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Abstract: The twist-bend nematic (Nt8) phase of bent-shaped molecules has recently attracted
much attention due to the spontaneous bend of its director field and the doubly-degenerate chiral-
ity of its heliconical structure. Despite intensive experimental and theoretical investigation
worldwide, the main structural characteristics (pitch and conical angle) and elastic properties of the
phase are still barely understood. This is mainly due to the difficulty in growing large single do-
mains of the Nts phase, which prevents the application of the powerful electro-optical techniques
developed for the nematic (N) phase. Moreover, the twist and bend distortions of the optic axis are
forbidden by the pseudo-layered structure of the Nts phase, which makes its response to the field
smectic-like instead of nematic-like. Therefore, the only macroscopic electric effect that can be ob-
served deep in the N1 phase is the smectic-like “electroclinic” effect (ECEnts). Here, we achieve
large monochiral Nts domains which remain uniform over a wide temperature range (20 - 60 °C) in
thin (1.5 um) planar cells, thus avoiding the so-called stripe- and rope-like textural instabilities.
This allowed us to experimentally determine using electro-optical measurements the temperature
dependence of the ECEnts response in four different Nts materials: namely the dimers CB7CB,
CB9CB, CB60OCB, and BNA76. For all compounds, the thermal dependences of conical angle and
pitch in the vicinity of the N-Nrts transition follow the theoretically predicted power-law behaviour.
However, the agreement between the measured and predicted power-law exponents remains only
qualitative, which calls for improvement of the theoretical models.

Keywords: liquid crystal; twist-bend nematic; electro-clinic effect

1. Introduction

The most common liquid-crystalline phase, the nematic phase, is characterized by
the orientational order of its anisotropic molecules and the absence of positional order.
When the molecules are rod-like and achiral, they form the conventional nematic phase
(N) in which the molecules orient with their long axes approximately oriented parallel to
a common direction called the nematic director, n. In the ground state, the director is
uniform but, under external constraints, it can be distorted, which gives rise to an elastic
distortion energy [1]:

Crystals 2022, 22, x. https://doi.org/10.3390/xxxxx

www.mdpi.com/journal/sensors



43

44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69

70

71
72

Crystals 2022, 22, x FOR PEER REVIEW 2 of 27

fn

N | e

{Kll[n(V -n)]2 + Ky, [n-(V x n)]2 + Ko [nx (V x n)]z} , (1)

where Ki1, K22, and K33 are the elastic moduli for the three eigenmodes of the director
distortion: splay n(V -n),twist n-(V xn), andbend n x (V x n), respectively.

When the molecules are chiral, they form chiral modifications of the nematic phase.
In the most common one, the chiral nematic (or cholesteric), N*, the director is sponta-
neously twisted and the molecules are arranged on a right-angle helix with axis h, such
thath L n.

Yet other nematic phases are expected for molecules with shape different from
rod-like, e.g. biaxial molecules were predicted [2] to form a thermotropic biaxial nematic
phase, Nb. Another long-standing theoretical prediction [3-6] was that bent-shaped mol-
ecules can form nematic phases with a spontaneously bent director, namely the
splay-bend nematic, Nss, and twist-bend nematic, Nts, phases. Two distinct origins of the
spontaneous bend have been proposed: either the coupling of a flexoelectric polarization
with a transverse ferroelectric polarization of the nematic [3,4] or an elastic instability of
the phase due to the natural tendency of the bent-shaped molecules to orient parallel to a
curved director [5,6]. For a long time, neither of these arguments attracted much atten-
tion, until the N8 phase was experimentally identified in the bent-shaped mesogenic
dimer CB7CB [7]. As predicted, the molecules in the Nts phase form a conical helix, with
helix axis h, pitch p, and long molecular axis L parallel to the local director n, that is tilted
at an angle fwith respect to h (see Figure 1). Moreover, the structure is locally biaxial, the
curvature of the bent-shaped molecule matching the curvature of the director field and
thus, the bend vector, b = n x (V xn) (b L n), is a secondary director of the nematic
order tensor. Due to its heliconical structure, the N1 phase is chiral, even when it is
formed by achiral molecules. The chiral symmetry of the phase is spontaneously broken
[5] and two different structures are possible, with left or right handedness of the conical
helix. These chiral structures can coexist in the sample forming large monochiral domains
suitable for optical and electro-optical observations [8-10].

Figure 1. Heliconical structure of the N8 phase. The long axes, L, of the bent-shaped molecules are
on average oriented parallel to the nematic director, n. Along the helix axis, h, the director rotates
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73 and follows a conical helix with pitch p. The bend vector, b, is organized on a right-angle helix. (The
74 heliconical structure is doubly degenerate but only the right handedness is shown here for sim-
75 plicity.).

76 The discovery of the Nt phase generated great interest and stimulated further
77 chemical and physical studies. Hundreds of new bent-shaped mesogenic dimers pre-
78 senting this phase have been synthesized (see [11,12] for recent reviews) and the Nrs
79 heliconical structure was confirmed [7,9,13-20] using a large number of techniques. X-ray
80 scattering studies confirmed that the phase is indeed nematic, with no long-range posi-
81 tional order [7,14,21-24]. The early indirect prediction [9,25] of the extremely small pitch
82 of the helix, p < 10 nm, was then quickly confirmed by direct freeze—fracture transmis-
83 sion electron microscopy studies [13,14] and later by resonant X-ray scattering experi-
84 ments [18,19,26]. The values of p reported for different Nts-forming compounds are al-
85 ways of the order of 10 nm and slowly decrease with decreasing temperature.

86 The second important structural parameter of the phase, the conical tilt angle §, has
87 also been measured for a few compounds [10,13,17,27]. It is small at the N-Nrts transition,
88 6<10° for CB7CB, and even close to zero when the phase transition is very weakly first
89 order. As theoretically expected, & increases up to 30-40° far below the transition tem-
90 perature.

