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The development of safe and reliable energy conversion and storage technol-
ogies is an urgent global challenge central to mitigating our dependence on
fossil fuels. Key to many emerging electrochemical technologies is the need for
a safe and stable electrolyte that enables high device efficiency. Organic ionic
plastic crystals (OIPC) are an emerging class of solid-state electrolytes with
significant advantages over conventional materials, including plasticity, non-
flammability, and high ionic conductivity. Recent advances in this evolving field
include increasingly efficient lithium-ion batteries and dye-sensitized solar
cells, and the first application of OIPCs in sodium-ion batteries. In this review,
we highlight these advances and discuss recent fundamental developments
such as structure–property relationships and conduction mechanisms in both
protic and aprotic OIPCs.

The Development of Organic Ionic Plastic Crystals (OIPCs)
As global concerns about fossil-fuel depletion and greenhouse gas emissions continue to
escalate, the demand for reliable, clean energy conversion and storage technologies is rapidly
increasing. This demand has driven the development of new electrochemical energy tech-
nologies, including fuel cells, dye-sensitized solar cells, and next-generation lithium- and
sodium-ion batteries. Commercial applications generally require these devices to have larger
capacity, higher rate capability, improved safety, and longer service life than is typically
common with the present-day technologies. For example, current commercial lithium-ion
batteries primarily employ carbonate-based liquid electrolytes that are volatile and flammable,
posing a significant safety concern. These problems can be largely overcome by using solid-
sate electrolytes. However, a significant challenge associated with solid-state electrolytes is
achieving sufficient ionic conductivity through the solid material to support high application
performance.

Plastic crystals are solid-state materials that possess a regular long-range crystalline lattice with
local orientational or rotational disorder with respect to the molecular or ionic species. Although
plastic crystals have been studied since the 1960s, they have recently attracted significant
attention due to demonstration of their growing potential as solid-sate electrolytes. Early
studies on traditional molecular plastic crystals found that these materials exhibit features
of: (i) a long-range ordered crystalline lattice; (ii) one or more solid–solid phase transitions prior
to melting, typically associated with the onset of rotational motion and/or major structural
reorientation of cations and/or anions, thereby producing a progressively disordered solid
lattice; (iii) a small entropy of fusion (see Glossary) as a consequence of feature (ii); and (iv)
plastic-like mechanical properties. Timmermans [1] proposed an empirical criterion of
DSfusion < 20 JK�1mol�1 as a definition of plasticity in molecular crystals. This criterion was
later adopted for OIPCs. However, in this case, constituent cations and anions may exhibit
different dynamics since one species can be significantly more mobile. Thus, a relatively large
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Glossary
Aprotic: molecules without labile
protons.
Chemical shift anisotropy (CSA):
the electronic shielding environment
of a 13C nuclei is often nonspherical.
Therefore, the chemical shift is
orientation dependent and can be
described by a second-rank (3 � 3)
tensor.
Entropy of fusion: the entropy
change upon melting, given by the
enthalpy of fusion divided by the
melting point.
Ionic liquids (ILs): liquid salts
consisting of ions and/or short-lived
ion pairs.
Pulsed field gradient-NMR: a
short, timed pulse with spatial-
dependent field intensity.
Protic: molecules containing one or
more labile protons.
Proton hopping: a method of
proton transport where protons
move through a relatively static
background through continuous
breakage and formation of hydrogen
bonds.
entropy of fusion can remain even though the material otherwise presents with high conduc-
tivity and is pliable or deforms under a relatively low force [2].

The past decade has seen rapid development of OIPCs as a new family of solid-state
electrolytes with applications in various electrochemical devices, such as lithium- and
sodium-ion batteries [3–6] and dye-sensitized solar cells (DSSCs) [7,8]. OIPCs can be consid-
ered as the solid-state cousins of ionic liquids (ILs) and can similarly be categorized into
protic and aprotic classes, depending on the availability of dissociable protons on the cations
and/or anions. Protic OIPCs often exhibit different properties and applications compared with
aprotic OIPCs because of labile protons that can participate in hydrogen bonding. For example,
protic OIPCs typically exhibit non-negligible vapor pressure, and some are distillable media with
boiling points lower than their decomposition temperature [9].

