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Abstract

Organicionic plastic crystals (OIPCs) are promising solid electrolytes because of their inherent
advantages such as non-volatility, non-flammability, good thermal stability, favourable
plasticity, and improved electrolyte/electrode interfacial contact. Incorporating nanoparticles
into some OIPC matrixes has proven an effective strategy for further increasing conductivity
and mechanical integrity. However, the nature of the interaction between the cations and
anions of OIPCs with polymers requires further study. In this work, various OIPCs consisting

of N-ethyl N-methyl pyrrolidinium cations ([C,mpyr]*) and three different anions

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

bis(trifluoromethanesulfonyl)imide  ([TFSI])),  (bis(fluorosulfonyl)imide  ([FSI])) and

tetrafluoroborate, [BF,]) are selected. The interactions between the OIPCs and

Open Access Article. Published on 04 February 2021. Downloaded on 2/8/2021 10:25:20 PM.

poly(vinylidene fluoride) (PVDF) are studied by incorporating different volume fractions of

PVDF nanoparticles into the OIPC matrix. Differential scanning calorimetry (DSC),

(cc)

electrochemical impedance spectroscopy (EIS), nuclear magnetic resonance (NMR) and
synchrotron X-ray diffraction (XRD) techniques confirm that the OIPCs with different anions
interact differently with PVDF. Furthermore, we propose that the degree of the interaction
and ionic conductivity enhancement relates to different dipole moments of the OIPC anions.
This anion originated interaction induces the formation of disordered OIPC interphases which

accounts for the ionic conductivity enhancement.
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1.0 Introduction DOI: 10.1039/DOMA00992J

Organic ionic plastic crystals (OIPCs), like some crystalline materials, consist of ions located at
specific lattice positions, and have ordered structures. They are different from regular
crystalline materials because they exhibit temperature dependent solid-solid phase
transitions which depict the onset of rotational or translational motion of their
molecules/ions.}2 With each new transition, new conduction modes become accessible,
which accounts for the sudden increase in ionic conductivities observed as the material
progresses from a more ordered phase to a less ordered phase.3 Also, the phase | of plastic
crystals, which is the phase right before plastic crystals melt, is characterized by high degree
of freedom for rotational or translational motion of their ions, and this leads to the enhanced
conductivity. Plastic crystals can be grouped into; inorganic salts (such as Li,SO,),* organic

molecular species such as succinonitrile®> and organic ionic plastic crystals (OIPCs).®

OIPCs are non-volatile and non-flammable safe ionic materials owing to the ionic interactions
between their charged species.” They possess a three-dimensional lattice structure similar
to inorganic ionic conductors, and yet they are chemically similar to ionic liquids (ILs).* Their
soft characteristic in their plastic phase is appealing because it overcomes the poor point-to-
point contact problems existing in most solid-state inorganic fast ion conductors while
overcoming the leakage concerns associated with liquid electrolytes.'® Also, their short-range
ionic motions allow for fast ion conduction. Similar to ILs, OIPCs allow the design of
functionalized electrolytes because of the possibility of selecting choice cations and anions to
form the resultant electrolyte.!’1> These properties qualify OIPCs as advanced solid
electrolytes for next-generation applications such as batteries, supercapacitors, fuel cells,

thermo-cells, dye-sensitised solar cells (DSSCs), etc.®16:17

In order to enhance the commercial viability of solid electrolytes, OIPCs should not only be
safe and environmentally friendly but also, they should have conductivities comparable to
liquid ones.'® Unfortunately, in their pristine forms, most OIPCs have relatively low ionic
conductivity. N,N-dimethyl pyrrolidinium bis(fluorosulfonyl)imide ([C,epyr][FSl]), one of the
most conductive OIPCs, has an ionic conductivity of 1.9 X 10> S cm™ at 30 °C which is still
lower than those of ILs.1! Also, the soft and waxy nature of OIPCs makes the design of free-

standing electrolytes a huge challenge. To overcome this challenge, secondary components
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such as polymer nanoparticles, polymer nanofibres and inorganic nanoparticles have B&gH;a0ss
employed to improve mechanical stability.’®>=23 In some cases, the introduction of secondary
components has been observed to contribute significant enhancement of ionic conductivity.
Howlett et al. designed a free-standing membrane based on electrospun poly(vinylidene
fluoride) (PVDF) fibres and N-ethyl, N-methyl pyrrolidinium tetrafluoroborate ([C,mpyr][BF,])
for solid-state lithium battery applications. The designed membrane exhibited improved
mechanical stability as well as increased conductivity.?* Wang et al. developed PVDF particles
coated with Li-doped N-ethyl, N-methyl pyrrolidinium bis(fluorosulfonyl)imide (Li-
[C,mpyr][FSI]). Encouragingly, the pressed composite electrolyte pellets (containing only ~40
wt% of OIPC) showed improved ionic conductivity by one order of magnitude. Also, replacing
more than half of the expensive OIPC with cheap PVDF leads to the design of cheaper

electrolytes.

