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Paddle-wheel mechanism in doped
succinonitrile—glutaronitrile plastic electrolyte:
a joint magnetic resonance, dielectric, and
viscosimetry study of Li ion translational

and molecular reorientational dynamics

a

S. Lansab, (2 *® B. Grabe (2 ° and R. Béhmer
Mixtures of 60% SN (succinonitrile) and 40% GN (glutaronitrile) doped with LiTFSI or LiPFg at different
concentrations are investigated using dielectric spectroscopy. Room temperature conductivities up to
107° S cm™! are measured along with an overall conductivity enhancement of almost five decades
compared to pure SN. Additionally, the dynamics of the methylene (CD,) groups of SN and that of the
Li* ions within the mixture are studied in a wide temperature range using °H and ’Li NMR relaxometry,
respectively. Static-field-gradient proton NMR combined with viscosity measurements probe the
molecular diffusion. GN addition and Li doping both enhance the electrical conductivity significantly,
while leaving the reorientational motion within the matrix essentially unchanged. The times scales and
thus the effective energy barriers characterizing the Li ion motion as well as the molecular reorientations
are very similar in the liquid and in the plastic phases, findings that argue in favor of the presence of a

rsc.li/pccp paddle-wheel mechanism.

1. Introduction

In recent years, the need for powerful energy-storage solutions
has become crucial for a more sustainable future, where fuel-
based energy sources cease to be an option and where green
energy is expected to play a major role. A transition to such a
future requires efficient energy materials, hence the need for
better electrolytes. These materials must satisfy several condi-
tions, including electrochemical aspects, such as an ionic
conductivity of at least 10™* S em ™" and a high electrochemical
stability, as well as practical, safety-, and economy-related
aspects.

Whether used as simple plasticizers among more complex
systems or as main matrices, dinitriles such as N=C-(CHy),~
C=N are subject to extensive research and have proven to be
suitable electrolytes for Li ion batteries when doped with
sufficient amounts of Li salt."! Their relatively high ionic
conductivity, even in the absence of a dopant,'? alongside with
their low toxicity and low flammability, make them particularly
compelling candidates for battery research.
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Since dinitriles are highly polar and can dissolve enor-
mously large amounts of Li salts,'* when doped with Li ions
they can reach room-temperature ionic conductivities of up to
6 ~ 107> S ecm %? On top of that, dinitriles show a large
electrochemical stability window (up to 6 V vs. Li*/Li)° and a
better electrode/electrolyte interfacial resistance than conven-
tional inorganic solid-state materials."* Compared with con-
ventional polymer electrolytes, nitrile-based ion conductors
require smaller amounts of doping and are easier to produce.

In that sense, succinonitrile (SN, n = 2) is particularly
interesting for pliable or stretchable cells because it exhibits a
plastically crystalline phase.””™"” In this phase, its molecular
constituents exhibit partial alignment arising from the orienta-
tional degrees of freedom that are located on well-defined
lattice sites.'® Thus, this electrolyte allows for a large degree
of mechanical flexibility and high deformability. Additionally,
Angell has shown that the temperature window in which the
plastic phase exists, happens to be easily extendable by adding
a sufficient amount of glutaronitrile (GN, n = 3)."°

Moreover, Geirhos et al.?® reported that the ionic conduc-
tivity of LiPF, doped SN increases by about 3 decades when
adding GN. These authors observed a strong coupling between
the ionic conductivity of the Li ions and the reorientational
motion of the matrix molecules when increasing the GN frac-
tion. These findings were suggested® to be compatible with the
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previously discussed “revolving door mechanism’,>"?
mixtures of different other nitriles with SN.>* The relevance of
this mechanism in a wide range of different solid electrolytes
and the exciting prospects this offers for the design of future
materials was recently reviewed.>*

Additionally, several studies provided valuable information
regarding the structure of SN before and after Li ion
incorporation.’®**3? In its plastic phase, SN crystallizes in
a cubic structure with a lattice constant of a = 6.341 A."®
In particular, incorporation of salts such as LiClO, or lithium bis-
(trifluoromethanesulfonyl)imide (LiTFSI) does not alter this lattice
spacing.”” Furthermore, X-ray absorption spectroscopy at the
Cu K-edge reveals that the cations (in CuTFSI doped SN) occupy
well-defined sites in the cubic lattice. These are each coordi-
nated by four SN molecules which “persists even in the molten
host”.?® Furthermore, a variety of Li-ion solvation structures
were identified in SN by means of combining ultrafast vibra-
tional spectroscopy and quantum chemical investigations,
where the latter reveal, e.g., for a Li'-SN; complex “that there
are four possible conformations for one Li" directly binding to
3 SN molecules”.*" Taking the conformational changes into
account, for the condensed phases one thus expects a large
multiplicity of charge environments at the cationic sites.

Recently, Sasaki et al®* conducted molecular dynamics
simulations of the Li ion transport within an SN matrix: These
authors suggested a two-step migration process, where first, in
the vicinity of a vacant Li site, a gauche-to-trans isomerization
of two SN molecules takes place, followed by a swing motion by
one of them “holding Li-ions towards the vacancy”.*®

Interestingly, for GN fractions on the order of 15%,
Zachariah et al®* reported a breakdown of the correlation
between reorientational motion and doping induced conduc-
tivity. Furthermore, these authors ascribed their findings to a
conductivity process arising from the self-diffusion of a minor-
ity of ionized dinitrile molecules.