91 Despite its lack of long-range positional order, due to its layered structure, the Nts
92 phase behaves in several aspects as a smectic (Sm) phase. It shows typical smectic tex-
93 tures, such as focal-conics, fan-shaped textures, and stripe- and rope-textures [7], both in
94 sandwich cells and as free drops. In biphasic coexistence with the conventional nematic
95 phase, the Nt phase forms structures almost identical to the “batonnets” observed dur-
96 ing the growth of the smectic A (SmA) phase from an isotropic melt [28]. The macro-
97 scopic elastic properties of the N8 phase and its response to external fields are also
98 smectic-like [7,9,29-31]. This prevents applying to it the efficient and accurate electric and
99 electro-optical techniques developed for the conventional nematic phase, thus limiting
100 the choice of tools available to investigate its physical properties.
101 This smectic-like behaviour has been shown to result from the pseudo-layered
102 structure of the Nt phase [29,31]. The periodic mass-density wave of the smectic phase,
103 which gives rise to the smectic layers, is absent in the Nts phase, but instead a periodic
104 distortion wave takes place because the planes perpendicular to the helix axis, which
105 correspond to the same azimuthal orientation of the director, form a set of equidistant
106 “pseudo-layers”. This pseudo-layered structure, which is quite similar to the well-known
107 pseudo-layered structure of the cholesteric phase [29], is responsible for the smectic-like
108 elastic properties at large length scale (>> p).
109 Macroscopically, a monochiral domain of the N1s phase is periodic in one dimension
110 (due to the pseudo-layering), uniaxial (due to the D- global symmetry of the helix axis),
111 and chiral (due to the helix handedness). This symmetry is in fact the same as that of the
112 chiral smectic A (SmA*) phase, which allowed for the coarse-grained (CG) description of
113 the N-Nts phase transition [31,32], by analogy with the de Gennes theory [33] of the
114 N-SmA phase transition. This CG approach provides the description of all the macro-
115 scopic properties of the twist-bend nematic [31,32]: for example, the smectic-like elastic-
116 ity, response to external fields, and surface anchoring. Moreover, after choosing one of
117 the available microscopic models [5,34] of the N-Nts phase transition, the CG model al-
118 lows one to calculate all the macroscopically relevant parameters and their temperature
119 dependences in the N8 phase from the microscopic properties of the N-phase.
120 Based on the N1-SmA* analogy, some of the electro-optic effects of the SmA*, such
121 as the electro-clinic effect (ECE) [35], can be expected to have N1 analogs, such as the
122 ECEnts in the Nt phase [9]. Although the physical origin differs in the two cases
123 (ferroelectricity in SmA* instead of flexoelectricity in Nts), the result is the same: under a

124 strong field, the distortion of the periodic structure results in a fast rotation of the optical
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125 axis with respect to the normal to the (pseudo)layers. Despite the small amplitude of the
126 effect, it can be measured precisely over a large temperature range [9] in the Nts phase,
127 giving valuable (although semi-quantitative) information about the phase structure.
128 However, due to some experimental issues (mainly the difficulty to obtain large
129 monochiral domains and to keep them uniform, deep in the Nts phase), a precise study of
130 the ECEnts has only been reported so far for CB7CB, even though it was qualitatively
131 described for a few other compounds [22,36,37].

132 Here, we study experimentally the temperature dependence of the ECEnts response
133 in four different N8 materials, the dimers CB7CB [7,20,38], CB9CB [15], CB60CB [16],
134 and BNA76 [39]. In thin planar cells, we achieve large monochiral domains which remain
135 uniform over a wide temperature range. We measure the temperature dependences of
136 the amplitude and the characteristic time of the ECEnts response in all four compounds
137 and compare oend with their theoretically predicted behaviours. The agreement of the
138 experimental results with the theory remains only qualitative, suggesting the need to
139 further improve the theoretical models.

140 2. Theoretical background

141 In this section, we recall a few key points of the theory of the ECEnts and its
142 coarse-grained description that have been reported in detail elsewhere [5,31,34,37,40].

143 2.1. N8 -SmA* analogy and CG description of the Nts phase

144 On a large scale, due to its periodicity, the structure of the Nts phase is similar to that
145 of the SmA*. The unperturbed SmA* state is uniaxial, with D~ symmetry axis along the
146 director n, which is also the optic axis of the phase, and the mass density pis modulated
147 along n,, with wave vector q, = q,n,, where q, = 27 /d and d is the layer thick-
148 ness (see Fig. 2a). When the SmA* phase is distorted, the director n(r) and the positions of
149 the layers vary slowly in space, and this distortion costs some elastic energy. To describe
150 the structure of the SmA phase and its elastic properties, de Gennes [33] introduced a
151 complex order parameter y = |(// |exp(i¢) , Where |y/ | is the amplitude of the
152 mass-density wave and ¢ is the phase which describes the local layer displacement,
153 U=d¢ /27 ,and varies slowly in space.

(a) (b)
 —Tuwm T

z d h || Y/ b
an(r)— IN(r)—
n(r)\i"o N(r) \i No
Iq = GoMo Iq = %oNo NOVn(r)

154 -
155
156 Figure 2. Analogy between the layered structure of the SmA* phase (a) and the pseudo-layered
157 structure of the Nts phase (b).
158 The distortion wave of the local director n along the helix axis h in the Nts phase is
159 analogous to the density wave in the smectic. Accordingly, the Nt phase can be consid-
160 ered as a stack of pseudo-layers, perpendicular to h, with a very small period, p ~ 10 nm.

161 At a much larger, macroscopic, scale, the phase is uniaxial with symmetry axis defined by
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162 the optic axis N — a unit vector pointing along the average orientation of the director n
163 over one heliconical period, i.e., along the axis of the helical cone (see Fig. 2b). By analogy
164 with the SmA* phase, the structure of the N8 and its elastic properties can be described
165 by a complex order parameter, o (r) =siné(r)exp(ip(r)) [31]. When 6(r) and
166 q(r) = Ve(r) are close to their equilibrium values and vary slowly with r, the macro-
167 scopic elastic energy of the Nts is formally the same [31] as that of the SmA* [33]. It con-
168 tains smectic-like terms, e.g., the pseudo-layer compression term, % B(1-p/p, )2 ,
169 taking account of the increase in the energy density when the pitch, p, deviates from its
170 equilibrium value, po. Another important smectic-like term, >K sin’ & , takes into
171 account the energy cost for the tilt of the optic axis N by a small angle o with respect to
172 the helix axis, h (N is parallel to h in the ground state but can deviate from h under ex-
173 ternal constraints). Additionally, the energy contains three nematic-like terms,
N 1 N 2 N 2 N 2
174 f :—{K SNV N+ KN IN(VxN)] +K 33[N><(V><N)]}, ()
2
175 which are related to the splay, twist, and bend of the optic axis, where K" are the
176 respective elastic moduli. As in the SmA phase, the twist and the bend of N are forbidden
177 because they are incompatible with the pseudo-layered structure of the phase. Moreover,
178 the splay distortion of N is coupled with a splay of the helix axis, which requires a reor-
179 ganization of the layers and is strongly hindered in confined samples.
180 The Nt — SmA* analogy provides the general expression for the macroscopic elastic
181 energy of the distorted Nts phase but not the values of the elastic moduli. However, these
182 moduli can be obtained by coarse-graining a microscopic model of the N — Nt phase
183 transition [5,34]. For this purpose, one should consider a large-wavelength distortion of
184 the phase having a small amplitude. The energy cost of the distortion is calculated using
185 the microscopic model and the result is averaged over one pitch length, thus removing all
186 of the periodic terms. The comparison of this microscopic result with the macroscopic
187 elastic energy then provides the values of the elastic moduli.
188 This CG approach has been applied in [31], starting from the “elastic instability”
189 model of the N — Nrs phase transition [5]. The basic assumption of this model is that the
190 elastic constant K33 of the nematic formed by bent-shaped molecules decreases with de-
191 creasing temperature T and becomes negative at some T = T*. Therefore, for T < T¥, the
192 ground state of the nematic is no longer uniform but it is spontaneously bent. However,
193 as explained earlier, the bend distortion must be coupled to another distortion mode
194 which is the twist mode in the case of the Ntsphase. Introducing a fourth-order bend
195 elastic modulus, C > 0, and assuming that K3 varies linearly with temperature in the vi-
196 cinity of T¥, K,, = a(T -T*), with a > 0, and that all of the other nematic moduli re-
197 main approximately constant, one obtains [5], after minimization of the energy, that the
198 ground-state structure of the phase is heliconical, with
199 n(z) = (sing,cosq,z,sin d,sinq,z,cos§,) , where z||h. Under these assumptions, the
200 system undergoes a second-order phase transition at T= T* and, close to T%, the equilib-
201 rium tilt angle and wave vector of the helix are given by:
K a K a
202 sin? g, = - —2 = (T*T) ;g =-—2=—(T*T). 3)
3K,, 3K,, 3 3C
203 Therefore, sin@ (T) and q,(T) are expected to follow power laws,