Early OIPC families were reported in the 1980s–1990s by Nakamura [10] and Ikeda [11,12],
who showed that many ammonium-based ionic crystals exhibit Cs–Cl-type cubic crystalline
structures with isotropically reorienting cations and anions. Recently, more OIPC families have
been discovered and studied intensively [5,13], including new OIPCs with pyrrolidinium [14],
imidazolium [15,16], phosphonium [17,18], and metallocenium [19,20] cations, coupled with a
range of anions, such as tetracyanoborate [21], tetrahalogenoferrate(III) [21], camphorsulfonate
[22], and nonaflate [23]. The effect of anion chirality [22] has also been explored recently,
suggesting a potential avenue for increasing degrees of freedom/disorder and, therefore,
plastic behavior of OIPCs. The structures of selected cations and anions that have been used
in OIPCs are displayed in Figure 1 (Key Figure). There has been a significant increase in the
number of publications since the previous OIPC reviews in 2010 [24] and 2013 [2], highlighting
many new chemistries, phase behaviors, and deepened fundamental understanding. It is
therefore timely to provide a fresh review of this topic. This article predominantly focuses
on the emerging areas of OIPC research between 2013 and mid-2018, with earlier studies
mentioned where relevant.

Structures, Properties, and Molecular Dynamics (MD) of Neat OIPCs
Phase Behavior
The melting temperature (Tm) and pre-melting solid–solid phase transitions are key parameters
distinguishing OIPCs from room-temperature ionic liquids, with Tm dictating the upper normal
operating temperature of a device using an OIPC electrolyte. By convention, the solid phase of the
highest temperature is denoted as Phase I, while the lower temperature phases are denoted as
Phase II, III, . . . , etc. It is important to note that T > Tm does not necessarily impair electro-
chemical properties, rather it affects the mechanical properties on which the device performance
may depend. Therefore, it is of interest to correlate these phase-transition temperatures with
molecular structure and ion chemistry [25]. Owing to recent advances in molecular simulation
capabilities, significant progress has been made in estimating both the melting point and solid–
solid phase transitions of organic salts. For example, Lindenberg and Patey [25] simulated the
effect of ion-size asymmetry and cation charge distribution on melting point and solid phase
transitions using isothermal-isobaric MD simulations. They found that the displacement between
the charge center and the mass center plays an important role in the crystallization and solid–solid
phase-transition behavior. When the partial cation charge is far from the centre of mass in a
relatively small cation, salts can become trapped in a glassy state while having an underlying
ordered crystal structure, whereas salts with a relatively large cation show pre-melting transitions.
Hooper and Borodin [26] used MD simulations to successfully simulate Tm of tetramethylammo-
nium dicyanamide ([N1,1,1,1][DCA]), and revealed that the Phase III ! II and II ! I solid–solid
transitions are associated with two respective rotation modes: a fast rotation (around the
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Figure 1. Typical OIPC ions which are categorized into protic and aprotic classes, depending on the availability of labile proton(s).
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N�CRN arm) and a slow rotation (around the mirror-symmetry axis of the DCA anion). More
recently, Chen and colleagues [27,28] employed MD simulations of isobutyldiethylmethylphos-
phonium hexafluorophosphate ([P1,2,2,i4][PF6]) to study the temperature-dependent structural
evolution. Although the crystal structure was calculated with good agreement, and the plastic
crystal behavior was also captured (i.e., a long-range ordered but short-range disordered
structure), it was not possible to accurately predict either the melting temperature or the solid-
–solid phase transition temperatures of the material.

Despite difficulties in calculating melting temperature of various cation and anion combinations
[29], empirical relationships between the chemical structures and thermal properties have been
established. For example, an interesting structural evolution has introduced multicharge
centers into an ion entity (e.g., di-cations or tri-cations). Yan and coworkers [30] synthesized
a series of bis-quaternary ammonium-based OIPCs, N,N,Nʹ,Nʹ-tetraethyl-N,Nʹ-dialkyl(m)-1,n-
alkyl(n)diammonium bis(trifluoromethanesulfonyl)imide ([Cm(N2,2,n)2][TFSI]) (see the cation
structure in Figure 1), where m and n are the alkylene spacer and alkyl chain lengths,
respectively. Interestingly, these bis-ammonium cation OIPCs have relatively high DSfusion,
with values above 30 J/K/mol (43 J/K/mol for [C2(N2,2,2)2][TFSI]). Typical differential scanning
calorimetry traces of the compounds [C2(N2,2,n)2][TFSI] with varying alkyl chain length are
shown in Figure 2A. Both the melting and the Phase II ! I transition temperatures decreased
with increasing chain length. An example of the ionic conductivities for these materials is shown
in combination with phase behavior in Figure 2B, indicating relatively high solid-state ionic
conductivity (i.e., �2 � 10�5 S/cm at 130�C in Phase I). Figure 2C displays melting tempera-
ture as a function of m and n. Surprisingly, Tm is observed to decrease linearly with increasing n,
with a slope of � –18�C per n unit (n � 1). The solid–solid Phase II ! I transition as a function of
m and n are shown in Figure 2D. Remarkably, the transition temperature shows a similar linear
decrease with increasing m and n, both with a slope of � –19�C per unit.

