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We present a detailed investigation of the phase behaviour, molecular relaxation dynamics, rheology and 
dielectric properties of two cyanobiphenyl-based liquid crystal (LC) tripods, differing only in the length of 
their spacer units (6 or 9 carbons). These LC tripods combine properties of low molecular weight LCs and LC 
polymers, resulting in a range of advantageous properties including a wide nematic range (Δ𝑇 > 90 K) and a large 
birefringence (0.3 at 𝑇 −𝑇𝑁𝐼=-80 K for the 6 spacer tripod). Using broadband dielectric relaxation spectroscopy, 
calorimetry, oscillatory and steady state shear rheology, we identified four molecular relaxation processes: 
the structural (𝛼) relaxation (defining the glass transition temperature, 𝑇𝑔); the 𝛿 relaxation (reorientation 
of the mesogen unit around its short axis); the 𝛽 relaxation (reorientation around its long axis); and the 𝛾
relaxation (internal tripod arm fluctuations). The 𝛽 and 𝛾 relaxations follow Arrhenius temperature dependencies 
in the glass, whereas the 𝛼 and 𝛿 relaxations merge above, but near 𝑇𝑔 , where they follow a non-Arrhenius 
VFT behaviour. For higher temperatures, the two relaxations separate and for 𝑇 > 𝑇 ∗, where 𝑇 ∗ marks a 
dynamic crossover, the 𝛼 relaxation transitions from VFT to Arrhenius behaviour. For the two tripods, ratios 
of 𝑇 ∗∕𝑇𝑔 = 1.14 and 𝑇 ∗∕𝑇𝑔 = 1.13 were observed respectively, consistent with the ratio observed for many side-

chain LC polymers (and other LC systems), and consistent with the ratio where a dynamic crossover is typically 
observed also for non-LC glass-formers. However, for non-LC systems, the transition to Arrhenius behaviour 
happens at significantly higher temperatures relative to 𝑇𝑔 and the dynamic crossover at 𝑇 ∗ is typically observed 
as a transition between two different VFT behaviours. We argue that for the tripods these differences arise from 
differences in the molecular relaxation mechanisms induced by the LC order. Finally, for temperatures where 𝛿
and 𝛼 relaxations are separated, we find that ion conductivity decouples from the 𝛼 relaxation, instead following 
the 𝛿 relaxation; this demonstrates that the ion transport properties for the tripods can be tuned by the design of 
the tripod mesogen arm.
1. Introduction

Liquid crystals (LCs) are important for a wide range of applica-

tions including liquid crystal displays [1], and photonic or electronic 
devices [2], such as photonic fibres [3] or beam steering devices [4]. 
Many of these applications involve low molecular weight calamitic LCs 
which are characterised by low viscosities and correspondingly fast 
phase switching times. Alternatively, LC polymers (LCPs) have been 
synthesized both as main chain LCPs, where the mesogenic moieties 
are present in the polymer backbone, and as side-chain LCPs (SCLCPs) 

* Corresponding authors.

where the mesogenic moiety is separated from the backbone by a flexi-

ble spacer [5]. Polymers have advantages in terms of the increased tune-

ability of material properties provided by the chain-length and flexibil-

ity. However, LCPs are typically highly viscous, leading to slow phase 
switching and the desired LC phases often forming at relatively high 
temperatures [6], rendering realistic applications difficult. Oligomeric 
LCs, on the other hand, can combine many of the beneficial properties 
of LC polymers with the lower viscosity typically found in low molecu-

lar weight LCs, thus allowing lower transition temperatures and faster 
phase switching times.
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Many studies of oligomeric LCs have focused on dimers [7–11], con-

sisting of two mesogenic groups separated by a flexible spacer, due to 
the prevalence of novel phase structures such as the twist-bend nematic 
phase [12] and the twist-bend smectic C phase [13]. Also trimers have 
been investigated even though the studies, so far, have mainly focused 
on interesting phase behaviour, including the formation of intercalated 
smectic phases [14], and the possible existence of a biaxial phase [15]. 
Trimeric LCs of varying geometries have also been investigated, e.g. in-

cluding linear structures where the mesogenic units are separated by 
flexible spacers [14,16–18], or branched tripod molecules where the 
mesogenic units are appended to a central core [14,19–25]. Tripod LCs 
[24,25], the focus of the present work, are relatively new materials and 
are interesting as low melting point materials, characterised by a wide 
nematic range, and thus with potential use in room temperature LC-

applications.

When a molecular liquid or polymer melt is cooled, the structural 
(𝛼) relaxation slows down, and if crystallization is avoided (e.g. by 
fast cooling), this will eventually lead to the liquid or melt falling out 
of equilibrium, resulting in a disordered solid - a glass. Correspond-

ingly, LC polymers also form glassy states at low temperatures [26–32], 
and non-polymeric molecular LCs, both single component [33–37] and 
mixtures [38], form glasses even though specific sample preparation 
methods are often needed to prevent crystallization. Importantly, for 
LC liquids or polymers, the anisotropy present in the LC phase at vit-

rification is retained, which means that LC-based glasses are solids 
characterised by molecular anisotropy.

The glass transition temperature 𝑇𝑔 is commonly defined as the 
temperature for which the characteristic relaxation time of the 𝛼 relax-

ation 𝜏𝛼 = 100 s [39]. In addition to the structural 𝛼 relaxation, non-LC 
glass-forming liquids or polymers typically show additional ‘secondary’ 
relaxations that correspond to more local molecular motions; these are 
normally termed 𝛽, 𝛾 , 𝛿 ... in order of decreasing characteristic relax-

ation time for a fixed temperature. At least one of these, the 𝛽 relaxation 
(sometimes called the Johari-Goldstein 𝛽 relaxation [40]), is believed to 
be generic to glass-formation and has been shown to have strong links 
to the structural 𝛼 relaxation [39,41–43].

In the glassy state, where the structure is largely frozen, the char-

acteristic relaxation time 𝜏 for a particular relaxation typically follows 
Arrhenius behaviour,

𝜏 = 𝜏0 exp
[Δ𝐻
𝑅𝑇

]
, (1)

where 𝜏0 is a microscopic relaxation time (∼ 10−13 s), Δ𝐻 is the activa-

tion enthalpy, 𝑅 is the gas constant and 𝑇 the temperature. In contrast 
- the temperature (𝑇 ) dependence of the 𝛼 relaxation is often described 
well using a so-called Vogel Fulcher Tammann (VFT) equation for tem-

peratures near but above 𝑇𝑔 [32,43],

𝜏𝛼(𝑇 ) = 𝜏0 exp
[

𝐷𝑇0
𝑇 − 𝑇0

]
, (2)

where 𝜏0 is a microscopic relaxation time (∼ 10−13 s), 𝐷 controls the 𝑇 -

sensitivity, the so-called fragility [44], and 𝑇0 is a temperature for which 
𝜏 would diverge if the equilibrium VFT-behaviour persisted to low-𝑇 . 
The fragility, i.e. the sensitivity to a 𝑇 -change near 𝑇𝑔 , is alternatively 
often defined more directly as the slope of 𝜏𝛼(𝑇 ) at 𝑇𝑔 in an Arrhenius 
plot 𝑚 [45]:

𝑚 =
𝑑 log 𝜏𝛼
𝑑(𝑇𝑔∕𝑇 )

|||||𝑇=𝑇𝑔 . (3)

Thus, ‘fragile’ liquids are sensitive to a 𝑇 -change near 𝑇𝑔 and are thus 
characterised by a large 𝑚, or conversely a small 𝐷, whereas ‘strong’ 
liquids are insensitive to a 𝑇 -change, and are thus characterised by more 
Arrhenius-like behaviour.