204 Const-(T *-T )'B with the same critical exponent, g, = By = 1/2.
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.2
sin“ 6, =C, (T *-T)

An alternative microscopic model for the N-N1s phase transition was proposed by
Shamid et al. [34]. In that model, the transition is driven by the strong flexoelectric po-
larization expected in a nematic formed by bent-shaped molecules. Due to the strong
flexoelectric fluctuations in the pretransitional nematic range, the effective bend modu-

lus, K

ture, and changes sign at the N-Nts transition. Therefore, despite the different physical
origins of the transition, that model also predicts a second-order phase transition at T=T*
and, close to T%, the behaviour of the tilt angle and wave vector follow power laws:

eff

53 + renormalized by the flexoelectric effect, decreases with decreasing tempera-

gy =C (T*-T), 4)

where C, and C, are functions of the nematic constants, whose temperature

dependence can be neglected close to the N-Nrts transition.
A more refined version of the same theoretical model has been used to build a CG
theory of the N1s phase [40]. It again predicts a second-order N-Nrts transition at some

temperature T%, but with a more complex temperature dependence of #; and g, . This

dependence shows a crossover of the power-law exponents for ¢, and ¢, at some

temperature T*- 8T, where 6T was found to be very small for the Nts-forming mixture
studied in [40]. Indeed, for T* > T > T*- 8T, the exponents are the same as in Eq. (4),
By = By =1/2, whilefor T <T*-8T theybecome g, = g, =1/4.

2.2. Behaviour under external fields

The response of the Nts phase to strong external fields, e.g., when an electric field, E,
is applied, is expected to be different on the microscopic (< p) and macroscopic (>> p)
scale. Microscopically, the response is nematic-like, with a local director, n, reorientation
inside the heliconical period, resulting in variation of the pitch and tilt angle [9,30,41],
distortion of the helix from circular to elliptic [9,30], or field-induced transition to the
nematic [30,41] or splay-bend nematic [42] phases. Due to the small pitch, the N1s phase
is expected to be very stiff and these effects very small for realistically strong fields. In-
deed, no experimental evidence has been provided so far for this microscopic effect of the
field, except for the N1 to Nss transition under a strong topological constraint [10] or
strong electric field [42], E ~ 8 V/pm.

In addition to this local response of n, the torque integrated over a large volume of
the N1B phase acts on the optic axis N and can drive its reorientation. This macroscopic
response may (or may not) be coupled with a reorientation of the helix axis. Indeed, the
pseudo-layered structure of the phase forbids the bend and twist of N in a defect-free N1s
domain. The splay of N under a field, although not forbidden, is also hindered in most
sample geometries because it requires the reorientation and displacement of the pseu-
do-layers (large splay distortion leads also to layer dilation, which is energetically pro-
hibitively costly). Consequently, smooth, continuous, and defect-less textural changes
similar to the Fréedericksz transition in nematics are impossible in the N1s phase. Instead,
in sufficiently strong fields, a large macroscopic N8 domain can reorient by coupled ro-
tation of N and h, giving rise to the nucleation of many defects, located either in the bulk
or at the grain-boundaries separating the reoriented domain from the adjacent regions.
This kind of irreversible, defect-mediated, effect was reported experimentally under
moderate electric fields [7,43].

Because it has the same macroscopic symmetry as that of the SmA* phase, the
twist-bend nematic phase should present some specific SmA*-like effects, for example the
electroclinic effect (ECE) [35]: under an electric field E, applied parallel to the SmA* lay-
ers, the director n tilts at an angle o with respect to the normal k to the layers, in a plane
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252 perpendicular to E (see Fig. 3a). This effect can be understood as a field-induced SmA* -
253 SmC* phase transition: in the SmC¥, under field, the director n is tilted with respect to k
254 and the phase is ferroelectric, with the polarization P,  proportional to n x k . In the
255 SmA*, dueto n Pk, P,  vanishes, but when the field is applied, it induces a director
256 tilt and a ferroelectric polarization, P, # 0, with resulting energy gain -E -P, (ie.
257 ECE is an inverse ferroelectric effect). The smectic elasticity, however, disfavors the tilt,
258 and the energy minimization gives sina = c_E , where c  is the electroclinic coeffi-
259 cient. Typically, due to the stiff SmA elasticity, o is very small (o << 1°) even in strong
260 fields, but much higher amplitudes have been reported in the vicinity of a SmA* - SmC*
261 phase transition. For symmetry reasons, the smectic C ferroelectricity and the ECE are
262 forbidden in an achiral medium. Indeed, the polarization P, is a true vector, while
263 n x k is a pseudo-vector, so that their proportionality coefficient should be a pseu-
264 do-scalar, which cannot exist in an achiral system. Moreover, because the ECE response is
265 linear in the field, the sign of a should change with the sign of E, as well as with the chi-
266 rality handedness.
(@) (b)
q h
A O N0 A Q

Mo /r )d\'
/

SmA* /E NTB /E

267

268 Figure 3. Electroclinic effect in the SmA* (a) and Nt (b) phases. When the field is applied in the
269 plane of the SmA* layers, the director n rotates in a plane perpendicular to E and tilts at an angle o
270 with respect to the normal to the layers. Similarly, when an electric field is applied in a direction
271 parallel to the Nts pseudo-layers, the optic axis, N, tilts away at an angle a from the helix axis, h, in
272 a plane perpendicular to E. In fact, the whole director cone (the shaded region) tilts by the same
273 angle o, without much distortion..