Molecular Mechanisms for Solid–Solid Phase Transitions
Understanding the nature of solid–solid phase transitions has been a highly explored topic over
the past decade [31–36]. As a result of recent advances in experimental techniques such as
solid-state NMR [37–39] and synchrotron x-ray diffraction [18,40], in addition to improved
simulation capabilities [41–43], ionic interactions and dynamics can now be visualized and
probed in detail. It is becoming increasingly clear that the solid–solid phase transitions are
associated with the onset of rotational motion of all or parts of the ions [2]. Much of the current
understanding of OIPC solid–solid phase transitions is adapted from earlier studies of simple
molecular plastic crystals. For example, conventional molecular plastic crystals, such as
adamantane and cyclohexane, typically involve a symmetric molecule that rotates isotropically
with relatively low energy barriers. For OIPCs, it has been found that many centrosymmetric
anions (e.g., hexafluorophosphate [18] and tetrafluoroborate [44]) and cations capable of
isotopic tumbling motions (e.g., tetramethylammonium [12]) can support OIPC formation.
However, it is also evident that a combination of less symmetric cations and anions (e.g.,
[C4mpyr][TFSI] [35] and [P1,2,2,2][FSI] [40]) may also exhibit distinct plastic crystal behavior. In
the latter case, it is believed that the onset of internal modes of motion within the molecular ions,
such as the reorientation of the alkyl chains, are responsible for solid–solid phase transitions,
leading to a progressively disordered structure with increasing temperature [40].

Solid-state NMR is a powerful tool for characterizing molecular/supramolecular structures and
local MD. In contrast to solution NMR spectra where peaks are often sharp, solid-state NMR
peaks are generally broad due to anisotropic or orientation-dependent interactions amongst
nuclei. For example, the 13C NMR spectra of organic solids are primarily dominated by
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Figure 2. Thermal Transitions and Ionic Conductivity of Bis-quaternary Ammonium Bis(trifluoromethanesulfonyl)imide. (A) Differential scanning
calorimetry traces of N,N,N0,N0-tetraethyl-N,N0-dialkyl(m)-1,n-alkyl-diammoniumbis(trifluoromethanesulfonyl)imide([C2(N2,2,n)2][TFSI]) as a function of alkyl chain length
where n = 1, 2, 3, 4. (B) Heat flow and ionic conductivity as a function of temperature for [C2(N2,2,2)2][TFSI]. (C) Melting point of [Cm(N2,2,n)2][TFSI] as a function of alkylene
spacer and alkyl chain lengths, m = 2, 3, 4, 6 and n, respectively. (D) Solid–solid Phase II ! I transition temperature of [Cm(N2,2,n)2][TFSI] as a function of spacer and alkyl
chain lengths. (A), (B), and (C) are reprinted from [30] and (D) is adapted with permission from [30].
heteronuclear dipole–dipole interactions and the orientation-dependent electronic shielding
environment of the nucleus. The latter is referred to as chemical shift anisotropy (CSA). The
CSA pattern can be predicted for each nucleus provided that the frequency and symmetry of
the corresponding functional group are known. Thus, simulating solid-state NMR spectra can
provide quantitative information about MD. Zhu et al. demonstrated that a combination of
quantum chemical calculations and multinucleus solid-state NMR could reveal unprecedented
details of the ionic motions with atomic resolution [38]. More specifically, the CSA tensors of the
cation were calculated for [C2mpyr][BF4], a technologically important OIPC with potential
application in lithium batteries [45]. Using the density functional theory-calculated CSA values
as an input to fit experimental CSA patterns from solid-state NMR, a restricted puckering
motion of the pyrrolidinium ring with a fluctuation angle of �25� can be identified in Phase IV. In
130 Trends in Chemistry, April 2019, Vol. 1, No. 1



the plastic Phase I, both cation and anion rotate isotropically, as demonstrated by the extremely
narrowed 13C and 19F NMR lines. Jin and colleagues [40] investigated the nature of the Phase
III ! I transition of [P1,2,2,2][FSI] using a combination of solid-state NMR, Raman spectroscopy,
and synchrotron X-ray diffraction. This study demonstrated the importance of the interionic
interactions and the cooperative motions between the cations and anions in determining the
solid–solid phase transition. This combination of spectroscopic and modelling approaches can
be a powerful way to further elucidate the interplay between chemistry, structure, and phase
behavior in OIPCs.

