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Solid composite electrolytes combining an ionic molecular phase to facilitate ion transport with a polymeric
component to provide mechanical strength are promising material for solid-state batteries. However, the
structure-property relationships of these complex composites are not fully understood. Herein we study com-
posites combining the non-flammability and thermal stability of the organic ionic plastic crystal (OIPC) N-
methyl-N-ethylpyrrolidinium bis(trifluoromethanesulfonyl) amide [Compyr][TFSI] with the mechanical strength
of acrylic polymer nanoparticles functionalised with sulphonamide groups having lithium counter-cations. The
effect of the formation of interfaces and interfacial regions between the OIPC and polymer nanoparticle on the
thermal stability, ion transport, morphology and ion dynamics were studied. It was found that the composites
where an interphase was formed by local mixing of the polymer with the OIPC upon heating showed higher local
disorder in the OIPC phase and enhanced ion transport in comparison with the as-prepared composites. In
addition, doping the composite with LiTFSI salt led to further structural disorder in the OIPC and a selective
increase in lithium-ion mobility. Such an improved fundamental understanding of structure, dynamics and
interfacial regions in solid electrolyte composites can inform the design of OIPC-polymer nanoparticle com-
posites with enhanced properties for application as solid electrolyte in batteries.

1. Introduction

The components of energy-storage devices, such as the electrolyte
and electrodes, interact via interfaces and interphases, which play a key
role in regulating the transport of matter and charge, and can determine
the extrinsic activity, stability and functionality of a device [1,2]. For
example, composite electrodes may contain an active material, poly-
meric binders that provide mechanical stability and conductive diluents
such as carbon black, to facilitate charge transport to the active material
[3], while the formation of the solid electrolyte interphase (SEI) layer
plays a key role in passivating the electrode surface. Where possible, it is
desirable to design interfaces and interphases with specific properties
such as enhanced ion transport that can contribute to the improved
functionality and reliability of the device [4]. Here we define an inter-
face to be the point at which two different components meet, and an
interphase to be a region distinct from the pure components themselves
(e.g. a region with enhanced structural disorder or dynamics, or where
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the components have mixed together). Important advances towards
safer operational devices have been achieved through solid-state elec-
trolytes. Their inherent mechanisms, such as their low diffusion of
matter, allow for control over the interphase growth and for stabiliza-
tion of the electrodes (e.g. Li metal) [1,5]. Solid-state electrolytes can be
inorganic (perovskite, garnet, sulphide-type materials, etc.) or organic
(ionic plastic crystals (OIPCs), polymers and composite systems) and
typically exhibit ionic conductivities up to around the order of 1073 S
em ™! at room temperature [6].

Composite solid electrolytes are a very promising approach as they
can combine the advantageous properties of their components [7,8]. For
example, composites between OIPCs and polymer nanoparticles have
recently been developed that combine the ionic conductivity,
non-flammability, non-volatility, plasticity, electrochemical, and ther-
mal stability of OIPCs, while at the same time offering the mechanical
stability (and potentially also chemical functionality) provided by the
polymer [9,10]. In these electrolyte materials the formation of interfaces
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and interphases has a critical function in achieving the desired proper-
ties. A structural model to describe the kind of interphases and interfa-
cial regions present in these composites has been proposed by Nti and
collaborators. This was based on the disruption of the ordered (N-ethyl
N-methyl pyrrolidinium bis(fluorosulfonyl)imide ([Compyr] [FSI]) OIPC
phase after the addition of two different polymer nanoparticles (poly-
vinylidene fluoride (PVDF) and polystyrene (PS)) and an analysis of the
interaction/affinity between those components [11].

However, the ionic transport mechanisms in OIPC-polymer com-
posites are still a matter of study and it has been proposed that the in-
crease in ionic conductivity observed in such composites (relative to the
pure OIPC) is associated with the formation of an interphase between
the OIPCs and polymer nanoparticles [11]. This interphase may feature
both increased structural disorder and dynamics, resulting in an
enhancement in local ion transport. It has been proposed that the higher
bulk ionic conductivity is attained when this interphase forms a
continuous network through the materials, termed the percolation
threshold [8]. This highlights the significance of understanding the ef-
fects of interphase phenomena that take place in these materials.

The experimental characterization of composite interfaces and in-
terphases can be challenging due to their dimensions, complexity,
morphology and inherent disorder, and this increases the difficulty of
understanding their formation and properties in terms of the interfacial
structures and chemistries [12,13]. Many techniques such as X-ray
diffraction, electron microscopy, and various forms of spectroscopy have
been used to understand interfaces. Solid-state nuclear magnetic reso-
nance (SSNMR) is a powerful technique for studying local disorder and
dynamics in hard or soft solids, amorphous, inhomogeneous or crystal-
line materials that can co-exist in energy storage materials [14]. In solid
OIPCs, polymers and composites electrolytes, ’Li, }°F, and 'H NMR have
been implemented to study the ion dynamics via line width analysis.
NMR signals from solid powder samples are generally broadened by
interactions determined by the rigid-lattice at low temperatures. As the
ion jump rates approach or exceed the NMR interaction frequencies at
high temperatures, peak narrowing is observed. Thus, two components
can often be distinguished, a narrow peak representing a mobile ion
fraction in a disordered/dynamic region such as an interphase or a grain
boundary, and a broad peak representing the less mobile ion fraction in a
more ordered region in the material [15]. In previous studies of
[Compyr][TFSI] and PVDF nanoparticle composites it was suggested
that the formation of disordered interphases led to an enhancement in
ionic conductivity of around one order of magnitude in the composite
with 10 v% of PVDF nanoparticles at 30 °C and this further increased
with increasing v% of the polymer [16]. This was also confirmed by the
narrow peaks observed in the 'H and °F NMR spectra after the addition
of PVDF to the composite and suggested that a fraction of ions becomes
highly mobile.

Ion motions also influence NMR relaxation processes such as longi-
tudinal relaxation (quantified by T;), offering an additional way to
probe their dynamics. For example, ’Li T, values at high magnetic field
strengths are sensitive to motions on a timescale of ns, corresponding to
vibrational motions of the Li ions and their surrounding environment
[17]. In the systems studied by Meabe and co-workers, where different
concentrations of LiTFSI salt were added to a polymer, the highest
conductivity of 3.2 x 107> Sem™! at room temperature was observed
after adding 30 wt% of LiTFSI. In addition, variable temperature T;
measurements enabled the calculation of the activation energies, cor-
relation times and quadrupolar constants of the systems. The analysis of
these parameters allowed the authors to conclude that as the LiTFSI
content was increased, the Li environment became slightly more sym-
metric due to Li ions coordinated by the TFSI anions rather than the
ether oxygens of the polymer. This trend increases with the Li salt
content and decreases the lithium ionic conductivity [18].