274 Just after the discovery of the Nt phase, a fast linear electro-optic effect was ob-
275 served in it [36] and has been reported as an analogue of the flexo-electric effect seen for
276 cholesterics [44]. A detailed theoretical analysis [9] later showed that this effect is the Nts
277 counterpart, ECEnts, of the ECE in the SmA* phase. As in the SmA*, when a d.c. electric
278 field E is applied parallel to the pseudo-layers of a Nt monochiral domain (see Fig. 3b),
279 the optic axis N tilts away from the helix axis h at an angle o proportional to the field
280 amplitude. Although ECEnts and ECE have the same geometry, their physical origins
281 differ in that the former is due to the flexoelectricity whereas the latter is due to the
282 ferroelectricity. Indeed, as in usual nematics, the director distortion in the N8 phase re-
283 sults in a flexoelectric polarization, P = e, n(V -n) —e,n x (V xn), where e, and e,
284 are Meyer’s splay and bend flexoelectric coefficients [45]. In the ground state of the Nts
285 phase, the splay is negligible but the bend is strong, giving rise to a large polarization
286 perpendicular to both h and n, and forming an orthogonal helix. Due to this heli-electric
287 organization, the total flexo-polarization of the phase averages to zero. However, it has
288 been shown that a uniform tilt of the optic axis leads to excess average flexoelectric po-
289 larization, <P f > « N x h, which results, under an applied field E, in an energy density
290 gain <ffI > = - <PfI > E . The straightforward CG calculation and minimization of the

291 energy gives the amplitude of the ECEns tilt angle [9]:



Crystals 2022, 22, x FOR PEER REVIEW 8 of 27

292 a ~tana =c E = ——3—FE, 5)
q0 ( K 11 + K 22 )
293 where q, = £27z / p is the equilibrium value of the Nts wavenumber (with its sign
294 depending on the handedness of the domain). The values and the temperature depend-
295 ences of the constants e, —e,, K,;, and K,, in the Nm phase are unknown, but as a
296 reasonable approximation it may be assumed that they are continuous at the N-Nrts
297 transition and that their thermal variation is negligible compared to the fast variation of
298 K,, and g, . Therefore, the electroclinic coefficient ¢, isexpected theoretically to vary
299 as ¢, @ (T*-T )7ﬂ” , where the critical exponent is either g_ - 1/2 [9,31] or shows a
300 cross-over from 1/2to 1/4at T =T *-6T [40].
301 The CG approach also gives a simple result for the time dependence of the ECE tilt
302 angle, « (t), when the field is switched on or off [9]. In the off-case, « (t) follows an
303 exponential law, a  (t) = @ exp(-t/z ), with initial value «, given by Eq. (5).
304 Similarly, in the on-case, the dependence is given by «  (t) = a,[1-exp(-t/z )]
305 and the two characteristic times are in fact the same [9]:
2
306 T =Ty =Ton = 71 (6)
(Kll + KZZ)qO2 Sinz 90
307 where y, is the rotational viscosity of the nematic, which is expected to be con-
308 tinuous at the N-N1s transition and to follow an Arrhenius law on cooling. In the vicinity
309 of the transition, for both microscopic models of the N-Nrts transition, a power-law be-
310 haviour of the response time is expected, 7 : (T *-T )7+, where the critical exponent
311 is either g_-2[9,31] or shows a cross-over from2tolat T =T *-5T [40].
312 To date, precise ECEnts measurements have been reported only for CB7CB, showing
313 a very fast effect (z <1 us), with a small amplitude (a < 1° for E =10 V/um) [9]. Qualita-
314 tively, these results confirmed several important features predicted by Egs. (5-6): the tilt
315 angle increases linearly with E and changes sign with that of the field and with the
316 handedness of the studied monochiral domain; the time-dependence of the tilt angle is
317 exponential and shows the same response time for both the rise and fall. Estimating the
318 values of e, —e,, K,;, K,,, and y, from their usual nematic values, it was inferred
319 that, close to the N-N1s transition, the pitch is extremely small, p = 7 nm [9,25], a value
320 that was later confirmed by more direct techniques [13,14,19].
321 The electroclinic effect in the Nts phase is interesting for two main reasons. On one
322 side, its fast, sub-microsecond, response times are very attractive for practical applica-
323 tions, despite the disappointingly small tilt angle. Therefore, it is important to study a
324 larger number of compounds showing the Nts phase to check whether these values are
325 typical and whether they can be optimized. From a more fundamental point of view, the
326 ECE technique is one of the few that can be applied, without hysteresis and reversibility
327 issues, to test some basic structural parameters of the Nts phase over a large temperature
328 range, thus providing an opportunity to discriminate between the available theoretical
329 models. Moreover, we demonstrate here that the experimental difficulties (related to the
330 small values of ¢ and 7, and especially, to the realization of the required large, uni-
331 form, monochiral domains) that have so far hampered the investigation of the ECE, can

332 be easily overcome to gather useful information about the Nts phase.



333
334

335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357

358
359
360
361
362
363
364

365

Crystals 2022, 22, x FOR PEER REVIEW 9 of 27

3. Materials and methods
3.1. Nrs-forming mesogenic dimers

We studied four different compounds, showing both the N and Nt phases, that
were chosen according to three criteria: i) a wide temperature range of the N1 phase to
avoid crystallization of the samples during the experiments; ii) the ability to obtain uni-
form monochiral domains sufficiently large for the ECE measurements; iii) selection of
different dielectric anisotropy (positive or negative) and different strength of the weakly
first order N-N18 phase transition (to test the influence of these parameters on the ECE
amplitude and the temperature dependences of « and ¢ ).

The chemical structures of the compounds are presented in Table 1. All of them are
mesogenic dimers of two identical monomers connected by an alkyl or alkoxy spacer
consisting of odd-number groups. For all of them, in an all-trans conformation of the
spacer, the dimer is strongly bent. Due to the flexibility of the spacer, a large number of
conformers are possible, but most of them are also bent. Therefore, on average, the dimer
molecule is typically bent by a 120-130 ° angle between the monomers. This strongly bent
shape of the mesogenic molecule has been predicted [5,6] and experimentally confirmed
[7,15] to be an essential condition for the formation of the N1s phase. Table 1 also presents
the phase transition temperatures observed in our electro-optical experiments upon
cooling for each compound. Note that they differ in some cases by as much as 2°C from
those measured by DSC. This difference is mainly due to two factors: i) the very different
cooling rates in the two cases (= 5 °C/min for DSC and < 0.1 °C/min in our experiments);
ii) the different surface/volume ratios in the two experiments. This ratio is much larger in
our thin sandwich cells, leading to some diffusion in the sample of impurities from the
alignment layers and sealing walls of the cell (this contamination leads to a shift in the
transition temperatures but does not significantly influence our ECE experiments).

Table 1. Molecular structure and phase transition temperatures of the mesogenic dimers. The
temperatures are measured on cooling in our thin sandwich cells. The biphasic coexistence range
and its median temperature, Tc, are shown for the N-N1s phase transition. Also shown, in brackets,
are the melting points of the crystal/solid which gives the Nt phase for the three cyanobiphenyl
dimers [15] and that containing two naphthalene groups [39]. These are included to show that
thermodynamically the twist-bend nematic range can be extremely short; however this range can
be significantly extended as early studies, especially for CB7CB, have shown [7].

Compound

Molecular Structure and Phase Transition Temperatures

CB7CB

S /\M@\
S L
NG Z>eN

Iso-114.8°C-N-99.85+0.35 °C- NrtB - 37 °C- Cr (Cr- 102 °C - N18)

CB9CB

m\/\/\ww‘ N
o O
N Z>cN

Iso-124.1°C-N-107.00 £0.0 °C - Nt8 - 41 °C - Cr (Cr - 86 °C - N18)
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3.1.1. CB7CB

The liquid crystal dimer CB7CB, the systematic name of which is
1",7"-bis(4-cyanobiphenyl-4'-yl)heptane, is the most famous Nts-forming compound. In-
deed, the N18 phase was discovered with this material [7]. It was also the first compound
(or at least one of the first) for which the structural and physical properties of the Nts
phase were characterized, e.g., pitch [9,13,14], conical tilt angle [9,10,14], and dielectric
constant [7]. CB7CB was also the compound used in the first detailed ECE study [9] (note
that we repeat here the ECE experiment with CB7CB over a larger temperature range and
with a significantly improved time resolution).

