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The ferroelectric nematic phase (N;) has quickly become the most studied system in liquid crystal research. In this
work, we investigate the origin of such polar structure by studying a compound for which the Ny phase directly
follows the isotropic liquid phase on cooling, making it a particularly interesting system. Our experimental
results evidence the presence of polar correlations already in the high-temperature phase, in which ferroelectric
order can be induced under a sufficiently strong electric field. In the Ny phase, molecular dynamics and
polar correlations are investigated through detailed dynamic dielectric measurements, while second harmonic

generation experiments evidence a large value of the main coefficient of the second order dielectric susceptibility
tensor. Lastly, experimentally determined parameters are employed for calculations based on a recently proposed
theoretical model for the stability of the N phase. The obtained results suggest that the parallel alignment of
dipoles is driven by a subtle interplay between electrostatic and excluded volume interactions.

1. Introduction

Ferroelectricity is still one of the most dynamic fields of study in con-
densed matter. In fact, the least ordered system that can exhibit such
a property, namely the ferroelectric nematic liquid crystalline phase,
was only recently discovered [1-5]. As opposed to the conventional
nematic phase (N), the ferroelectric nematic phase (Nj) exhibits spon-
taneous polar order of dipole moments, which breaks the inversion
symmetry of the director n, i.e. the unit vector that specifies the aver-
age direction of molecular orientation. Materials exhibiting this phase
present spontaneous polarization values of the order of uC/1 cm? [2,3,6],
unprecedented in soft matter, and large nonlinear optical coefficients
[7-91.

Along with the discovery of the Ny phase other novel polar phases
have been discovered, including a splay-modulated antiferroelectric
phase, termed as Ng or SmZ, [10,11], and an orthogonal smectic phase,
called SmAg, in which the polarization lies along the layer normal [12].
The richness of these systems, coupled with the fact that their origin
is still poorly understood, has made them a hot topic, not only in lig-
uid crystal (LC) research, but in condensed matter research in general.
In addition, the applicability of these materials in future devices should
not be forgotten, and constitutes an area of research on its own [5,13].
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A general feature of ferroelectric nematogens is their large dipole
moment [9]. To which extent the electrostatic, dipolar or excluded vol-
ume interactions facilitate the parallel alignment of dipoles is still a
matter of debate. There are numerous studies, many of which were car-
ried out before the actual discovery of the N phase, that focus on either
the electric dipole strength or the non-centrosymmetric shape of the
molecules [14-18]. Both experimental and theoretical approaches are
needed to shed light on this issue. On the experimental side, broadband
dielectric spectroscopy (BDS) has proven to be a valuable tool in order
to study the molecular dynamics of these systems. In fact, some previous
studies have shown complex relaxation modes in the prototypical fer-
roelectric nematogens RM734 and DIO [6,19-21], which were recently
interpreted in terms of underlying collective and non-collective molec-
ular processes [21]. Furthermore, the extremely large values of the
dielectric permittivity in the N phase (between 10% and 10° [6,19-211)
were attributed to spurious effects caused by the confinement of the
material inside a measurement cell [21]. On the theoretical and com-
putational sides, studies ranging from Monte Carlo to fully atomistic
molecular dynamics (MD) simulations can offer interesting insights
[3,22-26]. Moreover, the development of simplified theoretical models
should also be sought after, since they offer the possibility of reducing
a complex system into the fundamental physical principles that gov-
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ern its behavior. One example of such a model was recently developed
by Madhusudana [27]. He proposed that the electron distribution of
most ferroelectric nematogens can be described by longitudinal surface
charge density waves. Calculating the electrostatic interaction energy
between a set of molecules with such a charge distribution, he was able
to predict the stability of the Ny phase.

In this work, we study a material, hereinafter UUQU-4-N, which ex-
hibits an uncommon direct isotropic (Iso) to Ny transition and is the
first compound reported to exhibit the Ny phase close to room temper-
ature [28,29]. It is therefore an interesting system to gain insights into
the emergence of polar order. To this end, we have performed X-ray
diffraction (XRD), BDS and second harmonic generation (SHG) mea-
surements. With such input parameters and to complete the picture, we
have additionally investigated the role of intermolecular electrostatic
interactions in this system based on quantum chemical calculations and
an adapted version of Madhusudana’s model [27].