Finally, in nitrile materials the mutual distances between
the sites participating in the Li ion exchange can be relatively
long (&5 A for Li(N(SO,F),)(SN),),*® while low activation ener-
gies against Li hopping have been reported.'>***® The ionic
transport mechanism causing these low activation energies is
not fully understood, and deeper insights regarding the inter-
actions governing the charge dynamics are needed to optimize
wider applications. In particular, the relationship between
the molecular reorientation of the nitrile molecules and the
lithium hopping process requires further clarification.”

In this context, nuclear magnetic resonance (NMR) spectro-
scopy has established itself as a primary technique for the study
of Li electrolytes.*®** Indeed, it has the advantage of being
element specific, allowing for an independent investigation of
the reorientational motion of the matrix, here through the
nitrile molecules, as well as of the hopping motion of the Li
ions that are involved in the conduction process. Therefore, if
the Li ions within the SN-GN matrix occupy distinguishable
environments, the Li spins resonate at different frequencies
which then can be detected using suitable NMR experiments.
The resulting distribution of the different resonance frequencies

also in
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usually provides valuable information about the relevant inter-
actions and thus on the nature of the charge transport process.

Furthermore, with the availability of perdeuterated SN
(SN-d,),** ?H NMR can be exploited to directly probe the matrix
dynamics through the reorientational fluctuations of the C-D
bonds.*> Additionally, one can use 'H NMR to monitor the
dynamic behavior*® specifically of the GN molecules in the
same binary system, for instance, by means of NMR diffuso-
metry. This latter method, combined with viscosity measurements,
provide deep insights into the type of dynamics occurring within
the matrix and help to clarify how the addition of GN contributes
to the overall conductivity enhancement.”® Additionally, abrupt
viscosity changes are useful to unravel the phase transitions of
SN-GN mixtures.

Similarly, dielectric spectroscopy yields helpful information
regarding the reorientational dynamics within the matrix. It is
sensitive to the molecular (electric) dipole moment which for
the dinitriles happens to be large (around 3.9 D for SN and
GN)."”” The combination of dielectric and NMR spectroscopy as
well as the combination of ?H and “Li NMR thus can elucidate
the possible correlation between reorientational motion and
ionic charge transport.

Finally, based on the classification of correlated dynamics
discussed by Jansen®* and with the information obtained from
the present NMR data in combination with dielectric and
rheology results, we will provide a clarified picture on how
the Li ions and the nitrile molecules dynamically cooperate.

In the present work, we investigate the ionic conductivity
and reorientational dynamics of the plastic mixture of 60% SN
and 40% GN doped with 1% and 5% of LiTFSI or LiPFs. We use
dielectric spectroscopy and viscosimetry as well as "H, *H, and
7Li NMR. The dynamics of the Li ions as well as that of the
matrix is thoroughly studied via deuterated SN. In addition,
detailed comparisons with previous results**° obtained for
undoped 60SN-40GN mixtures are provided.

2. Experimental details

Protonated GN (stated purity 99%) and protonated SN (99%) as
well as LiTFSI (99%), all purchased from Sigma-Aldrich, are
used in this work. The deuterated SN (degree of deuteration:
91%) is from the previously used batch.*® LiPFg (98%) was
acquired from ThermoFischer Scientific. All samples were
prepared inside a glovebox, where 60% SN and 40% GN were
mixed as reported earlier.*® The Li salts were first dried at T =
353 K for a minimum of 8 hours directly before use. Afterwards
they were ground to optimize dissolution and added to the
nitrile mixtures under heavy stirring. Karl Fischer titration
showed water fractions of less than 0.05% for all investigated
samples. After several freeze-thaw-pump cycles the NMR sam-
ples were flame sealed in glass tubes.

The "Li spectroscopy measurements were carried out using a
home-built spectrometer operated at a Larmor frequency of
116.9 MHz. To record “Li solid-echo spectra, the 90° “Li pulse
was 3 pus long. A Gaussian apodization with a spectral width of
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1 kHz was applied. The software package DMFit was used to
analyze the spectra.’® For ’Li relaxometry, a saturation recovery
pulse sequence followed by Hahn-echo or solid-echo refocusing
was used.

NMR deuterium relaxometry and proton diffusion measure-
ments were performed using home-built spectrometers oper-
ated at Larmor frequencies of 46.5 MHz for *H and 87.0 MHz
for 'H. Deuteron spin-lattice relaxation times T, were mea-
sured using an inversion recovery pulse sequence augmented
by Hahn-echo or solid-echo rephasing. Deuteron spin-spin
relaxation times T, were obtained by employing Hahn-echo or
solid-echo pulse sequences. Static field-gradient NMR was used
to probe the proton diffusion in the samples. These experi-
ments were conducted in the fringe field of a superconducting
magnet employing a constant gradient strength of g = (34.1 +
0.2) T m " as described previously.*®

The “Li diffusion experiments were performed with a Bruker
Avance III HD Nanobay 400 MHz spectrometer equipped with a
5 mm RT BBFO smart probe using stimulated echoes including
longitudinal eddy current delays with bipolar gradients and
spoil pulses.’® The probe’s maximum gradient strength of
about 0.5 T m™' was calibrated using doped D,O water (P/N
710906), containing 1% H,0, 0.1% GdCl;, and 0.1% "*CH;0H.
The diffusion coefficients were determined by linearly varying
the gradient strength in 16 steps between 10 and 80% of its
maximum using gradient pulse lengths ¢ between 1.6 and
2.8 ms, diffusion delays A between 0.3 and 1 s, and a 90° "Li
pulse of 9.0 ps.