CB7CB was prepared following methods described previously in de-
tail [7,20,38]. The transition temperatures obtained by DSC, are T (Nt-N) =
376 K and T (N-I) = 389 K, respectively. These phase transitions were
found to be first order [46]; the entropies of transition, AS/R, are 0.34 and

0.31, respectively [38].

CB7CB has a positive dielectric anisotropy, Ae ~ +2 in the N1 phase close to the
transition [7]. As for the other materials presenting Ae > 0, in the ECE experiments we
limit the duration of the applied high-field electric pulses to < 100 ps in order to avoid
textural changes under the strong dielectric torque.

3.1.2. CB9CB

The dimer 1,9-bis(4-cyanobiphenyl-4'-yl) nonane (CB9CB) differs from CB7CB only
by the length of the spacer linking the two cyanobiphenyl mesogenic units. The synthesis
and characterisation of CB9CB have been described in detail elsewhere [15]. In contrast
with CB7CB, CB9CB shows an enantiotropic Nts phase over a large (> 20 °C) temperature
range. However, due to the similar chemical structures of these homologues, their
physical properties are also similar, and in particular Ae ~ 2 in the vicinity of the N-Nrts
transition. The entropies of the I-N and N-Nrs transitions, AS/R, are 0.33 and 0.08, re-
spectively [15], indicating that the N-Nrts transition is much more weakly first-order in
character than seen for CB7CB.

3.1.3. CB60OCB

1-(4-cyanobiphenyl-4’-yloxy)-6-(4-cyanobiphenyl-4’-yl)hexane (CB60CB) contains
also two cyanobiphenyl mesogenic units, but linked by an alkoxy (CH2)6O spacer. The
synthesis and characterisation of this dimer have been described in detail elsewhere
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400 [15,16]. Due to the ether link on one side of the spacer, which results in a smaller
401 bend-angle of the molecule, both nematic phases of CB60CB, N and Nrs, are enanti-
402 otropic and show significantly wider temperature ranges than for CB7CB. The entropy of
403 the N-Nrs transition is extremely small, AS/R = 0.01 [15], which indicates that the transi-
404 tion is much more weakly first-order in character than seen for CB7CB. Due to the similar
405 chemical structures of these dimers, their physical properties are similar, in particular Ae
406 ~ 2 in the vicinity of the N-Nrts transition.

407 3.1.4. BNA76

408 The bent-shaped dimer 1,7-bis[6-(4-hexyloxybenzoyloxy) naphthalene-2-yl]heptane
409 (BNA76) was prepared following a synthetic route described earlier [39]. The molecular
410 structure of BNA76 is quite different from those of the other three compounds studied
411 here. Instead of cyanobiphenyls, the mesogenic units of BNA76 are benzoyloxy-naphthyl
412 esters with relatively long alkyl terminal-chains. . The phase sequence of BNA76 is richer
413 than that of the cyanobiphenyl-based dimers as it presents three mesomorphic states —
414 nematic, twist-bend nematic, and intercalated biaxial smectic A (SmAbs). The entropy of
415 the N-Ns transition is small [39], AS/R = 0.05, which indicates a weak first-order transi-
416 tion, as expected [16,46] because of the wide temperature range of the N-phase. Due to
417 the absence of large longitudinal dipoles in the mesogenic units, BNA76 shows a negative
418 dielectric anisotropy, Ae <0, and therefore no textural changes are observed in the N and
419 N1s phases in our planar cells, even under strong fields (E ~ 20 V/um). This allows us to
420 apply in our ECE experiments arbitrarily long d.c. voltage pulses (or a.c. voltage bursts)
421 without textural change issues. (Note that the cell behaviour is different in the SmAs
422 phase : because of the phase biaxiality, textural transitions [8] are observed under volt-
423 ages of ~ 4 V. However, the SmAb phase is achiral and, therefore, as expected, it does not
424 show any electroclinic response.)

425 3.2. Measurement technique

426 For the ECE measurements, the compounds were filled into optical cells with a small
427 gap, d = 1.5 pm, (kindly provided by Nemoptic, France) by capillarity action. This cell
428 thickness was required to obtain an optical retardation, AL = d.An, of the transmitted po-
429 larized light of wavelength A, in the optimal range for the ECE measurements (A/4 < AL <
430 3A/4). Rubbed polyimide layers deposited on the cell surfaces provided a uniform pla-
431 nar alignment with a small pretilt (1-2°) in the nematic phase. The field was applied to the
432 cell by transparent ITO electrodes with a small resistivity (4 Ohms per square).

433 In the nematic phase, all of the dimers showed good planar alignment allowing, if
434 necessary, for the measurement of their physical and optical properties. On slow cooling
435 through the N-N1s phase transition, we observed the growth of uniform monochiral N1s
436 domains separated by domain walls. The typical size of these domains varied from tens
437 to hundreds of micrometers, depending on the compound and cooling rate. On further
438 Nt8-N-Nr18 cycling, the domain pattern changed randomly without visible memory of the
439 domain handedness.

440 After a few N18-N-N18 cycles, the domains were sufficiently large to allow for ECE
441 measurements in monochiral regions of at least 50 x 50 pm? in size. Usually, a few tenths
442 of a degree below the transition, the domains were reasonably uniform but, upon further
443 cooling in most cases, the well-known stripe- and (at lower temperature)
444 rope-instabilities [7] were observed. To avoid these instabilities, which can disturb the
445 electro-optical response to the field, the temperature of the Nts phase was slowly de-
446 creased while superposing weak temperature oscillations (with typical amplitude ~ 1 °C
447 and frequency ~ 0.01 Hz). During this process, an a.c. voltage (f= 10 kHz, U < 6 V) was
448 switched on- and off- at about 0.1 Hz. This treatment progressively weakened the insta-

449 bilities and was repeated until they no longer significantly disturbed the ECE measure-
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450 ments or until they completely vanished (in the best case). The best results of this treat-
451 ment were obtained for CB7CB that showed a uniform texture of the monodomains over
452 a temperature range of more than 50 °C below the N-Nrts transition, and the worst for
453 CB60OCB, with only a 20 °C range.
454 A simple technique, previously described in more detail, was applied to measure the
455 ECE response [9]. In the absence of the field, the Nts optical axis, No, is parallel to the
456 polarizer P (Fig. 4). When the field E is applied, the optical axis rotates in the plane of the
457 cell by a small angle a to a new orientation, N. With the analyzer, A, set at 45° with re-
458 spect to P, the transmitted light intensity, I, is approximately a linear function of o [9]:

1 Lz AL
459 = —1,|1-4asin L J|, 7)

2 A 1
460 where Io is the intensity of the incident light. The sensitivity of the measurement is
461 optimal for AL = (m +1/2)A4 with m an integer. For our cell gap, d=1.5 pm, AL var-
462 ies with temperature in the 150-250 nm range, resulting in a reasonably large slope for
463 I(@). To calibrate the measurements of o without additional birefringence measurements,
464 we measure directly, at each temperature, the slope of I(a) by rotating the cell to a known
465 fixed angle o, =+ 4° (at fixed Io and U = 0).
466

|
467 ‘

468 Figure 4. The optical geometry used for the ECEnts measurements.

469 The cell is placed on the stage of a polarizing microscope (Leitz Ortholux) equipped
470 with a light source with a stabilized d.c. voltage supply. The temperature of the sample is
471 controlled with a precision of 0.01 °C using a Mettler HS82 hot-stage and a home-built
472 PID temperature controller. The transmitted intensity is measured using a
473 microphotometer (Leitz) mounted on the microscope and equipped with a photomulti-
474 plier tube (PMT). The measurement is local and limited to a small selected rectangular
475 area (typically 40x40 um?) in the image plane. To minimize the response time of the de-
476 tection system, the current signal from the PMT is sent directly to a small resistive load,
477 Re=1 kQ. The voltage drop on the charge is sent to a digital oscilloscope (DSO-X 2004A,
478 Agilent), where it is accumulated for up to 64000 times to improve the signal-to-noise
479 ratio. The typical error in ¢ is estimated to be less than 0.01° and the response time, 7, of
480 the experimental setup, measured with a LED light source driven by short rectangular
481 pulses, is about 160 ns. The main effect of the instrumental response time on the meas-
482 ured signal is an additional delay (~ zx) of the ECE response without a change in the
483 slope of the ECE curve. Using a suitable fitting procedure taking into account this effect
484 the error in the measured ECE response times can be reduced to only around 30 ns.

485 During the experiments, short voltage pulses (typically 10-40 us) were applied to the

486 ITO electrodes, resulting in a d.c. electric field directed along the cell normal which is also
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487 the observation direction. The pulses were generated by an arbitrary wavefunction gen-
488 erator (TGA1241, TTi) and amplified by a fast high-voltage amplifier (Krohn-Hite 7602M)
489 up to amplitudes in the range 15 — 120 V. The short duration of the pulses was required in
490 the case of Ae > 0 materials to avoid the reorientation of the Nts helix under the strong
491 dielectric torque. For BNA76, however, Ae < 0, and the dielectric torque stabilizes the
492 planar alignment of the helix in our cells, and arbitrarily long pulses can be applied
493 without destroying the uniform Nrts texture.

494 4. Results

495 For all four compounds, the experimental results are in good qualitative agreement
496 with the theoretically expected behaviour. Subject to square pulses, the ECE response is
497 well fitted by an exponential law, with approximately the same on- and off- response
498 times (Fig. 5 to improve). Moreover, as expected, the sign of the response is reversed
499 when the measurement window is displaced from one monochiral domain to the next,
500 which has the opposite handedness. This feature, as noted before [9,10], is direct evidence
501 of the doubly-degenerate chiral structure of the Nts phase.

Intensity (a.u.)

0 10 20 30 40

time (us
502 (hs)
503 Figure 5. ECEnts response (black open symbols) to a square d.c. pulse (15 V/pum, 20 us) measured in
504 a BNA76 monochiral domain. The solid lines are the best fits of the data with an exponential law
505 for the rise (red) and the fall (blue) of the response. The inset shows two large monochiral uniform
506 domains of opposite chirality observed with slightly uncrossed polarizers.
507 As expected from Eq. (5), the variation of a with the field is linear. This is best
508 demonstrated by applying bipolar triangular pulses, as shown in Fig. 6. The ECE re-
509 sponse is proportional to the field, with only a small delay and distortion at the peaks of
510 the signal (due to the finite response time of the ECEnts effect). The change of the re-
511 sponse sign with the sign of the field is also direct evidence that the macroscopic struc-
512 ture of the phase is chiral.

513
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Figure 6. : CB60OCB at T = 108.05 °C: time-evolution of the electroclinic tilt angle a (blue open
symbols, right axis) subject to a triangular voltage pulse (black line, left axis).

To compare the temperature dependences of the ECE response of the four com-
pounds, we present later the results for each one in terms of ¢_(T) and z(T).In ad-
dition, for each of them, we also present the best fit with a power law,
c, (T)y=cte (T *-T )_ﬂ" and 7(T)=cte (T, *-T )_’B’ , respectively. Note that, for
the theoretical models, the critical temperature T* should be the same for a and t. This is,

however, not confirmed experimentally. The best fit parameters for all the compounds
under study are presented in Table 2.

4.1. CB7CB

CB7CB, using which the N1s phase was first confirmed experimentally [7], remains
to date the most studied N8 compound. In particular, it was the dimer for which the first
detailed ECE experiment was reported [9]. However, this study presents a more recent
experiment with better time resolution, wider temperature range, and a larger number of
temperature data points. Although the present data are in excellent agreement with the
previous, they provide better precision on the values of the fit parameters. The experi-

mental results for ¢_(T) and r(T) over the whole temperature range of the Nrs

phase are shown in Fig. 7. ¢_(T) is already small at the transition and it decreases fur-
ther throughout the N1 phase. At low temperature, it approaches a limiting value.
Magnifying the c_(T ) curve in the vicinity of the N-Nts phase transition (see inset) re-

veals a relatively large temperature range (99.5-100.2 °C) of biphasic coexistence, in good
agreement with previous reports [7,9,10]. In the following discussion, we define the me-
dian temperature of this biphasic range, Tc= 99.85 °C, as the experimentally observed
N-Nrs transition temperature (the same approach is used for the other compounds). The
ECE response time is very short at the transition, T~ 0.7 us. Upon cooling, it decreases
even further over a few °C, and then levels off at a value of about 0.23 us over the next 20
°C. Upon further cooling, 7(T) grows exponentially, due to the Arrhenius temperature
dependence of the rotational viscosity to which it is proportional (see Eq. (6) and the
discussion section).