2. Materials and methods
2.1. Material

The studied ferroelectric nematogen is 4-((4’-butyl-2’,3,5,6'-tetra-
fluoro-[1,1’-biphenyl]-4-yl)difluoromethoxy)-2,6-difluorobenzonitrile,
or UUQU-4-N. Details about the synthesis of this material can be found
elsewhere [28]. It exhibits a direct Iso-Ny transition at 19.6°C on cool-
ing.

2.2. X-ray diffraction measurements

X-ray diffractograms were obtained using a Stoe Stadivari goniome-
ter equipped with a Genix3D microfocus generator (Xenocs) and a
Dectris Pilatus 100K detector. Monochromatic Cu K, radiation (4 =
1.5406 A) was used. The exposure time was 1 minute. The temperature
was varied using a nitrogen-gas Cryostream controller (Oxford Cryosys-
tems) allowing for a temperature control within 0.1°C. The material
was introduced in the Iso phase into a Lindemann capillary 0.6 mm in
diameter.

2.3. Broadband dielectric spectroscopy

The dynamic dielectric function £*(f) = €'(f) — i€’ (f) was mea-
sured in the spectral range f =10 Hz-110 MHz. Two impedance ana-
lyzers were used for this purpose. Below 1 MHz, an Alpha-A impedance
analyzer from Novocontrol Technologies GmbH was used. The high-
frequency end was covered by an HP 4294A impedance analyzer. The
sample was introduced between two circular gold-coated brass elec-
trodes 5 mm in diameter forming a parallel-plate capacitor, the separa-
tion being fixed at d = 30 um by spherical silica spacers. This cell was
then placed at the end of a modified HP 16091A coaxial test fixture, us-
ing a Quatro Cryostat for temperature control. No polyimide layers were
used on the electrodes because, although they can be useful to obtain
a proper alignment of LC molecules, they act as an additional large ca-
pacitance in series with the measurement cell and can lead to undesired
charge accumulation, among other effects [6,30,31]. Experiments with-
out DC bias were carried out with an oscillator voltage of 0.03 V... For
DC bias measurements, however, the oscillator voltage was increased
up to 1 V¢ so as to obtain a better signal-to-noise ratio. In all cases the
sample was first heated up to 50 °C and stabilized for 5 min at this tem-
perature. The cooling rate was then set to 1 °C/min down to 30°C and
to 0.25°C/min thereafter. The stray capacitance of the measurement
circuit was subtracted from the measured capacitance, and the complex
dielectric permittivity was obtained by dividing this value by the capac-
itance of the empty cell. Finally, the experimental data were fitted to
Havriliak-Negami (HN) relaxations with a conductivity term:

i} B Ae
€ (f)—; [1+ (l.fikkfk]ﬁk +Eg + go(i;ﬂf)i’ (€h)]
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where Ag,, fi, @, and f, are respectively the dielectric strength, re-
laxation frequency and broadness exponents of mode k, €, is the high-
frequency dielectric permittivity, o is a measure of the conductivity,
and A is an exponent between 0 and 1.

2.4. Second harmonic generation measurements

For SHG measurements, a Q-switched pulsed Nd:YAG laser operat-
ing at 4 = 1064 nm was employed. The beam was collimated, linearly
polarized and the spot size was limited using a diaphragm. The inten-
sity of the emitted second harmonic light (4 = 532 nm) was measured
by a photomultiplier after going through an analyzer.

2.5. Quantum chemical calculations

Density functional theory (DFT) calculations were carried out using
the ORCA 5.0.4 software package [32]. The molecular geometry was op-
timized and physical properties were calculated at the B3LYP/6-31G(d)
level of theory. The obtained vibrational frequencies were checked in
order to confirm that the final structure corresponded to an energy min-
imum. The hyperpolarizability tensor was calculated with Gaussian 16
[33] within coupled perturbed Hartree-Fock (CPHF) theory. Visualiza-
tions of the results were produced with Jmol [34].

3. Results and discussion

At the beginning of this section, a set of measurements on the meso-
morphic and dielectric properties will be presented. These will not only
serve to identify the different phases, but to determine some key quan-
tities and gain some insights that will be relevant for the subsequent
discussion on the formation of the Ny phase.