Structural Heterogeneity
Structural heterogeneity or defects are an important feature of a broad range of materials,
including polymers [46], ceramics [47], metals and alloys [48], and OIPCs [27,37,49]. A recent
solid-state NMR study [18,49] of a pure OIPC, [P1,2,2,i4][PF6], revealed a small fraction of
mobile ions in a relatively rigid matrix; this is indicated by the presence of sharp, 1H and 19F
NMR peaks that are narrowed by the ion motion, superimposed on a broader signal that is
due to the less mobile cation and anion species. Interestingly, this structural heterogeneity
depends strongly on temperature and is only present in higher temperature solid phases (i.e.,
III, II, and I, but not IV). Another remarkable observation is that in [P1,2,2,i4][PF6], mobile
fractions of the cation (1H) and anion (19F) are not equivalent and exhibit a different tempera-
ture dependence. For example, the fraction of mobile cation decreases significantly upon
undergoing the solid Phase I ! II transition, whereas the fraction of mobile anion remains
relatively constant. This finding has been further quantified by MD simulations and strongly
indicates decoupled ion dynamics [28].

Magnetic resonance imaging (MRI) is a powerful technique that allows direct visualization of
OIPC morphology. For example, MRI images of neat [P1,2,2,2][FSI] [49–51] (Figure 3A) clearly
reveal a preferred orientation of mobile regions throughout the sample, leading to anisotropic
ionic conductivity with enhanced values in a particular direction. The morphology of the OIPC
was found to be strongly dependant on the cooling rate: in the rapidly cooled sample
(Figure 3B), multiple grains with different alignments results in a tortuous conduction pathway
that is roughly isotropic, while in the slowly cooled sample (Figure 3C), the pathway is oriented
anisotropically. Repeated conductivity measurements of samples undergoing rapid cooling
yielded values in the range of 1–1.2 � 10�7 S/cm, whereas samples undergoing slow cooling
gave a much broader range of 2–9 � 10�7 S/cm. The increased spread is attributed to the
bulkier single crystalline grains spanning a large fraction of the sample volume. Moreover,
pulsed field gradient-NMR results show that apparent diffusion coefficients of the phos-
phonium cations are strongly time dependent, suggesting that diffusion is restricted spatially
[50]. The average dimension of the mobile pathways is on the order of hundreds of nanometers.
This was estimated from the restricted diffusion experiments using the expression d ¼ ffiffiffiffiffiffiffiffiffiffiffiffi

6D0t0
p

,
where D0 and t0 are the apparent diffusion coefficient and diffusion time at the inflection point
of the plot of D versus t. Such crystallite alignment and anisotropic morphology are also
observed in other OIPCs, such as [P1,2,2,i4][PF6] and [P1,4,4,4][FSI] [50]. These findings indicate
that it is possible to control the alignment of ion-conduction pathways, and therefore ion
conductivity, through precise control of the thermal history.

Structural heterogeneity also plays an important role in facilitating proton transport in protic
OIPCs. Recently, Zhu et al. [37] investigated ion transport using solid-state NMR in two
imidazolium-based protic OIPCs, imidazolium triflate ([H2im][Tf]) and 1-methyl-imidazolium
triflate ([Hmim][Tf]). Prior to the Phase III ! II transition at 104�C, [H2im][Tf] did not exhibit
measurable diffusive species (and the ion-conduction activation energy, as determined from
Trends in Chemistry, April 2019, Vol. 1, No. 1 131
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Figure 3. Direct Visualization of Organic Ionic Plastic Crystal OIPC Morphology by Magnetic Resonance
Imaging (MRI). (A) Top row, orientation dependence of the 1H SPRITE T2* contrast image of [P1,2,2,2] [FSI] undergoing
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the Arrhenius plot of conductivity, was found to be correlated with the solid–solid Phase III ! IV
transition). This implies that proton charge carriers in [H2im][Tf] are transferred through the
crystalline lattice, and so the activation energy is correlated with the phase transition. Due to the
rigid nature of the lattice, and the fact that no diffusive species are present in the system, proton
transfer is most likely accomplished via a proton-hopping mechanism. Conversely, the ion-
conduction activation energy of [Hmim][Tf] is independent of solid–solid phase transitions in the
studied temperature range. This implies that the plastic crystalline phase (where the phase
transition happens) is not the medium for proton conduction. Therefore, in this system the
proton is most likely transferred through a different phase: the grain boundary phase. Both 19F
and 1H static NMR confirmed a significant fraction of diffusive ions in both solid Phase III and II. It
is therefore rational to conclude that in [Hmim][Tf] the proton conduction is primarily accom-
plished through the mobile grain boundary phase. Note that this result does not exclude the
possibility of a proton-hopping mechanism, or a combination of vehicular and proton-hopping
mechanisms, in the mobile phase, which is often an important mechanism for proton conduc-
tion in liquid systems.