Although enhanced ionic conductivity of OIPCs has been achieved in previous studies, the
origin and mechanism of this enhancement is still not clear. Iranipour et al. sought to
understand the role of electrospun PVDF nanofibres in the matrix of neat and Li-doped
[Compyr][BF,].2° They observed that the presence of polymer nanofibres did not change the
ion ordering of the OIPC in each crystalline phase but rather, the crystal lattices were

expanded. This suggests that the presence of PVDF nanofibers increases the disorder in the

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

OIPC matrix, resulting in increased ionic conductivity even at lower temperatures. In these

and more recent works, we have demonstrated the influence of interfacial interaction on the

Open Access Article. Published on 04 February 2021. Downloaded on 2/8/2021 10:25:20 PM.

properties (ion conductivity and phase behaviours) of OIPC/polymer composites.26-28
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Recently, we investigated the effect of introducing different volume ratios of two different
polymer nanoparticles, PVDF and polystyrene (PS) and studying their effects on the OIPC,
[C;mpyr][FSI]. We demonstrated that the intrinsic surface chemistry of the polymer
nanoparticles effectively affects the phase behaviours and ion dynamics of OIPC/polymer
composite. Particularly, [C,mpyr][FSI]/PVDF composites showed increasing ionic conductivity
with increasing volume fractions of PVDF nanoparticles until the percolation threshold was
approached, in agreement with previous reports for similar composites.?>27:2° On the other
hand, increasing volume fractions of PS particles led to a sharp decline in ionic conductivity of
[Compyr][FSI]/PS composites because of the increased tortuosity resulting from the clustering

of the hydrophobic PS particles.30
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It is known that the properties of cations and anions define OIPC properties sugh as RHESE Soo0s;

behaviour, physical and transport properties of the resulting electrolytes.!! Generally, anions
with diffused charges have reduced interaction with their cations compared to anions
with localised charges.3! This will subsequently affect the interaction of the anion with
secondary components. Yunis et al. reported hexamethylguanidinium cation ([HMG]) based
OIPCs with different anions (bis(trifluoromethanesulfonyl)imide [TFSI];, hexafluorophosphate
[PFg], [BFs], [FSI]- and trifluoromethanesulfonyl(fluorosulfonyl)imide [FTFSI]?). It was
observed that smaller symmetrical anions such as [PF¢] and [BF,]" form OIPCs that have high
melting points and low ionic conductivities, while the OIPCs with anions having diffused

charges show lower melting points and higher ionic conductivities.3?

R. Mejri et al. investigated the effects of the ionic species of ionic liquids on the physical and
chemical properties of IL/PVDF blends. They observed that the B-phase content of PVDF,
known for its piezoelectric properties, was increased upon addition of the ILs. The melt phase
of PVDF was observed to be significantly altered depending on the ILs used, suggesting
different degrees of interaction. Also, different cation and anion combinations affected the
conductivity of the resulting IL/PVDF composites differently.33 In their study of the effects of
two phosphonium ILs on poly(vinylidene fluoride-co-chlorotrifluoroethylene) (P(VDFCTFE)),
Yang et. al. observed a nanostructuration mechanism which was dependent on the diffusion
and degree of interaction of the IL and the polymers. This nanostructuration mechanism could
be controlled by altering the chemical structures (e.g. steric effects, polar groups) of the ILs.3*
The dipolar Coulombic attraction between hydrogen atoms in PVDF chains and anions in the
IL have been observed to promote the formation of B-phase PVDF, thus, making the resulting
IL/ PVDF composite multifunctional.3>3¢ The interaction between ILs and PVDF nanofibers

alters the morphology as well as the mean diameter of the PVDF nanofibers.3”:38

Compared with ILs, OIPCs consist of smaller cations or anions, which provides them different
chemical polarity or interactions with their chemical environments. However, the interaction
between different anions of OIPCs and PVDF have yet to be fully investigated. In this work,
we study the impacts of three anions (FSI-, TFSI-and BF4") on pyrrolidinium based OIPC/PVDF
composites. These anions were selected because of their different chemistries. PVDF was
employed in this work due to its different polymorphic phases that have attractive

piezoelectric,® pyroelectric®® and ferroelectric*® properties, and also the potential
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applications of the resultant composites on batteries.?>#? The interfacial effects pbserved ifis;oaos;
the interaction of these OIPCs with PVDF nanoparticles are systematically studied and the

origin of these different interactions are discussed.

2.0 Experimental

2.1 Materials and sample preparation

[Compyr][FSI] and [C;mpyr][TFSI] were synthesised by a previously established procedure.*3-
45 [C,mpyr][BF,] was synthesised by altering a literature method.*® PVDF nanoparticles
(KF850, M, = 3 x 10°, Kureha Chemicals, Japan) were dried in a vacuum oven for 2 days at 80
°C before use and methanol (>99%, Sigma-Aldrich) was used as received. Figure 1 shows the

chemical structures of the OIPCs and PVDF used in this work.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

2.1.1 Synthesis of [C,mpyr][BF,]

N-ethyl-N-methylpyrrolidinium bromide ([P,,]Br) was dried in vacuo for at least 48 hours at

Open Access Article. Published on 04 February 2021. Downloaded on 2/8/2021 10:25:20 PM.

60 °C. [P1,]Br (29.1g, 150 mmol) and AgBF, (29.2 g, 150 mmol) were added to a dry flask and

(cc)

sealed with a rubber septum in an Ar-filled glove box. 100 mL of dried acetonitrile (water
content = 100 ppm) was added to this flask and solution was stirred in an inert atmosphere
in dark at room temperature for 2 hours by immersing RBF in water. The solution was filtered
using filter paper to remove insoluble AgBr. The solution was kept in freezer for couple of
hours. The solution was centrifuged at 0 °C for 30 minutes at 4000 rpm, followed by filtration

through 0.2 um filter.
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Figure 1: Chemical structures of; a. cations used in this work (N-ethyl, N-methyl pyrrolidinium
[Compyr]?) b. anions used in this work (bis(fluorosulfonyl)imide [FSI],
bis(trifluoromethanesulfonyl)imide [TFSI]- and tetrafluoroborate [BF;]- and c. Repeating

units of poly(vinylidene fluoride), (PVDF).

2.2 Composite preparation

The composite materials were prepared by dissolving a calculated amount of OIPC in
methanol and dispersing a corresponding amount of PVDF nanoparticles in the resulting
solution to form suspensions of OIPC and PVDF nanoparticles. A suspension with uniformly
distributed PVDF nanoparticles is formed by sonication followed by stirring for about 30
minutes. After this, the solution is cast on a petri-dish and quickly dried under flowing Ar. Each
dry sample was collected from the petri-dish and ground in an agate mortar to minimize the

particle aggregation. To ensure that the samples are free of any solvents, the samples were
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further dried on the schlenk line at 50 °C for 24 hrs. Finally, the dry samples are stored,ud;Af o000,

filled glovebox for further characterisation.

