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Abstract The terahertz complex permittivity of the molecular plastic crystal succinonitrile
(SN) or 1,2 dicyanoethane (N≡C−CH2−CH2−C≡N), doped with the lithium salts LiBF4, LiPF6,
LiTFSI, and LiClO4 to form solid-state plastic crystal electrolytes, is measured and compared
using temperature-dependent terahertz time-domain spectroscopy (THz-TDS). In contrast to
the trends at low frequency, SN’s terahertz conductivity decreases slightly when doped with Li-
salts. This indicates that at high frequencies the dielectric response is not dominated by ionic
charge transport, but instead by relaxational processes which are hindered by the presence of the
ionic dopants. Assuming a single Cole-Cole distribution of Debye-like processes dominates the
measured spectra, the average relaxation times τ and Arrhenius activation energies Ea are
extracted for each electrolyte and are shown to increase significantly relative to undoped SN’s τ
and Ea, indicating the relaxational processes are hindered by the presence of the ionic dopants.

Keywords succinonitrile . solid-state electrolytes . plastic crystal . dielectric relaxation . THz-
TDS

1 Introduction

Succinonitrile (SN) is a translationally ordered, rotationally disorderedmolecular plastic-crystal at
room temperature which becomes a solid-state electrolyte when doped with different ionic
species; the solvated (cat/an) ions can easily diffuse through the static matrix of the plastic-
crystal, increasing its DC conductivity by orders of magnitude relative to its intrinsic conductivity
[1]. , Given its relatively low melting point (62°C) and high static dielectric constant (ε0=55) [2],
lithium salts commonly used in electrolytic power sources can be easily solvated into molten
succinonitrile, making it a relatively simple and inexpensive class of solid-state electrolyte.
Hence, there has been continued interest in its use as a host for electrolytic compounds in
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solid-state power sources [3-5]. The DC ionic transport in SN-based electrolytes is thought to be
facilitated in part by the rotational disorder of its plastic-crystal phase in addition to defects in its
crystal lattice [6]. While there have been many studies concerning the long range DC ionic
conductivity and low frequency (<3 GHz) dielectric permittivity [7,8] of succinonitrile-based
electrolytes, there have been no studies of the behavior of its high frequency (THz range)
conductivity, either with or without ionic dopants. Terahertz time-domain spectroscopy (THz-
TDS) has been effective in characterizing the high frequency complex conductivities of ionic
liquids [9], conductive polymers, and semiconductor nano-materials [10] and is well suited for
probing the complex conductivity of this solid-state electrolytic material. In this work, the
temperature-dependent complex conductivities of succinonitrile-based electrolytes, i.e.
succinonitrile doped with the lithium salts LiTFSI, LiBF4, LiPF6, and LiClO4, are characterized
using THz-TDS for frequencies of 0.2 to 1.6THz and temperatures of -35° to 62°C.

2 Methods

The samples are prepared by heating the plastic-crystal succinonitrile (SN), obtained from Sigma-
Aldrich chemicals with 99% purity and used without further purification, above its plastic crystal
to liquid phase transition. The lithium cation with four different anions: tetrafluoroborate (BF4

-),
hexafluorophosphate (PF6

-), perchlorate (ClO4
-), and bis(trifluoromethanesulfonyl)imide (TFSI-),

are dissolved into the SN melt with a 0.5 M concentration and stirred at 60 °C under the dry N2

environment until a homogeneous mixture was obtained. The prepared ionic liquids are then
injected into the center of a ring-shaped Teflon spacer which is situated on a 1-mm thick TPX
wafer. An identical TPX wafer is then placed on top of the molten solution, effectively
sandwiching it between the two wafers. The Teflon spacer, with a thickness that ranged from
500μm to 100μm, is used to insure a constant sample thickness over the entire area of the incident
THz beam and, combined with the top wafer, prevents evaporation of the sample while in
vacuum. The sample is then allowed to slowly cool back to room temperature. Using this method,
a polycrystalline solid is formed between the two wafers. The entire sample is larger than the
diffraction-limited spot size of the THz beam, but individual crystallites within the polycrystalline
solid are significantly smaller. Thus, the measurements are considered to be an average over all
crystal orientations. All the samples are prepared and cooled in a dry N2 environment to prevent
water contamination. For each ionic solute, a minimum of three samples with different optical
path lengths (spacers) are measured. The spectra shown here are the averages calculated from all
the different measured path lengths.