Dielectric spectroscopy experiments were carried out in a
Novocontrol system in combination with an Alpha impedance
analyzer and a Quatro temperature controller. The frequency
range from 10~ to 10° Hz was scanned. The typical tempera-
ture stability was £0.1 K.

Rotational viscosities were recorded in the liquid phase of
the samples and in the linear-response regime using an Anton-
Paar MCR 502 rheometer and an EVU20 temperature module at
a typical temperature stability of £0.2 K. The sample was placed
between two plates separated by d = 0.9 mm. The upper plate
rotates with an angular frequency w,. leading to a shear rate
7 = wyor/d, while the lower plate with a diameter of 2r = 50 mm
is fixed.

3. Results and analyses
A. Dielectric spectroscopy

To probe the reorientational motion of the matrix and the
conductivity enhancement after doping, we conducted dielec-
tric spectroscopy measurements during cooling on three
(SN-d4)0.6(GN)o.4 mixtures: These were doped with 1% LiPF,
5% LiPFg, or 5% LiTFSI. Ref. 37 presented modulus losses for
samples with 5% LiTFSI doping, but neither conductivity nor
permittivity were reported, two quantities that we find particu-
larly useful for comparison with our NMR results. Furthermore,
although dielectric data for 1% LiPF¢ doped SN, ¢GN, 4 were
presented in ref. 20, here we measured this sample to ensure a
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Fig. 1 Frequency-dependent measurements of (a) the electrical conduc-
tivity, (b) the real part, and (c) the imaginary part of the complex permittivity
of (SN-d4)o6(GN)o4 doped with 5% LiTFSI. The temperature range for
frame (a) is between 213 and 177 K, while that for frames (b) and (c) is
between 162 and 141 K. The crosses in frame (c) show dielectric losses for
undoped (SN-d4)o 6(GN)o 4,*8 acquired at T = 160 K. In this plot, these data
are displayed with a relaxation strength that was rescaled by a factor of
0.22. The solid lines in frame (c) reflect fits using egn (1) withy = 0.5 +£ 0.1

better overall comparability of our results also in view of the
dependence on the Li salt concentration.

The results for the sample with 5% LiTFSI are presented in
Fig. 1, where frame (a) shows the real part of the frequency
dependent electrical conductivity ¢’(v), focusing on frequencies
for which electrode polarization is not relevant. The dc con-
ductivity corresponds to the plateau g4, observed in ¢’(v), which
for T'=231 K appears near 10 * S cm ™", This value indicates an
exceptionally high ionic conductivity. For the mixture without
Li doping, at the same temperature we observed a dc plateau of
about 1077 S em™".*® This difference implies a LiTFSI doping
induced conductivity enhancement of at least three decades,
in agreement with that reported for similar mixtures doped
with various other Li salts.>*** Towards lower temperatures,
the plateau in ¢’ shifts to lower values and lower frequencies.

Fig. 1b and c show the frequency dependent dielectric
constant ¢’ and the dielectric loss ¢”, respectively, measured
at various temperatures. As the frequency increases, the dielectric

This journal is © the Owner Societies 2023
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constant ¢’ displays a steplike decrease from about 50 to 5, while
between 162 and 147 K the dielectric loss ¢” reveals characteristic
peaks in the present frequency window that originate from a
reorientational relaxation process. These peaks shift to lower
frequencies with decreasing temperature.

The decrease seen in the dc conductivity as well as that
observed in the dielectric constant while the loss peaks shift
towards lower frequencies, are well-known dielectric aspects of
liquids and plastic crystals®® and are similar to results obtained
for the undoped mixture.*®*°

For an analysis of the dielectric spectra, like before,*® we use
the Cole-Davidson (CD) function®

Ag Ode
1+ (i2rvtep)]

"
(V) =t + o (1)
where ¢, is the high-frequency permittivity, tcp the charac-
teristic time, and y refers to the asymmetric broadening of
the dielectric loss peaks. The electrical conductivity term,
aqc/(iwe), takes the de conductivity of the sample into account.
From the parameters appearing in eqn (1) one can extract the
time constants relating to the maximum in the dielectric loss

according to®’

Tomax = Tcp |sin [ =0 sin( = (2)
max — LCD 2+2V 2+2}' .

From Fig. 1c it is obvious that the solid lines calculated
using eqn (1) with y = 0.5 £+ 0.1, fit only the high-frequency
flanks of the peaks seen in the dielectric loss ¢’. The low-
frequency side features an additional contribution that is not
observed in the absence of Li ions, but visible (see, e.g, Fig. 2¢
of ref. 20) even for a doping level of 1%.