The VFT expression often provides a good empirical description of 
𝜏𝛼(𝑇 ) over an extended 𝑇 -range for 𝑇 ≤ 𝑇𝑔 . However, for 𝑇 above a 
2

crossover temperature 𝑇𝐵 the 𝜏𝛼(𝑇 ) behaviour for non-LC glass-forming 
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liquids typically crosses over into another VFT-like 𝜏𝛼(𝑇 ) dependence, 
normally more markedly non-Arrhenius (more fragile) [46]. The cross-

over temperature 𝑇𝐵 generally has values 𝑇𝐵∕𝑇𝑔 ∼ 1.2 − 1.6, and a 
correlation between the 𝑇𝐵∕𝑇𝑔 ratio and fragility has been proposed 
[47]. The dynamic crossover at 𝑇𝐵 is also typically manifested in other 
changes in the liquid behaviour, including the separation of the 𝛼 and 𝛽
relaxations [48,49], a decoupling between translational and rotational 
diffusion [43], and changes in the 𝑇 -dependence of the 𝛼-relaxation 
strength [50]. Thus, 𝑇𝐵 corresponds to a fundamental change in the 
liquid dynamics and such behaviour was predicted in 1969 by Gold-

stein [51] and associated with the relevant energy barriers becoming 
significantly larger than thermal energy for 𝑇 < 𝑇𝐵 . For 𝑇 larger than 
a temperature 𝑇𝐴 (𝑇𝐴 > 𝑇𝐵 > 𝑇𝑔), on the other hand, the 𝛼 relaxation 
can take place without need for significant cooperative motion and an 
Arrhenius behaviour describes the data well [46].

Oligomers and polymers generally display glass-transition dynam-

ics with similar characteristics to those in non-polymeric glass-formers. 
However, the chain connectivity and presence of intramolecular degrees 
of freedom leads to a more complicated inter-relationship between the 
structural 𝛼 and secondary relaxations [52,53]. Also, for chains longer 
than one or a few Rouse beads, the change in 𝜏𝛼(𝑇 ) at 𝑇 ≈ 𝑇𝐵 often dis-

appears, and one effective VFT behaviour can fit the data over a very 
wide 𝑇 -range [54,55]. Moreover, the change at 𝑇𝐴 is often difficult to 
observe for polymers due to sample degradation before these relatively 
high temperatures are reached [56].

The general theory for the dielectric relaxation of rigid dipolar 
molecules in nematic fluids was developed by Nordio et al. [57]. Four 
molecular relaxation modes are generally observed which include both 
rotation around the mesogen long axis, and three different rotations 
around the corresponding short axis [58]. Neglecting molecular biax-

iality, the relaxation strengths of the different processes are written 
in terms of dipole components using the Maier and Meir equations 
[59,60].

As discussed in detail below, the relaxation dynamics of the tripod 
LCs investigated in this work show significant similarities to the dynam-

ics of SCLCPs rather than low molecular weight nematic LCs. SCLCPs 
have been relatively thoroughly studied. The key elements of their dy-

namics are outlined in the following: The structural 𝛼 relaxation of 
SCLCPs, directly related to glass-formation, is generally associated with 
the segmental motions of the backbone [61,62]. Importantly, as for non-

LC glass-formers, 𝜏𝛼(𝑇 ) generally demonstrates a cross-over in dynamics 
at a crossover temperature 𝑇⋆ ∼ 1.1 − 1.3 × 𝑇𝑔 [26,30,31,63–67]. Thus, 
𝑇 ⋆∕𝑇𝑔 is similar to 𝑇𝐵∕𝑇𝑔 for non-LC glass-formers, suggesting that they 
have similar origin. However, in contrast to the behaviour for non-LC 
glass-formers, SCLCPs typically show a transition from a low-𝑇 VFT to 
a high-𝑇 Arrhenius behaviour, and it appears that this transition to Ar-

rhenius behaviour is directly linked to the formation of LC phases [64]. 
The same conclusion was also reached for a LC elastomer which could 
be produced either in a nematic or an isotropic phase, where the low-𝑇

Arrhenius behaviour was associated with the presence of nematic fluc-

tuations [68].

For SCLCPs, in addition to the 𝛼 relaxation, a slower so-called 𝛿
relaxation, and up to three faster 𝛽, 𝛾1, and 𝛾2 relaxations, are often ob-

served. The 𝛿 relaxation is generally interpreted as due to rotations of 
the mesogenic unit around its short axis [26–28]; this rearrangement 
requires the mobility of the 𝛼 relaxation and the 𝛿 relaxation is thus 
generally slower than the 𝛼 relaxation. The 𝛽 relaxation for SCLCPs 
(not to be confused with the 𝛽 relaxation in non-LC glass-formers, as 
discussed above), in turn, is typically attributed to the rotation of the 
mesogenic unit around its long axis [30,61,69], and its corresponding 
activation energy strongly depends on the structure of the mesophase 
frozen into the glass [70–72]. Finally, the 𝛾1 and 𝛾2 relaxations are typi-

cally assigned to fluctuations of the tail and spacer groups, respectively; 
the activation energies for these relaxations are normally relatively in-
dependent of spacer length [70].
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Fig. 1. Chemical structure of the asymmetric trimeric ‘tripod’ liquid crystal 2,3,4-tris[n-(4-cyanobipheny-4’-yloxy)alk-1-yloxy]benzonitriles. Sample T6 corresponds 
to 𝑛=6 and sample T9 to 𝑛=9.
We here present a detailed investigation of the temperature depen-

dent molecular relaxations in two tripod liquid crystals differing only 
in the alkyl spacer length of their arms, corresponding to either six or 
nine carbons. The phase behaviour and dielectric properties as well as 
the full molecular relaxation dynamics of these two tripods were in-

vestigated using broadband dielectric spectroscopy (BDS), differential 
scanning calorimetry (DSC), small amplitude oscillatory shear (SAOS) 
rheology and steady state shear rheology. We characterise the detailed 
𝑇 -dependent behaviour of the observed 𝛼, 𝛿, 𝛽, and 𝛾 relaxations. We 
particularly investigate the dynamic crossover observed for the 𝛼 relax-

ation time, which we compare with the behaviour observed both for 
other LC-systems including SCLCPs, and non-LC glass-formers. More-

over, we investigate how the transport of ions in the tripods is linked to 
the relaxation dynamics.

2. Materials and methods

2.1. Tripod liquid crystals

The two LC tripods: 2,3,4-tris[𝑛-(4-cyanobiphenyl-4’-yloxy)alk-1-

yloxy] benzonitriles, are denoted as Tn, where 𝑛 is either 6 or 9; see 
the chemical structure in Fig. 1. Tn are asymmetric tripods derived 
from 2,3,4-trihydroxy benzonitrile, which in turn is connected to three 
cyanobiphenyl arms via ether linkages with alkyl spacers of different 
lengths. The tripods were synthesised according to Srinatha et al. [24]. 
In previous studies it has been demonstrated that Tn LCs form interca-

lated nematic phases without cybotactic clustering [24,25]. The phase 
behaviour of T6 and T9 were determined using DSC and polarised opti-

cal microscopy (POM), as outlined below. The phase sequence and the 
corresponding transition temperatures, as obtained from POM for T6 
are: G 294 K N 408 K Iso, and for T9: G 287 K N 378 K Iso. The DSC 
traces obtained for two successive heating and cooling cycles, all car-

ried out at the rate of 10 K/min, are shown for both T6 and T9 in figure 
S1 in the Supplementary Information (SI).