The Li doping of the OIPC component in polymer-based composites
also has been studied. Wang et al. prepared composites by coating a Li
doped [Compyr][FSI] layer on commercial PVDF nanoparticles [19].
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They observed increasing ion conductivity with mass loading content
until 30 wt% of polymer, after which it started to decrease. The con-
ductivity was attributed mainly to the conductive layer coated on the
polymer. They also studied the composite after melting the OIPC
component and observed a decrease in the ionic conductivity. These
results were supported by “Li NMR linewidth analysis, it was concluded
that an interaction between the Li ions and the polymer slow down the Li
ion dynamics. Crystalline, Li-rich phases in Li-doped OIPCs can also
decrease the ion conductivity. A recent study performed by Nti and
collaborators studied the interactions between the OIPC triethyl
(methyl)phosphonium tetrafluoroborate [P1252][BF4] and PVDF nano-
particles as well as the doping of the OIPC. They observed the formation
of Li-rich phases in the OIPC lattice after the Li-doping of the OIPC. This
phase was associated with poor ion transport properties, but could be
suppressed by the addition of PVDF nanoparticles, with the PVDF—OIPC
interphase formed in the polymer-based composite increasing the local
disorder of the OIPC and leading to enhanced ionic conductivity [20].

The works discussed above demonstrate the extensive efforts that
have been made to understand the interfacial properties that enhance or
decrease the desired properties of solid electrolytes in composites.
Herein, we correlate macroscopic properties such as ion conductivity
with the interfacial phenomena in a new chemical architecture of
composites consisting of the OIPC [Compyr][TFSI] and lithium func-
tionalised acrylic polymer nanoparticles (see Fig. 1). The polymer
nanoparticles consist of a crosslinked methacrylic polymer chain
including a side chain featuring a functional co-monomer lithium 1-(3-
(methacryloyloxy)propylsulfonyl)-1—(trifluoromethylsulfonyl)imide
(LiMTEFSI), structurally analogous to the TFSI anion and with lithium
ions as the cation [21,22]. These polymer nanoparticles exhibit a glass
transition temperature of 122 °C, an average particle size of 95 nm and it
was estimated that 80 mol% of the LiIMTFSI monomer resides at the
surface of the nanoparticles. These composites were designed to take
advantage of the intrinsic properties of the OIPC like plasticity, with the
mechanical strength and Li ions containing ionic functionalisation of the
polymer, and it is anticipated that the formation of interfaces and in-
terphases between these components will promote the ion transport of
the Li cations. Additionally, the effect of doping one of the composites
with LiTFSI was studied. It was already observed that the addition of Li
salt to the pure OIPC increases the ionic conductivity by three orders of
magnitude [9] and in these composites it may also promote the
compatibility between the polymer and the OIPC.

2. Experimental section

2.1. Preparation of polymer particles: [Compyr][TFSI] composites and
LiTFSI: [Compyr][TFSI]: polymer nanoparticle composite

The [Compyr][TFSI] OIPC and polymer nanoparticles were synthe-
sized following previously established procedures [9,21]. Lithium bis
(trifluoromethanesulfonyl) imide LiTFSI was purchased from Solvay and
used as received. The densities of [Compyr][TFSI] and the polymer
nanoparticles were measured at 25 °C using a helium pycnometer and
correspond to 1.43 g/cm® and 1.85 g/cm®, respectively. Four
polymer-based composites containing different volume percentages of
polymer nanoparticles (10, 15, 25 and 30 (& 2) v%) were prepared by
dissolving calculated amounts of [Compyr][TFSI] and polymer nano-
particles in dry methanol. For the preparation of LiTFSIy;
[Compyr]o o[ TFSI]:polymer nanoparticle composite electrolyte, LiTFSI
salt and [Compyr][TFSI], in [1:9] molar ratio, were also dissolved in a
mix of dry methanol and acetone, LiTFSI and [Compyr][TFSI] represent
12 and 63 (& 2) v% of the composite, respectively. Then, 25 (£ 2) v% of
polymer nanoparticles were added into the solution.

The resulting solutions were sonicated and stirred to form uniform
suspensions. The suspensions were cast on Petri dishes, and the meth-
anol was quickly evaporated under argon flow at room temperature. The
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Fig. 1. Molecular structures of (a) the OIPC, (N-methyl N-ethyl pyrrolidinium bis(trifluoromethanesulfonyll)imide [Compyr][TFSI], (b) the Li salt, Lithium bis

(trifluoromethanesulfonyl) imide and (c) the polymer.

samples were then packed into glass vials and the residual solvent was
removed on a Schlenk line at 50 °C for 24 h. A portion of the composites
with 25 v% of polymer nanoparticles and doped with LiTFSI were also
heated on a Schlenk at 90 °C while stirring for 2 h. The as-prepared 25:75
v% polymer nanoparticles: OIPC and doped composites (unheated) are
named as-prepared and as-prepared_doped, respectively, while the
samples heated at 90 °C (i.e., melting the OIPC component) are named
melted and melted_doped, respectively, throughout the discussion.
Finally, all samples were transferred into an argon-filled glove box for
storage and preparation for characterization.

2.2. Characterisation

2.2.1. Differential scanning calorimetry (DSC)

DSC measurements of the composites were carried out using a Met-
tler Toledo DSC1 instrument equipped with STARTeV6.10 software.
Approximately 7-12 mg of the composites were packed in aluminium
pans in an inert atmosphere and tested over a temperature range of
—120 to 140 °C at a scanning rate of 10 °C/min. To investigate the in-
fluence of thermal history of the samples, three thermal cycles were
performed for each sample. All samples were held at an isothermal
temperature of —120 °C for 30 min before heating.

2.2.2. Polarised optical microscopy

The OIPC and composite samples were first prepared for optical
microscopy by solvent casting the material directly onto a microscope
slide, using the solvents mentioned in Section 2.1, to study the com-
posites as prepared, and secondly by placing the samples on a micro-
scope slide, and squeezed with a glass cover after heating the materials
above the melting point of the OIPC in a hot stage. The temperature was

kept at 95 °C for 10 min before a cooling rate of 10 °C/min was used to
promote recrystallization. The polymer nanoparticles were placed on a
microscope slide as prepared. The images were captured with a polar-
ised optical microscope Nikon Eclipse Ti-U with 100x magnification at
room temperature.

2.2.3. Electrochemical impedance spectroscopy (EIS)

The average ionic conductivities of the composites were measured
using a biologic MTZ-35 driven by MT-lab software. The dried powder
samples were pressed between two stainless steel discs in a sealed KBr
die using a hydraulic press under 3 tons of pressure for 5 min. Each pellet
of 3 mm thickness was inserted into a hermetically sealed barrel cell. A
frequency range of 10 MHz to 1 Hz was studied using a voltage ampli-
tude of 0.01 V with temperature ranging from 30 to 70 °C at 10 °C steps.
Data was acquired during three cycles, a heating scan from 30 to 70 °C, a
subsequent cooling scan (70 to 30 °C) and finally, another heating scan,
with the objective to observe the reproducibility and any hysteresis that
might be present. Conductivity values were calculated from Nyquist
plots in which the touchdown point of the semi-circle corresponds to the
bulk resistance of the ionic conducting media. The Nyquist plots of the
composite as prepared and after melting the OIPC component at 30 °C
and 50 °C are presented in the supporting information (Fig. S1).