B. Lithium NMR spectroscopy

The measurement of the static “Li (spin I = 3/2) NMR spectra
yields information about the environment surrounding the Li
ions and the type of interactions involved in spectral broad-
ening. In “Li NMR, the line shape is often governed by electrical
quadrupole interactions and to a lesser extent by magnetic
dipole-dipole interactions.*® Fig. 2 shows temperature depen-
dent “Li spectra for (SN-d4)o.6(GN)o4 doped with 5% LiTFSI
As the temperature increases, a successive line narrowing is
observed. The contributions to the spectral shape were assessed
for the spectrum recorded at 7' = 155 K: We fitted this spectrum
with a superposition of a Lorentzian line (accounting for 54%
of the total intensity) and a Gaussian contribution (accounting
for the remaining 46%). The full width at half maximum
(FWHM) of the dipolarly broadened central-transition (—1/2 <
+1/2) line is Avy), = 6 kHz, while for the quadrupolarly broadened
satellite spectrum, one has Avy, = 32 kHz. The broad satellite
lineshape indicates that it is caused by a superposition of several
NMR lines. These arise from different structural environments in
which the Li ions experience quadrupolar interactions of different
strengths.

Fig. 3 summarizes the temperature dependent line widths,
obtained from the solid-echo echo spectra. For their analysis,
we use an equation first put forward by Bloembergen, Purcell,
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Fig. 2 ’Li solid-echo spectra recorded for (SN-d4)o.6(GN)o 4 doped with
5% LiTFSI. Note that for T > 195 K the spectra were recorded at 155.5 MHz,
otherwise at 116.9 MHz. The spectrum obtained at 155 K (the measured
spectrum is here shown as dashed line) was fitted with a superposition
of a Lorentzian central-transition contribution (filled dashed area) and a
Gaussian satellite-transition contribution (filled area without dashes). The
sum of the two is represented by the solid purple double line. The inset
shows a sketch, inspired by the structures in ref. 31, of a Liion embedded in
a solvation shell that features the partially negatively charged N atoms
(blue spheres) of the dinitrile molecules.

40 60

and Pound.’®*” In the present context it is exploited with the

goal to extract the correlation times describing the translational
motion of the Li ions

n AI/Z(T)). )

TC(T) - ZTEOCAI/(T) an <§ AI/RL2

Here, Ay(T) is the “Li central-transition line width, Avgp its
rigid-lattice limit (~8 kHz), and o a fit parameter (typically of
order one, larger values were reported as well).>® Eqn (3) is valid
as long as the line broadening caused by the inhomogeneity
of the magnet can be neglected (T < 190 K). Moreover, at
T < 170 K the Li dynamics is slow on the time scale set by
1/Avg;, and the 7Li central-transition line widths tend to satu-
rate which also restricts the application range of eqn (3). The
correlation times obtained for 170 K < T < 190 K using this
approach will be discussed in Section 4, below.

Phys. Chem. Chem. Phys., 2023, 25, 9382-9393 | 9385
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Fig. 3 ’Li central-transition line widths determined for (SN-d.)o 6(GN)o 4
doped with 5% LiTFSI at 155.5 MHz (filled symbols) and 116.9 MHz (open
symbols).

C. NMR relaxometry

In order to gain a detailed understanding of how the matrix
dynamics is affected by adding Li ions, we conducted >H NMR
relaxometry measurements on (SN-d,)o.¢(GN),.4 doped with 5%
LiTFSI. In fact, the reorientational motion within the matrix is
predominantly due to isomerizations of the nitrile molecules'®>°
that are associated with fluctuations of the carbon-deuteron
bonds. Thus, >H NMR directly monitors this reorientational
motion within the matrix. In order to be sensitive to the charge
carrier motion we exploited also Li relaxometry.

We recorded the longitudinal magnetization recovery, M,(t),
for the doped and the undoped samples and used the stretched
exponential function

M,(t) = My + (M; — Mo)exp[—(¢/T:)"], (4)

for its parameterization. Here, ¢ denotes the time after inver-
sion or saturation and M; and M, designate the initial and the
equilibrium magnetization, respectively. The stretching of
the spin-lattice relaxation is described by the Kohlrausch
exponent fi;.

Analogously, spin-spin relaxation times T, were acquired by
varying the pulse separation 4. The decay of the transverse
magnetization M,,(4) was parameterized using

M. (4) = M, exp[—(24/T,)"], (5)
with the corresponding exponent u,.

The spin-lattice and spin-spin relaxation times for *H as
well as the spin-lattice relaxation times for “Li, measured for
(SN-d4)o.6(GN)o.4 doped with 5% LiTFSI, are shown in Fig. 4.
The corresponding Kohlrausch exponents were set to p; = up = 1
for *H and “Li at T > 160 K and at T > 180 K, respectively.
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Fig. 4 The temperature dependent deuterium spin-lattice relaxation
times Ty (full symbols) and spin—spin relaxation times T, of (SN-d4)o6-
(GN)o.4 doped with 5% LiTFSI are shown. T, was measured using Hahn-
echo (x, for T > 180 K) and solid-echo sequences (+, for T < 210 K).
All measurements were recorded during cooling. The solid blue and
dashed blue lines are calculated using egn (7) in conjunction with the
spectral density given by eqn (6) and using the fit parameters from ref. 48.
Deuterium Ty and T» data for the undoped mixture*® are shown by the light
blue squares and circles, respectively. ’Li spin—lattice relaxation times for
the doped mixture are presented as red diamonds. The dash-dotted red
line is calculated using eqn (9) and the parameters given in the text.
The black dashed line, cf. eqn (8), reflects an apparent energy barrier of
17 kJ mol™.