2.2. Differential scanning calorimetry

DSC experiments were performed using a TA Instruments Q2000 
heat flux DSC in combination with a liquid nitrogen cooling system. For 
all DSC runs, ∼7.5 mg of sample was placed in an aluminium Tzero 
hermetically sealed pan. Rate-dependent DSC was performed by cool-

ing the sample across the glass transition region at rates of 1-50 K/min. 
In addition to this, temperature-modulated DSC (TMDSC) experiments 
were performed by applying a sinusoidal temperature profile to a linear 
heating ramp across the glass transition region. Three different tempera-

ture profiles were chosen: modulation periods of 40, 60, and 100 s; with 
modulation amplitudes of 0.8, 1.2, and 2 K; and linear heating ramps 
of 1.25, 0.83, and 0.5 K/min, respectively. These parameters were cho-
3

sen such that the heat flow as a result of the modulation (the so-called 
reversing heat flow), and the number of oscillations over the 𝛼 relax-

ation temperature window were consistent between the three different 
modulation periods. 6-10 modulation periods occur within the glass 
transitions temperature range (shown in figure S2) such that the ma-

terial remains quasi-isostructural across a single modulation [73]. For 
all DSC and TMDSC measurements, 𝑇𝑔 was defined by the fictive tem-

perature determined using the technique outlined by Moynihan et al.

[74].

2.3. Polarised optical microscopy

For POM experiments (the same cells were subsequently used for 
dielectric spectroscopy), 20 μm planar aligned liquid crystal cells with 
ITO electrodes (15Ω/m2, AWAT, Poland) were used; the cells contained 
SE130 polyimide alignment layers rubbed antiparallel (top and bottom 
substrate rubbed in opposite directions). For optical determination of 
the LC phases, unaligned glass cells were fabricated in order to observe 
the unaligned texture of materials. The unaligned cells used for POM 
experiments were fabricated in-house with a cell gap of 11 μm. All cells 
were filled in the isotropic phase of the LCs.

2.4. Birefringence

The birefringence, Δ𝑛, of T6 and T9 were measured using a Berek 
compensator. The 𝑇 -dependent birefringence of T6 and T9 were fitted 
using:

Δ𝑛(𝑇 ) = (Δ𝑛)0
(
1 − 𝑇

𝑇𝑐

)Λ
, (4)

where (Δ𝑛)0 is the birefringence at zero Kelvin, 𝑇 is the temperature, 
𝑇𝑐 a temperature just above the isotropic-to-nematic phase transition 
temperature and Λ is a material constant with a value between 0.15 
and 0.2. [75].

2.5. Broadband dielectric spectroscopy

Broadband dielectric spectroscopy (BDS) was performed using a 
Novocontrol Alpha-A dielectric analyser and covered a frequency range 
of 30 mHz to 2 MHz, using an AC RMS voltage of 0.4 V. The liq-

uid crystal cells, described above, were used for the experiments and 
the temperature was controlled using a Novocontrol Quatro cryosys-

tem with an accuracy of 0.1 K. The samples were first heated to their 
isotropic phase, and subsequently cooled to 113 K (within the glass) us-

ing a cooling rate that varied between 10-15 K/min. The frequency (𝑓 ) 
dependent complex permittivity data 𝜀∗(𝑓 ) were described using a sum 
of a powerlaw loss contribution from the ITO electrodes, a loss contri-

bution from ionic DC-conductivity, and a set of contributions from the 
observed molecular relaxations, each described by either a Havriliak-
Negami (HN) [76], or a Cole-Cole (CC) [77] expression:
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Fig. 2. The dielectric loss as a function of frequency for T6 at (a) 333 K (nematic 
phase) and (b) 193 K (glassy phase). The different contributions to the dielectric 
loss are shown, including the ionic dc-conductivity (𝜎), the 𝛿 relaxation, the 
structural 𝛼 relaxation, the 𝛽 relaxation, the 𝛾 relaxation, and the contribution 
from the ITO electrodes. The detailed fitting approach is described in detail in 
the text.

𝜀∗(𝜔) =𝐴ITO𝜔
𝑛ITO 𝑖−

𝜎DC

𝜀0𝜔
𝑖

+
𝑁∑

𝑗=𝛿,𝛼,𝛽,𝛾

Δ𝜀𝑗
(1 + (𝑖𝜔𝜏𝐻𝑁,𝑗 )𝑎𝑗 )𝑏𝑗

+ 𝜀∞.

(5)

Here, 𝜎𝐷𝐶 is the DC-conductivity and 𝐴𝐼𝑇𝑂 is the amplitude of the 
ITO electrode powerlaw contribution; 𝑁 is the number of relaxation 
processes contributing to the data, the index 𝑗 refers to a specific relax-

ation, 𝜀∞ is the high-frequency limit of the dielectric permittivity, Δ𝜀𝑗
is the dielectric strength, and 𝜏𝐻𝑁,𝑗 is a characteristic relaxation time 
for relaxation 𝑗; 𝑎𝑗 and 𝑏𝑗 are parameters that describe the breadth 
and asymmetry of the 𝑗th relaxation process. For both T6 and T9, four 
molecular relaxations were observed within the investigated tempera-

ture range. In addition to the structural 𝛼 relaxation, a slower 𝛿 relax-

ation and two faster sub-glassy relaxations, here termed 𝛽 and 𝛾 , were 
observed within the experimental window, where we have used the 
same relaxation nomenclature as often used for SCLCPs (see e.g. [61]). 
For the 𝛼 relaxation the 𝑎 parameter varied between 0.5 and 0.7 while 
the 𝑏 parameter varied between 1 and 0.6. The 𝛿 process could be well 
described as a Debye relaxation where the 𝑎 and 𝑏 parameters are set 
to 1, while the 𝛽, and 𝛾 relaxations required a Cole-Cole fitting func-

tion where 𝑏 was set to 1 while 𝑎 varied between 0.4 and 0.7 for the 𝛽
relaxation, and between 0.5 and 0.2 for the 𝛾 relaxation. Fig. 2 shows 
examples of the fitting for the T6 sample, both in the liquid nematic 
state at 𝑇=333 K, and the glassy state at 𝑇=193 K.

Throughout this paper, we use the time-scale characterising the 
maximum of the dielectric loss 𝜏𝑝, which corresponds to the most proba-

ble relaxation time, as the characteristic relaxation time for a particular 
relaxation. For asymmetric relaxation processes, i.e. where 𝑏 ≠ 1, 𝜏𝐻𝑁

does not correspond to either the loss peak maximum, or the average 
relaxation time. Thus, to obtain 𝜏𝑝 we use the expression [32]:

1 1
[ (

𝑎𝑗𝜋
)]1∕𝑎𝑗 [ (

𝑎𝑗𝑏𝑗𝜋
)]−1∕𝑎𝑗
4

𝜏𝑝
=
𝜏𝐻𝑁

sin
2 + 2𝑏𝑗

sin
2 + 2𝑏𝑗

. (6)
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The ITO electrodes show a temperature-independent contribution 
to the dielectric loss at high frequencies, as shown in Fig. 2. To verify 
that the observations for the tripods are not significantly influenced 
by the choice of ITO electrodes, we also performed experiments on 
an unaligned sample of the tripod T6 using brass electrodes. For these 
experiments, 10 mm circular brass plates were used with a sample thick-

ness of 50 μm.

2.6. Rheology

2.6.1. Small amplitude oscillatory shear rheology

Small amplitude oscillatory shear (SAOS) rheology was performed 
on the LC tripod T6 using a Rheometrics ARES strain-controlled rheome-

ter. The sample temperature was controlled using a liquid nitrogen 
cooling system controlling a forced convection oven. 5 mm diameter 
plates in a parallel plate geometry were used with a sample thickness of 
1.35 mm at 𝑇=333 K. The sample thickness was gradually reduced for 
lower temperatures (due to the sample density increase) to maintain a 
constant sample radius, resulting in a sample thickness of 1.15 mm at 
𝑇=289 K. Strain sweep measurements were conducted to confirm that 
the measurements were performed in the linear viscoelastic regime and 
the strain amplitude was varied with temperature, ranging from 10% at 
𝑇=333 K to 0.03% at 𝑇=289 K.