T T T
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Figure 7. Temperature dependence of the ECE parameters, ¢, (T ) and 7 (T ), measured in the

Nre phase of the dimer CB7CB. The inset shows a magnification of ¢, (T ) in the relatively large

N-Nr1B biphasic coexistence range.
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As expected theoretically, ¢ (T) and z(T) follow power law dependences over

547
548 a range of several °C below the N-Nrts transition (Fig. 8), where the slow temperature
549 variation of all the nematic parameters, except K33, can be neglected. Moreover, ¢_(T)
550 follows a power law dependence over the entire available temperature range whereas
551 7 (T ) deviates from this, but only far from the transition. However, the critical tempera-
552 tures T* derived from these two fits are not the same and, in disagreement with the the-
553 oretical models, they differ from the experimental value of Tc by small but significant
554 values, AT =T_*-T =0.20 °Cand AT_=T_ *-T_=0.35 °C.
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555
556 Figure 8. Best fits (red solid lines) of ¢, (T) and 7(T) with power laws for CB7CB: (a) For
557 ¢, (T), thefit c (T)=cte- (T *-T )_ﬂ“ is good over the entire (60 °C) range under study,
558 with T * = 100.05 °C and B, = 023 (b) For the response time, the law
559 (T)=cte (T *-T )_ﬂ’ , with T_*=100.20 °C and £ = 042, fits the curve well only in a
560 range of about 6 °C. At low temperature, the curve is well fitted by an exponential growth law (blue
561 dashed curve).
562 4.2. CBICB
563 The dimer CB9CB is a homologue of CB7CB and differs from it only by the spacer
564 length. The experimental results for ¢_(T) and z(T) are very similar to those of
565 CB7CB (Fig. 9). Indeed, ¢, (T) issmall at the transition, it decreases throughout the N8
566 phase and approaches a limiting value at low temperature. The N-N1s phase transition is
567 very sharp, almost without any biphasic coexistence, and takes place at Te=107.00 °C. At
568 the transition, the ECE response time, © = 2.2 us, is slower than in CB7CB but it remains of
569 the same order of magnitude. Upon cooling, it decreases further over a few °C, then lev-
570 els off at about 0.36 ps and grows exponentially upon further cooling. However, even at T
571 =50 °C, the response time remains rather fast, 1= 1.1 us.
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572
573 Figure 9. Temperature dependence of the ECE parameters, ¢, (T ) and 7 (T ), measured in the
574 N8 phase of the bent-shaped dimer CB9CB. For this compound, the N-Nts biphasic coexistence
575 temperature range is very narrow, almost undetectable.
576 As expected, ¢ (T) and 7(T) follow power law dependences in the vicinity of
577 the N-Nts transition (Fig. 10). As for CB7CB, the c_ (T ) curve is fitted well by the
578 power law over the entire available temperature range whereas 7 (T ) deviates from this
579 far from the transition. The critical temperatures T, derived from the two fits, are again
580 different and also differ from the experimental value of T, with AT_=T_*-T = 0.45
581 °Cand AT =T *-T, =0.14 °C
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583 Figure 10. Best fits (red solid lines) of ¢ (T ) and 7 (T) with power laws for CBICB: (a) For
584 c,(T), thefit ¢ (T)=cte- (T, *-T )_ﬁ“ is good over the entire (> 60 °C) range under study,
585 with T *=10745 °C and S, = 0.33; (b) The power law 7 (T )= cte - (T, * -T )7/;’ , with
586 T, *=100.14°Cand #_ =0.45, fits the curve well only in a range of about 5 °C. As for CB7CB, at
587 low temperature, the curve is well fitted by an exponential growth law (blue dashed curve).
588 4.3. CB60OCB
589 The dimer CB60CB has approximately the same length as CB7CB but the spacer has
590 a different chemical structure. Consequently, these two compounds differ in some of the

591 physical properties of their nematic phases. For example, the nematic temperature range
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of CB60CB (48°C) is significantly larger than that of CB7CB (15 °C) and the N-Nts phase
transition is almost second-order whereas that of CB7CB is weakly first-order. The ex-

perimental results for ¢, (T) and z(T) in the whole temperature range of the Nt
phase are shown in Fig. 11. Note that, for this compound, the texture instabilities could
not be completely suppressed below 95 °C, which reduced the quality of the data.
c, (T) issmall at the transition, it decreases throughout the Nts phase, and approaches

a limiting value at low temperature. The N-Nts phase transition is sharp and takes place
at Tc= 108.08 °C, with a small biphasic coexistence range (108.05 — 108.10 °C). At the
transition, the ECE response time, t~ 7 s, is about one order of magnitude slower than
in CB7CB. Upon cooling, it sharply decreases over a few °C and levels off to about 0.8 us.
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Figure 11. Temperature dependences of the ECE parameters, ¢ (T ) and 7 (T ), measured in the

Nt phase of the bent-shaped dimer CB60CB. The inset shows a magnification of the N-Nts bi-
phasic coexistence range.

In the vicinity of the N-Nrts transition, ¢, (T) and z(T) follow power laws, like

the previous compounds (Fig. 12). Both curves are fitted well by power laws over 10 °C
below the phase transition. The critical temperatures T* determined from the two fits are

quite different and also differ from the experimental value of T,  , with

AT, =T, *-T, =170 °Cand AT, =T_*-T_=0.36 °C.
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Figure 12. Best fits (solid red lines) of ¢, (T ) and z(T) with power laws for CB60OCB: (a) For

€, (T), thefit c (T)=cte- (T, *-T )7ﬁ“ provides T, *=109.78 °Cand £, =0.31; (b) The

power law for the response time, 7(T)= cte - (T_*-T )7/3’ , gives T_*=10844 °Cand /=

0.64.
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616 4.4. BNA76
617 Like CB9CB, BNA76 presents a very sharp N-Nrts phase transition that takes place at
618 Te=120.00 °C. As for the other compounds, ¢ (T ) is small at the transition and de-
619 creases throughout the Nt phase (Fig. 13). The ECE response time is similar to that of
620 CB9CB; it decreases from t = 7.2 us at the transition to 1 =~ 1.0 ps at 95 °C.
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622 Figure 13. Temperature dependences of the ECE parameters, ¢, (T) and 7 (T ), measured in
623 the N8 phase of the dimer BNA76. The N-N18 phase transition takes place at Tc = 120.00 °C and the
624 N-Nr18 biphasic coexistence temperature range is very narrow, almost undetectable.
625 Like the other cases, the ¢, (T ) curve is fitted well by a power law over the entire
626 available temperature range (Fig. 14), while 7 (T ) follows a power law only close to the
627 transition. The critical temperatures T* derived from the two fits are again different and
628 differ from the experimental value T, with AT =T *-T =1.17 °C and
629 AT =T *-T =0.50 °C.
(@) N (b)
00671 <o
E 61
S 005 41
g =z
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630
631 Figure 14. Best fits (solid red lines) of ¢, (T) and 7 (T) with power laws for BNA76: (a) For
632 c,(T), the fit ¢ (T)=cte (T *-T )_ﬂ“ is very good over the entire 25 °C range under
633 study, with T *=12117 °C and £, = 0.23; (b) The power law 7(T )= cte - (T, * -T )7ﬁf ,
634 with T_*=120.50°Cand A, =0.78, fits the curve well only in a range of about 6 °C.
635 Table 2. Comparison of the ECEnts parameters obtained from the power -law fits of the experi-

636 mental results with the predictions of the theoretical models.
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ECE experiment Theory [9,31] Theory [40]

Compound|,r [T, AT AT T 2T =0T [T <T*-6T
B, |B. B, |B.