OIPC Composites and Applications
OIPC Composites
To be used as solid-state electrolytes (e.g., in batteries or fuel cells), target ions (e.g., Li+, Na+, or
H+) must be incorporated into the OIPC matrix to support charge/discharge processes (akin to
doping in semiconductors or alloying in metals). [Cnmpyr][TFSI] salts were the first reported
examples of OIPCs as solid-state electrolytes [52]. It was reported that doping a small amount
of LiTFSI into the OIPC matrix significantly increased the ionic conductivity [52]. Currently,
however, the mechanism of conductivity enhancement is under debate. One explanation is that
incorporating Li salts into the OIPC creates additional vacancies/defects, leading to a higher
concentration of diffusive ions, and therefore higher conductivities [53]. An alternative mecha-
nism was proposed by Henderson and coworkers [54], through studies of phase behavior and
ionic conductivity of [N2,2,2,2][TFSI] + x LiTFSI, and a phase diagram of this system was drawn
from the phase-transition data. In this case, it was thought that a liquid phase with a mixed (Li
salt and OIPC) composition is present at the grain boundaries of otherwise mostly bulk OIPC.
As the amount of Li salt increases, the liquid phase increases, coalesces, and eventually
exceeds a percolation threshold to form a tortuous interconnected liquid pathway yielding a
dramatic increase in conductivity. Nonetheless solid-like mechanical properties are maintained.
While this conduction model holds for many OIPC systems doped with Li salts, one clear
exception is for [C2mpyr][BF4] systems where mixtures with 10 and 20 mol% LiBF4 lead to new
crystallographic structures and no signs of an amorphous or liquid phase, despite higher
conductivities [55]. In this case, one could imagine Li+ transport through interstitial sites in the
crystal lattice. Further understanding of the relationship between different OIPC chemistries,
resultant phase behavior, and conduction mechanism is critical to designing new materials with
high target ion conductivity.

Similarly, incorporating excess acid [39,56] or base [13] into protic OIPCs is essential for high
proton conductivity. Zhu and colleagues [39] demonstrated that adding 4 mol% HTf into [C
(NH2)3][Tf] leads to several orders of magnitude increase in conductivity, reaching 10�3 S/cm at
room temperature. It is suggested that protons are primarily transported through a percolated
grain boundary phase with a percolation threshold concentration of 2 mol% [39]. MacFarlane
and coworkers [16] recently demonstrated that addition of either the component acid (HTf) or
base (2-Me-im) into [2-Me-im][Tf] had a similar effect in enhancing proton conductivity, from
10�5 to 10�4 S/cm at 30�C through �2 mol% doping. Similarly, an abrupt conductivity increase
has also been found at concentration of 1–2 mol% dopant into both OIPCs [13], suggesting a
Trends in Chemistry, April 2019, Vol. 1, No. 1 133



Table 1. A Summary of OIPCs and Their Emerging Applications

Cation Anion Other components Application Performance metrics Refs

Li+ batteries

P1,i4,i4,i4 FSI 4 and 8 mol% LiFSI � 20�C discharge capacities of 160 and 118
mAh/g at rates of 0.1C and 1C, respectively

[17]

C2mpyr BF4 10 mol% Li BF4
0.1, 1 mol% Dendrimera

� Dendrimer addition produced more ductile
and conductive materials

[59]

C2mpyr BF4, FSI 10 mol% Li FSI
5� 70 wt% PVDF

� [C2mpyr][FSI] + 10 mol% LiFSI + 40 wt%
PVDF showed a capacity of 119 mAh/g at a
rate of 2C and 50�C

[60,61]

C2mpyr FSI 50 mol% LiFSI
60 wt% PVDF

� High lithium salt concentration
� Stable symmetric cell cycling at current
density of 0.13 mA/cm2 at 50�C without
PVDF support
� Composites with PVDF improved the Li
transference number from 0.37 to 0.44

[4,62,63]

C2mpyr FSI 20 wt% LiFSI
50, 60, 70 wt% P[DADMA][TFSI]

� Room temperature conductivity above 10�
4 S/cm
� Good lithium dendrite suppression
� Li|LiFePO4 cell shows stable discharge
capacity of 150 mAh/g at a rate of 0.2C and
25�C

[64]