2.2.4. Solid-state MAS NMR (SSNMR)

The study of the molecular-level structure of the pure materials and
selected composites by solid-state MAS NMR experiments was carried
out with a Bruker Avance III 300 MHz wide-bore spectrometer with a 4
mm H/F-X double resonance MAS probe, at 12 kHz spinning frequency,
and Larmor frequencies of 300.13, 75.468, 116.6 MHz for 'H, 13C and
7Li, respectively. Samples were packed and sealed in 4 mm NMR MAS
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rotors in an argon-filled glovebox. '°F and “Li MAS NMR were per-
formed to average the chemical shift anisotropy (CSA) effects by spin-
ning the samples at 54.74° with respect to the external field. A cross
polarization (CP) pulse sequence was performed with decoupling to
increase the sensitivity of '3C by transferring magnetization from
abundant nuclei like 'H and !°F. Then, 1H-13¢ CcPMAS (with Bii
decoupling) spectra of the neat OIPC, polymer nanoparticles and
selected composites were acquired. Solid sodium fluoride (NaF), lithium
chloride (LiCl) and water were used as chemical shift references for 19g
(—224.2 ppm), ’Li (0.0 ppm) and 'H (4.8 ppm), respectively.

Static (i.e., without MAS) SSNMR experiments to study dynamics in
the pure materials and selected composites were carried out with a
Bruker Avance III 500 MHz wide-bore spectrometer with Larmor fre-
quencies of 194.3 and 470.4 MHz, for ’Li and 19 and using a 5 mm HX
static probe. Spectra were acquired with a single pulse experiment using
a 90° pulse in the case of 'H and “Li and Hahn echo experiments for *°F
with an echo time of 5 us. The sample temperatures were calibrated
using the 2%7Pb signal from lead nitrate [23]. Line widths reported
herein, correspond to the full width at half of maximum intensity
(FWHM) of the spectral peak measured as a function of temperature. The
sample temperature was equilibrated at each temperature for 10 min.
The temperature variation of the “Li and '°F spin lattice relaxation times
(T1) were also measured over the same temperature range using a
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saturation recovery pulse sequence. Sixteen relaxation delays were used,
varying from 0.1 ms to 60 s depending on the T; value. The resulting
data were fitted using a single exponential function using the Bruker
TopSpin software.

The '°F CSA patterns of the pure OIPC were also studied using static
Hahn echo experiments at —20 °C and 20 °C and echo delays from 5 us to
0.5 s. These measurements were performed in a Bruker Avance III 500
MHz wide-bore spectrometer with a 4 mm H/F-X-Y triple resonance
MAS probe equipped which enabled the use of 'H decoupling to remove
the 'H-'°F dipolar couplings.

3. Results and discussion
3.1. Thermal analysis

3.1.1. Polymer nanoparticles: [Compyr][TFSI] composites

The DSC thermal traces of pure [Compyr][TFSI] and the polymer
nanoparticles: [Compyr][TFSI] composites containing 10, 15, 25 and 30
v% of polymer nanoparticles are presented in Fig. 2. During the first
heating cycle, the pure OIPC goes through three solid-solid endothermic
phase transitions noted as IV — III, IIl — II, and II — I with onset tem-
peratures at approximately —85, 16 and 45 °C, respectively, before
melting at 91 °C, as reported previously [9]. These phase transitions are
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Fig. 2. DSC of (a) first and (b) second heating traces of the neat [Compyr][TFSI] and the polymer nanoparticles: [Compyr][TFSI] composites as a function of the
concentration of polymer particle (10, 15, 25 and 30 v%), (c) first and second heating traces of Li doped 25 v% polymer nanoparticles: [Compyr][TFSI] composite
noted as-prepared_doped and melted_doped, respectively and (d) comparison between the neat OIPC, 25 v% polymer nanoparticles: [Compyr][TFSI] composites (as-
prepared and melted) and Li doped 25 v% polymer nanoparticles: [Compyr][TFSI] composite (as-prepared_doped and melted_doped).
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also observed in the composites but with a lower enthalpy (see Table S1
a). Moreover, the melting peak in the composites is broader and its onset
temperature is shifted from 91 to 88 °C. In the second heating cycle of
the neat OIPC, the peaks of the phase transitions get narrower while the
melting peak gets broader which suggests that the crystallinity of the
OIPC component of these composites increased after melting and sub-
sequent cooling (see Fig. 2b).

In the DSC traces of the composites, the phase transitions of the OIPC
component can still be observed during the second heating cycle but
with a lower intensity compared to the first heating and shifted to
slightly lower temperatures (see Fig. 2a and b). These peaks also become
broader as the concentration of polymer nanoparticles increases,
reflecting an increasing level of disorder in the OIPC component.

In addition, in the second heating trace of the composites (without
additional Li salt) the appearance of a new peak with an onset temper-
ature at 60 °C can be observed to the left of the melting peak. This new
peak, which is not observed in the first heating trace, becomes more
prominent with the increase in polymer nanoparticle content. The first
heating traces of the composites are different to the second due to the
melting of the OIPC component between each scan, which enables
rearrangement of the OIPC molecules and recrystallization to take place.
Prior to this, the interaction of the OIPC and the polymer nanoparticles
creates a local disorder in the OIPC, close to the polymer nanoparticles,
as can be inferred from the broader melting peaks in Fig. 2a. This local
disorder close to the polymer nanoparticles is illustrated schematically
in Fig. 3a. The additional melting peak in the DSC (second heating) scans
of the composites suggests an additional component, formed after the
melting of the OIPC phase, with further increased disorder (relative to
the pure OIPC) resulting in a local decrease in the OIPC melting tem-
perature [11,24]. This peak indicates the formation of an interphase
where the OIPC interacts with (and possibly mixes with) the polymer
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chains during the melting of the OIPC component (Fig. 3b). This region
may also promote further disorder in the local OIPC structure as pro-
posed by Nti and co-workers [11]. The fact that the interphase melting
peak overlaps with the melting peak of the pure OIPC component in the
second heating trace of the composites hinders the calculation and
comparison of the entropy and enthalpy for these two components (peak
deconvolution is extremely difficult due to the asymmetric shape of
these peaks). These observations are also supported by a suppressing
effect in the enthalpy of the OIPC in the second heating in comparison
with the first heating and indicate that the composite systems become
more disordered (see Table S1 a).

3.1.2. Li salt — polymer nanoparticle composite

The effects of the addition of 1 mol% LiTFSI salt into the 25 v%
polymer nanoparticles: [Compyr][TFSI] composite was studied during
the first (as-preapred_doped) and second (melted_doped) heating, and
the DSC thermal traces for this sample are presented in Fig. 2c. This
concentration of Li salt was selected based on the increase of ionic
conductivity observed in a previous study of the pure OIPC [9,25].