Time Temperature Superposition (TTS) can often be used to com-

bine data sets for individual temperatures into a mastercurve. However, 
the use of TTS is only relevant when the data for a specific temperature 
range are controlled by the same relaxation process [78]. To investigate 
the relevance of a TTS analysis, the loss tangent tan(𝛿) is plotted ver-

sus the absolute complex modulus |𝐺∗| in a so-called van Gurp Palmen 
(vGP) plot in figure S10 (SI). The explicit time-dependence is removed 
from the data in this representation and the plot thus demonstrates 
whether a TTS mastercurve can be produced simply by application of a 
horizontal frequency shift-parameter. As shown in figure S10 (SI), the 
vGP plot shows two regions where the data collapse well; one in the 
high modulus low 𝑇 range, and one in the low modulus high 𝑇 range. 
This behaviour with two, or more, separate 𝑇 -dependent relaxations 
is commonly observed due to the existence of chain modes or phase 
changes in the material [79–82]. Thus, we conclude that the low and 
high 𝑇 data are dominated by two different relaxation processes and 
two separate master curves, one for each region, were thus produced.

2.6.2. Steady state shear rheology

The shear viscosity was determined for the T6 sample using an 
Anton Paar MCR 302 stress-controlled rheometer. A parallel plate ge-

ometry was used with 25 mm diameter plates and a sample gap of 0.11 
mm; the sample gap was monitored using Anton Paar’s TruGap feature. 
Measurements were performed within a temperature range of 333 - 418 
K, to encompass both the isotropic and nematic states.

3. Results

3.1. Optical and phase behaviour

Both T6 and T9 demonstrate a wide temperature range nematic 
phase: T6 shows a nematic phase between 408 K and 294 K and T9 
exhibits a nematic phase between 378 K and 287 K; for lower tem-

peratures, each sample vitrifies and forms a nematic glass where the 𝑇𝑔
given here is defined by the onset temperature as determined from DSC. 
The enthalpy of the isotropic to nematic transition is 3.44 kJ/mol for T6 
and 3.77 kJ/mol for T9. The nematic phase is enantiotropic in both ma-

terials. The materials showed no hysteresis effects and the glass states 
were accessible during both cooling and heating cycles for all investi-

gated rates. Fig. 3b shows the typical Schlieren texture of the nematic 
phase of sample T6 observed using POM. In planar rubbed cells, both 
T6 and T9 shows good homogeneous alignment (Fig. 3b) throughout 

the nematic phase. The 𝑇 -dependence of the birefringence for samples 
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Table 1

VFT parameters from the fits of 𝛼 and 𝛿 relaxation data for samples T6 
and T9, as determined from BDS experiments.

T6

𝑇𝑔 (K) log(𝜏0) (s) 𝑇0 (K) 𝐷 𝑚

𝛿 Process 294 −9.33 ± 0.06 266.5 ± 0.6 2.65 ± 0.07 120 ± 30
𝛼 Process 294 −10.67 ± 0.07 270.5 ± 0.4 2.57 ± 0.05 160 ± 40

T9

𝑇𝑔 (K) log(𝜏0) (s) 𝑇0 (K) 𝐷 𝑚

𝛿 Process 287 −8.4 ± 0.1 268.3 ± 0.8 1.70 ± 0.08 160 ± 60
𝛼 Process 287 −9.79 ± 0.04 269.8 ± 0.2 1.78 ± 0.02 190 ± 30
Fig. 3. POM images of sample T6: (a) between glass plates with no align-

ment layer at 𝑇 − 𝑇NI =28.5 K showing the Schlieren texture characteristic of a 
nematic phase; (b) filled into a 10 μm planar cell. P, A and R refer to the po-

lariser, analyser and rubbing directions, respectively. The scale-bar corresponds 
to 200 μm. (c) Plot of the temperature-dependent birefringence of T6 (black 
squares) and T9 (red circles) within their nematic phase. The solid lines are the 
results of fits to eq. (4), as described in the text.

T6 and T9 are shown in Fig. 3c; at 𝑇 −𝑇𝑁𝐼=-110 K, T6 shows a birefrin-

gence of 0.3 and at 𝑇 − 𝑇𝑁𝐼=-80 K, T9 shows a birefringence of 0.25. 
For comparison, the commonly used cyanobiphenyl-based calamitic liq-

uid crystal 5CB has a birefringence of 0.22 [83] at 𝑇 − 𝑇𝑁𝐼=-22 K. 
Thus, as expected, at room temperature, both T6 and T9 has higher 
birefringence than 5CB; higher birefringence LC components are de-

sirable for many applications such as displays and telecommunication 
devices [84]. Even though a clear glass transition was observed in DSC 
data for both T6 and T9 (figure S1 in the SI), no significant textural or 
optical birefringence changes were observed at the glass transition.

3.2. Broadband dielectric spectroscopy

BDS measurements of the complex dielectric permittivity were car-

ried out in a planar aligned cell. Representative frequency sweeps of 
the dielectric loss for selected temperatures are shown in Fig. 4 for both 
T6 and T9. In the nematic phases of both T6 and T9, the 𝛼 and 𝛿 re-

laxations are observed. An example of the fitting of the nematic liquid 
5

state is shown for sample T6 in Fig. 2a, where the contributions to the 
dielectric loss from DC-conductivity, the 𝛿, and 𝛼 relaxations, as well as 
the ITO electrode contributions are shown at a temperature of 333 K. 
As the temperature within the nematic phase is reduced and the glass 
transition is approached, the 𝛿 and 𝛼 relaxations merge into one effec-

tive single relaxation process, as shown in Fig. 4a. The merging of the 
two relaxation processes as 𝑇𝑔 is approached from above is similar to 
the behaviour typically observed in SCLCPs [30,31,64–66]. Figure S6 
(SI) shows the ratio of the 𝛿 and 𝛼 relaxation times for both the T6 and 
T9 samples, demonstrating that the timescale separation for both relax-

ation processes, and thus the and merging near 𝑇𝑔 , is analogous for both 
materials.

In the glassy state of both T6 and T9, two further secondary relax-

ation processes are observed; these are observed at higher frequencies 
than the 𝛿 and 𝛼 relaxations. We refer to the slower of these two sec-

ondary relaxations as the 𝛽 process and the faster as the 𝛾 process, 
following nomenclature common in the literature for SCLCPs [61] (see 
Fig. 2b).

The temperature-dependent relaxation times for the four observed 
relaxations are shown in Fig. 5 in Arrhenius plots. It is clear that both 
T6 and T9 show similar qualitative behaviours for all four observed 
relaxation processes. The relaxation times of the 𝛿 process can be de-

scribed in its entirety using a VFT expression (2). The 𝛼 process can 
also be well-described using a VFT expression for temperatures near 𝑇𝑔 . 
From the VFT parameters, 𝑇𝑔 for T6 and T9 were determined as 294 
K and 287 K, respectively, in good agreement with the DSC results of 
294 K and 287 K (for a heating rate of 10 K/min) for T6 and T9 respec-

tively. A reduction in 𝑇𝑔 as the spacer length is increased is consistent 
with observations for SCLCPs [64]. However, above a temperature 𝑇 ∗

(𝑇 ∗=335 K for T6 and 𝑇 ∗=325 K for T9, as marked in black vertical 
dashed lines in Fig. 5, 𝜏𝛼(𝑇 ) is instead best described using an Arrhe-

nius behaviour. Dielectric loss spectra around this transition point are 
shown in figure S3. The VFT and Arrhenius fitting parameters for the 𝛿
and 𝛼 processes are shown in Table 1.