Na+ batteries

C2mpyr TFSI 0–50 mol% Na TFSI � 15 mol% NaTFSI forms a eutectic solid
solution with Tm = 63�C
� A conductivity of 3 � 10�4 S/cm at 60�C
and 40 mol% NaTFSI

[65]

P1,2,2,i4 TFSI 0, 5, 20, 25, 50, 75, and 100 mol
% Na TFSI

Sodium
symmetrical cell,
full cell

� First demonstration of sodium cell using
OIPC electrolyte
� Full Na|25 mol% NaTFSI-OIPC|NaFePO4

cell test at 50�C shows capacity of 76 mAh/g

[3]

Dye-sensitized solar cell (DSSC)

Bim-n, n = 1, 2,
4, 6, 7, 8, 10, 11

I � Bim-6 I DSSC shows an open circuit voltage
of 0.8 V and efficiency of 4.93%

[15]

P1,2,2,2 FSI
TFSI

4.71M OIPC: 0.78M LiI: 0.24M I2:
3.92M 4-tBP
Silica

� 7.4% efficiency with P1,2,2,2 FSI + 7 wt%
silica
� Good stability after 5 months storage for the
2 wt% silica

[66]

Other applications

C1mpyr (FH)2F Electrochemical
double- layer
capacitor

� Activated carbon electrodes
� Capacitances for positive and negative
electrodes are 263 and 221 F/g (per gram of
electrode weight) at 300th cycle, using a
charge voltage of 2.5 V and current of
238 mA/g

[67]

N4,4,4,4
b PF6

b 10 mol% N4,4,4,4 PF6 in
succinonitrile

Electrochemical
double- layer
capacitor

� A conductivity of 4 � 10�5 S/cm at 15�C
(plastic crystal phase)
� Specific capacitance of 4–7 F/g (of
electrode active material) at 15�C

[68]

P1,2,2,i4

C2mpyr
PF6
BF4

80 wt/% PVDF CO2 gas
separation

� Best ideal selectivity of 30 (CO2 over N2) for
both OIPC composites at 35�C
� Further informed by MD simulations of
gases in P1,2,2,i4 PF6

[41,69]
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Table 1. (continued)

Cation Anion Other components Application Performance metrics Refs

Quinuclidinium ReO4 Ferroelectricity � Tunable ferroelectricity from collaborative
flipping of the cation and anion

[70,71]

2-Me-H2im
2-Me-H2imn

Tf, Ac,
Sal, For,
4-OHCin

1, 2.5, 50 mol% HTf,
2-Me-im Or 2-Me-imn

Anti-corrosion � 2-Me-H2imn and 4-OHC in OIPCs show
strong anodic corrosion inhibition on mild
steel
� Doping either acid or base resulted in
substantial increase in conductivity to over 10
�4 S/cm at 30�C

[13,16]

1,2,4-triazolium PFBS Medium-
temperature fuel
cell

� Fuel cell tested at 150�C and anhydrous
condition, open cell voltage of 1.05 V was
obtained

[57]

DMEDAH Tf 5 mol % HTf, DMEDA
10 wt% PVDF

Fuel cell � Base doping did not improve conductivity or
fuel-cell performance

[72]

aHyperbranched bis-MPA polymer, generation 4.
b[N4,4,4,4][PF6] is the dopant; 10 mol% [N4,4,4,4][PF6] was doped into succinonitrile.
percolation-dominated conduction mechanism in both systems. A common feature of these
systems is the presence of a significant fraction of mobile-component [13,37,39] with proton
conduction through the percolated mobile region that is independent of the solid–solid phase
transitions of the bulk plastic crystal region [37]. In many other non-doped systems, such as
[H2im][Tf] [37], [P1,2,2,i4][PF6] [18], and [TAZm][PFBS] [57], where no appreciable mobile fraction
is present, protons have to migrate through the relatively static plastic-crystalline region, most
likely via a hopping mechanism [13,37,39], and the activation energy of the proton conduction
is often found to be coupled to solid–solid phase transitions of the OIPCs [37]. This concept has
been studied computationally using MD simulations. Balasubramanian and Mondal [58] simu-
lated the proton transport in neat [TAZm][PFBS] and found that acidic protons can travel from
one cation to another through a sequence of molecular reorientations. However, no significant
conduction of protons along the hydrogen-bond network was observed due to counter transfer
of a proton from anions to the cations at a rate of tens of femtoseconds. This simulation agrees
well with the experimental observation of a low conductivity in the plastic crystal phase [57] and
suggests that a defect needs to be created to facilitate proton hopping.