The prepared samples are placed inside a cryostat which is situated at the focal point of a
traditional transmission geometry THz-TDS setup [11]. Inside the cryostat, the sample is held
under vacuum (<1x10-4 mbar) while outside the THz beam path is purged with dry N2 to
eliminate water vapor absorption lines from the spectra. The complex index of refraction ñ(ν)
is extracted numerically using the Newton-Raphson method from the measured complex trans-
mission function (the ratio of the Fourier transforms of the THz time-domain waveforms
transmitted through the sample and an empty reference). The numerical method is necessary
since, for this material, n/κ is not large compared to unity, hence the analytically solvable thick
film approximation can not be appliedwithout introducing significant error. Finally, from ñ(ν) the
complex conductivity and permittivity can be determined since en2 ¼ ε1 þ iε2 ¼ 1þ ieσ= ε0ωð Þ .
The Origin software package, which uses the Levenberg-Marquardt algorithm, is used to fit the
measured THz spectra to theoretical models. Each fitted curve is a simultaneous fit of both the
real and imaginary parts of the measured spectra.
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3 Results & Discussion

Plotted in Figure 1 are the mean complex conductivity spectra for the undoped and Li-salt
doped SN at 20°C. The measured spectra are somewhat reminiscent of the behavior of a solid
in which the charge carriers exhibit strong backscattering, as in the Drude-Smith model, with a
negative imaginary conductivity [12, 13]. It is immediately clear, however, that the anticipated
trend in the real part of the conductivity does not follow as expected from earlier low-
frequency and DC measurements [1,2,7]. In particular, as can be seen from the measured
conductivity at 750 GHz (Figure 1 inset), the magnitude of the conductivity decreases slightly
with the addition of ionic dopants. In contrast to these results, the DC and low frequency
conductivity of SN in its plastic-crystal phase increases by as much as 3 orders of magnitude
when doped with the same ionic species [1,2]. Of course, at terahertz frequencies the carrier
response is being probed at significantly shorter length and time scales. We can estimate the
distance a lithium ion or its anion diffuses through the plastic-crystal matrix before the probing

electric field reverses direction using Lω ¼ ffiffiffiffiffiffiffiffiffi
D=ω

p
, where D is the diffusion coefficient of the

charge carrier and ω is the probing frequency [14, 15]. For LiTFSA solvated in solid
succinonitrile, D≈10-6 cm2s-1 [1] and with a probing frequency of 1 THz, Lω is an insignificant
0.01nm. Therefore, over the picosecond duration of the THz pulse, the ionic dopants are
essentially motionless. The equivalent Einstein mobility is eD/kBT ≈ 4×10-5 cm2/Vs, which is
far too small to contribute significantly to the dielectric response at these frequencies. We
conclude, therefore, that the response in the terahertz range is dominated by relaxational
processes. The data of Fig. 1 also suggest a very slight increasing trend in the conductivity
of the doped samples which may be correlated with the dissociation constants of the salts in

liquid phase SN KLiBF4

d < KLiPF6

d < KLiTFSI
d < KLiClO4

d

� �
[16]. However, given the uncer-

tainty in these measurements, additional data are needed to determine if this trend is statisti-
cally relevant.

In Figure 2 we plot the same spectra as Figure 1, converted to complex permittivity. The
measured decrease in the real part of the conductivity with the addition of Li-salt dopants is
reflected in ε2. Here it is clear the permittivity spectra resemble the behavior of dielectric

Figure 1 The mean real (solid lines) and imaginary (dashed lines) conductivity spectra at T=20°C of the plastic-
crystal succinonitrile: undoped (grey lines) and doped with the various Li-salts at 0.5M concentration (colored
lines). Inset: The real part of the conductivity at 750GHz and 20°C for each sample, plotted with the typical error.
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relaxational processes, similar to THz studies of other materials where both ε’ and ε” decrease
with increasing frequency [17-19]; this behavior indicates we may be observing the high
frequency wing of a dielectric relaxational process. Considering that SN in its plastic-crystal
phase is rotationally disordered, the behavior of its measured THz spectrum is most likely due
to the presence of this disorder. Many previous studies, such as dielectric relaxation measure-
ments [20], depolarized Rayleigh scattering [21, 22], optical Kerr effect [23, 24], and inco-
herent quasi-elastic neutron scattering [25, 26] have revealed the existence of several
relaxational processes, one of which can be attributed to the gauche-trans isomerisation
inherent in the plastic-crystal phase of SN. There are also faster (sub-10 picosecond) time-
scale trans-trans rotational dynamics present in this phase [23-26]. However, these dynamics
are undetectable using THz- TDS and dielectric methods since only the gauche conformation
has a non-zero electric dipole moment. Additionally, in SN’s low temperature (< -35°C) rigid
crystal phase the Debye-like behavior is frozen out, resulting in THz spectra with compara-
tively lower dispersion, lower absorption, and characteristic lattice vibrational modes indica-
tive of an orientationally and spatially ordered molecular crystal [27]. Therefore, the behavior
of the THz spectra is a direct consequence of the rotational disorder inherent in its plastic-
crystal phase.