For a quantitative analysis, we describe the orientational
fluctuation probability of the C-D bond using the Cole-David-
son spectral density®®

_sinfyyur arctan(wt)]

w(l + w21-c2)'/"'NMR/2

Jep(w) (6)

Wwith the deuteron quadrupolar anisotropy parameter *Hq =

3
Zequ/h and assuming that the quadrupolar relaxation mecha-

nism dominates, the spin-lattice relaxation of the ?’H nuclei can
be described as®'

I 2,y

=15 00 (L) + 4/ Qo) )

and the *H spin-spin relaxation rate as®>
U longo
7 =15 0qQ [3J(wQ) +5J (L) + 2](2&)]_)], (8)

where the quadrupolar frequency wg is commonly defined as
o = 2*8q.
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Analogously, the spin-lattice relaxation rate for "Li is®*

1 _ 27Li

T, 25 8Q° [ (L) + 47 2w0)]. ©)

Here, the “Li quadrupolar anisotropy parameter is defined as

Ligq = %equ/h.

Considering first the deuterium NMR data in Fig. 4, in the
extreme-narrowing regime we observe a slight discrepancy
between T, and °T,, similar to the behavior of the undoped
mixture.*® As previously reported, this discrepancy can be
ascribed to deviations from local cubic ordering in the plastic
phase.** A significant drop in >T,, but not in 7Ty, is observed
near 230 K, i.e., close to the temperature at which a related drop
was observed for the undoped sample.”® This observation
is taken as a hint that the Li-doped sample is characterized
by a somewhat lower transition temperature as compared to
undoped (SN-d4)o.6(GN) 4.

To describe the relaxometry data, the blue lines in Fig. 4
were calculated using eqn (6), (7), and (8) in conjunction with
ynmr = 0.3 and the time scale parameters found for undoped
(SN-d4)0.6(GN)o.4.*® The *H quadrupolar anisotropy parameter
turned out to be >4 = 21 x 125 kHz, similar to the value
determined for the undoped mixture.*® Eqn (7) provides a good
fit for the measured >T;, with small deviations observed at high
temperatures. On the other hand, between 230 and 195 K the
T, values deviate significantly from the fit based on eqn (8).
Furthermore, 2T, displays a minimum near 175 K. All these
findings agree excellently with those for the undoped sample
and imply a complete absence of any kind of hindrance or
stimulation of the molecular reorientation dynamics upon
doping the matrix with 5% of Li salt.

Taking a closer look at the “Li spin-lattice relaxation times,
these are seen to reveal a minimum near 240 K and to pass
continuously through the liquid-to-plastic-crystal transition.
The minimal ”7; is almost two decades longer than the mini-
mal *Ty. This difference for the different probe nuclei is
compatible with our finding that the “Li quadrupolar inter-
action is significantly smaller than that observed for deuter-
ium. The red line in Fig. 4 was calculated using eqn (6) and (9)
in conjunction with yyyr = 0.24. The time scales were calcu-
lated using the Vogel-Fulcher parameters reported in ref. 48,
with a pre-exponential factor of 7., = 9.3 x 10~ "> s, a strength
parameter D, = 2.1, and a divergence temperature T, = 178 K.
These parameters are close to those reported by Davidowski
et al.*’ for the same sample. The fit shown in Fig. 4 was found
to agree well with the data when choosing "8, = 21 x 32 kHz,
a value that is compatible with the width obtained from the
“Li spectrum.

The "Li spin-lattice relaxation is governed by the quadrupo-
lar interactions of the Li nuclei with their charge environment
which is modulated in time. This modulation happens mostly
as the ions perform translational motion within the SN-GN
matrix and to a lesser extent, see Section 4, below, via con-
formational changes of adjacent dinitrile molecules.
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Fig. 5 Arrhenius plot of the temperature dependent “Li (unfilled red stars)
and 'H (unfilled red diamonds) self-diffusion coefficients (scale on the left-
hand side) as well as of the temperature dependent fluidity, i.e., of the
inverse zero-shear viscosity (triangles, scale on the right-hand side). The
unfilled red stars refer to measurements conducted during heating and
using PFG NMR. The blue triangles pointing down or up refer to viscosity
measurements taken upon cooling or heating, respectively. The half-filled
black star refers to the ’Li diffusion coefficient obtained from eqn (10),
where 7,; was obtained from the ’Li T; minimum, using 1.8 A as jump
distance. Prior to each diffusion measurement, the samples were given
3 hours to equilibrate. *H self-diffusion coefficients and fluidities for the
same mixture without doping*® are shown by red (+) and blue (x) symbols,
respectively. The dashed black lines reflect apparent energy barriers of
32 kJ mol™. The dash-dotted vertical line highlights the transition
temperature from the undoped liquid to the plastically crystalline phase
as identified in ref. 48.