2.3 Material characterisation

To investigate the effects of different anions on the OIPC/PVDF composites, different volume
fractions (10, 30, 50 and 70 vol% which are equivalent to 12, 35, 55 and 75 wt% respectively)
of PVDF were added to the OIPCs to form composites. These composite samples were studied
by using differential scanning calorimetry (DSC), electrochemical impedance spectroscopy

(EIS), nuclear magnetic resonance (NMR) and synchrotron X-ray diffraction (XRD) techniques.

The changes in the phase behaviour of the OIPC that occur on the addition of different volume
fractions of PVDF were studied using DSC. A Mettler Toledo DSC1 instrument, powered by a
STAReV6.10 software was used for all the thermal analysis. About 4 — 8 mg of sample was
sealed in an Al pan inside an Ar-filled glovebox. The thermal history of the samples was
treated by cooling to -110 °C and heating the samples to 60 °C, twice, before running the third
cycles that are reported in this work. The samples were held at an isothermal temperature -

110 °C for 30 minutes before heating. Heating and cooling were controlled at a rate of 2

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

°C/min for all the samples. This was done to ensure that the phase transitions of the samples

were completed and to monitor all the possible interactions that occur in the samples. The

Open Access Article. Published on 04 February 2021. Downloaded on 2/8/2021 10:25:20 PM.

reported DSC traces have been normalised to the mass of OIPC in the respective composites.

(cc)

lonic conductivity was measured by EIS on a Biologic MTZ-35, which runs on an MT-lab
software. The composite samples were pressed into pellets in a sealed KBr die under 4 tons
of pressure for 10 minutes. For the EIS measurements, the pellet with a diameter of 13 mm
was sandwiched between two stainless steel disks and assembled into a coin cell in Ar-glove
box to eliminate any moisture contamination. The coin cell was then inserted into a
hermetically-sealed barrel cell for conductivity analysis.*” The frequency studied ranged from
10 MHz to 1 Hz with a voltage amplitude of 10 mV within a temperature range of 30 °C to 120
°C at 10 °C steps. The system was allowed to equilibrate for 20 minutes at each target

temperature before each measurement was taken. The impedance values were taken at the
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point at which the semi-circle of the Nyquist plot touched the x-axis at the highsfrequercy

region.

Cation and anion mobilities were studied using variable temperature static 'H and *°F NMR.
The samples were packed in 4mm rotors in an Ar-filled glovebox and inserted into a Bruker
AVANCE 11l 500 MHz wide-bore solid-state spectrometer equipped with a 4mm H/F-X double
resonance probe. The temperature was controlled by a BCU-Il temperature control unit. The
sample temperature within the probe was calibrated by the isotropic chemical shifts of 207Pb

in PbNOj; using the method described in literature.*®

Variable temperature XRD was employed to study the diffraction patterns of the neat OIPCs,
OIPC/PVDF composites containing 50 vol% of PVDF and PVDF nanoparticles at the Australian
Synchrotron. The samples were packed and sealed in 0.3 mm borosilicate glass capillaries
(product of Charles Super Company, Massachusetts, USA) in Ar-filled glove box. The
wavelength was set at 0.827 °A with a zero error of £0.006 using a Si (111) double crystal
monochromator prior to data collection and the current was ~200 mA. The samples were
cooled using an Oxford Cryosystems Cryostream, which can be heated with a Cyberstar hot-
air blower up to 80 K. The ramp rate and equilibration time used for the experiment were 2
°C /min and 5 mins respectively. An array of 16 MYTHEN ID microstrip silicon detectors with
each module spanning about 5 degrees in 2 6 covered data collection over the angular range
from 2°to 76°. The data were collected at selected temperatures in each phase of the plastic
crystal for 20 secs in two detector settings. The data collected from both detectors were
merged for each measurement using the Pdviper software and the result plotted and

analysed.
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3.0 Results and Discussion DOI: 10.1039/DOMA00992J

3.1 Thermal properties

The thermal behaviours and phase transitions of various OIPC/PVDF composites are
investigated and compared by DSC measurements and the results are shown in Figure 2.
Pristine [C,mpyr][TFSI] shows three solid-solid transitions and an intense melting peak (Figure
2a). It has a crystalline phase | which starts from 46 °C to 89 °C.*> The peaks become distorted,
and the intensity of the melting peak is reduced with increasing loading of PVDF. The melting
peak appears to develop two components (86 and 89 °C) on addition of PVDF. With 30 vol%
of PVDF (70/30), the shoulder peak becomes prominent, making the melt of the OIPC broad.
At 50 vol% of PVDF, the shoulder in the melting peak occurring at 86 °C becomes more intense
compared to the original melting peak. When 70 vol% of PVDF (30/70) is added, the original
melting peak disappears leaving the shoulder peak, which suggests that interaction between
the [Compyr][TFSI] and PVDF suppresses the crystallinity of the bulk [Compyr][TFSI].
Interestingly, there is a new sharp peak formed at 112°C upon addition of PVDF. Although the
origin of this peak is not fully understood, it is proposed to be a semi-crystalline PVDF-rich
interphase composed of both PVDF and [Compyr][TFSI] cations and anions. To confirm
whether this phenomenon is related to the [TFSI]- anion, we tested different PVDF-based

composites incorporated with different OIPC or ionic liquids containing [TFSI]" anions.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Surprisingly, similar peaks are seen in the DSC heating traces of PVDF based composites

(Figure S 1a. [P1,2,][TFSI]/PVDF and b. [Csmpyr][TFSI]/PVDF composites). This provides