If we assume the gauche-trans reorientational process is the most dominant contribution to
the measured THz spectra, we can fit the measured spectra to a simple relaxational model. In
Fig. 3, we plot the simultaneous fits of both ε1(ν) and ε2(ν) to the Cole-Cole equation [28]:

ε̂ ωð Þ ¼ ε∞ þ ε0−ε∞
1þ iωτð Þ1−α ð1Þ

Here ε∞ and ε0 are the high and low frequency permittivity limits respectively, taken
from references [29, 30]. The two fit parameters are τ, the characteristic relaxation time,
and α, an exponent parameter. When α=0, the Cole-Cole equation reduces to the Debye
equation. Here, the inclusion of the extra parameter to the Debye equation can be
interpreted as the presence of a continuous distribution of Debye relaxations centered
about a single peak value of τ, with α representing the width of this distribution. The
Cole-Cole equation results in the best quality of fits to the measured THz spectra

Figure 2 The mean real (solid) and imaginary (dashed) permittivity spectra at 20°C for the undoped (grey) and
Li-salt doped succinonitrile samples.
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assuming a single distribution, with coefficients of determination of R2≈0.94. Other
variants of the Debye equation were considered as well, including the three-parameter
Havriliak-Negami equation, the two-parameter Cole-Davidson equation and the Debye
equation itself, with each resulting in comparatively lower values of R2. Of course, more
phenomological approaches could be used to better fit the spectra. However, in the
context of this work the Cole-Cole model adequately describes the data while still
maintaining physical significance. Most importantly, the trends in the fitted parameters
vs. doping and temperature can be demonstrated.

Plotted in Figure 4 are the extracted mean parameters τ and α for each different set of
SN-based electrolyte sample at 20°C. The undoped SN sample set has a mean charac-
teristic relaxation time of 65 ± 17 ps. Given the extracted resonant absorption peaks at
τ-1 are outside of the measured frequency range, it can be difficult to obtain reliable
quantitative values for the fitted parameters. Therefore, in this case, emphasis must be
placed on the trends in the parameters vs. temperature and dopants rather than their
actual values. However, we note that the extracted value of the τ parameter for the
undoped SN is in reasonable agreement with all the previously cited studies [20-26],
with τ’s ranging from 44ps to 64ps. Even so, the most significant result is the notable
increase in τ when the ionic dopants are added. We can speculate the presence of the
solvated Li-salt cations and anions in the plastic-crystal lattice hinders the relaxational
processes. Here, even in the time scale of the longest average relaxation time (τ=207ps)
an ion will only diffuse approximately 0.2nm, which is still less than the length of a
single unit cell of SN (a=0.637nm) [31]. Finally, the extracted mean values of α are
approximately equivalent, independent of doping, indicating their relaxation time distri-
butions have equal widths within the error.

Figure 3 The measured (data points) and fitted Cole-Cole (green lines) complex permittivity spectra for the four
Li-salt doped succinonitrile samples at 20°.
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The extracted Cole-Cole relaxation times also display a significant dependence on temper-
ature, with exponentially decreasing τ’s as the temperature increases. Figure 5 is an Arrhenius
representation of the extracted temperature-dependent relaxation rates for the each of the
different SN-based electrolyte samples. Given the linearity of the data, the average activation
energies, Ea, of the relaxational processes for each different sample can be extracted using the
phenomological Arrhenius equation, τ−1 ¼ Ae−Ea=RT . For pure succinonitrile, Ea is approx-
imately 3 kJ/mol, which is lower than the values obtained using other methods. For example,
low-frequency dielectric techniques measure Ea to be 10.5 kJ/mol [20] and 11.3 kJ/mol [22],
whereas optical Kerr effect methods measure Ea to be 9 kJ/mol [20] and 18 kJ/mol [21].
Additionally, neutron scattering methods measure Ea=26.08 kJ/mol [22] and 15 kJ/mol [23].
Hence, comparatively there is already significant scatter in the measured activation energy
between the different methods. Additionally, the extracted values of the pre-exponential factor,