Further evidence for changes in dynamics near 𝑇 ∗ can be found from 
the HN fitting parameters corresponding to the 𝛿 and 𝛼 processes, re-

spectively, as shown in figure S4 (SI). Figure S4a (SI) and S4b (SI) show 
the dielectric strength, Δ𝜀, versus the ratio 𝑇𝑔∕𝑇 for the 𝛿 and 𝛼 pro-

cesses, respectively. For both T6 and T9, the dielectric strength of the 
𝛿 process, Δ𝜀𝛿 , decreases as the temperature decreases, whereas the 
strength of the 𝛼 process, Δ𝜀𝛼 initially decreases, but then begins to 
increase around 𝑇 ∗. The HN shape parameters (a and b in equation 
(5)) are included in figure. S2c (SI), and we find that changes to the 
𝑇 -dependence of the shape parameters of the 𝛼 process can also be ob-

served at 𝑇 ∗; above 𝑇 ∗, 𝑏𝛼 is equal to 1, but for 𝑇 < 𝑇 ∗ 𝑏𝛼 decreases.

Both T6 and T9 are highly fragile glass formers with fragilities of 
𝑚=160 and 𝑚=190 for T6 and T9 respectively. The high values of 
fragility for T6 and T9 fall within a range observed for many high 
molecular weight polymers [47,55,56,85]; it has also been shown that 
bulky pendant groups appended to the polymer backbone can also cre-

ate highly fragile glass formers [86].

For 𝑇 < 𝑇𝑔 , only the 𝛽 and 𝛾 processes are observed and the 𝑇 -
dependent HN fitting parameters for the 𝛽 and 𝛾 processes are shown 
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Fig. 4. Representative plots of the frequency-dependent dielectric loss for (a) T6 and (b) T9, both within the nematic state. Two relaxation contributions are observed 
for both T6 and T9, particularly at the higher temperatures. The two relaxation merge into one effective relaxation for temperatures near the glass transition. 𝑇𝑔 for 
T6 is 294 K and for T9 287 K. The solid lines represent the fit resulting from fitting to Eq. (5).

Fig. 5. Arrhenius plots for sample (a) T6 and (b) T9, showing the 𝑇 -dependent characteristic relaxation times for the 𝛿, 𝛼, 𝛽 and 𝛾 relaxations, respectively. The 
characteristic 𝛼 and 𝛿 relaxation times are well-described near 𝑇𝑔 using a VFT equation. However, for 𝑇 > 𝑇 ∗, the 𝛼 relaxations are best described using an Arrhenius 
expression. The 𝛽 and 𝛾 relaxations observed within the glass are well-described using Arrhenius expressions. The fits to either VFT or Arrhenius expressions are 
shown in solid lines.

Table 2

Arrhenius parameters for samples T6 and T9 from the fits of the 𝛼 relax-

ation (for 𝑇 > 𝑇 ∗) and 𝛽 and 𝛾 relaxations (for 𝑇 < 𝑇 ∗), as determined 
from BDS experiments.

T6 T9

log(𝜏0) (s) Δ𝐻 (kJ/mol) log(𝜏0) (s) Δ𝐻 (kJ/mol)

𝛼 Process −31.66 ± 0.03 164.8 ± 0.2 −28.6 ± 0.02 140 ± 1
𝛽 Process −13.4 ± 0.3 48 ± 1 −17.0 ± 0.3 63 ± 1
𝛾 Process −14.75 ± 0.09 33.1 ± 0.3 −15.7 ± 0.2 36.8 ± 0.5
in figure S5 (SI), as shown for sample T6 at 𝑇=193 K in figure 2b. 
The relaxation times for the 𝛽 and 𝛾 relaxations can be well described 
using an Arrhenius temperature dependence for both T6 and T9, and 
the corresponding fitting parameters are provided in Table 2. The di-

electric strength Δ𝜀𝛾 shows a slight 𝑇 dependence for the 𝛾 process, 
decreasing slightly with decreasing temperature, whilst the strength of 
the 𝛽 process Δ𝜀𝛽 stays almost constant. Since the 𝛽 and 𝛾 processes 
are symmetric (on a logarithmic abscissa), 𝑏𝛽 = 𝑏𝛾 = 1 and only the 𝑇 -

dependencies for 𝑎𝛽 and 𝑎𝛾 are relevant. We find that the 𝛽 process 
becomes successively narrower over the investigated 𝑇 -range, whereas 
the 𝛾 process becomes broader.

The activation enthalpies measured for the 𝛽 and 𝛾 relaxations of T6 
and T9 are consistent with those observed for SCLCPs of similar spacer 
length [65,70–72]. Also, for both the 𝛽 and 𝛾 relaxations, we observe 
6

a higher activation energy as the tripod arm length is increased. For 
SCLCPs, the increase in activation energy of the 𝛽 relaxation, observed 
for increasing spacer length, is often linked to the formation of higher 
order LC phases, such as the smectic A, B or C phases [65]. However, 
our LC tripods form a nematic phase regardless of spacer length [24,25], 
excluding a direct link between the variation in activation enthalpy and 
the phase behaviour.

The use of ITO electrodes for measuring the dielectric properties 
of LC materials is common due to the high optical transparency of 
ITO and the ease of applying alignment layers to ITO. Thus, with ITO 
electrodes it is relatively straightforward to achieve uniform alignment 
and optically verify the alignment quality compared with the situation 
using opaque electrodes. Since ITO electrodes show a (temperature-

independent) high-frequency contribution to the dielectric loss, we also 
verified the key results by dielectric experiments on an unaligned T6 

sample using brass electrodes Figure S7 shows the resulting relaxation 
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Fig. 6. Mastercurves for sample T6 showing (a) re-scaled data for the dynamic 
range controlled mainly by the 𝛿 relaxation, and (b) re-scaled data for the dy-

namic range controlled mainly by the 𝛼 relaxation. For both plots, the closed 
symbols represent 𝐺′ and the open symbols 𝐺′ ′.

time-scales obtained using brass electrodes, and figure S8 shows the 
corresponding HN fitting parameters. Moreover, Table S1 shows the fit-

ting parameters for the VFT fits to the 𝛼 and 𝛿 relaxation times-scales 
and Table S2 shows the fitting parameters for the high-temperature 
Arrhenius fit of the alpha relaxation data. We find that although the dy-

namic crossover is less pronounced in the study using brass electrodes, 
the crossover is still clearly visible and generally there is good agree-

ment between the fitting parameters of the investigations of the aligned 
sample using ITO electrodes and the unaligned sample using brass elec-

trodes. The discrepancies between the two data sets for the T6 sample, 
e.g. observed in the high-temperature Arrhenius parameters, are likely 
due to the lack of alignment in the brass electrode measurements lead-

ing to a non-uniform molecular orientation across the sample.

3.3. Small amplitude oscillatory rheology

To further investigate the 𝑇 -dependent relaxation behaviour, small 
amplitude oscillatory shear (SAOS) rheology was carried out on the 
T6 sample within the 𝑇 range 289 - 333 K. The complex shear mod-

ulus 𝐺∗(𝜔) data are shown in figure S9 (SI) for a range of temperatures 
within the range 289 - 333 K. As demonstrated by the vGP plot in figure 
S10 (SI), we find that the SAOS data are mainly controlled by the 𝛼 re-

laxation at low 𝑇 and the 𝛿 relaxation at higher 𝑇 , and we thus split the 
data into two parts to directly reflect the two relaxation mechanisms 
and thus produce two separate mastercurves, as shown in 6; here, the 
reference temperature used was 321 K for the 𝛿 process and 295 K for 
the 𝛼 process. In Fig. 8, the resulting shift factors, corresponding to the 
𝛼 and 𝛿 relaxation data, are scaled onto the characteristic 𝛼 and 𝛿 relax-

ation time data obtained from BDS, as shown in Fig. 7. We find excellent 
agreement further confirming the 𝑇 -dependent relaxation behaviour for 
7

the two relaxations.
Journal of Molecular Liquids 391 (2023) 123069

Fig. 7. The characteristic relaxation time 𝜏 versus inverse temperature for the 
𝛼 and 𝛿 relaxations for sample T6. Data obtained from BDS, SAOS and steady 
state shear rheology, DSC and TMDSC are shown in symbols outlined in the leg-

end. The relaxation times determined from BDS and TMDSC were determined, 
as described in the text. The DSC data determined for varying measurement 
rates were scaled onto the TMDSC data using a shift factor. The shift-factors re-

sulting from the SAOS TTS analysis and the steady state shear viscosity data 
were scaled onto the BDS relaxation data, to facilitate a direct comparison. 
The dash-dotted vertical line indicates the isotropic to nematic phase transition 
temperature 𝑇𝑁𝐼 obtained from DSC, while the vertical dashed line indicates 
the temperature at which the temperature-dependence of the alpha relaxation 
changes from Arrhenius to VFT behaviour. The solid lines are fits to the VFT ex-

pression and the dashed line to the Arrhenius expression, as further discussed 
in detail in the text.