Open Access Article. Published on 04 February 2021. Downloaded on 2/8/2021 10:25:20 PM.

evidence that this new peak results from the interaction between [TFSI]- and PVDF. Another

(cc)

interesting observation is that the intensity of this new peak decreases with increasing of
PVDF, which is probably due to the insufficient OIPC to interact with PVDF when high loading
of PVDF is used. However, the exact phase structure of this new peak is worth investigation
in our future work. Also, with increasing vol% of PVDF, two overlapping peaks appear which
are shifted to higher temperatures with increasing PVDF loading. These two overlapping
peaks (occurring at the 137.5 and 152.2 °C) are similar to those observed in
[C,mpyr][FSI]/PVDF composites, as discussed later. The shifting of PVDF melting peaks to
higher temperatures suggests that a higher component of less-interacting PVDF remain in the
composite on increasing vol% of PVDF. Thus, the overlapping peaks approach the melting

peak of the pristine PVDF nanoparticles.
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Consistent with previous works,*43 the DSC traces of [Cmpyr][FSI] shows threg, Jyiaiol cosos;

transitions, the first two being the first and second solid-solid transitions and the third being
the melt of the OIPC (Figure 2b). [C,mpyr][FSI] has a crystalline phase | starting from -14 °C to
204 °C. On the addition of PVDF particles, the solid-solid transition peaks become distorted
while the melting peak begins to disappear (e.g. 50 vol% of PVDF, 50/50). This was attributed
to the interaction between [C,mpyr][FSI] and PVDF, which leads to the OIPC becoming less
crystalline based on the consideration of enthalpy change.3° Also, this interaction leads to the
formation of new overlapping peaks as seen at 135 and 145 °C which are proposed to result
from the formation of a PVDF-rich region which contains OIPC ions.33 These overlapping peaks
are different from the original melting peak of PVDF which occurs at 164 °C. However, at 70
vol%, there appears a third overlapping peak which is similar to that of the melting peak of
the pristine PVDF. This is because at higher loadings of PVDF, there is insufficient OIPC to
interact with the PVDF.

___\PVDF __A\PVDF
A 30/70 I’= 30/70
g 2 :
<ls 2lg —
o5 w5
- — - N S A 70/30
—_— A A A son0 N » 90110 )
IVl L u_ Melt  [Campyr][TFSI] mp o, [C;mpyrIlFSIl A meit
T T T T T T 1 T T T T T T T
-100 -50 0 50 100 150 200 100 -50 0 50 100 150 200
Temperature/°C Temperature/ °C
_ewr T
141 °C
s
3070 N IC;mpynIBFJ/PVDF
135 °C_
= '§ é '§ 112°C
©|u 30 HE s T NN [C,mpyr][TFSI/PVDF
- F| 11e%c
\ 90/10 " [C,mpyr][TFSIVPVDF
118°C
e
vl n 1 1 [Compyr][BF4] [P 1205l [TFSI/PVDF
-‘—\..&f T T T T T 1 T T T 1
-100 -50 0 50 100 150 200 120 150 180 210
Temperature/°C Temperature/°C

Figure 2: DSC traces of; a. [C,mpyr][TFSI] b. [C;mpyr][FSI] c. [Compyr][BF4] containing
10, 30, 50 and 70 vol% of PVDF (PVDF is shown in the dotted blue lines); d) comparison of

10


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ma00992j

Page 11 of 29 Materials Advances

melting phases of PVDF in the 50/50 composition of [CompyrlEEESH/RYDE oosss
[Compyr][FSI]/PVDF, [C,mpyr][BF4]/PVDF, [Csmpyr][TFSI]/PVDF and [P1,,,][TFSI]/PVDF

Figure 2c shows the DSC heating traces of [C,mpyr][BF,] and its composites. [C,mpyr][BF,]
shows three solid-solid transitions with a broad phase | that starts from 65 °C,*¢ and a high
melting point of 293 °C which falls outside the range of interest for this study (Figure S 1c).
On the addition of PVDF, the third solid-solid transition peak (phase Il to |, around 63 °C)
begins to shift to higher temperatures which further increases the phase Il range. This is
different from the observation in another work where [C,mpyr][[BF4] and PVDF nanofibre
interactions were studied. The difference could result from the much lower mass of polymer
fibres added to the OIPC.%8 It should be noted that the melt phase of PVDF observed in the
[C,mpyr][BF4]/PVDF composites appear different from those observed in [C,mpyr][TFSI] and
[C,mpyr][FSI]. No new phases are observed in the [C,mpyr][BF,;]/PVDF composites besides
the two peaks that appear at 141 and 148 °C. Similar to the [C,mpyr][TFSI] and [C,mpyr][FSI]
composites, the overlapping peaks of the PVDF melt phases occur at temperatures lower than
the melt of PVDF (160 °C). This suggests that the melt phases are related to the PVDF-rich

interphase formed in [C,mpyr][BF,]/PVDF composites, as explained earlier.

To further understand the anion effects of OIPC on melting of PVDF, we compare the melting

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

phases of PVDF in the 50/50 composition of [C,mpyr][TFSI]/PVDF, [C,mpyr][FSI]/PVDF and
[C,mpyr][BF,]/PVDF (Figure 2d). The PVDF melting peaks of [Csmpyr][TFSI]/PVDF and
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[P122,][TFSI]/PVDF are also presented. Surprisingly, new peaks similar to the peak occurring at
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112 °C for [Compyr][TFSI]/PVDF appears at 116 and 118 °C for [Csmpyr][TFSI]/PVDF and
[P122,][TFSI]/PVDF respectively. The occurrence of this new peak even when the [TFSI]-based
IL ([Csmpyr][TFSI]) is used confirms that its formation is a result of the interaction between
[TFSI]" anions and PVDF. The absence of this new peak in [C,mpyr][FSI]/PVDF and
[C,mpyr][BF,]/PVDF composites suggests different degrees of interaction between the OIPCs
and PVDF. This interaction accounts for the distorted solid-solid transition peaks and the
disappearance of the melting peaks observed in Figure 4(a-c), which suggest that the
crystallinity of OIPCs is supressed when they interact with PVDF, as previously reported.
10,19.21,22 The presence of the PVDF particles accounts for the loss of crystallinity of the OIPCs,

which leads to the formation of disordered OIPC/PVDF interphases.
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3.2 lonic conductivity DOI: 10.1039/DOMA00992J

