider various factors affecting the 
formation of single phase of HEO to make them exhibit a 
single-phase structure. The main factors of single-phase for-
mation are described in Fig. 2, which include conformational 
entropy, enthalpy change of mixing, ionic radius, chemical 
valence and cation coordination number (CN). A brief anal-
ysis of the factors other than the conformational entropy is 
discussed.

(1) Enthalpy of mixing (ΔHmix)
For some metal oxides with high solubility, this is not ben-
eficial for the formation of single-phase polytropic oxides 
due to their usually large negative values of mixing enthalpy 
(ΔHmix) and offsetting values of mixing entropy. Metal oxides 
with different structures usually have larger positive values 
of mixing enthalpy (ΔHmix) and so they cannot be compen-
sated by high entropy effects alone. We can take advantage 
of the fact that higher reaction temperatures can lead to phase 
changes and mixing. From the perspective of mixing enthalpy 
change, the preparation of single-phase high-entropy oxides 
should be based on the oxides with different crystal struc-
tures, i.e., at least one oxide should have a different crystal 
structure compared to the other oxides when selecting the 
initial oxide raw material.44,45

(2) Size of cations
The cation radius is also a key factor affecting the forma-
tion of single-phase high-entropy oxides. When selecting 
raw materials for the initial oxide, metal oxides with similar 
cation radii should be selected as much as possible for the 
material preparation.

(3) Chemical valence states
For single-phase high-entropy oxides, the heterovalent metal 
cations occupy the same cationic sublattice sites, while the 

anions remain electrically neutral in the lattice.46,47 Therefore, 
the propensity of the constituent elements for a specific 
chemical valence state plays a key role in the formation of 
single-phase high-entropy oxides. For example, to synthesize 
a high-entropy oxide with a single rock salt phase structure, a 
metal oxide with +2 valence or a tendency to form +2 valence 
during sintering should be selected. Therefore, it is crucial 
that the metal cations exhibit specific chemical valence states 
under different sintering conditions.48

(4) Cation coordination number
In the crystal structure of ionic crystals, each ion is sur-
rounded by other anions or cations. The number of ions 
closely surrounding a particular ion is the CN, which depends 
on the relative size of the ions. All cations occupying the 
same sublattice have the same CN, e.g., four coordination in 
a tetrahedral sublattice and six coordination in an octahedral 
sublattice in a spinel structure. Hence, cations with the same 
CN should be used for the preparation of HEO.49–51

4.  Electrical Properties

HEO exhibit high conformational entropy and stable crystal 
structures under the combined effect of multiple metal cat-
ions.52–56 They can significantly impact the electrical prop-
erties of oxide ceramics. The subject has been studied in 
various publications and the following discussion will focus 
on electrical conductivity, dielectric properties and piezoelec-
tric properties.

4.1.  Electrical conductivity

The distorted structure and high electron scattering of 
high-entropy oxide materials reduce the electrical conductiv-
ity,57 so the low conductivity of high-entropy oxide materials 
offers new opportunities for the fabrication of thin-film insu-
lators. Owing to the high stability of the crystal structure, the 
high-entropy ceramics possess stable negative temperature 
coefficient (NTC) and aging properties, making them prom-
ising thermistor materials. The major discoveries concerning 
the conductivity of oxides are reviewed.

Tsau et  al.58 fabricated different thin film oxides as 
TixFeCoNi (x = 0, 0.25, 0.5, 0.75 and 1), TiFeCoNiCux (x = 1, 
2 and 3) and AlxCrFeCoNiCu (x = 0.5 and 1) by magnetron 
sputtering and studied their resistivities. The resistivities 
of these high-entropy alloy oxides are about 30 µΩ · cm for 
TixFeCoNi oxide films, about 100 µΩ · cm for TiFeCoNiCu3 
oxide films, and about 650 µΩ · cm for Al0.5CrFeCoNiCu 
oxide films. Their room-temperature resistivity are close to 
that of most of the metallic alloys, and lower than that of 
RuO2 single crystal, also much lower than that of ITO. The 
electrical resistivities of these alloy oxide thin films were 
dominated by the compositions and oxygen-content.

(AlCrTaTiZr)Ox thin films were deposited by Lin et al.59 
using DC magnetron sputtering in different concentrations of 

Fig.  2. Parameters affecting the formation of single-phase 
multi-component oxides.
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oxygen. The resistivity of (AlCrTaTiZr)Ox films was investi-
gated. The results showed an increase with increasing oxygen 
concentration, reaching 1012 µΩ · cm.