Thus, by using the condition wyt. ~ 0.62 (or slightly
different for a Cole-Davidson distribution®®), from the
motional correlation time, 7. at 240 K the Li-ion jump rate is
estimated to be about 71; = 12 x 10® s™*. Based on the Einstein-
Smoluchowski equation®*

a>

Dy; = (10)

67Li’
and using Dy; ~ 6 x 10> m? s ' as extrapolated from the high
temperature data to 240 K (see Fig. 5), we estimate the jump
distance of the Li ions to be 1.8 A.

Finally, using the Arrhenius law, the activation energy
for temperatures above the 7; minimum turned out to be
E, = 17 k] mol ™', a value within the range of those reported
for LiTFSI in GN.®°

D. Diffusometry and viscometry

To selectively investigate the diffusion process of the GN
molecules after addition of the Li ions, we measured the proton
diffusion coefficient D of (SN-d4)o¢(GN)o4 doped with 5%
LiTFSI. In other words, here (since SN contributes only <9%
of the protons in our samples) we almost exclusively probe the
diffusion of the GN molecules within the mixture. For that
purpose, like in previous work,*® we use a static field gradient
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and measure D by means of the stimulated-echo pulse
sequence /2 - t, - n/2 - t - /2 - t, - acquisition. Not writing
out the spin relaxation terms, the resulting NMR signal is given
by66

M(t) = Myexp [—szgzlpz(l + %IP)D] .

(11)

Here, yy is the gyromagnetic ratio of the proton and g the
gradient strength.

To probe the diffusion process not only of the matrix
molecules, but of the charge carriers as well, we conducted
temperature dependent “Li pulsed field gradient (PFG) NMR
measurements on fully protonated SN, ¢GN, 4, doped with 5%
LiTFSIL In this experiment the stimulated-echo pulse sequence
is used as well. The field gradient is incremented stepwise, thus
causing an attenuation of the echo signal according to the
Stejskal-Tanner equation®’

M = M, exp[—yLizgzéz(A —10)Dyi]. (12)

Here, y1; and Dy; are the lithium gyromagnetic ratio and the
diffusion coefficient, respectively, J is the duration of each PFG
and 4 the time interval between two PFGs.

In addition to the diffusion measurements, we conducted
temperature dependent zero-shear viscosity measurements on
protonated SN, ¢GN, 4 doped with 5% LiTFSI. The results for
the "H and the “Li diffusion coefficients as well as for the
fluidity (inverse of viscosity), presumably all referring to the
liquid state, are shown in Fig. 5. For comparison, we also
include results for undoped samples where some data could
also be gathered in the plastic solid.*®

From Fig. 5, it is clear that the proton diffusion of the
dinitrile molecules slows down only slightly when adding the
lithium salt. The measured viscosities confirm this trend, since
they are similar to those obtained for the undoped mixture.*®

When extrapolated to 294 K, the lithium diffusion coeffi-
cients differ by only a factor of 0.6 from those characterizing the
dinitrile molecules. Furthermore, near room temperature the
(effective) energy barrier of E, = 32 k] mol " that characterizes
the lithium-ion diffusion agrees with the barrier deduced from
the proton data.

A similar value can also be deduced for undoped
SNy 6GNp_,. % Evidently, after doping the SN, ¢GN, 4 mixture
with 5% LiTFSI we do not observe an increase of E, (cf. the
dashed lines in Fig. 5) which reflects the activation barrier
that a GN molecule has to overcome in order to undergo
translational motion. This confirms that the nitrile diffusion,
or at least that of the GN molecules, is barely affected by
Li ion doping.

By contrast, based on terahertz time-domain spectroscopy
for SN doped with various Li salts (including LiTFSI), Nickel
et al.>® observed a significant increase of the activation energy
relative to that of pure SN. This increase was explained by “the

presence of the effectively motionless ionic impurities”.>
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4. Discussion

To allow for deeper insights into possible correlations between
the reorientational motion of the nitrile molecules and the
overall charge transport, we compare the temperature dependent
ionic conductivities (Fig. 6a) with the temperature dependent
reorientational relaxation times t (Fig. 6b) for the three currently
investigated samples.

The conductivities were obtained from the dc plateaus in
a'(v) (Fig. 1a), while the correlation times were extracted from
the dielectric loss peaks (Fig. 1c), ie., by fits using eqn (1)