First of all, we determined the average intermolecular separations in
the XRD patterns of the UUQU-4-N compound, as shown in Fig. 1. The
Iso phase is characterized by two broad diffraction peaks at 26 ~ 4.4°
and 17.6°, the corresponding d-spacings being 20 A and 5 A. Upon
the transition to the Ny phase, the small-angle peak becomes sharper
while the diffuse halo moves to wider angles, confirming the lack of
long-range positional order. The positions of these peaks are 4.6° and
19.3°, corresponding to 19.2 A and 4.6 A, which are associated with
the molecular length (compatible with that obtained from the DFT-
optimized structure, see Table S1 in the Supplementary Material) and
the z—n stacking of aromatic cores, respectively. The sample then crys-
tallized at ~ 1 °C (its XRD pattern can be found in Fig. S1).

In order to explore the molecular dynamics of the Iso-Ny transition,
we resorted to BDS. The spectrum of the real component of the permit-
tivity at two temperatures corresponding to the Iso and Ny phases can
be seen in Fig. 2. At first glance, it is evident that the Iso phase presents
only one relaxation process, while two modes can be discerned in the
Ni phase. Especially noticeable is also the large increase in the per-
mittivity values after the transition to the ferroelectric phase, reaching
€' ~ 10*, which does not reflect an actual material property, as noted in
other materials exhibiting the N phase in cells of varying thickness for
which &' « d was measured at low frequencies [20,21].

Here we are interested in the evolution of polar correlations in the
Iso phase leading to the formation of the Ny phase. Fig. 3 shows the di-
electric strengths and frequencies of maximum absorption obtained by
fitting the observed relaxation processes to Eq. (1) (fit examples and
parameters can be found in Fig. S2 and Table S2). In the temperature
interval corresponding to the Iso phase, only one relaxation process is
observed, namely m;,. This mode can be to a great extent associated
with the rotation of individual molecules around their short axis. It is
worth noticing that the amplitude A¢ of this mode is quite large and in-
creases slightly as the temperature is lowered: approximately from 40
to 50. As a comparison, the amplitude of the mode present in the Iso
phase of 7CB, an ordinary nematic LC, is ~ 7 [35]. This can be partly
attributed to the large dipole moment of the UUQU-4-N molecule of
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Fig. 1. Top: chemical structure of the UUQU-4-N molecule. Left: 2D X-ray diffractograms of UUQU-4-N in the Iso phase (44 °C) and N; phase (16°C). Right: the

integrated 1D pattern.
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Fig. 2. Dielectric dispersions in the Iso (45°C) and Ny (18 °C) phases of UUQU-
4-N measured in a 30 pm-thick cell with their corresponding fits.

u~ 11 D (see Table S1), whereas that of 7CB is ~ 5 D [36]. Also, the ab-
sorption frequency of myg, is unusually low, of the order of 1 MHz, a fact
that could be related to higher viscosities at the low N temperatures
of this material. Going back to the analogy with 7CB, the relaxation
frequency of the corresponding mode is approximately 100 MHz [35].
In addition, the absorption frequency of my, deviates slightly from
the Arrhenius law and follows the Vogel-Fulcher-Tammann equation:
fa=foo €XP [—A/(T - TO)], where f, and A are constants and T is
the Vogel temperature (see Fig. S3). Deviation from Arrhenius behavior
is typical of paraelectric to ferroelectric phase transitions, being related
to the onset of cooperativity. The fact that the deviation is small and
the growth of Ae contained indicates that, despite the direct transition,
polar correlations are weak in the Iso phase.