Figure 4 The extracted mean Cole-Cole relaxation times τ and width parameters α for the undoped and Li-salt
doped succinonitrile samples at 20°C.
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A, are on average 0.5 ps-1, which is significantly slower than the rate predicted from transition
state theory (A = kBT/h≈6.2 ps-1 at room temperature) [32]. The origin of this discrepancy is
unclear, and as noted above the significance of extracted fit parameters should not be
overemphasized, given the limited spectral range of the experiment. It is interesting to note
that the THz regime partly bridges the gap between the long range, macroscopic response
measured by low-frequency dielectric methods and the short range, effectively single molecule
response measured by optical Kerr effect and neutron scattering methods. Hence, it is plausible
that THz measurements may be probing a subset of mesoscopic modes with lower activation
energies compared to other techniques.

Using an alternate approach, the extracted relaxation times can be fit to a modified form of
the Arrhenius equation:

τ ¼ τ0 þ A−1e
Ea
RT ð2Þ

where an offset, τ0, is included. When τ0=0, the reciprocal of the Arrhenius equation is
recovered. This analysis is similar to that used in 2-D IR spectroscopy for solute-solvent
complex kinetics [33, 34]. Plotted in Figure 6 is a comparison of the extracted energies
from the fits using both the Arrhenius equation and Equation 2, including several
different choices of A-1: as a temperature-independent free parameter, as h/kbT, and as
(I/kbT)

-0.5. Here (I/ kbT)
-0.5 is the diffusional reorientation time of a free rotor, where I is

the rotational inertia of SN’s gauche conformation [35], which may be more applicable to
this molecular reorientational system. In all cases, the inclusion of the additional offset
parameter shifts Ea to higher energies, closer to the values obtained using other methods.
Additionally, we can speculate the significant non-zero values of the offsets, τ0, are a
direct result of the inherently hindered rotation of SN’s gauche conformation in its
plastic-crystal lattice; the gauche-trans isomerization is already hindered if its nearest
neighbors are in their gauche conformations.

Despite the different results obtained using various different fitting procedures, the
relative activation energies of the different electrolyte samples can still be compared.

Figure 5 Arrhenius plot of the relaxation rates, i.e. the natural log of the inverse of relaxation times for the
different SN-based electrolytes plotted vs. inverse temperature. Notably, the relative activation energies increase
when the sample is doped with Li-salts.

776 J Infrared Milli Terahz Waves (2014) 35:770–779



Most importantly, in all cases and regardless of the pre-factor choices, when SN contains
ionic impurities the activation energy of the reorientational relaxation increases consid-
erably relative to that of pure SN. The higher activation energies in the doped samples
indicates the magnitude of the rotational potential barriers separating SN’s different
accessible conformations has increased due to the presence of the effectively motionless
(on the relevant time scales) ionic impurities in its crystal lattice. In addition, we note
that the SN samples doped with LiPF6 and LiClO4 exhibit higher activation energies
compared to the other two dopants. This is consistent with XRD studies suggesting that
these two anions form periodic crystalline-adduct structures with SN, rather than simply
occupying lattice defect sites [2,3]. Thus, their higher Ea's are most likely due to this
propensity to associate more highly with SN.

Figure 6 Comparison of the energies Ea and offset τ0 from Equation 2 using the different pre-factor choices.
Most importantly, regardless of the pre-factor choice, in all cases Ea increases when ionic dopants are present.
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4 Conclusion

The solvated ionic species in this experiment, dispersed throughout SN’s plastic-crystal lattice
at a 0.5M concentration, have very little effect on its complex conductivity spectrum in the THz
range. The slight decrease in the THz conductivity may be due to the predicted increase in the
trans to gauche ratio in SN after Li-salt doping [6]. In contrast to the THz regime, the predicted
increase in trans conformer concentration is thought to help facilitate long range DC ionic
transport and consequently the higher measured DC conductivity. Assuming SN’s gauche-trans
reorientation dominates the THz spectra, the extracted mean relaxation time of pure SN’s
relaxational process agrees well with previous studies. The extra parameter α of the Cole-
Cole equation is most likely needed due to correlated, many-body nature of the mesoscopic
relaxational process, which gives rise to an inhomogeneous distribution of relaxation times.
Most importantly, there is a clear increasing trend in the fitted parameters after SN is doped with
the Li-salts. The presence of the dissolved Li-salt cations and anions in the crystal lattice, which
are effectively motionless on the time scale of the THz perturbation and of the rotational
relaxation itself, hinder the rotation of the succinonitrile molecules; this is revealed by the
considerable relative increase of the parameters τ and Ea in the presence of ionic impurities.
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