Figure 3a shows the ionic conductivity data for [C,mpyr][TFSI] with different volume ratios of
PVDF. [C;mpyr][TFSI] melts at 89 °C (Figure 2a), thus, the measurement was ended at 80 °C
so as to maintain the experimental conditions before melting. The range of the study (30 °C
to 80 at °C) covers the phases Il and | of [C,mpyr][TFSI]. There is no observed jump in
conductivity because the transition from phase Il to phase | is a broad transition rather than
a sharp one.*® Surprisingly, the conductivity of the composite with 10 vol% PVDF (90/10)
improves significantly from 3.87 x 10° to 5.86 x 102 S cm at 30 °C, which is about an
order of magnitude enhancement compared to neat [C,mpyr][TFSI]. And more encouragingly,
the conductivity continuously increases to 5.94 x 10°S cm™ at 60 °Cwith increasing of PVDF
up to 70 vol%. Based on the discussion in the DSC section, we assume that interaction
between [Compyr][TFSI] and PVDF leads to the formation of disordered interphases which

accounts for the enhanced ionic conductivity .

The temperature-related ionic conductivity of the [C,mpyr][FSI] based composites with
different volume ratios of PVDF is presented in Figure 3b. Consistent with DSC results, the
conductivity plots do not show irregular jumps in the range between 30 and 120°C. The ionic
conductivity increases with increasing vol% of PVDF until the percolation threshold is
approached at 50 vol% (~55 wt%) of PVDF. This is different from Liy1[C,mpyr]oo[FSI]/PVDF

composite which percolates on addition of 60 wt% of PVDF particles.?>

Different from the above two OIPC/PVDF composite electrolytes, the ionic conductivity plots
of [C,mpyr][BF,] (Figure 3c) show a sharp jump during OIPC transition from phase Il to phase
I, as seen in the DSC results. This jump in conductivity is characteristic of [C,mpyr][BF,4] as
shown in previous reports, and furthermore, the OIPC shows increase in conductivity upon
addition of PVDF.1*2* However, there appears to be only a slight increase in the conductivity
after addition of PVDF nanoparticles. Beyond 50 vol% of PVDF, the conductivity begins to

decline again.
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Figure 3: Conductivity data for; a. [C,mpyr][TFSI]

containing 10, 30, 50 and 70 vol% of PVDF nanoparticles;

b. [Compyr][FSI] C.

[Compyr][BF,]

d. Comparison of the conductivity

of [C,mpyr][TFSI], [C;mpyr][FSI] and [C,mpyr][BF,] based composites with respect to vol% of

PVDF at 60 °C;

and [C,mpyr][BF,4] based composites with respect to vol% of PVDF at 60 °C;

e. Comparison of the relative conductivity of [C,mpyr][TFSI], [C;mpyr][FSI]

f. Comparison

of percentage increase in ionic conductivity increase with 50vol% of PVDF at different

temperatures (30 °C, 50 °C and 80 °C).
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In order to further compare the effects of PVDF on the conductivities of different-ORGC oo0s;

composites, we compare the conductivity dependence of the composites
([Compyr][FSI]/PVDF, [C,mpyr][TFSI]/PVDF and [C,mpyr][BF,]/PVDF) as a function of vol% of
PVDF at 60°C (Figure 3d). Considering the complexity of phase transitions of the three OIPCs
at different temperatures (e.g. [C,mpyr][TFSI] shows a broad phase transition below 40 °C
and melts after 80 °C),the 60 °C is selected for comparison. It is seen that ionic conductivity
increases with increasing vol% of PVDF nanoparticles for all the temperature points studied.
However, whereas there was a sharp drop in conductivity for [C;mpyr][FSI] and [Cmpyr][BF4]
based composites after 50 vol% of PVDF is exceeded, [C,mpyr][TFSI]/PVDF composites did
not experience a sharp drop but rather the ionic conductivity began to plateau. This suggests
that the interaction in the [C,mpyr][TFSI]/PVDF composites probably leads to the formation
of a thicker disordered interphase compared to the [Co,mpyr][FSI] and [Compyr][BF,]
composites. Figure 3e also compares the increase in the conductivity of the OIPC/PVDF
composites at 50 vol% of PVDF relative to the conductivity of the pristine OIPCs. Whereas the
relative increase in the conductivity of the [C,mpyr][TFSI] is obvious, the relative increase in

the conductivity of the [C,mpyr][FSI] and [C,mpyr][BF4] composites are almost similar.

The observed increase in ionic conductivity upon addition of PVDF to the OIPCs is as a result
of the formation of a disordered interfacial layer which begins to connect as the vol% of PVDF
particles increases. Beyond 50 vol% of PVDF, the PVDF particles begin to percolate and
become closely packed. Beyond the percolation threshold, the disordered interphase become
isolated islands rather than interconnected networks, thus, the conductivity begins to drop.3°
The closely packed PVDF particles lead to increased tortuosity (winding conduction pathway)

and hence the decrease in conductivity.