Upon the transition to the Ny phase, two modes can be distin-
guished, the director n and spontaneous polarization vector P lying
parallel to the electrodes. The low-frequency mode, myg, is the Gold-
stone mode that is expected to appear in the ferroelectric phase due to
spontaneous symmetry breaking [30,31,35,37]. As already discussed in
previous articles [20,21], its large amplitude can be attributed to the re-
orientation of the polarization which causes changes of surface bound
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Fig. 3. Dielectric strengths (A¢) and frequencies of maximum absorption (f,)
of the observed modes as a function of temperature obtained from fits to the
HN formula (Equation (1)).
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Fig. 4. Effect of a DC bias on the dielectric spectrum of the N phase at 18°C.
(a) Permittivity spectra. (b) Fitted dielectric strengths (solid symbols) and ab-
sorption frequencies (empty symbols).

charge P-u at the electrodes, u being the unit vector normal to the elec-
trode surface [38]. Clark et al. refer to this phenomenon as PCG mode
[31]. On the other hand, the fact that the absorption frequency of myg ,
decreases with decreasing temperature is just the result of an increas-
ing material viscosity. The nature of myg y; is not so clear. A continuous
phenomenological model of the Ny phase developed by Vauptic et al.
[30] predicts a collective high-frequency phason mode, also called op-
tic mode [21], which involves fluctations of n and P in counter-phase.
For the prototypical ferroelectric nematogen DIO, we attributed the fast
process of the Ny phase, appearing at ~ 10-20 MHz, to the optic mode
[21]. In the case of UUQU-4-N, myg y; exhibits a similar amplitude but
appears almost a decade below in frequency, which could in princi-
ple be explained by a higher viscosity. However, the dipole angle (i.e.
the angle between the molecular dipole and the molecular long axis) of
UUQU-4-N is virtually zero (see Table S1), in which case an optic mode
would not be observable. In any case, it should be noted that DFT cal-
culations are performed for a single molecule in a vacuum, whereas in
a liquid the molecules can exhibit different conformations, resulting in
changes in the direction of the dipole moment, among others. It would
be interesting to study this issue through MD simulations, but it is be-
yond the scope of this paper.

In the following, we analyze how the dielectric spectra of both Ng
and Iso phases change upon applying a bias electric field. Fig. 4 shows
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the results at 18°C in the Ny phase. As reported in a previous study
[21], at low DC bias fields the amplitude of Mgy, (Goldstone mode)
slightly increases. In that article, motivated by Vaupotic¢ et al. [30],
we argued that, before the polarization vector and director are com-
pletely reoriented, the DC bias field shrinks the layer of LC material
over which the polarization rotates to become parallel to the electric
field. This increases the capacitance of the dielectric layer and, hence,
the amplitude of the mode increases. At higher fields, however, the
Goldstone mode is suppressed and the resulting mode m;F’L is the
soft mode (amplitudon), which was recently interpreted as a collec-
tive flip-flop motion of molecules [21]. It is worth noticing that the
fields required to observe this behavior are much smaller compared to
our previous work on RM734 and DIO [20,21]. For a more compre-
hensive study of the effect of a DC electric field on the Ny phase of
RM734, we refer the reader to Ref. [39], in which a similar behav-
ior was observed. Nonetheless, the most striking and insightful feature
of our data is that the measured permittivity values of all the studied
ferroelectric nematic compounds (RM734, DIO and UUQU-4-N), once
polarization reorientation processes have been suppressed, are almost
the same (~ 150) and independent of the sample thickness (as any in-
trinsic property should be). This is, in fact, not surprising considering
that u is very similar for all three materials. Therefore, we infer that
measurements performed in the Ny phase under a DC bias larger than
the threshold value provide their intrinsic dielectric spectra and, since
the molecules are homeotropically oriented in such a case, we can es-
timate that £ ~ 150. It is important to point out that we follow the
classical definition of permittivity, which does not include the spon-
taneous polarization. Mathematically, the total polarization in the i-th
direction can be written as the sum of the spontaneous and induced
polarizations: P, ; = P; + €g(g;; — 6;;)E;, where §;; is the Kronecker
delta and we have used the Einstein summation convention. Regarding
myp g, its absorption frequency remains practically constant while its
amplitude slightly decreases.