3.4. Steady state shear rheology

The 𝑇 -dependent steady-state shear viscosity was measured using 
a stress-controlled rheometer. Stress-strain measurements were per-

formed for the 𝑇 -range of 333 - 418 K (covering both the isotropic and 
nematic phases) for the T6 sample, as shown in figure S11 (SI). Newto-

nian behaviour was observed for all measured temperatures. The mea-

sured 𝑇 -dependent shear viscosities 𝜂(𝑇 ) are shown in Fig. 7, where a 
scaling factor has been applied to compare it to the SAOS and BDS data. 
We find that the re-scaled 𝜂(𝑇 ) corresponds well to the 𝑇 -dependence 
of the characteristic relaxation times for the 𝛿 relaxation, as shown in 
Fig. 7. Given the similar 𝑇 -dependencies, we conclude that 𝜂(𝑇 ) and 
𝜏𝛿(𝑇 ) are coupled, which makes sense given the importance of the sig-

nificant mesogen movements involved in the 𝛿 relaxation for liquid 
flow.

3.5. Calorimetry

Temperature modulated DSC (TMDSC) experiments were performed 
on the T6 sample for three different modulation periods, 𝑃 : 40, 60 and 
100 s across the 𝛼 transition. The transition temperature was defined as 
the inflection point of the reversing heat capacity step for each modu-

lation period. This yielded the transition temperature at the timescale 
defined by the modulation period, 𝑃 , using 𝜏𝛼 = 𝑃∕2𝜋 [87].

Since the time-scales probed by the TMDSC measurements is known, 
we can use the TMDSC data to determine the characteristic time-scales 
associated with the applied cooling rates in the standard DSC data. Stan-

dard calorimetry data was collected over a wider dynamic range using 
cooling rates ranging from 1 to 50 K/min. We determine the fictive tem-

perature (determined using the technique outlined in [74]) for the heat 
flow step corresponding to each cooling rate 𝑅, and using 𝜏𝛼 = 𝐴∕𝑅, 
with the constant 𝐴 tuned to provide overlap with the TMDSC data 
to extend the investigated dynamic range, as shown in Fig. 7. In sum-

mary, we find that the complementary experimental techniques provide 
a consistent picture with two main relaxations for 𝑇 > 𝑇𝑔 , the 𝛿 and 𝛼

relaxations, which approach and effectively merge near 𝑇𝑔 .
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Fig. 8. Double-logarithmic plot of the ionic DC-conductivity versus the inverse 
of either the 𝛼 or 𝛿 relaxation time for samples T6 and T9. The solid lines are fits 
with powerlaw expressions (𝜎DC = 𝜏−𝛾 ), where the slope of the line (𝛾) indicates 
the degree of decoupling between the DC-conductivity and the corresponding 
relaxation. The black dashed line has a slope of 1 (𝛾 = 1), thus corresponding to 
fully coupled behaviour. The values of 𝛾 for the 𝛼 and 𝛿 processes respectively 
are: 0.81±0.05 and 1.04±0.05 for T6, and 0.86±0.05 and 1.06±0.05 for T9.

3.6. Ion transport

There is significant interest in better understanding how to control 
and enhance ion transport in materials. Important examples include 
materials for energy storage such as Li-ion batteries where both the 
electrolyte and electrode binders need efficient ion transport [88,89]. 
Polymer-based ion-conducting electrolytes are particularly interesting 
since they could provide rigidity, flexibility, and safety to batteries. 
However, since the motion of ions typically requires a degree of struc-

tural relaxation, and for macromolecules such as polymers, the struc-

tural relaxation is relatively slow, the ion transport of polymers is often 
not sufficiently efficient for many applications [90,91]. One route to ad-

dress this is to add plasticizers that speed up the structural relaxation, 
and thus increase the conductivity. However, the additives typically af-

fect the safety and electrochemical properties of the materials. Thus, it 
is important to understand how pure polymeric, and oligomeric, mate-

rials operate in terms of ion transport, and particularly how to decouple 
ion transport from the structural relaxation.

The degree of decoupling can be quantified from the relationship 
𝜎DC ∝ 𝜏

−𝛾
𝛼 , where 𝜎DC is the 𝑇 -dependent DC-conductivity, 𝜏𝛼 is the 

structural relaxation time, and 𝛾 is a parameter which quantifies how 
similar the 𝑇 -dependencies are; a value of 𝛾 ≈ 1 means that the two 
show the same 𝑇 -dependence, whereas a value significantly lower than 
1 indicates strong decoupling. Most long-chain polymers demonstrate 
decoupling near 𝑇𝑔 , i.e. 𝛾 < 1 [90] and a rough trend has been ob-

served, where more fragile polymers typically demonstrate a stronger 
decoupling. This trend was originally suggested to be related to the fact 
that fragile polymers typically pack less effectively, leaving more space 
for ions to move, and thus relying less on structural relaxation for ion 
transport to take place [90].

Polymeric, or oligomeric, systems with LC functionalities have been 
identified as interesting for applications, e.g. as battery electrolytes, 
where ion transport is key [92,93]. Most of this work relies on the LC 
phase providing effective channels for ions to move through [93–96], 
whereas much less is known about the connection between ion motions 
and structural relaxation in LC systems. A decoupling of ion transport 
from the structural 𝛼 relaxation has been observed for a SCLCP [97]. We 
also note that it has been suggested for a non-LC side-chain polymer that 
ion transport may couple to motions of the side chains [98]. Several 
studies have investigated this for nematic LC systems [33,34,37] and 
for 5CB a deviation from 𝛾 = 1 was observed as 𝑇𝑁𝐼 was approached, 
which was interpreted as due to the presence of pre-transitional nematic 
fluctuations [35]. In another study, it was shown that nanoparticles 
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added to 5CB reduced this decoupling and this was interpreted as due 
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to nanoparticle-induced disruption of the pre-transitional fluctuations 
[37]. Moreover, in a recent study on a liquid crystalline elastomer 
(LCE), which could be prepared in chemically identical nematic or 
isotropic phases through cross-linking, a significantly higher decoupling 
was observed in the nematic than in the isotropic LCE phase, which 
was also suggested to be related to differences in pre-transitional and 
nematic fluctuations, and in the corresponding difference in dynamic 
heterogeneity between the two phases [68].

Tripod LC materials are a type of LC materials for which very little is 
known about ion transport. In this study, we have not specifically added 
ions. However, a small level of ionic impurities present in the samples 
makes it possible to determine the 𝑇 -dependent ion conductivity, and to 
link this to the observed molecular relaxation processes. To investigate 
how the 𝑇 -dependence of 𝜎DC(𝑇 ) compares with the 𝑇 -dependence of 
the 𝛼 and 𝛿 relaxations, which are observed within the same 𝑇 -range, 
we plot 𝜎DC(𝑇 ) versus 𝜏𝛼(𝑇 ) in a double-logarithmic Walden-like plot 
8; a gradient of unity in this type of plot demonstrates that the 𝑇 -

dependencies are the same and thus suggests a direct relationship.