Figure 3f shows that, for the same vol% of PVDF, [C,mpyr][TFSI] shows a higher increase in
conductivity compared to [C,mpyr][FSI] and [C;mpyr][BF,]. Furthermore, the increase in ionic
conductivity of the composites follows the order [C,mpyr][TFSI] > [Compyr][FSI] >
[C;mpyr][BF,4]. This difference in ionic conductivity can be attributed to the difference in size,
charge distribution and strength of interaction between the anions of the OIPCs and PVDF.
[TFSI] and [FSI] are large anions that have diffused charges spreading through their S—
N-S core, through to their fluorine atoms. This effectively reduces their interaction with

the [C,mpyr]* cation, defining their properties.3! The [TFSI]- anion, with two -CF; groups, has
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a more diffused charge which accounts for the lower melting point of [CympyrlETESI:soa0ss
compared to the [C,mpyr][FSI] (two fluorine atoms). Thus, [TFSI] is less strongly bound to
[Compyr]* than [FSI]". On the other hand, the [BF,]" anion is a small anion with localised charge
concentration which results in increased interaction between the [C,mpyr]* cation and the

[BF,]" anion, thus reducing interaction with secondary components.3?

3.3 Crystal structure

The synchrotron X-ray diffraction experiments were performed to investigate the crystal
structure changes of the pristine OIPCs, their respective PVDF composites, as well as PVDF,
measured at the different solid-solid phases (Figure S2). The OIPCs approach crystal
orientations with less peaks which suggests increased symmetry as they progress through
different solid-solid phases with increasing temperature The diffraction patterns of the
OIPC/PVDF composites (Figure 4a-c) show features similar to those of the pristine OIPC with
the diffraction patterns of PVDF embedded in them, which suggests the bulk OIPC is the
predominant phase in the composite electrolytes. However, there are notable differences

between the peak positions of the pristine OIPCs and the OIPC/PVDF composites. The addition

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

of PVDF nanoparticles to [C,mpyr][TFSI] (Figure 4a), for example, leads to the shift of the OIPC
peaks to higher diffraction angles, which suggests the contraction of the unit cells of the OIPC

and the formation of solid solutions.>® The peak positions of [C,mpyr][FSI] composite (Figure

Open Access Article. Published on 04 February 2021. Downloaded on 2/8/2021 10:25:20 PM.

4b) do not appear to be significantly affected, compared to the pristine OIPCs, in spite of the

(cc)

peak broadening, which suggests the existence of non-uniform strain in the lattice of the
[C,mpyr][FSI]/PVDF composite. In the presence of PVDF, [C,mpyr][BF,] (Figure 4c) peaks
appeared to be shifted to lower diffraction angles suggesting that the sizes of the crystals
become smaller due to higher lattice strain when PVDF is added to the OIPCs.” Therefore, we
believe that the different peak shifts of the OIPCs on addition of PVDF are related to different
degrees of interaction with PVDF. In other words, this different interaction attributed to the

different anions, as explained earlier, leads to modifications within the crystal packing.

Furthermore, unlike the diffraction peaks of the pristine OIPCs, the peaks of the composites

samples are broad and less defined but the peaks become more defined as temperature
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increases (Figure S2b,d and e). Considering the DSC results as shown in Figure, 2,838 000s;

reasonable to conclude that the broadening of diffraction peaks is due to the formation of

disordered or amorphous phases at the interfacial regions between the OIPC and the PVDF

nanoparticles.

80°C

—— [CompyrI[TFSI|/PVDF
—— [Compyr][TFS]

| b1

100°C

—— [Compyr][FSIJ/PVDF
——— [Compyr][FSI]
—— PVDF

80°C
——[Compyr][BF J/PVDF
——[Compyr][BF,]
——PVDF
__J - JL | I
; é é 1|0 1|2 1I4 Tf
26/ degree

Figure 4: Synchrotron X-ray diffraction patterns for pristine; a.[Compyr][TFSI], b. [Cmpyr][FSI]

and c. [C,mpyr][BF,4], their 50 vol% PVDF composites and PVDF taken in their phase | region.
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3.4 Cation and anion dynamics DOI: 10.1039/DOMA00992J

Investigating the anion and cation dynamics is crucial for further understanding the phase
behaviours and transport mechanisms in OIPC/PVDF composites. Solid-state NMR is a
particularly useful technique for providing insights of ion dynamics. Figure 5 presents the
static 'H and °F comparison of the pristine OIPCs ([C,mpyr][TFSI], [Compyr][FSI] and
[Compyr][BF,]), their respective 50 vol% of PVDF composites and pristine PVDF nanoparticles,
measured at 60 °C. The composition with 50 vol% of PVDF was used for this study since the
PVDF particles approach close-packing at 50 vol% of PVDF. Generally, solid samples have
broad lineshapes owing to strong homo-nuclear dipole—dipole interactions for 'H and
chemical shift anisotropy (CSA) for 1°F. However, enhanced disorder and increased rotational
motion are able to suppress the effects of dipole-dipole interactions and CSA leading to the
narrowing of the linshapes.>?>3 At lower temperatures (e.g. -40 to 20 °C as seen in Figure S3),
the lineshapes of the pristine OIPCs and their corresponding composite materials appear
similarly broad, which suggests that the [C,mpyr]* cations, in both the pristine material and
the composite, are immobile at lower temperatures. But with increasing temperature, the
narrow component becomes prominent in the lineshape of the composites, suggesting

enhanced ion dynamics.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

The H NMR lineshapes of pristine ([C,mpyr][TFSI] (Figure 5a) and [C,mpyr][BF,4] (Figure 5c))

show broad lineshapes suggesting that the cations in the pristine OIPCs are not very mobile.

Open Access Article. Published on 04 February 2021. Downloaded on 2/8/2021 10:25:20 PM.