Gild et  al.60 studied the conductivity of eight fluorite 
HEO. A lower conductivity than Y2O3-stabilized ZrO2 was 
shown for all samples. In addition, they pointed to the fact 
that the addition of CaO to the blast furnace decreases the 
conductivity at low temperatures. Since the conductivity is 
influenced by grain size and grain boundary resistance, they 
concluded that the small grain size of fluorite is the major 
reason for the reduction in conductivity.

Balcerzak et al.61 studied the conductivity of HEO (Co, Cu, 
Mg, Ni, Zn)O. The results showed that the variation of con-
ductivity with temperature follows an Arrhenius-type curve. 
The highest activation energy, which was equal to 1.01 eV, 
was observed for the lowest temperature range (478–641 K), 
whereas the lowest value of 0.62 eV was determined for the 
temperature range of 990–1148 K. The highest electrical con-
ductivity of the (Co, Cu, Mg, Ni, Zn)O high-entropy oxide was 
measured at 1148 K, and it was equal to 8.03 × 10−2 S cm−1.

Wang et al.62 successfully fabricated an entropy stabilized 
(Co0.2Mn0.2Fe0.2Zn0.2Ni0.2)3O4 ceramic. The prepared ceramic 

obtained exceptional NTC properties between −75°C and 
75°C (Fig. 3(a)). Most importantly, the prepared ESO exhib-
its excellent aging stability, i.e., the aging coefficient (ΔR/R0) 
can reach 0.19% under accelerated aging conditions at 125°C 
for 600 h (Fig. 3(b)). It is indicated that the enhanced aging 
stability comes from the disordered distribution of cations in 
the spinel sublattice.

Zheng et  al.63 synthesized (Ca0.5Ce0.5)(Nb0.25Ta0.25-
Mo0.25W0.25)O4 scheelite phase high entropy ceramics and 
analyzed their high-temperature NTC properties. The effect 
of the high entropy is also discussed on its internal struc-
ture and electrical properties (Figs. 3(c) and 3(d)). The high 
entropy effect imparts a great disordered lattice to the ceram-
ics, which limits the diffusion of ions.

4.2.  Dielectric properties

The dielectric properties are essential characteristics for design-
ing electronic devices, such as capacitors for energy storage.64 
A lot of studies have shown that high entropy oxide materials 
with rock salt structures have high dielectric constants. Besides, 
their properties can be improved by varying the concentration 

(a) (b)

(c) (d)

Fig. 3. (a) Plots of the Ln(ρ) versus 1000/T relation and (b) aging drift ΔR/R0 at different aging times of (Co0.2Mn0.2Fe0.2Zn0.2Ni0.2)3O4 ce-
ramics sintered at different temperatures: 1150, 1175, 1200 and 1225°C62; (c) plots of the Ln(ρ) versus 1000/T relation and (d) aging drift ΔR/
R0 at different aging times of high-entropy scheelite ceramics and conventional scheelite ceramics sintered at 1300°C.63
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of constituent elements, which indicates a promising applica-
tion of high-entropy oxide materials in capacitor-based energy 
storage devices.65 Other structures of HEO are being tried to be 
developed for energy storage, such as perovskites.

The large dielectric constants were observed in HEO with 
rock salt structure by Bérandan et  al.65 The dielectric con-
stant (relative permittivity) of (Mg,Co,Ni,Cu,Zn)0.95Li0.05O 
was close to 2 × 105 measured by the LCR bridge at 440 K 
and 20 Hz. For the (Mg,Co,Ni,Cu,Zn)O family, large values 
of dielectric constant are obtained as long as a high-entropy 
oxide phase is formed, regardless of the substitution. For 
example, high entropy (Mg,Co,Ni,Cu,Zn)O without any sub-
stitution has a dielectric constant greater than 1000, while the 
dielectric loss (tanδ) was measured below 0.01 in the range of 
313 K and 1 MHz.