The solid-solid phase transitions are observed in the composite
doped with LiTFSI salt during the first heating (as-preapred_doped), and
the addition of LiTFSI salt decreases the enthalpy of the OIPC further
suggesting that the local environment of the OIPC become more disor-
dered (see Table S1 b). Furthermore, these transitions are broadened
significantly after melting the OIPC component and recording a second
heating scan (melted_doped) indicating a high degree of structural dis-
order within the OIPC; indeed, the near complete absence of the solid-
solid phase transitions in the second scan suggests that the OIPC re-
tains its phase I character even at lower temperatures and it is followed
by a cold crystallisation before melting.

The melting peak of the OIPC in the Li-doped composites show onset

+

+

Polymer nanoparticles LiTFSI

Fig. 3. Schematic representations of (a) local disorder in the OIPC component close to the polymer nanoparticles before the melting of the OIPC component, (b) the
formation of an interphase (orange region) after further mixing of polymer nanoparticles and the OIPC after melting the OIPC component, with increased disorder in
the OIPC component, and (c) doping of the composite with LiTFSI. Schematic representations (d) of the distribution of Li ions in the polymer, the OIPC lattice

and LiTFSL.
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temperatures shifted to a lower temperature compared with the undo-
ped composites (70 °C during the first heating and at 65 °C during the
second heating) as shown in Fig. 2d. In addition, this peak is signifi-
cantly broadened in the doped system. Thus, more structural disorder
seems to be formed in the OIPC component of the composites after
adding LiTFSL. It is accepted that in the LiTFSI doped [Compyr][TFSI] a
Li rich eutectic solution at grain boundaries of the OIPC is the leading
mechanism of conductivity [9]. As a result of the OIPC cations
exchanging with Li on the surface of the nanoparticle a further Li doping
of the OIPC component occurs. This will also create greater local free
volume, disorder, and dynamics.

Thus, we observe the formation of two interfacial regions in the
composites before and after doping with Li salt. The first one shows local
structural disorder in the OIPC lattice, which is present in the composites
as prepared, and will be referred through the document as the “inter-
facial region”. The second one is characterised by further structural
disorder in the OIPC lattice because of the deeper mixing of the com-
ponents of the composites that occurs when the OIPC is melted, and this
will be referred to as the “interphase”.

100 um
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3.2. Crystallite morphology

Organic ionic plastic crystals can be optically anisotropic materials
and present birefringence as a result of the short-range disorder within
their long-range ordered crystalline lattices [26]. On the other hand,
completely amorphous materials such as polymers are optically
isotropic and do not exhibits birefringence [27]. The morphology of the
OIPC and composites was studied qualitatively using an optical micro-
scope to get insights about the crystallite size, structure, and distribution
(see Fig. 4). The images were taken at room temperature after solvent
casting the samples to study the materials as prepared and after heating
the samples above the melting point of the OIPC on a microscope
heating stage.

Pure [Compyr][TFSI] in the as prepared state displays a poly-
crystalline structure of crystal domains larger than 500 um (Fig. 4a and
b). The colors in Fig. 4 represent different orientations of the crystallites
delimited by grain boundaries. After adding the polymer nanoparticles
some regions with much smaller crystals (< 50 pm) are observed (see
Fig. 4c). The image of the as prepared composite with LiTFSI (Fig. 4d)

% ~
100 pm

Fig. 4. Polarised optical micrographs of (a) and (b) pure OIPC as prepared, (c) the 25 v% polymer nanoparticles: [Compyr][TFSI] composite as prepared, (d) Li doped
composite with LiTFSI as prepared, (e) the OIPC after melting the OIPC component, (f) 25 v% polymer nanoparticles: [Compyr][TFSI] composite after melting the

OIPC component, and (g) doped with LiTFSI after melting the OIPC component.
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shows more variation in colour indicating different crystal orientations,
suggestive of an increased level of disorder in this material than in the as
prepared polymer-based composite.

After melting and recrystallisation, the neat OIPC shows smaller
crystals on the order of 100 um with different orientations (see Fig. 4e)
indicating that more grain boundaries are formed after melting the OIPC
in comparison with the as-prepared sample. After melting the OIPC
component in the composite with 25v% of polymer nanoparticles,
polycrystalline spherulite-like domains greater than 100 pm in size are
observed with a increased amount of grain boundaries than the as-
prepared sample (Fig. 4f). This is attributed to the influence of the
polymer nanoparticles on the recrystallisation of the OIPC, which may
act as nucleation sites and direct the crystal growth. Doping the com-
posite with LiTFSI also leads to the formation of smaller spherulites than
those observed after melting the OIPC component in the polymer-based
composite thus leading to further reduced domain sizes as seen in
Fig. 4g, indicating more structural disorder after doping the composite
with Li. These observations again support the increasing disorder
observed in the DSC heating traces after melting the OIPC component in
the composite with lithium doping.

These images are consistent with the DSC results discussed in the
previous section, with smaller crystallites being accompanied by a
greater overall level of disordered grain boundary regions. Similar ob-
servations have previously been made by Ramos and collaborators in the
study of poly(ethylene oxide) (PEO) and OIPCs membrane composites
[28], who proposed that the OIPC might be confined by the polymer
component during the recrystallisation, further increasing the structural
disorder.

3.3. Ionic conductivity measurements

The ionic conductivities of the pure OIPC and a selected composite
with 25 v% of polymer nanoparticles as prepared (i.e., as-prepared) and
after melting the OIPC component (i.e., melted) and the Li doped
composite as prepared (i.e., as-prepared_doped) and after melting the
OIPC component (i.e., melted_doped) were measured as a function of
temperature through EIS experiments and the results are presented in
Fig. 5a. The experiments were performed from 20 to 60 °C to avoid the
melting temperature of the OIPC component. The observation of a single
well-defined semicircle in the Nyquist plots of all samples (Fig. S1)
suggests a single conductivity mechanism is present in all samples.

A general trend of increased conductivity with temperature can be
observed for the samples measured. It is also observed that the ionic
conductivity for the composite (where the OIPC component is more
disordered as observed in the DSC heating traces) is higher than the pure

a)
—*— OIPC

1E-54 " As-prepared
~ —o— Melted
5
(;; 1E-6 + .
~ ]
Z D%*
2 1E-7+ /;,,/’
3] i
S .//
2 E/ *
G 1E-84 . / -

1E-94 Phase Phase |

20 30 40 50 60

Temperature (°C)

Journal of Magnetic Resonance Open 14-15 (2023) 100095

[Compyr][TFSI] during the first heating (see Fig. 2a). There is no
observed jump in conductivity during the transition from phase II to I,
implying that this phase transition does not significantly affect the ion
conductivity mechanism.

A further increase in ion conductivity in the composite is observed
during the second heating (melted, Fig. 5a). This increase in conduc-
tivity can be attributed to the formation of the disordered interphase
region between the OIPC and polymer components as suggested by DSC
results, as well as the larger amount of OIPC grain boundaries observed
in the morphology study of the composites (Fig. 4). The interphase and
grain boundaries are both expected to feature increased disorder, dy-
namics, and free volume. Additionally, the [Compyr] cations may un-
dergo exchange with the Li on the polymer nanoparticles surface, there
may be a Li doping effect on the OIPC (further discussed through the
structural NMR analysis in Section 3.5), that facilitates the ion
conductivity.