Turning to the Iso phase, it is well established that a strong elec-
tric field can induce a N phase in ordinary LCs [40]. Since UUQU-4-N
lacks a non-polar N phase and favors a parallel alignment of dipoles be-
low the Iso phase, one might expect to induce a Ny phase with a strong
enough field. In fact, this phenomenon has recently been observed in a
compound exhibiting a Iso-N*-Ny phase sequence, the N* (cholesteric)
range being very narrow (~ 1°C) [41]. The authors also found a critical
point, analogous to a liquid-gas critical point, above which an isotropic
phase continuously evolves into a Ny phase under an increasing electric
field. Our results 2 °C above the transition shown in Fig. 5, are compat-
ible with their findings. Below a threshold electric field E,, the sample
remains in the Iso state and the dielectric spectrum is unaltered. Above
a certain Ey , however, the spectrum suddenly changes and two modes
can be distinguished: m; (slow) and m, (fast). m, is the previously de-
scribed soft mode (m;F,L), which can be understood as the collective
rotation of molecules around their short axis. The amplitude of this
process should vary as Ae « (1 +2.5) [35,42], and the fitted amplitudes
resemble the curves of Ref. [41]. Thus, we believe that we are inducing
the N phase. The origin of m,, on the contrary, is not so clear. Judging
from its amplitude and relaxation frequency, it is likely to be of the same
origin as my,, (molecular or collective with short correlation length),
and appears to be affected by the anisotropic environment, since its
amplitude decreases quite rapidly with increasing bias field. Moreover,
it might be the same mode as myg y;, which gets faster and of smaller
amplitude as the phase becomes more ordered. In order to confirm the
induction of the Ny phase, we also performed SHG measurements under
various DC electric fields. SHG is not allowed in media with inversion
symmetry, so it is a powerful technique to probe polar structures. These
experiments were done on a 9.5 um-thick 1 mm-gap IPS cell with the
polarization of the incident light parallel to the applied electric field in
order to probe the longitudinal hyperpolarizability of UUQU-4-N. The
results are shown in Fig. 6. It can be readily observed that, above a
certain electric field, a strong SHG signal is detected whose functional
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Fig. 6. Measured SHG intensity as a function of the externally applied DC elec-
tric field at 22 °C in the Iso phase.

shape greatly resembles that described in Ref. [41]. It should be noted
that the value of E in this case appears to be slightly lower than in

the dielectric measurements, but we attribute this to differences in the
cell and electrode geometry.

We have also characterized the SHG efficiency of UUQU-4-N in the
N phase, which allows for a direct connection with relevant molecu-
lar/structural parameters. Materials exhibiting the N phase have been
shown to present large nonlinear optical coefficients [7], not only
because of the presence of strong donor-acceptor groups along their
molecular long axis, but also due to the high degree of nematic or-
der. The symmetry of the N phase is C,, so that the second order
dielectric susceptibility tensor (neglecting dispersion effects) can be ex-
pressed, under the supposition that Kleinman conditions hold, as

0 0 0 0 dy O
d=[{o 0o o 4, 0 ol )

where the Z axis has been taken to lie along the polar direction. Both
dy3 and d3; components can be determined by choosing the polarization
of the incident light (extraordinary and ordinary, respectively). Due to
the molecular structure of UUQU-4-N we have that d33 > d3;. To esti-
mate the values we used a 0.5 mm-thick y-cut quartz plate as reference.
Dividing the SHG intensity of UUQU-4-N by that of quartz at the maxi-
mum of a Maker fringe, the data can be fitted to the following formula:
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== % sin® (AkgZs/2), 3)
Y dE () Ak
where Ak =4xAng/A, Ang = n>® — n® being the dispersion of the ma-
terial, # is the material thickness, and 12? and ¢® are the appropriate
transmission Fresnel coefficients (the subscripts S and Q refer to the
sample and quartz, respectively). The quartz data are dy = 0.4 pm/V
and Ang = 0.013. Therefore, constructing a wedge cell with an appro-
priate thickness range and fitting the measured data to Eq. (3), ds3, d3;
and Any can in principle be determined. Selecting the polarization of
the fundamental wave and outgoing SH wave along the polar axis, we
obtained the results shown in Fig. 7. Fitting the experimental data yields
d33 =4.3+0.3 pm/V and Any = 0.05+0.01. This value of d;3, although
somewhat smaller than that of RM734 (5.6 pm/V) [7], is over an or-
der of magnitude larger than that of DIO (0.24 pm/V) [43]. d3; could
not be determined because, as argued before, it is much smaller than
dy; and we did not observe appreciable SHG signal in the appropriate
polarizer configuration.