Li+/Na+/H+ doped OIPCs are often further blended with polymers, ionomers, dendrimers, and
inorganic fillers to form tertiary composites. One benefit of specifically adding polymers or
dendrimers is that the materials can be easily fabricated into mechanically strong and flexible
membranes. It is also suggested that adding an inert support matrix may increase the
concentration of mobile species through the interfacial interaction between the OIPC and
the matrix. An interesting observation by Wang and coworkers [6] is that adding poly(vinylidene
fluoride) (PVDF) into Li-doped [C2mpyr][FSI] OIPC leads to significantly enhanced Li+ dynamics,
as suggested by static 7Li NMR line-shape measurements. Moreover, the PVDF composite
exhibits an order of magnitude higher conductivity compared with that of the bulk material. The
enhanced Li+ transport was attributed to a conductive phase forming at the OIPC–PVDF
interface.

Tables 1 and 2 provide a summary of recently reported OIPCs and composites and their
emerging applications, respectively. It is evident from these examples that OIPCs are promising
electrolytes for solid-state devices, including lithium and sodium batteries, DSSCs, and super-
capacitors, which should encourage further research into these materials.
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Table 2. A Summary of New OIPCs and Their Physio-chemical Properties

Cation Anion Other components Application property metrics Refs

New aprotic OIPCs

Cn(N2,2,m)2
n = 2, 3, 4, 6
m = 1, 2, 3, 4, 6

I, Br, PF6, TFSI � Most bis-quaternary ammonium salts have
DSf = 31 � 96 J/(K.mol)
� Solid-state conductivity of 10�9

–10�5 S/cm

[30]

N2,1,1,1, N2,2,1,1, N2,2,2,1

N2,3,3,3, N2,2,3,3, N2,2,2,3

BBu4 � [N2,2,3,3][BBu4]: Tm = 35�C, DS = 14.0 J/(K.
mol).
� [N2,2,3,3][BBu4] conductivity of nearly 10�
4 S/cm at room temperature

[73]

N4,4,4,4 CrO3Cl, CrO3Br � Both compounds exhibit unusual two-stage
thermosensitive dielectric responses

[74]

P1,2,2,2 FSI � OIPC shows a second-order displacive
phase transition

[40]

N1,2,3,i3 TFSI � The racemic ammonium cation weakens the
intermolecular interactions and enhances
conductivity

[75]

N2,2,2,2, N3,3,3,3 BF4 � Phase diagram of the binary system was
obtained. Eutectic composition between x
([N3,3,3,3][BF4]) = 0.8 � 0.9

[76]

C2epyr FTFSI, DCA, TFSI, FSI, PF6, BF4 � C2epyr with FTFSI and DCA forms ILs,
whereas with TFSI, FSI, PF6, and BF4 it forms
OIPCs
� FSI has highest conductivity of 1.9 � 10�
5 S/cm at 30�C

[77]

Protic OIPCs and composites

Cholinium Tf 4 and 8 mol% HTf � Doped samples show similar conductivity
� Proton reduction current increased from
negligible to 3 mA/cm�2 with 8 mol% doping

[78]

C2mpyr, C1mpyr (FH)nF, 1 � n � 3 � Small DSf = 4.1 and 2.0 J/(K.mol) for
[C1mpyr][(FH)2F] and [C2mpyr][(FH)2F]
� High conductivity: 10.3 mS/cm (at 298 K)
and 14.4 mS/cm (at 288 K) for [C1mpyr]
[(FH)2F] and [C2mpyr][(FH)2F], respectively

[79,80]

C(NH2)3 Tf 4 and 8 mol% HTf � 8 mol% acid doping enhanced conductivity
by 8 orders of magnitude, reaching 0.1–1 mS/
cm at room temperature
� H+ transports through the grain boundary
region in the doped sample

[39]

DMEDAH, DMEDAH2, DBAH Tf, TFSI 5 mol% HTf
10 wt% PVDF

� 5 mol% HTf doping enhances conductivity
from 10�4.0 to 10�3.6 S/cm at 50�C

[56,81,82]

Hmim, H2im Tf � [Hmim][Tf] shows higher conductivity than
[H2im][Tf]

[37]
Protic OIPCs and Their Applications in Fuel Cells
Many examples of OIPCs developed as solid-state lithium and sodium electrolytes are summa-
rized in Table 1. However, protic OIPCs and their applications are an emerging area requiring
further discussion. For application in fuel cells, redox-flow batteries, and proton-cycling batteries,
the availability of dissociable protons provided by the electrolyte is critical, necessitating a protic
electrolyte. Protic OIPCs have been identified as promising solid-state proton conductors and as
alternatives to traditional polymer and ceramic materials [83]. The advantage of protic OIPCs is
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Outstanding Questions
What new chemistries (cation and
anion combinations) will result in a
low melting enthalpy and thereby plas-
tic crystal behavior?