The as-prepared_doped composite shows similar conductivities at
lower temperatures to the pure OIPC suggesting that the interfacial re-
gion between the OIPC, polymer nanoparticles and LiTFSI does not
improve the average ion mobility until phase I is reached. Conversely,
after melting the OIPC component in the doped composite the conduc-
tivity is observed to increase significantly (by more than one order of
magnitude at 60 °C in comparison with the OIPC). This can be attributed
to an increase in the mobility of the ions located in the disordered
interphase formed between the OIPC and polymer nanoparticles as a
result of the initial exchange between OIPC cations and Li on the poly-
mer nanoparticles that create a partial doping of the OIPC and the
further doping of the OIPC after adding LiTFSI leading to a higher
conductivity in melted_doped compared to melted (Fig. 5). These ob-
servations support the DSC and morphology analysis where more
structural disorder is observed in the doped composite after melting the
OIPC component in comparison with the as-prepared doped composite.
However, the melted_doped showed lower conductivity than the OIPC
doped with 0.9 mol% of LiTFSI studied previously [9], which showed
conductivity of almost two order of magnitude (i.e., from 10°® to 10° S
cm'!) larger than the OIPC at 27 °C indicating that the polymer nano-
particles restrict the mobility of the ions in the composite in comparison
with the doped OIPC.

3.4. Solid-state NMR analysis: structure

The pure [Compyr][TFSI], polymer nanoparticles, and composites
with 25:75 v% polymer nanoparticles: [Compyr][TFSI] as prepared (as-
prepared) and after melting the OIPC component (melted), as well as the
same composite with 1 mol% LiTFSI salt incorporated as prepared (as-
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Fig. 5. Ion conductivity as a function of the temperature of (a) the composites with polymer nanoparticles concentration of 25 v% as prepared (as-prepared) and
after melting the OIPC component (melted), and (b) the LiTFSI doped composite as prepared (as-prepared_doped) and after melting the OIPC component (mel-

ted_doped) against the ion conductivity of [Compyr][TFSI].
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prepared_doped) and after melting the OIPC component (melted_doped)
were studied by 13C CPMAS and '°F and 7Li MAS NMR experiments. The
!H-13C CPMAS NMR spectra for these samples and the assignment of
carbon resonances for the OIPC and the polymer nanoparticles are
presented in Fig. 6.

The crystalline structure of the OIPC results in narrower 'C peaks
than the signals from the polymer where the carbon sites exist in a
locally disordered structure. The as-prepared composite spectrum re-
sembles the pure OIPC, and polymer signals superimposed with slightly
broader OIPC peaks shifted to a lower chemical shift, suggesting that the
chemical environment of the carbons in the OIPC is altered to some
extent by the addition of polymer nanoparticles and that the OIPC and
polymer have mixed in the interfacial region. On the other hand, in the
melted composite some changes can be observed in the shape and in-
tensity of some of the polymer signals and in the OIPC linewidth of the
13C peaks where the narrower 3C peaks reflects the increase of the local
dynamics of the OIPC cations (i.e., rotations) in this composite. In
addition, these signals are shifted to a lower chemical shift than in
melted composite and suggest that the chemical environment of the
OIPC cations was altered after the addition of the polymer nanoparticles,
consistent with some mixing with the OIPC component in the melt state.

In the composite doped with the Li salt as prepared, changes in the
intensity and broad signals of the carbon environments that come from
the polymer are also observed in a similar magnitude to melted_doped
composite. The '3C peaks from the OIPC component show similar line-
widths than the pure OIPC but are shifted to lower chemical shifts than
the as-prepared and melted composites (see Fig. S2), suggesting that the
addition of LiTFSI further changes the local environment around the
OIPC cations. In addition, a new peak at 180 ppm is observed in both
doped composites. This is attributed to an interaction between the Li
cation of the Li salt with the electronegative oxygen of the carbonyl
groups at the surface of the polymer nanoparticles.

The changes in the chemical environment of the OIPC cation signals
indicated by the lower chemical shifts suggest an exchange of these
cations with the Li ions on the polymer nanoparticles, as will be dis-
cussed later, that allows an initial Li doping of the OIPC in the com-
posites as-prepared and melted and a further doping after adding LiTFSI.
These doping effects not only increased local disorder but also local
dynamics of the OIPC cations. It should be noted that the *3C signals
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from the CF3 groups of the polymer nanoparticles and OIPC are not
observed in these spectra due to the use of cross polarisation from H.

Changes in the average chemical environment of the Li ions were
observed in the composites with respect to the polymer nanoparticles as
can be seem in Fig. 7. A broad Li MAS NMR peak is observed for the
polymer nanoparticles as was expected due to the inherent structural
disorder in this material.

In general, the composites showed asymmetric “Li peak widths with
a noticeable shift to lower chemical shifts with respect to the polymer,
indicating a change in the surrounding structural environment of the Li
ions. In the case of the as-prepared composite, the peak was shifted as a
result of the interaction of the Li ions with the surrounding OIPC. Once
the OIPC is melted in the composite, the OIPC and polymer components
become more intimately mixed and as a result a further shift and broader
peak is observed for melted composite, indicative of more structural
disorder around the Li ions in the interphase. After doping the composite
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Fig. 7. "Li MAS NMR spectra of polymer nanoparticles, 25:75 v% polymer
nanoparticles: [Compyr][TFSI] composites as prepared (as-prepared) and after
melting the OIPC component (melted), and Li doped composites as prepared
(as-prepared_doped) and after melting the OIPC component (melted_doped).
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melting the OIPC component (melted), and Li doped composites as prepared (as-prepared_doped) and after melting the OIPC component (melted_doped). Molecular
structures of (b) [Compyr][TFSI] and c) polymer with partial assignment of the 3¢ peaks to certain structural sites.
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with the Li salt the 7Li signals in as-prepared_doped and melted_doped
appear very slightly further shifted to the right, but are quite similar to
the spectrum of melted composite. The changes observed in the shape,
linewidth and chemical shift in the composites suggest some type of
complexation or exchange of the lithium on the polymer nanoparticles
with other anions, in this case with the OIPC cations. This exchange is
greater in the composites after melting the OIPC component (i.e., melted
and melted_doped) and results in interphases with increased disorder
that facilitate the ion conductivity as discussed in Sections 3.1-3.3.

19F MAS NMR spectra were also acquired from the OIPC, polymer
nanoparticles and composites, and are shown in Fig. 8. A single '°F
isotropic chemical shift is observed for the pure OIPC, polymer nano-
particles and all four composites. However, the '°F signal of the polymer
is much broader than that of the OIPC and composites due to the higher
level of local structural disorder around the polymer anionic groups.