Zhou et  al.66 prepared high entropy perovskites 
Ba(Zr0.2Ti0.2Sn0.2Hf0.2Me0.2)O3 (Me=Nb5+, Ta5+). Their 
dielectric properties were investigated and it was found 
that the dielectric constant and dielectric loss decreased 
slowly with the increase of frequency from 1 to 1000 kHz. 
In addition, the dielectric constant and dielectric loss have 
high stability at fixed frequencies at temperatures from 
303 to 473 K. At frequencies from 1 to 1000 kHz, the 
dielectric constants of Ba(Zr0.2Ti0.2Sn0.2Hf0.2Ta0.2)O3 and 
Ba(Zr0.2Ti0.2Sn0.2Hf0.2Nb0.2)O3 are in the range of 90–113 and 
120–140, respectively, which are attributed to the small con-
centration of titanium in the B-site sublattice and the small 
grain size. It is intriguing to note that the dielectric loss (tanδ) 

is below 0.002 in the frequency range of 20–2 Hz. They men-
tioned that it can be inferred that entropic stability contributes 
to the stability of the permittivity loss tangent owing to the 
high entropy improving the thermal and electrochemical sta-
bility.67,68 The permittivity of this material is very low despite 
the superior permittivity stability (Figs. 4(a) and 4(b)). Also, 
these materials display high resistivity and moderate break-
down strength (290–370 kV/cm), which is attributed to the 
effective contribution of the configuration entropy in enhanc-
ing charge carrier scattering.

The material (Na0.2Bi0.2Ba0.2Sr0.2Ca0.2)TiO3 with a high 
configuration entropy was synthesized using a solid-state 
method by Pu et  al.69 The calculations of thermodynamic 
parameters and relevant experiments revealed that both 
entropy and enthalpy could drive the formation of stable sys-
tems. For the study of the dielectric properties, the diffuse 
phase transport and frequency dispersion with an energy den-
sity of 1.02 J cm−3 were shown at 145 kV cm−1.

Du et al.70 successfully synthesized Ba(Ti1/6Sn1/6Zr1/6Hf1/6-
Nb1/6Ga1/6)O3, a high entropy ceramic (HECs) with perovskite 
structure, using a solid-state reaction method. Its dielectric 
properties were investigated and the dielectric constant was 
found to be 40–75 below 1 MHz, with a dielectric loss tan-
gent around 0.15 (Figs. 4(c) and 4(d)). The findings revealed 
the dielectric relaxation behavior of the high-entropy per-
ovskite ceramics.

Radon et  al.71 prepared the synthesis of high entropy 
(Zn, Mg, Ni, Fe, Cd) Fe2O4 ferrite using a co-precipitation 

(a) (b)

(c) (d)

Fig. 4. Relative permittivity (left axis) and dielectric loss (right axis) versus frequency for (a) Ba(Zr0.2Ti0.2Sn0.2Hf0.2Ta0.2)O3 at room tem-
perature67; (b) Ba(Zr0.2Ti0.2Sn0.2Hf0.2Nb0.2)O3 at room temperature67; (c) a Dielectric constant εr and (d) dielectric loss tan δ as function of 
frequency of Ba(Ti1/6Sn1/6Zr1/6Hf1/6Nb1/6Ga1/6)O3 ceramics sintered at different temperatures.70
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method. They found that the high-frequency composite 
dielectric constant is affected by temperature and frequency, 
with values comparable to the commercial BaTiO3. The high-
est microwave absorption (RL < −25 dB and SE < −50 dB) 
was obtained at 1.9–2.1 GHz with a material layer of 0.8–1 
cm thickness. The low values of the real part of the magnetic 
permeability and the high values of the magnetic loss in the 
high-frequency region may be related to grain boundaries, 
chemical inhomogeneities and small particle size. In addi-
tion, they found that the high-frequency short-range mobility 
of this material is associated with the tunneling of electrons 
between Fe2+ and Fe3+ ions, while the long-range mobility is 
linked to the diffusion of charge carriers through the grain 
boundaries.

The single-phase perovskite Na0.30K0.07Ca0.24La0.18Ce0.21-
TiO3 was prepared by Vinnik et al.,72 as well as its dielectric 
properties were tested. The loss angle tangent of BaTiO3 was 
found to be significantly smaller than that of HEO. In addi-
tion, there was a significant difference in the thermal behavior 
of tanδ between Na0.30K0.07Ca0.24La0.18Ce0.21TiO3 and BaTiO3. 
For HEO, the loss angle tangent grows above 300°C, but for 
BaTiO3, the tanδ versus T curve shows a single maximum at 
all frequencies of the probe voltage.