What are the relationships between ion
structure and solid-solid phase-transi-
tion temperature?

How can the modern advances in
experimental techniques, such as in
situ MRI and ex situ solid-state NMR
and X-Ray spectroscopy, be utilized to
shed light on the fundamental of plastic
crystals?

How will material meta-stability impact
device performance and the resulting
phases be stabilized?
their relatively high solid-state proton conductivity compared with that of polymers [39]. Protic
OIPC-based electrolytes can be potentially applied under anhydrous conditions and medium
range temperatures (100–200�C), which are unsuitable for traditional polymer-based electrolytes
(e.g., Nafion). The chemistry of protic OIPCs is versatile and many cation/anion pairs are possible.
The dissociable proton can be introduced either in the cation (e.g., primary, secondary, or tertiary
ammonium [39,78,81,82] and heterocycles, such as imidazolium [13,37] and triazolium [57,58]),
or in the anion ([(FH)nF

�] [80] and [H2PO4
�] [84]). A series of proton-conducting OIPCs has been

designed and characterized recently, including [Zn][(HP)(DHP)2] [85], [C(NH2)3][Tf] [39], [TAZm]
[PFBS] [57], [H2im][Tf] [37], [Hmim][Tf] [37], and [2-Me-H2im][Tf] [13].

Protic OIPCs have recently been studied in medium-temperature fuel cells [39,86]. Fransaer
and coworkers [57] fabricated an archetypal fuel cell using [TAZm][PFBS] as the proton-
conducting membrane. The cell was successfully run between 120�C and 180�C under dry
hydrogen/air condition. An open circuit voltage of 1.05 V was achieved at 150�C. However, the
durability of OIPC-based electrolytes must be further improved for practical device applica-
tions. Ortiz and colleagues [72] prepared composite membranes from [DMEDAH][Tf] + 5% acid
(HTf) or base (DMEDA) + 10 wt% PVDF, and tested these in a single proton-exchange mem-
brane fuel cell (PEMFC). An open cell voltage of 0.74 V and current density of 61 mA/cm2 at
25�C for the 5 mol% HTf doped membrane was obtained. These proof-of-concept designs
have demonstrated the potential of OIPC-based materials for use as proton-conducting
membranes in fuel cells.

While protic OIPCs have been explored for over a decade, only recently have they become
recognized as solid-state proton conductors. There is great promise for expanding this
emerging family of OIPCs by further developing new materials and their application in devices.
For example, a practical fuel cell requires proton conductivity on the order of 10�3 S/cm or
greater. This is still a challenging obstacle for most known OIPC proton conductors, although
proton conductivity can be significantly improved by acid or base doping. Moreover, the long-
term electrolyte stability is of paramount importance, particularly at higher temperatures
(T > 100�C), which has not been adequately investigated thus far. This includes dimensional
stability with temperature and water uptake, thermal and electrochemical stability, and chemi-
cal stability to acids, bases, and free radicals.

Concluding Remarks
OIPCs are an exciting, emerging family of solid-state ion conductors with promise in many
electrochemical devices as alternatives to traditional ceramic and polymer-based electrolytes.
The scope of known OIPCs is steadily increasing, and considerable progress has been made
towards superior electrochemical performance, such as increased ionic conductivity, improved
stability, and higher transference number. Recent advances in simulation capabilities have
afforded insight into molecular rotation and translational motion yielding improved fundamental
understanding of OIPC behavior. These studies are of pivotal importance to understanding the
relationships between ion chemistry and MD, helping to establish design criteria for next-
generation OIPCs with improved physical and electrochemical properties. Major challenges
and new opportunities in this exciting area are summarized in the Outstanding Questions box.

OIPCs have shown promise in several electrochemical devices as safer and more stable solid-
state electrolytes. Nevertheless, further improvement in the solid-state conductivity and transport
of the target ions (e.g., Li+, Na+, H+), while simultaneously supressing the transport of the counter
ions remains a significant challenge. The application of protic OIPCs as proton-conducting
membranes is in its infancy. Further development requires improvement in proton conductivity
Trends in Chemistry, April 2019, Vol. 1, No. 1 137



and investigation of long-term stability, including the volatility and chemical stability of the acid/
base doped composites. In all OIPC materials, understanding ion-transport mechanisms and the
relationship to the matrix cation/anion chemistry is important for designing new materials with
superior properties and thus greatly enhancing their practical application.
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