We find for both T6 and T9 that near 𝑇𝑔 , where the 𝛼 and 𝛿 relax-

ations are merged, the DC-conductivity is decoupled from the merged 
relaxation, as represented by 𝛾 < 1. For higher 𝑇 , as the 𝛼 and 𝛿 relax-

ations separate, we find that 𝜎DC continues to be decoupled from 𝜏𝛼(𝑇 ), 
as demonstrated by the 𝛾 values of 0.81 ± 0.05 for T6 and 0.86 ± 0.05
for T9, respectively. However, in this dynamic regime, 𝜎DC follows 
the 𝑇 -dependence of the 𝛿 relaxation well and the corresponding 𝛾
values are 1.04±0.05 and 1.06±0.05 for samples T6 and T9, respec-

tively; we expect any slight difference from unity here to be due to 
the increasing difficult of fitting the 𝛿 and 𝛼 relaxations near 𝑇𝑔 . We 
note that, as shown for sample T6 in Fig. 7, the 𝛿 relaxation has the 
same 𝑇 -dependence as the shear viscosity 𝜂(𝑇 ). Thus, the ion motions 
are well coupled to the shear viscosity. For simpler liquids, the shear 
viscosity and the structural 𝛼 relaxation are typically related through 
𝜂(𝑇 ) = 𝐺∞(𝑇 )𝜏𝛼(𝑇 ), where the instantaneous shear modulus 𝐺∞(𝑇 ) has 
a weak 𝑇 -dependence and 𝜂 is thus approximately proportional to 𝜏𝛼 .

For the tripods, our results suggest that for temperatures where the 
𝛿 relaxation is active, and thus the re-orientations of the mesogen arms 
takes place on the relevant time-scales, the ions utilise the motion of 
the tripod arms to move through the liquid. As shown for the chemical 
structure of the tripods (see Fig. 1), ionic coordination sites are situated 
both at the end of the mesogen arms (cyano group), at its centre, and 
on either side of the alkyl spacer (oxygens). Thus, it is feasible that 
the movement of the tripod arms plays an important role in the ion 
transport.

Finally, we note that systems for which significant ion conduction 
requires the motion of tripod arms (or side-chains for SCLCPs) are in-

teresting due to the possibility of tuning the ionic transport properties 
by design of the properties of the arms, such as their length and flexi-

bility, as well as the number and location of the ion coordination sites. 
Understanding the mechanisms behind ion transport in systems such as 
these is important for the functional design of new materials with well 
controlled ion transport.

4. Discussion

We reiterate the observed change from VFT to Arrhenius behaviour 
observed at 𝑇 ∗ for the 𝛼 relaxation, as shown in Fig. 7; the temperature 
𝑇 ∗ corresponding to this ‘dynamic crossover’ is marked by a vertical 
black dashed line. To further investigate this crossover, we plot the 
data in a representation which linearises a VFT behaviour and identifies 
changes in the behaviour. We calculate the linearisation parameter 𝑍
[99],

𝑍 =
(

𝑑 log(𝜏𝑖)
)−1∕2

=
⎛⎜ 𝐷𝑇0 log(𝑒)

⎞⎟−1∕2 , (7)

𝑑(1000∕𝑇 ) ⎜⎝ 1000( 𝑇0𝑇 − 1)2 ⎟⎠
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Fig. 9. Derivative analysis for a) sample T6 and b) sample T9, for the data sets outlined in the legend. The vertical dashed line marks the temperature 𝑇 ∗ for which 
the alpha relaxation changes temperature dependence from VFT (𝑇 < 𝑇 ∗) to Arrhenius (𝑇 > 𝑇 ∗).
where 𝜏𝑖 represents either the 𝛼 or the 𝛿 relaxation processes, and plot 
𝑍 versus inverse temperature in Fig. 9. The slope of the linear be-

haviour in the resulting plot provides a measure of how non-Arrhenius 
the behaviour is; a steep slope corresponds to a highly non-Arrhenius 
behaviour, whereas a zero slope corresponds to an Arrhenius behaviour. 
Linearization plots for both the T6 and T9 samples are shown in Fig. 9a 
and Fig. 9b, respectively. For both samples, we find that the 𝛿 process 
can be well described using a VFT expression over the full investigated 
𝑇 -range, whereas the 𝛼 relaxation changes from a VFT to an Arrhenius 
behaviour for 𝑇 > 𝑇 ∗, where 𝑇 ∗∕𝑇𝑔 = 1.14 and 𝑇 ∗∕𝑇𝑔 = 1.13 for T6 and 
T9 respectively. Moreover, it is clear that the VFT behaviour is very 
similar for the 𝛿 and 𝛼 relaxations near 𝑇𝑔 ; this is further confirmed by 
the VFT fitting parameters, shown in Table 1.

A similar dynamic crossover from VFT to Arrhenius behaviour 
[26,30,31,63–66,100] (typically observed for a ratio 𝑇 ∗∕𝑇𝑔 ≈ 1.1-1.2) 
as well as 𝛿 and 𝛼 relaxations merging near 𝑇𝑔 , are also commonly ob-

served [30,31,64–66] for SCLCPs. The 𝑇 -dependence of the 𝛿 relaxation 
has either been reported as non-Arrhenius (typically described by a VFT 
expression) [100,101], or as Arrhenius, where the full dynamic range 
is often associated with two separate Arrhenius behaviours, each char-

acterised by a different activation energy [30,31,64,66,101]. However, 
for the latter behaviour, the temperature characterising the dynamic 
change is generally different from 𝑇 ∗. Thus, both the observations for 
SCLCPs of a merging of the 𝛼 and 𝛿 relaxations near 𝑇𝑔 , and the pres-

ence of a dynamic crossover at 𝑇 ∗ are consistent with the behaviour of 
the tripods.

Several different interpretations of the dynamic crossover at 𝑇 ∗ in 
SCLCPs have been suggested in literature. One commonly invoked inter-

pretation is that 𝑇 ∗ is related to the presence of microphase separation, 
leading to mesogen-rich and backbone-rich layers [102]. As the tem-

perature is reduced towards 𝑇𝑔 , the molecular motions involved in the 
structural relaxation become more correlated; thus, the corresponding 
characteristic length-scale grows and eventually approaches the length-

scale characteristing the phase-separation-driven meso-scale structure, 
which should lead to changes in the relaxation behaviour [65]. How-

ever, an SCLCP in the smectic-E phase has shown compact layers with 
relatively short inter-layer distances [67,103,104], and for the SCLCP 
in the smectic-E phase a dynamic crossover characterised by a low-𝑇

Arrhenius and a high-T VFT behaviour has been observed [67]. This 
has often been interpreted as due to nano-confinement, where the fixed 
activation energy of the Arrhenius behaviour is linked to the confine-

ment length-scale [105,106]; this interpretation is different from the 
suggestion that the Arrhenius to VFT transition is due to microphase 
separation (see discussion above) in another work on SCLCPs by Schön-

hals et al. [65]. For the tripods T6 and T9, the X-ray scattering data 
recently reported by Srinatha et al. do not show any evidence for nano 
phase separation [24], and we thus do not consider any nano- or mi-
9

crophase separation effects a plausible explanation for our tripods. For 
some SCLCP materials, 𝑇 ∗ has been reported to coincide with changes in 
phase behaviour, such as: isotropic to nematic [31], isotropic to smectic 
A [66], or nematic to smectic [30] but this also is not a plausible expla-

nation for our tripods as no evidence of a phase transition in the region 
of 𝑇 ∗ has been detected in the optical, calorimetry or X-ray scattering 
data recently reported by Srinatha et al. [24].