4.3.  Piezoelectric properties

Piezoelectric materials are perovskite structures based on 
lead zirconate titanate (PbTiO3) used commonly in trans-
ducers, other sensors and actuators, etc.73 However, the toxic 
Pb can cause environmental pollution. Additionally, the high 
vapor pressure of the sintering process is an additional prob-
lem for these materials. Researchers have tried to synthesize 
high-entropy oxides with good piezoelectric properties as 
alternatives to lead zirconate titanate, as described below.

The lead-free piezoelectric ceramic system with per-
ovskite structure (Bi1−x−yNa0.925-xyLi0.075)0.5BaxSryTiO3 was 
prepared by Lin et al.73 and its piezoelectric and ferroelec-
tric properties were investigated. It was confirmed that better 
piezoelectric coefficients were obtained by numerical com-
parison with Bi0.5Na0.5TiO3. For ceramics with compositions 
close to MPB (x = 0.04–0.08 and y = 0.02–0.04), the piezo-
electric coefficient d33 = 133–193 pC/N and the planar elec-
tromechanical coupling coefficient kP = 16.2–32.1%.

The Pb0.94Sr0.06(Zr0.50Ti0.50)0.99Cr0.01O3 was prepared by 
Zachariasz et al.74 using the solid-phase method. It was found 
that the obtained ceramics are ferroelectric hard materials, 
which is why it can be used for the construction of resona-
tors, filters and ultrasonic sensors. Moreover, this material 
exhibits high stability of the relative variation of the reso-
nant frequency Δfr/fr and well stability of the piezoelectric 
parameters. The d33 component of its piezoelectric coefficient 
is 68 pC/N.

Bochenek et  al.75 synthesized (Zr0.49Ti0.51)0.94Mn0.014-
Sb0.02W0.014Ni0.02O3 ceramics with a perovskite structure. 

Their results revealed that the materials have a high piezo-
electric coefficient of d33 = 278 pC/N. In addition, the 
materials have a low dielectric loss at both room and phase 
transition temperatures. Moreover, their properties (high val-
ues of piezoelectric parameters and small dielectric losses) 
make the material suitable for modern micromechanical elec-
tronics applications.

A strategy for introducing anisotropic phases in high 
entropy perovskites to obtain ferroelectricity was proposed 
by Li et  al.76 (1−x)Pb(Mg0.2Zn0.2Nb0.2Ta0.2W0.2)O3-xPbTiO3 
was used as a model system to demonstrate the feasibility of 
this concept. The MPB structure was formed in the composi-
tion range of x=0.275–0.35, and ferroelectric and piezoelec-
tric properties were obtained. The d33 reaches a maximum at 
x=0.325 (d33=92.4 pC/N), which is owing to the increase of 
the polarization direction introduced by the coexistence of 
pseudocubic and tetragonal phases as the composition is in 
the MPB interval.

5.  Conclusions and Outlook

In the past few years, scholars have done a lot of research in 
the field of electrical properties of high-entropy oxides. So 
far, it can be said that the main electrical features of HEO are 
largely different from those of conventional oxides, such as 
low electrical conductivity, stable aging properties and huge 
dielectric constants. The high-entropy oxides have advan-
tages in terms of stable structure, lattice distortion and degree 
of disorder. It implies a great chance to find efficient insulat-
ing, semiconductor materials in high-entropy oxide. In addi-
tion, most of the results reveal that the high-entropy oxides 
exhibit electrical features covering the electrical states from 
the parent oxide, which are different from the conventional 
doped oxides. Based on these obvious differences, we pro-
pose directions for future research.

Firstly, the properties of HEO can be tailored by compo-
sitional design, but the role of individual elements in cer-
tain applications and their relationship to cocktail effects 
are not understood. Currently, studies of HEO are in an 
early stage and it seems that “customization” is mostly 
done in a stochastic way. Therefore, it is highly significant 
to be able to design HEO rationally. An effective approach 
is to choose a basic model with new elements gradually 
added or replaced to modify the configurational entropy of 
the system.

Secondly, starting from the concept of high entropy itself, 
it is no longer limited to the synthesis of oxides with five 
major elements in equal or nearly equal proportions. A com-
parative study of high-entropy materials and corresponding 
medium or low-entropy materials is performed by extract-
ing one or more elements from a system. Such research is 
expected to provide a more sophisticated understanding of 
the concept of high entropy. Of course, comparisons between 
properties and reaction mechanisms are essential.
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