In order to relate this quantity to molecular/structural parameters,
the following expression can be used:

diyx =Nf3Brix). 4

where N is the number of molecules per unit volume, f = (n*> +2)/3 is
the Lorentz factor and (f; ;) are the thermally averaged hyperpolariz-
ability components in the laboratory frame (Z is along the macroscopic
polar axis). The expressions for the relevant components in terms of the
molecular hyperpolarizabilities can be found in the SI (Egs. (S1), (S2)
and (S3)). One then obtains a final tensor, which has the shape given
by Eq. (2) in the two-index Voigt notation. It should be mentioned that
the calculation of the hyperpolarizability tensor on the whole molecule
usually yields inaccurate results because it is very sensitive to small
changes in the molecular conformation. Therefore, we have assumed
that the molecular hyperpolarizability comes essentially from the 4-
(Difluoromethoxy)-2,6-difluorobenzonitrile segment. The results can be
found in Table S3. Finally, we assume that the nematic potential at tem-
perature 7' can be described by this simple expression:

U(6) = a(T)sin® 6 + b(T)sin® (6/2), 5)

where a(T') is the strength of the nematic potential, while b(T) ac-
counts for the polar nature of the phase [7]. The distribution function is
then F(0) = Aexp[-U(0)/kgT], where A is a normalization constant
and kg is the Boltzmann constant. In order to determine a(T)/kgT
and b(T)/kgT at 18°C, the following information will be considered:
from the spontaneous polarization measured in Ref. [29] (~ 5 uC/crnz)
and taking p = 1.35 g/em’, M = 0.4854 kg/mol and u = 11.4 D,
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(P;(cos 0)) ~ 0.8; from the measured birefringence of UUQU-4-N in the
Np phase [29], which is similar to that of RM734 [23], (P,(cos0)) ~ 0.7
can be estimated. With these conditions, the numerically deduced val-
ues are a(T)/kgT = 4.8 and b(T)/kgT = 3.5. A plot of the nematic
potential and distribution function can be found in Fig. S4. Thus, taking
the refractive index n = 1.6 and performing the corresponding thermal
averages, we have d3; = 3.4 pm/V and d3; =0.1 pm/V. With regards to
ds3, the agreement between the experimental and theoretical values is
rather remarkable but is only to be taken qualitatively. In the case of
d3;, on the other hand, although no experimental value could be ob-
tained, given the detection limit, it is reasonable to expect a value (at
least) an order of magnitude smaller than ds3.

Having investigated the dynamical processes of UUQU-4-N, we shall
address the emergence of ferroelectricity from a theoretical point of
view. As explained in the Introduction, there are various interactions
that could give rise to the Ny phase. Perhaps the most obvious feature
of ferroelectric nematogens is their strong dipole moment of the order
of 10 D. As already noted by Born in 1916 [4,44], the dipole moment
of the constituent molecules should be large enough to withstand the
thermal fluctuations, namely p?/eyeV > kpT, where V is the molecu-
lar volume. This was supported by many theoretical works before the
Ni phase was discovered [14,16,17]. As odd as it may seem, it was
also backed by some experiments. For instance, a polar (and highly vis-
cous) N phase was found in some aromatic copolyesters with a high
degree of polymerization X, [45]. Since the compounds assumed an
extended conformation, their dipole moment was proportional to X,,.
As the molar volume is also proportional to X,, the aforementioned
argument would predict that only compounds with a dipole strength
w2V o« \/X—n exceeding a critical value would form the polar
phase. Indeed, the authors observed a SHG signal only for compounds
exceeding a certain inherent viscosity, which is related to X, and, thus,
u*. This constituted an indirect evidence that dipole-dipole interactions
gave rise to the polar N phase. However, now that the existence of
the N phase has been realized in low-molar-mass LCs, this simplified
picture has turned out to be incomplete. Even though a critical dipole
moment (~ 9 D [9]) does seem to exist, a number of molecules whose
dipole moment exceeds this value do not exhibit the Ny phase [9,46].
An especially intriguing example is RM734 and its analog RM734-CN:
when the terminal nitro group is replaced by a cyano group, the polar
phase disappears [23]. On the other hand, the concepts of excluded vol-
ume and packing entropy have been widely exploited and are thought
to be responsible for the structure of many mesophases [47,48]. This
might also be the case for Ny materials, since the presence of a steric
dipole in some ferroelectric nematogens like RM734 could help to sta-
bilize the polar structure. Although a DFT-based approach developed
a few years ago seemed promising [22], Monte Carlo simulations have
been unable to replicate such results [24,25].