This is different from the *H NMR lineshape of [C,mpyr][FSI] (Figure 5b) which is narrow

(cc)

indicating high mobility of cations. However, on addition of PVDF, the 'H NMR lineshapes of
the respective composites develop multiple components. The multiple components originate
from the interaction of the OIPCs with PVDF (the deconvoluted peaks are shown in Figure 6d-
f). The presence of the narrow component suggests the presence of mobile cations
potentially originating from the disordered OIPC formed when the OIPC matrix interacts with

the PVDF matrix.
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Figure 5: Solid state 'H NMR spectra of; a. [C;mpyr][TFSI], [C,mpyr][TFSI]/PVDF and PVDF (Y,
Y’ and X); b. [C,mpyr][FSI], [Cmpyr][FSI]/PVDF and PVDF (Y, Y’ and X); c. [Compyr][BF.],
[C,mpyr][BF,]/PVDF and PVDF (Y, Y’ and X); Solid state °F NMR spectra of; d. [C,mpyr][TFSI],
[Compyr][TFSI]/PVDF and PVDF (Y, Y’ and X); e. [Cmpyr][FSI], [Compyr][FSI]/PVDF and PVDF
(Y, Y and X); f. [Compyr][BF,], [C;mpyr][BF,]/PVDF and PVDF (Y, Y’ and X). All the spectra were
obtained at 60 °C.

Figure 5d shows the single pulse static NMR of 1°F of [C,mpyr][TFSI] which shows a broad
lineshape with strong CSA patterns. In the presence of PVDF, as with the cation lineshapes
measured for the composites, the 1°F spectra display multiple components (Figure S 3a); a

broad component at the base with a narrow component superimposed on the broad
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component. Both PVDF and [C,mpyr][TFSI] have strong CSA patterns which are reflect€difis;ooos;
the composite. Interestingly, a significant new narrow peak located at -208 ppm is seen in the
lineshape of the [C,mpyr][TFSI]/PVDF composite. The presence of the narrow peak indicates
the presence of a larger population of highly mobile °F ions, which could be attributed to the
formation of disordered interphases. Furthermore, this narrow component of the °F
becomes prominent with increasing temperature (Figure S3a). In this system the °F PVDF has
a broad lineshape that overlaps with the line shape of *°F [C,mpyr][TFSI] due to their similar

chemical shifts.

On the other hand, [Compyr][FSI] and [Compyr][BF,] have different °F chemical shifts
compared to pristine PVDF as seen from 1°F-MAS (Figure S4b and c). The 1°F static NMR signal
of PVDF appears at -240 ppm as a broad peak whereas the °F signal of the [C,mpyr][FSI] and
[C,mpyr][BF,] appear at -77 ppm and -280 ppm respectively. The 1°F peak of PVDF is present
in the NMR spectrum of the composite but is shifted to -230 ppm. The shifting of the peak
position of PVDF in the composite is indicative of the interactions between the OIPCs and
PVDF as suggested by DSC (Figure 2) and this suggests that the interaction creates different
chemical environments for the fluorine atoms of PVDF. Figure 5f compares the °F static
spectra of [C;mpyr][BF,4], [C;mpyr][BF,]/PVDF and PVDF. In their pristine form, the 1°F static

NMR spectra of both [Compyr][FSI] and [C,mpyr][BFs] show line shapes with single

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

components. However, when PVDF is added, the base consists of a broad component which

has a narrow component superimposed on it, forming the second component. The presence

Open Access Article. Published on 04 February 2021. Downloaded on 2/8/2021 10:25:20 PM.

of the narrow component in the spectra of the composite indicates that some fraction of the

(cc)

anions become mobile upon addition of PVDF to the OIPC. This suggests that the OIPC

becomes more disordered in the presence of PVDF.

There are apparent differences of the composites which can be attributed to the different
behaviours of the OIPC anions. Whereas the lineshapes of the 'H and °F spectra of
[C,mpyr][TFSI]/PVDF composites appear to be much narrowed, [C,mpyr][FSI]/PVDF and
[C,mpyr][BF4]/PVDF composites are less affected relative to their pristine OIPCs. The data
also suggest that [C,mpyr][TFSI] strongly interacts with the PVDF particle interface compared
to the [C;mpyr][FSI] and [C,mpyr][BF,], and hence, the significant increase in conductivity
observed in the [C,mpyr][TFSI]/PVDF composites (Figure 3d). The lesser effect on ion
dynamics by the PVDF in the [C;mpyr][FSI] and [C,mpyr][BF4] materials is consistent with the
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equivalent relative increase in ionic conductivity in their respective PVDF composites (Figlré

3e).

Figure 6 (a, b and c) present deconvoluted static *H NMR lineshapes taken at 60 °C for
[Compyr][TFSI]/PVDF, [C,mpyr][FSI]/PVDF and [C,mpyr][BF;]/PVDF respectively. The H
lineshapes of the PVDF-composites of the respective OIPCs appear to have multiple
components. The 'H-MAS spectra of PVDF overlaps with those of [Compyr][TFSI],
[Compyr][FSI] and [Compyr][BF,4], which suggests that PVDF will have chemical shifts similar to
the OIPCs (as seen in Figure S4). As such, the broad component seen at the base of the
composite materials originates from the rigid PVDF which has homo-nuclear dipolar
interaction as its main T, relaxation mechanism. Another relatively broad component sits on
the PVDF base which consists of the OIPC ions that do not interact with the PVDF. Finally,
superimposed on this broad component is a narrow component. The presence of this narrow
component suggests that a fraction of the cations of the composites become mobile upon
addition of PVDF to the OIPCs. This occurs because the dynamics of a fraction of the cations
average out the homonuclear dipolar interact ions, leading to the narrowing of the peak

superimposed on the broad component.>*

To gain more insights on the effects of PVDF on cation dynamics, Figure 6 (d, e and f) compares
the full width half maximum (FWHM) of pristine [Compyr][TFSI], [C,mpyr][FSI] and
[C;mpyr][BF4] to their composites containing 50 vol% of PVDF (obtained from figure S3).
These comparisons clearly show the influence of the PVDF particles on the ion dynamics,
especially at higher temperatures, in the case of TFSI. This is consistent with ionic conductivity
analysis. The ion dynamics in pristine [C,mpyr][FSI] are already fast which is seen in the
narrow linewidths in the pristine OIPC. Upon addition of PVDF, the decrease in the cation
dynamics is only marginal, most likely because the OIPCs is already in its phase | and already

very plastic.