A study by Schönhals et al. [64], where both SCLCPs and chemically 
analogous isotropic side-chain polymers were investigated, suggests 
that the presence of an LC phase is necessary to observe the change 
in dynamics from a low-𝑇 VFT to a high-𝑇 Arrhenius behaviour at a 
crossover temperature 𝑇 ∗. In this study the isotropic side-chain polymer 
were well-described by the same VFT behaviour throughout. The study 
also showed that 𝑇 ∗ decreases with increasing mesogen spacer length, 
whereas the ratio 𝑇 ∗∕𝑇𝑔 remains roughly constant varying between 
1.10-1.15 for varying spacer lengths, suggesting that the origin of the 
crossover behaviour is linked to the glass transition behaviour, and thus 
𝑇𝑔 . A similar conclusion was also recently reached for an LC elastomer, 
which could be produced both in a nematic and isotropic state. For this 
system, the dynamic transition behaviour could not be linked to any 
phase-separation [68]. Instead, the crossover between Arrhenius and 
VFT behaviour observed for 𝜏𝛼(𝑇 ) was instead attributed to a match-

ing between the length-scale of correlated molecular motions involved 
in the 𝛼 relaxation and the length-scale characterising nematic fluctua-

tions. The transition from VFT to Arrhenius was only observed for the 
nematic elastomer, whereas the isotropic elastomer instead showed a 
transition from a VFT (at low-𝑇 ) to another VFT (less fragile), and the 
characteristic size of correlated motions at 𝑇 ∗ was found to correspond 
to the size characteristic of pre-nematic fluctuations. Thus, this study 
strongly suggests that for the investigated elastomers the presence of 
nematic fluctuations is key for the transition to a more Arrhenius-like 
behaviour at 𝑇 ∗, whereas the presence of a dynamic crossover at 𝑇 ∗

signifies more general changes in the liquid behaviour. We also reiter-

ate that glass-formers in general demonstrate a dynamic crossover at a 
temperature 𝑇𝐵 , where the ratio 𝑇𝐵∕𝑇𝑔 ≈ 1.2 −1.6 [46,47], and the value 
of this ratio has demonstrated some correlation with the fragility [47]. 
Thus, the existence of a dynamic crossover is general for glass-formers, 
but the transition to a high-𝑇 Arrhenius behaviour for a temperature 
situated so close to 𝑇𝑔 appears to require liquid crystal functionality.

Finally, it is worth noting that a dynamic crossover observed in LC 
dimers displays some similarities to the observations for SCLCPs and 
our tripod LCs. For LC dimers, three molecular relaxation processes are 
typically reported [107,108]: two of these are normally assigned to ‘flip-

flop’ motions of the mesogen moieties around the director, referred to as 
𝛿 processes [109,110], thus consistent with the nomenclature used for 
our tripods, LC elastomers [68] and SCLCPs [61]. For symmetric dimers, 
the two 𝛿 processes overlap and are indistinguishable [108]. The third 
observed relaxation process is typically assigned to rotation around the 

molecular long axis [108,110]. As the glass transition temperature is 
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approached, the three relaxations approach each other and effectively 
merge to a single relaxation reaching time-scales of ≈ 100 s at 𝑇𝑔 . As one 
example, the liquid crystal dimer (1,7-bis-4- (4’-cyanobiphenyl) hep-

tane) (CB7CB) consists of two cyanobiphenyl moieties separated by a 
methylene spacer. This liquid shows both nematic and twist-bend ne-

matic phases, and due to its symmetrical nature, only two relaxation 
processes are thus observed in its liquid state. Both observed relaxations 
show VFT behaviours at low temperatures (near 𝑇𝑔) [109] and dynamic 
crossovers to Arrhenius behaviour at high temperatures [10,111]. The 
crossover at 𝑇 ∗ for CB7CB in the twist-bend phase corresponds to the 
ratio 𝑇 ∗∕𝑇𝑔 = 1.2. A similar behaviour has been observed also for a non-

symmetric dimer in the smectic A phase [110] demonstrating that the 
dynamic crossover is not specific to a particular LC phase.

5. Conclusions

In this work, we present the temperature-dependent optical and 
dielectric properties, the molecular relaxation dynamics, rheological re-

sponse, and ion transport properties for two cyanobiphenyl-based liquid 
crystal (LC) tripods, characterised by alkyl tail-lengths of either 6 or 9 
carbons for samples T6 and T9 respectively. We demonstrate that both 
T6 and T9 exhibit a wide temperature range nematic phase (Δ𝑇 > 90 K). 
In addition, the nematic phase in both tripods shows a higher birefrin-

gence than what is typically observed for standard calamitic nematic 
LCs, a useful property for display and telecommunication applications 
[84]

Using broadband dielectric relaxation spectroscopy, calorimetry, os-

cillatory and steady state shear rheology, four molecular relaxation 
processes (𝛼, 𝛿, 𝛽 and 𝛾) were identified and their corresponding 
temperature-dependent characteristic relaxation times were mapped 
out. The 𝛽 relaxation was assigned to reorientation around the meso-

gen long axis, and the 𝛾 relaxation to internal tripod arm rearrange-

ments. Both the 𝛽 and 𝛾 relaxations were observed in the glassy state 
where their characteristic relaxation times both showed Arrhenius tem-

perature dependencies with activation energies similar to those pre-

viously observed for side-chain liquid crystal polymers (SCLCP) with 
side-chains of similar lengths as the tripod arms. The 𝛿 relaxation was 
assigned to reorientation of the mesogen unit around its short axis and 
we find that it follows a non-Arrhenius VFT dependence over the full 
investigated temperature range.

The structural (𝛼) relaxation defines the glass transition temperature 
𝑇𝑔 and the fragility i.e. the 𝑇 -sensitivity at 𝑇𝑔 . We find that T6 and 
T9 have similar 𝑇𝑔 values (294 K and 287 K) and fragilities (𝑚=160 
and 190), where the fragilities correspond to values typical of polymers 
[47,55,56]. Importantly, the 𝛼 and 𝛿 relaxations merge on approach 
of 𝑇𝑔 , demonstrating that as the range of correlated motions involved 
in the 𝛼 relaxation increases, the motion of the mesogen arm becomes 
part of the same relaxation event. In this temperature range, the two 
relaxations can both be well described by the same VFT-behaviour. For 
higher temperatures, on the other hand, the two relaxations separate 
and for 𝑇 > 𝑇 ∗, where 𝑇 ∗ marks a dynamic crossover, the 𝛼 relaxation 
transitions from VFT to Arrhenius behaviour.

Both the T6 and T9 tripods show a ratio of 𝑇 ∗∕𝑇𝑔 = 1.14 and 
𝑇 ∗∕𝑇𝑔 = 1.13 respectively, which is consistent with the ratio observed 
for many side-chain LC polymers (and other LC systems). Moreover, 
the ratio is consistent with that observed more generally for non-LC 
systems, where a transition between two different VFT behaviours typi-

cally takes place for 𝑇 ∗∕𝑇𝑔 ≈ 1.2 −1.6 [48,49], and a correlation between 
the ratio and fragility has been suggested [47]. For non-LC systems, 
however, the transition to Arrhenius behaviour takes place at signifi-

cantly higher temperatures relative to 𝑇𝑔 . Thus, the presence of LC order 
leads to significant differences in the characteristic molecular motions 
and thus the quantitative crossover behaviour.

Finally, we find that for temperatures where the 𝛼 and 𝛿 relaxations 
separate, the transport of ions for the LC tripods decouples from the 𝛼
10

relaxation instead following the 𝛿 relaxation. We suggest that this is due 
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to the position of ion coordination sites on the mesogen arm and note 
that tuning of the ion transport can thus be achieved by the design of 
the properties of the tripod arms.
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