The '°F spectra of the composites appear very similar to that of the
OIPC and this is due to the dominance of the OIPC TFSI signal. However,
a slight broadening of the signal observed in the doped composites
suggests some increased structural disorder after the addition of LiTFSIL.
Due to the composition, the broader signal from the anionic polymer
groups will show a much lower intensity and is thus somewhat hidden
under the sharper TFSI signal (see peak deconvolution in Fig. S3).

Interactions such as chemical shift anisotropy (CSA) are inherent to
static °F NMR spectra and are related to the chemical environment, so
can provide information both on the structure (e.g. conformation) and
molecular dynamics such as rotations or reorientations of TFSI anions
[29]. Therefore, static 19 NMR spectra were also acquired from these
samples using a Hahn echo pulse sequence. Additionally, 'H decoupling
was used to remove the heteronuclear dipolar interactions with the
protons present on the [Compyr] cation, providing sharper '°F CSA
patterns. Interestingly, the fitting of the [Compyr][TFSI] static Hahn
echo NMR spectrum with a short echo delay time at 20 °C required three
distinct CSA patterns (Fig. 9 and Table S2) despite only a single isotropic
19F signal being observed by MAS NMR (Fig. 8).

These CSA patterns are postulated to arise from different confor-
mations of the TFSI anion (i.e., trans, cis and gauche). Previously, these
three different conformations of the TFSI ion were observed in liquid
LiTFSI-acetamide electrolytes with molar ratios of 1:2, 1:4, and 1:6 using
DFT simulations [30]. It was observed that the gauche conformation was
preferred when the concentration of acetamide molecules was low (i.e.,
electrolyte with molar ratio of 1:2) because it can help to reduce the
repulsion between Li cations in close contact in the electrolyte.
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Fig. 8. 19F MAS NMR spectra of [Compyr][TFSI], polymer, 25:75 v% polymer
nanoparticles: [Compyr][TFSI] composites as prepared (as-prepared) and after
melting the OIPC component (melted), and Li doped composites as prepared
(as-prepared_doped) and after melting the OIPC component (melted_doped).
Side bands are indicated with (*) in each spectrum.
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Fig. 9. Fitting static 19F NMR CSA patterns of [Compyr][TFSI] at 20°C for three
different conformations of the TFSI anion.
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However, a higher fraction of TFSI anions adopted the cis conformation
in the electrolyte with high acetamide concentration where strong in-
teractions between the TFSI anions and Li cations with acetamide occur.
Finally, the authors observed that TFSI anions adopted preferentially the
trans conformation with lower energy in the electrolyte with molar ratio
of 1:4. The cis and trans conformations have also been observed by
solid-state NMR, showing different isotropic chemical shifts [31].

The single isotropic signal we have observed in the MAS spectrum
indicates that these three conformations must undergo exchange on the
timescale of the MAS NMR signal acquisition (around 5 ms). The
assignment of these distinct CSA patterns to specific conformations
would require the parameters to be calculated from the different
structures, which is beyond the scope of this article. Further evidence for
the exchange between these sites is provided by the evolution of the
spectral line shapes as the temperature and echo time are varied
(Fig. S4).

3.5. Solid-state NMR analysis: dynamics

The analysis of SSNMR line widths and T; relaxation times were
employed in this study. These experiments are sensitive to rotational
and translational dynamics, and quantitative and qualitative informa-
tion on dynamics can be extracted from these parameters based on their
temperature dependence. The ion dynamics in the OIPC, polymer
nanoparticles and composites were studied using solid-state '°F, 'H and
7Li NMR carried out on static samples.

3.5.1. Line width analysis

Polymer nanoparticles. The effect of temperature on the lithium envi-
ronment and dynamics in the pure polymer nanoparticles was studied by
7Li single pulse static NMR experiments with the sample heated from 20
to 160 °C, followed by cooling (Fig. 10). During heating from 20 to 100
°C, the "Li line width decreases from around 2000 to 1200 Hz, reflecting
increased dynamics of the Li cations such as faster ion jumps that result
in motional averaging [17,32]. A dramatic increase in the 71i line widths
is then seen above 100 °C, reaching around 3400 Hz at 160 °C. When the
sample is cooled from 160 °C a further increase of the line width values is
observed.

This behaviour is related to the reorganization of the polymer
structure. Initially, the lithium ions are located primarily on the surface
of polymer nanoparticles associated with the anion of the side chain, and
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Fig. 10. "Li line widths of polymer nanoparticles obtained at a range of tem-
peratures between 20 and 160 °C, the vertical dashed line indicates the glass
transition temperature of the polymer at 122 °C.

they are surrounded by free volume. Above the glass transition tem-
perature of the polymer (122 °C) the polymer chains become dynamic
and entangle, resulting in the agglomeration of the polymer particles.
This process is irreversible, so when the temperature decreases the
nanoparticles remain agglomerated and a large fraction of the lithium
cations originally located at the particle surfaces are instead trapped
within the bulk agglomerated polymer, thereby restricting their
mobility. This results in the increased ’Li NMR line widths above 100 °C.
These line widths further broaden upon cooling due to a further
reduction in lithium mobility which reduces motional averaging. This
will be very detrimental to the composite electrolyte performance,
which is why the maximum temperature used in the other studies of this
work was restricted to below the polymer Tg.

Polymer nanoparticles: [Compyr][TFSI] composites and Li salt effect. The
ion dynamics in the pure OIPC, polymer nanoparticles and the as-
prepared composites and composites after melting the OIPC compo-
nent, were analysed via variable temperature 7Li, '°F and 'H static NMR
(selected spectra are shown in Figs. 11-13) in the temperature range
from 20 to 80 °C. The linewidths and area fractions were determined by
spectral deconvolution (see Fig. S4).

To compare the lithium mobility in the materials, the “Li static NMR
line widths during heating of the polymer nanoparticles and the com-
posites are presented in Fig. 11. “Li has a spin 3/2 and can therefore
exhibit multi component T, relaxation leading to the appearance of two
distinct line width components when the quadrupolar interactions
governs the relaxation [33]. However, this effect is not usually observed
in these types of composite materials, i.e., organic ionic plastic crystals
and polymers or OIPCs doped with Li salt. Rather, “Li solid-state NMR
spectra (as well as those of other nuclei as 'H and 19F) of OIPC-based
materials will typically show two populations corresponding to mobi-
le/diffusive ions and less mobile or static ions, whose relative fractions
will change with temperature [20].

The composite as-prepared ’Li line widths are significantly broader
than for the pure polymer as a result of the restriction of motion at the
polymer surface due to the surrounding OIPC. Measured line widths
after melting the OIPC in the composite (i.e., melted) are smaller
compared with as-prepared composite up to 50 °C. At higher tempera-
tures, both composites describe a similar trend with a slight increase of
the line widths in melted with respect to as-prepared. This observation
agrees with the formation of the composite interphase with increased
structural disorder discussed above (see thermal analysis, Section 3.1.1),
in which the lithium ions are more mobile and support the increase in
ion conductivity observed in melted with respect to as-prepared.