[C;mpyr][BF4] shows decreasing linewidths with increasing temperature (Figure S4) . At 60 °C,
a significant decrease in the linewidth is observed which is consistent with DSC data (Figure
2c). The composite, however, has a decreased in FWHM linewidth for narrow component
overlaid on the broad component indicating that the increase in cation dynamics in the

[C,mpyr][BF,]/PVDF composites even in the phase Il (eg. at 40°C). The sharp drop in FWHM
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observed in the pristine OIPC is not seen in the composite, and this consistent. withites;saess
broadening of the phase Il-I solid-solid transition evident in the DSC traces (Figure 2c) that
smears out this phase change. These differences in the progressive decrease of the linewidths
of the cations can also be attributed to the differences in the interactions of the OIPCs with
the PVDF particles. It should be noted that the dynamics of the °F static NMR of the OIPCs
could not be quantified by deconvoluting the peaks due to the strong CSA patterns in the
lineshapes of the OIPCS. The °F NMR of the OIPCs are not ideal Gaussian shapes because of

the strong CSA patterns.

a b c
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Figure 6. Deconvoluted VT 'H spectrum taken at 60 °C for; a. [C;mpyr][TFSI]/PVDF; b.
[Compyr][FSI]/PVDF; and c. [C,mpyr][BF,]/PVDF; Static *H full width half maximum of the neat

OIPCs and OIPC/PVDF composites (50 vol% of PVDF); d. [Compyr][TFSI] and

[Compyr][TFSI]/PVDF; e.[C,mpyr][FSI], [C,mpyr][FSI]/PVDF; f. [Compyr][BF,],

[C,mpyr][BF,4]/PVDF
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Regarding the nature of interaction, there are numerous interactions involved byt these g1 oo

mainly limited to the ‘dispersion’ class of forces (i.e. forces arising from various temporary,
induced, and permanent dipoles). While all of these forces exist to one extent or the other,
the phase behaviour of the anion and PVDF systems is determined by the strength of the most
dominant interaction which varies with each anion. These anion-polymer, dipole-dipole
interactions, are consistent with previous reports.33°> It is known that the electronegativity
difference between fluorine and carbon of PVDF (4.0 for fluorine vs 2.5 for carbon) gives the
C-F bond significant polarity/dipole moment.>® Therefore, the -CF, groups in PVDF easily
interact with other available dipoles. The nature of the anions account for the differing
strength of their interactions with PVDF. For [TFSI]- and [FSI]" anions, the asymmetrical
electron distribution leads to stronger permanent dipole-permanent dipole interactions with
PVDF. The strength of the permanent dipole- permanent dipole interaction is dependent on
the magnitudes of the dipole moments of the interacting dipoles. Particularly, the strong
electron withdrawing -CF; groups of [TFSI]" increases the polarity of the S=0 compared to
[FSI].>” Thus, the permanent dipole-dipole interaction between [TFSI]- and PVDF is stronger
than that between [FSI]- and PVDF. For [C,mpyr][BF,], although the dipole-dipole moment of
a single B-F bond is strong, the net dipole moment of [BF,]" is cancelled due to its high

symmetry,>® resulting in a weak temporary dipole—permanent dipole interaction with PVDF.

Based on the DSC, EIS, XRD,NMR results and the analysis above, we propose that, the
difference in their physical properties, chemical properties and interaction behaviours of the
OIPCs and PVDF originate from the different anions of the OIPCs, which accounts for the
different degrees of interactions between OIPCs and the PVDF particles. We therefore
propose the model in figure 7 to define the different phases and interphases formed in the
OIPC/PVDF composites. The model suggests that volume of bulk OIPC within which the
original ordering is retained, is reduced to form a disordered OIPC/PVDF interphase via the
interaction of the OIPCs with the PVDF. The extent of the interaction is dependent on the

anion of the OIPC which determines the thickness of the disordered interphase.
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Figure 7: Layered structure showing the different phases and their relative amounts in

OIPC/PVDF composites

4.0 Conclusion

In this study, three anions ([TFSI], [FSI] and [BF,]) with different sizes and charge distributions

were each coupled with [C;mpyr]* to form [Compyr][TFSI], [C;mpyr][FSI] and [C;mpyr][BF,].

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

These OIPCs were then combined with different volume fractions of PVDF nanoparticles. The

effect of PVDF addition on the thermal properties, ionic conductivity, ion dynamics and crystal

Open Access Article. Published on 04 February 2021. Downloaded on 2/8/2021 10:25:20 PM.

structure of the OIPCs/PVDF composites were investigated with respect to the pristine OIPCs

(cc)

so as to understand the effect of the anions in OIPC/PVDF interactions. DSC, EIS, NMR and
synchrotron XRD suggest different interactions between the anions and PVDF. In particular, the
asymmetrical structure and highly delocalized charge distribution of [TFSI]- induces stronger
dipole-dipole interactions than [C,mpyr][FSI] and [C,mpyr][BF,] OIPCs. This subsequently leads
to different degrees of enhancement in ion conductivity and ion dynamics and provides a
method to control ion conductivity in these composite electrolytes. The learnings here can
direct the selection of OIPC and polymer pairs that will have strong interfacial interactions
leading to a disordered and highly dynamic interphase, that when interconnected results in
higher ionic conductivities. Thus, future studies will be focussed on understanding the effects

of noncovalent forces, for example by computational simulations, on OIPC/polymer
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composite behaviours, and optimizing OIPC/polymer interactions by manipulating aniefisors;oses;

polymer chemistry.
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