With the aim of finding the mechanism for the formation of the
N phase, Madhusudana recently developed a simple molecular model
purely on the basis of short-range electrostatic interactions [27]. The
ferroelectric nematogens are modeled as cylindrical rods bearing four
longitudinal surface charge density waves of wavelength A =1/4, I be-
ing the molecular length. In fact, this seems to be a common feature
in most ferroelectric nematic materials. Additionally, the charge den-
sity is assumed to vary sinusoidally along the length of the molecule,
but the amplitudes of neighboring half-waves (denoted by s;) need not
be equal. The interaction between two molecules is then modeled as
the sum of electrostatic interactions between all half-waves according
to Egs. (2), (3) and (4) in Ref. [27]. According to the calculations, the
most favorable case for the formation of the Ny phase is when the am-
plitudes of the terminal half-waves are reduced and the inner ones are
enhanced. Despite the simplicity of this model, which only focuses on
electrostatics, it not only successfully predicts the stability of the Ng
phase but explains why certain molecules do not exhibit such phase
based on their charge distribution. The author argues, for instance,
that the aforementioned RM734-CN does not exhibit the polar phase
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a)

PP

A B C

Fig. 8. Modeling of the UUQU-4-N molecule: a) molecular electrostatic potential
(MEP) mapped onto the Van der Waals surface with the DFT-optimized geome-
try. b) The molecule is modeled as a cylindrical rod bearing three longitudinal
charge density waves of wavelength A =//3. The colors indicate alternating
positive and negative charge. ¢) The charge density is assumed to have a si-
nusoidal variation along its long axis. The graph shows the cases studied with
different amplitudes of neighboring half-waves: A with s; =1 (i = 1-6); B with
s;=8,=04and s, =..=s5;=1; C with 5, =5 =04, 53 =5, =14 and
s, =s55=1.

because the linear cyano group has a higher charge density than the
nitro group. Other authors have also found qualitative agreement with
Madhusudana’s model [49-52]. In one of these works, for example, the
authors enhance the stability of the Ny phase in a certain molecule by
adding a fluorine atom ortho to the terminal nitro group, which helps to
spread the charge at the end [50]. Here we explore the applicability of
Madhusudana’s model in the case of UUQU-4-N. To this end, we have
first computed its molecular electrostatic potential (MEP), as shown in
Fig. 8a. We can clearly see that it exhibits regions of alternating positive
(blue) and negative (red) charge. However, unlike in most ferroelectric
nematic materials, it only shows six clearly differentiated regions. Thus,
we model the molecule as a cylindrical rod with three longitudinal sur-
face charge density waves of wavelength A =1//3 (see Figs. 8b and 8c).
We used [ =22 f\, while the radius of the rod was set to r =2 A. A first
approach involves calculating the interaction energy between two rods
in the parallel and antiparallel configurations as a function of the rela-
tive shift { between the two rods (see Fig. S5). We have considered three
different possibilities for the amplitudes of the charge density waves:
cases A (equal amplitudes for all waves), B (reduced amplitudes at the
ends) and C (reduced amplitudes at the ends and enhanced in the mid-
dle) depicted in Fig. 8.

Setting the inter-rod separation at Ry =4.5 A, as inferred from our
XRD data, we analyze how the energy difference between the parallel
and antiparallel configurations AE = E, — E,p varies with the rela-
tive shift . The results are shown in Fig. 9. As expected, at { =0 the
antiparallel configuration is favored. However, when the shift is such
that the half-waves of opposite charges align, the parallel configuration
is favored. A total of 6 minima appear in each curve located approxi-
mately at multiples of //6 due to the 6 regions of alternating charge.
In case A, there is a big difference in energy between the central maxi-
mum and the first minimum, so we conclude that the Ny phase cannot
form. If we reduce the amplitudes of the outer half-waves as in case
B, and simultaneously enhance those of the inner ones as in case C,
the situation is more favorable. This latter case may well represent the
UUQU-4-N molecule better since its relatively short alkyl chain and spa-
tially distributed polar groups reduce their respective charge densities
at the ends, while the strongly electronegative nature of the oxygen and
fluorine atoms at the center may enhance the inner half-waves.
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Fig. 9. Difference in energy (AE) between parallel and antiparallel rods as a
function of the shift { for Ry =4.5 A obtained with the three different charge
distributions have been considered (see Fig. 8).
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Fig. 10. Difference in energy (AE) between the ferroelectric and antiferroelec-
tric structure (the red line is a guide for the eye).