Line widths determined from ’Li static NMR spectra for composites
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as-prepared, melted, as-prepared_doped and melted_doped show an in-
crease in lithium-ion mobility with temperature in the composites as can
be observed in Fig. 11ab c and d. Contrasting behaviour was observed in
the doped composite along the phase transitions. The as-prepared_doped
showed similar linewidths at low temperatures (i.e., in phase II) to
melted, while the linewidths observed in the melted_doped were much
narrower in this region and similar to the polymer linewidths. Inter-
estingly, the “Li line widths appear to increase with increasing temper-
ature in melted_doped, consistent with the cold crystallisation observed
in phase I in the DSC results (Fig. 2c), which promotes a more ordered
environment surrounding the Li ions that limits their mobility. The
narrower ’Li line width of composites as-prepared_doped and melted_-
doped with respect to the other materials demonstrates a more signifi-
cant Li ion mobility once the polymer nanoparticles: OIPC composite is
doped with the Li salt and it is consistent with previous studies of the Li-
doped OIPC [20,34]. It may also be attributed to a further doping of the
OIPC as a result of the exchange between the Li cations at the polymer
nanoparticles surface with the OIPC cations. A further reduction after
melting the OIPC in melted _doped is also observed and can be attributed
to a further mixing of the Li salt with other composite components after
melting the OIPC.

As discussed above, the '°F static NMR spectrum of the pure
[Compyr] [TFSI] OIPC shows a departure from a typical single 1°F CSA
pattern, suggesting the presence of multiple fluorine environments
likely corresponding to the cis, trans and gauche conformations and un-
dergoing exchange as discussed above. The '°F line shape for the pure
polymer nanoparticles shows a very similar shape reflecting the same
TFSI-based chemical structure but appearing more broadened due to
increased local disorder (and potentially also dynamics) in the polymer
compared with the crystalline OIPC. The '°F spectra remain broad in the
pure OIPC and the polymer nanoparticles when the temperature is
increased from 20 to 50 °C, indicates that the TFSI groups are not un-
dergoing isotropic rotational dynamics on the us timescale (Fig. 12a).

A combination of narrow and broad '°F NMR line shape components
are present in as-prepared composite from 20 °C to 70 °C and in as-
prepared_doped composite from 40 °C to 70 °C during the first heat-
ing, note that at 20 °C a CSA pattern is observed, and a narrow
component could not be extracted (Fig. 12b and d). This effect is
commonly observed in both pure OIPC and OIPC composites. The nar-
row peaks are caused by motional averaging of the 1°F CSA and corre-
spond to a fraction of anions undergoing isotropic rotation, while the
broad component reflects the less mobile ions [15]. The fraction of the
narrow peak increases with temperature for both composites and higher
fractions are observed in the undoped composite at lower temperatures
while slightly smaller fractions are observed in the Li doped composite.

A further increase in the fraction of the mobile component can be
observed during a second heating (after melting the OIPC component at
90 °C) in the polymer nanoparticles: OIPC composite (melted). While the
highest fractions of mobile anions are observed in the composite doped
with Li salt after melting the OIPC component, melted_doped, the TFSI
ions mobility at first seems to become more hindered with increasing
temperature. Again, this is likely due to the cold crystallisation observed
during the thermal analysis, where, similarly to the discussion regarding
the Li ions mobility, a more ordered structural environment around the
TFSI ions limits their mobility (see Fig. 12¢ and d).

The addition of the polymer nanoparticles to the OIPC creates dis-
order in the lattice, disrupts the ordered crystalline structure of the OIPC
and allows the fraction of the TFSI anions present in the interfacial re-
gions to become mobile (no mobile anion fraction was observed in the
pure OIPC over this temperature range). However, the degree of disor-
der in the interfacial regions varies between the composites. The as
prepared composites as-prepared and as-prepared_doped are charac-
terised by more ordered interfacial regions that leads to lower '°F area
fractions indicating that TFSI ions mobility is limited in these materials.
On the other hand, after melting the OIPC component in the composites,
the contact between the OIPC and the polymer in the case of the melted
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Fig. 11. Static “Li Hahn echo NMR spectra at 20 °C and 50 °C of (a) polymer nanoparticles, (b) 25:75 v% polymer nanoparticles: OIPC composites as prepared (as-
prepared) and after melting the OIPC component (melted), (c) Li doped composites as prepared (as-prepared_doped) and after melting the OIPC component
(melted_doped) and d) Li NMR line widths as a function of the temperature of the composites as-prepared, melted, as-prepared_doped and melted_doped.

composite increases and facilitates the mobility of TFSI groups in the
interphase. Further structural disorder is created in the interphase after
doping the composite, i.e., in melted_doped composite, which leads to a
higher fraction of mobile TFSI ions.

The broad 'H NMR peak observed in the pure OIPC indicates that the
[Compyr] cations show strong homonuclear dipolar interactions
(Fig. 13a). In the polymer a much broader H peak is observed at 20 °C,
reflecting the much more disordered structure (and also less dynamics)
compared to the OIPC, but at 50 °C this peak is seen to narrow signifi-
cantly, indicating that a fraction of the protons in the polymer groups
increase their mobility with temperature even below the glass transition.

The 'H NMR spectra of the polymer nanoparticles: OIPC composite
as-prepared show a broad peak at 20 °C that gets slightly narrower with
temperature (Fig. 13b and c) and reflects the motional averaging of the
[Compyr] cations. As with the 1°F, these spectra reflect overlapping
signals from both the OIPC and the polymer itself. The increase in
mobility cannot be attributed only to the interphase because as
mentioned above at this temperature some protons also become mobile
in the polymer. During the second heating a narrower peak is observed

11

in melted than as-prepared at 20 °C and remains unchanged at 50 °C. It
indicates that the proton mobility in melted is enhanced by the inter-
phase formation and remains with temperature.

Once the polymer nanoparticles: OIPC composite is doped with the
LiTFSI salt, the 'H NMR spectra show a similar trend to the '°F spectra,
with both a broad and narrow component observed during the first and
second heating. The narrow peak fraction increases with temperature
(Fig. 13c and d) with a further increase of the fraction of the mobile
component in the melted_doped, composite, i.e., after melting the OIPC
component. The area fraction decreases in this composite as it ap-
proaches phase I, once again following the trends observed in the “Li and
19F linewidth analysis and consistent with the cold crystallisation phe-
nomenon previously described. These observations show that the addi-
tion of Li salt into these composites, i.e., as-prepared_doped and
melted_doped, promote even more the mobility of the OIPC cations
compared with the polymer nanoparticles: OIPC composites. The
incorporation of the Li salt increases the disorder and dynamics of the
OIPC phase.