T T T T T T T T T T
0r (a) O (SN-dy)o6(GN)o 4 ]
— r <& (8N-dy)o5(GN)o4 + 1% LiPFg
’g I 240K+ (SN-d,),4(GN), 4 + 5% LiPF,
S 3} (SN-d,)o s(GN), 4 + 5% LiTFSI
) - ]
N
% F 4
.9. 6 N 4 oy from
2 0 M 0 DR
8) | Vv SN :V ) ¥ 7
= 9 % SN+1%LPF, g.,. .
F X SNggGNg, + 1% LiPFg <&I+ 1
1 L 1 L 1 " 1 L 1 " 1 " 1
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0r (b)  Twr from o 'LiAv,, 7
I and from minimum in 1
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©» 3t i
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Fig. 6 Arrhenius plot of (a) the temperature dependent ionic conductivity
and (b) the correlation time © of (SN-d4)geGNp4 mixtures doped with
1% LiPFg, 5% LiPFg, and 5% LiTFSI from the present work. The data in frames
(a) and (b) for pure SN (V) for SN doped with 1% LiPFg ()% for
(SN-d4)o 6(GN)o 4 (0),*® and for another data set of (SN) 6(GN)o.4 doped
with 1% LiPF¢2° (represented as magenta crosses x) are from the literature.
Frame (a) also includes the conductivities of (SN-d4)o.6(GN)g 4 doped with
5% LiTFSI as obtained after converting the Li diffusion coefficients (*)
and the fluidity ((O): The conversions are based on eqgn (13) and (14),
respectively, and the parameters given below these equations. The vertical
dotted line indicates the transition temperature (T = 240 K) of undoped
SNO_6GN0_4.48 Frame (b) includes correlation times from ?H and ’Li relaxo-
metry of (SN-d4)o.6(GN)o 4 doped with 5% LiTFSI, cf. Fig. 4 and from the ”Li
line widths Avy,, (cf. Fig. 3). NMR time scales from Davidowski et al. for fully
protonated samples are included as half-filled symbols.>” The solid line
represents a Vogel-Fulcher fit for undoped (SN—d4)o,6(3No,4.48 The shear
relaxation times t,, are obtained from the Maxwell relation 7, = /G, with
G., set to 0.18 GPa. The translational times t+ were obtained from eqgn (15)
and the hydrodynamic radius given below that equation.
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combined with eqn (2). For comparison, Fig. 6 includes data for
pure SN, for SN doped with 1% LiPFg,>* and for (SN-d4)o.6(GN)o.4.*®
We also added the characteristic timescales obtained from
’H and Li NMR relaxometry of (SN-d4)y(GN),, doped with
5% LiTFSI, ¢f Fig. 4.

Carefully reviewing Fig. 6a, it becomes obvious that the
addition of 40% GN to pure SN enhances the conductivity by
more than two decades, in accord with previous work.2° Further
addition of lithium salt leads to even higher conductivities
with an overall enhancement of more than four decades, as
compared to pure SN." From Fig. 6a one observes similar
conductivities no matter whether the samples are doped with
LiPF¢ or with LiTFSI. In view of the environmental and health
issues related to LiPFg it is clear that LiTFSI provides a safer
alternative.

In order to compare the conductivity data obtained from
dielectric spectroscopy with those deduced from the Li NMR
diffusion coefficients and the viscosities shown in Fig. 5, we use
the Nernst-Einstein relation,

Dgndopedq2 _ D]]:IjMR "ldopedq2

TdeNMR = B0 T T T H ke T

(13)

In this expression, Ngoped (=2.4 x 10** m™~?) is the charge-carrier
number density of (SN-d4)o.6GNy 4 doped with 5% LiTFSI and
g refers to the elementary charge (here: of the Li" ion).
Furthermore, eqn (13) defines the Haven ratio H which is a
measure for the correlation among ionic motions®® or after
suitable adaption also among uncharged moieties.”® For sim-
plicity in the following we set H = 1. Analogously, by combining
eqn (13) with the Stokes-Einstein relation, D, = kgT/(6mRy),*
for the fluidity of the doped mixture one obtains

2
—1"undopedq

14
6TERH ( )

Odeyy =1
Here, Ry designates the effective hydrodynamic radius and
Mundopea the charge-carrier number density of undoped
(SN-d4)0.6GNy.4- Applying the above expressions, in ref. 48 the
values for Ry and nyngopea Were reported to be 1.0 A and
8 x 10 m~?, respectively.

The conductivity obtained from eqn (13) can be understood
as arising exclusively from the translational motion of the Li
ions within the matrix. Eqn (14), on the other hand, considers a
conductivity arising from the fluidity-related displacement of
the nitrile molecules. From Fig. 6a one recognizes that the
conductivities obtained from the Li diffusion via eqn (13)
and from the viscosity measurements via eqn (14), nicely agree
with each other and with the conductivities that are directly
obtained from dielectric spectroscopy. These observations
which essentially refer to the liquid phase imply a strongly
correlated motion between the Li ions and the dinitrile mole-
cules, a feature which results in a high ionic mobility and a
significant conductivity enhancement.

Also referring to the liquid state, Fig. 6b includes viscosity-
based timescales 1, as assessed from the Maxwell relation,
n = Gy,1, where G, is the high-frequency shear modulus.
The value of G, needed to achieve overlap (0.18 GPa) equals

This journal is © the Owner Societies 2023

View Article Online

PCCP

the one reported for the undoped mixture,*® reinforcing the
argument that the matrix properties are not affected by doping.

Furthermore, the correlation times tnyvr from deuteron
NMR and the 'H diffusion based translational timescales

Tr = Ry’/(9D), (15)
agree well with the reorientational relaxation times obtained
from dielectric spectroscopy when choosing Ry = 2.4 A. This
value is smaller than the "H diffusion-based estimate obtained
for undoped (SN-d,)o.6GNy.4 (3.4 A),*® but similar to the calcu-
lated van der Waals radius of GN (2.88 A).”°

Adapting eqn (15), “Li diffusion-based translational time-
scales are similarly calculated using Ry; = 2.0 A. Based on this
value, the translational timescales turn out to agree well with
the reorientational dynamics of the liquid matrix. The finding
that the Li ion and the nitrile dynamics take place on the same
time scale corroborates the scenario of an intimate coupling of
the different degrees of freedom.