It is evident that calculations involving two rods, although inter-
esting as a first approach, can hardly represent the real Ny phase.
Following Madhusudana’s work, we run the calculations for case C
using a small two-layer cluster with a total of 38 rods giving rise to
a total of 703 inter-rod interactions (see details and assumptions in
the SI). We minimized the total energy for the ferroelectric and an-
tiferroelectric structures with the results of the calculations shown in
Fig. 10. The graph represents the energy difference between structures,
AE = Eg — E,g, as a function of R,. We see that the N phase is not sta-
ble for any value of R. Thus, the model predicts a conventional Iso-N
phase transition. On the contrary, in the case of rods bearing 4 charge
density waves, there existed a certain range of R, (compatible with the
distance associated with the diffuse halo from XRD measurements) for
which the ferroelectric phase was favored [27].

Rationalizing these findings in terms of the UUQU-4-N molecule,
there are a couple of reasons that could explain the aforementioned re-
sults. One of them is that, even though electrostatic interactions are
behind the origin of the N phase in this system, finer details of the
molecular structure and charge distribution are not taken into account
in such a coarse-grained model. This assertion derived from our results
can be compared with a set of atomistic MD simulations that were
performed for this material by Richard J. Mandle (see Ref. [26]). It
is important to point out that, in such simulations, given a molecular
structure, the Ny phase does not spontaneously arise and it must be
induced by hand, hence, the interactions that govern the ferroelectric
transition can only be indirectly inferred. First of all, Madhusudana’s
assumption that two pseudolayers suffice to accurately describe the fer-
roelectric phase seems justified, since Mandle notes that, at separations
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corresponding to the molecular length along the z axis, the dipole-
dipole interaction strength is small and not much larger than kgT.
Secondly, Mandle explains the favorable effect of short alkyl chains to
form the Ny phase by a greater molecular packing, unlike Madhusudana
who interprets it as an electrostatic effect. Lastly, the parallel side-by-
side molecular arrangement appears to be driven by the electrostatic
interaction of fluorine atoms with hydrogens. This is indeed the evi-
dence in favor of a more detailed electrostatic interaction scenario. On
the other hand, excluded volume interactions could definitely help the
formation of the N phase. Nevertheless, it is difficult to ground this
on simple physical terms. If the UUQU-4-N molecule had a more pro-
nounced wedged shape, for instance, it would be easy to argue that it
would help the formation of a polar Ng phase. In any case, it should
be noted that UUQU-4-N is a rather peculiar system in which the polar
order only appears on supercooling, at a temperature much lower than
the Cr-Iso transition on heating, which poses serious doubts on its sta-
bility. Thus, the emergence of polar order in this system probably relies
on a subtle balance between electrostatics and molecular shape.

4. Conclusions

In this work, we have attempted to answer how spontaneous po-
lar order emerges in a compound directly below the isotropic liquid
state. Broadband dielectric spectra reveal that polar correlations start
to occur already in the Iso phase, whose magnitude presumably grows
while approaching the Iso-Ny phase transition. In fact, the ferroelectric
phase can be induced close to the transition temperature by applying
a sufficiently strong electric field, as confirmed by second harmonic
generation measurements. These measurements have also allowed us
to estimate the main coefficient of the second order dielectric suscep-
tibility tensor in the N phase, obtaining a value of d3; ~ 4.3 pm/V.
We have also ruled out the possibility that the Ny phase in general ex-
hibits a colossal dielectric constant by a careful analysis of dielectric
data, estimating a value for the parallel component of this quantity of
g ~ 150. Lastly, calculations based on a recently proposed theoretical
model focusing on intermolecular electrostatic interactions suggest that
the formation of the ferroelectric phase in this system cannot be ex-
plained solely on the basis of surface charge density waves as proposed
by Madhusudana.
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