In general, these NMR data show that the interphase formed in the
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melted_doped.

polymer nanoparticles: OIPC composites promotes the mobility of
lithium ions, as well as a fraction of the OIPC anions and cations thereby
explaining the observed increase in ion conductivity, which will be
contributed to by the average mobility of all of these charged species in
the composites as-prepared, melted and melted_doped. The increase in
ion mobility observed in the as-prepared_doped composite also explains
the similar ion conductivity of this material to the pure OIPC. Addi-
tionally, the broad and narrow peaks observed during the line shape
analysis are consistent with the presence of submicrometric crystals and
significant fractions of disordered grain boundaries as observed in the
morphology studies.

3.5.2. Tj relaxation times

Information about ion dynamics was also extracted via measurement
of the spin-lattice (T;) relaxation times of 19F and Li of [Compyr] [TFSI],
the polymer nanoparticles, and composites (i.e., as-prepared, melted, as-
prepared_doped and melted_doped These times were measured during
heating of the samples from 20 °C to 80 °C (see Fig. 14a and b).

The T; relaxation time is a measure of the timescale of the return of
the nuclear magnetisation to thermal equilibrium, a process driven by

dynamics occurring on frequencies at or near the resonance (Larmor)
frequency. These dynamics, such as molecular rotations, are thermally
driven processes with an associated activation energy Ex. A T; minimum
is observed when the inverse of the motional correlation time matches
the Larmor frequency and therefore causes the most efficient longitu-
dinal relaxation. The dependency of T; with temperature, in the simplest
cases where a single relaxation mechanism is present, is then described
by a characteristic V-shape. Therefore, depending on the frequency of
the dynamics driving the relaxation, T; values can either increase or
decrease with temperature (as seen in Fig. 14). 'H T, values are not
presented due to the overlapping signals from the OIPC and polymer
hindering the analysis of the data.

The 7Li T; relaxation times of the polymer nanoparticles and com-
posites measured as a function of temperature are shown in Fig. 14a. "Li
T, values are sensitive to jumps of the Li ions between different sites, as
well as the rearrangement of the local structure around the Li. A general
trend of decreasing T; values with increasing temperature is observed
where the composites show a greater variation with temperature
compared with the polymer. A sudden decrease in the T; value of as-
prepared is observed at 40 °C when the OIPC transitions from phase II
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to I (see thermal analysis, Section 3.1.1.), this behaviour is not observed
in melted composite which showed T; values lower than as-prepared
even after melting the OIPC component at 80 °C and indicating higher
Li dynamics in the phase II of melted. This observation can be attributed
to more local structural disorder in the OIPC in melted compared with
as-prepared because of the interphase formation (see Sections 3.1 and
3.2).

A reduction in the “Li T; values with temperature is also observed
after doping the composite with Li salt. However, the T; values of as-
prepared_doped were shorter than melted at 20 °C and 40 °C and
longer at higher temperatures. These observations indicate that the Li
dynamics along phase I is lower in as-prepared_doped than in melted but
higher in phase II. This also agrees with our ’Li linewidth observations
where Li mobility is also restricted in phase I and facilitated in phase II.
After melting the OIPC component further shortened T, values can be
seen in both phase II and I indicating increased Li ion mobility. As the
samples approach their melting temperatures and transition to the liquid
state allowing a higher Li mobility (see Section 3.1), the relaxation times
become similar for all of them.

7Li T; values are lowest of all in the pure polymer nanoparticles. This
suggests different dynamics in the composites and the polymer, and this
can be understood in a similar way to the ’Li line width measurements
discussed above. For the pure polymer, the Li ions located at the
nanoparticle surfaces are surrounded by free volume and thus have a
large degree of freedom to move. In the case of the as prepared com-
posite, the Li ions located at the surface of the polymer nanoparticles
become surrounded by the OIPC, and this can restrict their mobility. On
the other hand, the restricted Li ion mobility in the melted composite is
countered by the interphase formed between the OIPC and the polymer
that forms and promotes local disorder, so the ions can move more freely
again. As the temperature increases, the dynamics of the melted com-
posite tend to be like the polymer, where the Li ions associated with the
anionic side chains seem to be more dynamic due to the surrounding free
volume. Further disorder in the interphase is created once the polymer-
based composite is doped with Li salt and this further increases the local
mobility of the Li ions with the temperature with the exception of the as-
prepared_doped composite along phase I where the Li mobility is
restricted indicating a more organised interfacial region than the
interphase in melted composite.

The '°F Ty relaxation times as a function of temperature are pre-
sented in Fig. 14b. These values will be sensitive to both the rotations of
the CF3 groups, as well as reorientations of the TFSI anions as a whole.
When the temperature of the OIPC is increased from 20 to 70 °C, the 19
T, values increase. As with the decreasing 7Li Ty values, this reflects
increasing dynamics of the anionic groups in the material, in this case in
the temperature regime above the T; minimum. Once the OIPC reaches
the melting temperature, the liquid state allows a high mobility of the
anion, and this results in the onset of additional dynamic modes and a
resulting decrease in the '°F Ty at 80 °C.

In the case of the OIPC, all the anions are surrounded by closely
packed cations and may undergo isotropic rotation, while for the pure
polymer beads the anions are on the end of the polymer nanoparticle
side chains which “dangle” into free space and will restrict full reor-
ientation. It is important to note that the '°F NMR signals measured from
the polymer-based composites reflect a predominant contribution of
TFSI anions in the OIPC and a minor contribution of TFSI groups on the
polymer (Fig. 14b).

The melted composite showed similar °F Tjs to as-prepared,
implying similar TFSI dynamics at this timescale. After doping the
polymer-based composite the longer T; values shown in as-
prepared_doped than melted_doped indicate that the anion dynamics
are restricted as a result of a more organized chemical environment in an
OIPC-based interfacial region as was discussed in Section 3.1. On the
other hand, in the other composite, i.e., melted_doped, the ions can
interact with the Li salt and promote structural disorder in the inter-
phase leading to more TFSI anion mobility.
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4. Conclusions

The phase behaviour, structure and dynamics of solid electrolyte
composites between lithium functionalised polymer nanoparticles and
the organic ionic plastic crystal [Compyr][TFSI] were investigated. The
thermal properties, morphology, ion conductivity, and structural and
dynamics studies of the composites as prepared and after melting the
OIPC component suggested a disruption of the crystalline lattice of the
OIPC after adding the polymer nanoparticles leading to formation of
disordered interfacial regions in the composites. Generally, the forma-
tion of more local structural disorder correlates with increased ion
conductivity and ion dynamics of lithium, as well as the OIPC cations
and anions, in these composites. After melting the OIPC component, the
more intimate mixing of the OIPC and polymer at the interphase results
in a further increase in local disorder and ion mobility. In addition, the Li
doping of a selected composite with LiTFSI was studied. The interfacial
regions formed were characterised by additional disorder compared
with the polymer-based composites leading to further increases in dy-
namics of lithium ions, and OIPC anions and cations.

These findings highlight the importance of understanding the prop-
erties of new interfacial regions of polymer electrolyte composites and
the effect that interface regions can have on desired properties like Li ion
dynamics and ionic conductivity. Further studies with different polymer
morphologies and OIPCs chemistries are needed to design electrolytes
with improved target properties.
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