Additionally, by looking at Fig. 6b it becomes obvious that
the reorientational correlation times of all Li doped samples are
governed by the same molecular dynamics which agrees with
that observed for the undoped SN-GN mixture.*®*° Also the
reorientational timescales reported for pure and doped SN
crystals are the same."?® All these findings clearly show that a
few percent of Li doping do not affect the dynamics of the
matrix. This supports the notion that, at the current doping
levels, Li ion addition does not significantly distort the dinitrile
lattice.

It is now important to realize that the ’Li spin-lattice
relaxation times vary smoothly across the crystallization transi-
tion and that the correlation times in the plastic phase inferred
from Avy,, using eqn (3) with « = 10, nicely coincide with the
reorientational timescales, see Fig. 6b. These findings strongly
suggest that the agreement of translational and reorientational
timescales, above established for the liquid, persists also in the
plastic solid. The relative large value of « deserves a comment:
It may be conjectured that this could be a consequence of the
circumstance (briefly mentioned in Section 3.C, above) that
the frequency of the Li probe can be modulated (1) by active
environmental changes stemming from the translation of
the Li ions and to some extent also (2) by passive changes
stemming from reorientations of adjacent nitrile segments,
even if the Li ions would remain immobile.

However, in view of the multiplicity of nitrile configurations
that characterizes the cationic solvation shell,®' - and akin to
the scenario theoretically treated and experimentally tested in
ref. 71 for other solid Li ion conductors - the frequency
modulation amplitude associated with the two kinds of situa-
tion differs vastly: (1) can be read here to imply that after a
Li ion has jumped to another site, the orientations of essen-
tially all its adjacent C=N segments have changed at once.
Typically, this will alter the NMR frequency of the Li probe
significantly. (2) Conversely, a reorientation of only a single
adjacent C=N segment will change the NMR frequency of the
Li probe by only a small step, unless the local reorientational
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motion is by itself highly cooperative. For (SN)y.¢(GN)y.4 this
appears not to be the case at least down to about 175 K.”*

Tonic mobilities that are coupled with reorientational mole-
cular motions were previously variously referred to as being
indicative for a revolving-door or a paddle-wheel mecha-
222373 Often these terms are used indistinctively, however,
they describe two different processes. Indeed here, the paddle-
wheel mechanism implies cooperative dynamics between the
reorientational motion of the dinitrile molecules and the hopping
motions of the Li ions.>” This leads to very similar time scales and
thus effective activation energies for the rotational and translation
degrees of freedom. As a prerequisite this mechanism requires the
availability of sufficiently large free volume for the molecules to
rotate.”* The revolving-door mechanism, can be related to a
scenario where the reorienting matrix molecules “react with an
evasive motion towards the passage of cations”.>* Applied to the
presently considered materials, this would imply just a correlated
motion of Li ions and dinitrile molecules in the sense that only
the temperature dependence of the corresponding times is the
same but not the timescales themselves.

It is a remarkable finding that neither GN addition nor Li
doping lead to any kind of hindrance or stimulation of the
reorientational motion of the SN molecules. Considering the Li
ions within a paddle-wheel scenario, this finding means that
the ions occupy the free space between the dinitrile molecules
without disturbing their reorientational motions. Furthermore,
since the addition of GN does not affect the dynamics of the
matrix but leads to higher conductivities, a possible explana-
tion is that in the plastic phase, the addition of GN only affects
the vacant space within the lattice of the mixed crystal.
This way, the GN molecules would increase the free volume
that is effectively available for Li ion migration, thus enhancing
the efficiency of the charge transport. This hypothesis, here
arrived at on the basis of dielectric spectroscopy, viscometry,
and several NMR techniques, corroborates the interpretation
of the very efficient charge transport in the nitriles in terms
of a paddle-wheel and not just in terms a revolving-door
mechanism.*®

nism.

5. Conclusions

In this work we studied (SN-d,)o.¢(GN),.4 doped with 5% LiTFSI
using several experimental methods. For comparison we mea-
sured the electrical conductivity also for several other Li-salt
doped nitriles. The conductivities deduced from the Li transla-
tional diffusion as well as those obtained from the viscosity
measurements, agree with those measured using dielectric
spectroscopy. A strong correlation of timescales and thus of the
effective energy barriers deduced thereof, were found between the
reorientational motion of the dinitrile molecules and the transla-
tional motion of the Li ions. To describe this correlation - based
on the classification of correlated dynamics put forward by
Jansen® and in harmony with the distinction of the terms given
above — we identify the mechanism active in our sample as a
“paddle-wheel” rather than a “revolving-door” mechanism.
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Additionally, and independent of the type or of the amount
of Li doping as well as of the addition or not of GN molecules,
the reorientational dynamics of the nitrile molecules remain
unaffected. Based on these findings, one is tempted to argue
that volume defects that are present within the SN lattice,
directly impact on the efficiency of the Li ion transport mechanism.
Future structural investigations should be directed at further
elucidating the correlation between the fraction of volume defects
within the matrix and the overall efficiency of the paddle-wheel
mechanism also when varying the size of the cationic species.
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