€O e C) Q) B, B. P, B,
CB7CB 0.20 |0.35 |0.23 |0.42 |0 05 20 |0 05 20 (025 (1.0
CB9CB 0.45 |0.14 |0.33 |0.45 |0 05 20 |0 05 20 (025 (1.0
CB60OCB (1.70 |0.36 |0.31 |0.64 |0 05 20 |0 05 20 (025 (1.0
BNA76 1.17 10.50 |0.23 [0.78 |0 05 20 |0 05 20 (025 [1.0

5. Discussion

The main ECEnts features that are expected theoretically are based on the macro-
scopic symmetry of the Nt phase and its analogy with the chiral smectic A phase. In-
deed, the geometry of the effect, with a torque, applied to the optic axis N and propor-
tional to the pseudo-vector h x E, is only possible in a chiral system. Therefore, the mere
existence of the electroclinic effect is a direct proof of the chiral structure of the N1s phase
and its layered or pseudo-layered organization. Similarly, the alternation of the sign of
the ECEnts response from one monochiral domain to the next is direct evidence of the
doubly-degenerate chirality of the phase. Moreover, the fact that the response is linear in
the field reveals that the effect is not dielectric but flexo- or ferro-electric.

All of these expected features have already been observed in the first ECEnts ex-
periments using CB7CB [9], giving an early confirmation of the heliconical (and
helielectric) structure of the N1s phase. Here, we show that this behaviour is typical for
twist-bend nematics as it is observed for all of the four compounds under study. Indeed,
for all compounds, close to the N-Nrs transition temperature, we find that the amplitude
of the electroclinic tilt of N is small, of the order of 0.5-1° for 10 V/um (or

¢, < 0.1 °V/um). On cooling, ¢_ decreases further, by a factor of 2 to 5, depending on

a

the compound. The CG theory of the Nt phase relates the value of ¢, close to the

transition with the material constants in the nematic phase and the pitch p of the Nt
phase (see Eq. (5)). With the typical values of the constants available for the nematics, it

has been deduced previously [9,25] from the small value of ¢, for CB7CB that the pitch

is about 7 nm. This surprisingly small value was later confirmed by direct measurements
[13,14,19] and is now accepted to be typical for this quantity.
Our study confirms this conclusion for the other three dimers. Moreover, assuming

that the nematic constants (e, — e,) and (K,, + K,,) vary slowly in the vicinity of T,

we conclude that the temperature dependence of ¢ is largely due to the variation of

the pitch, i.e. that the pitch decreases with decreasing temperature. This behaviour of
p(T), which is theoretically predicted [5,34], agrees qualitatively with the resonant

X-ray scattering experiments on CB7CB [19], which report a moderate decrease of p(T)
below T_ . Our results for the other compounds (see Figs. 9,11,13) suggest that the de-
crease of p(T ) on cooling is a typical feature for the bent-shaped dimers that form a Ntz
phase. However, the agreement between the decrease (=50 %) of p(T)in the 10 °C
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670 range below T deduced from Fig. 7 and that reported in [19] (< 20 %) is not quantitative.
671 This disagreement may be due to the assumptions of the theoretical model, such as, for
672 example, neglecting the temperature dependence of the nematic constants in the vicinity
673 of T., and the approximation that the nematic order tensor is continuous at the N-Nrts
674 transition and remains uniaxial in the N8 phase [5,31] despite the biaxial local symmetry
675 of the phase. The resonant X-ray scattering experiments provide a direct measurement of
676 p(T), but their temperature dependence shows some hysteresis, which is due to the
677 polydomain structure of the samples and the defect pinning that hinders the relaxation of
678 the pitch to its equilibrium value after a temperature variation. Our ECExts measure-
679 ments do not suffer from this problem as no hysteresis of ¢, (T ) is observed with our
680 thin and well-aligned monodomain samples. Moreover, the smooth variation of ¢, (T)

681 observed on heating/cooling at a rate of 1 °C/min indicates that the pitch follows, adia-
682 batically, the temperature variation.

683 The ECEnts response times of the four dimers show the same behaviour as that re-
684 ported in the previous experiments using CB7CB. The on- and off- response times are the
685 same, as expected from Eq. (6), and they are very fast close to the N-Nts phase transition
686 for all the compounds (r <10 ps). However, this initial value was found to vary by one
687 order of magnitude, from ~ 0.7 ps for CB7CB up to ~ 7 us for BNA76. We attribute this
688 variation to the different material constants in Eq. (6) for the different dimers, in partic-
689 ular to the rotational viscosity y,, which varies significantly between the different
690 nematogenic compounds. Indeed, y, isrelatively small for the nematic compound 5CB
691 [47], which is very close to the monomer unit of CB7CB and CB9CB. This correlates well
692 with the faster ECE response that we report for these compounds.

693 The temperature dependence of the response time is also similar for the different
694 dimers. On cooling below T¢, r decreases rapidly in the first 5-10 °C; then, it saturates to
695 a ~ 20 °C wide plateau, for which the ECE response is the fastest (z <1 ps); finally, on
696 further cooling, (T ) grows exponentially, clearly due to the usual Arrhenius-law in-
697 crease of the rotational viscosity.

698 Qualitatively, assuming typical values of the nematic constants (see the detailed
699 discussion for CB7CB in [9]), the initial values of ¢, and r are consistent with those
700 predicted theoretically in Eqs. (5-6). Similarly, the temperature dependences c¢_(T) and
701 7(T) agree qualitatively with Eqgs. (5-6): with the nematic constants assumed to vary
702 only weakly, the initial fast decrease of the curves would largely be explained by the
703 expected increase of the heliconical wavenumber and tilt angle; the plateau would be
704 explained by the saturation of the Nts heliconical parameters; and the final increase of
705 7 (T ), which is absent for ¢, (T ), would be explained by the exponential growth of 7,

706 at low temperature. Moreover, as expected theoretically, ¢_(T) and 7(T) follow a
707 power law for at least 5 °C below the N-N1s transition. In fact, the power-law fit is excel-
708 lent for ¢ (T ) over a much larger temperature range, see for example, Figs. 8 and 10,
709 which confirms that the nematic constants, apart from y,, vary only weakly with the
710 temperature.

711 Despite this qualitative, or even semi-quantitative, agreement of our results with the
712 CG theory, there are serious disagreements with the Landau models of the N-Nts phase
713 transition. The main parameters derived from the power-law fits of ¢, (T) and z(T)

714 are compared to the predictions of the theoretical models [31,40] in Table 2. Both models
715 predict a second-order N-Nts transition and, therefore, that the critical temperature, T%,
716 of the power-laws should be identical to the measured transition temperature, T. [31,40].

717 Theoretically, for a 2nd-order transition, there is no biphasic coexistence, but it is observed
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718 experimentally for CB7CB and, although quite small, ~ 0.05 °C, for CB60CB, indicating
719 that the transition for these compounds is in fact first-order. For the other two com-
720 pounds, the biphasic coexistence is essentially zero, which shows that the transition is
721 much closer to being second-order, as also indicated from the DSC data [15,38,39]. Nev-
722 ertheless, for each compound, the critical temperature T* obtained from the power-law
723 fits of our data differs from the transition temperature Te. This result disagrees with the
724 two Landau-like theoretical models of the N-Nrs transition considered here [31,40], and
725 with the second-order transition predicted by other theoretical models, based on a Lan-
726 dau-like [48] or on a generalized Maier-Saupe [49] description of the N1 phase. Moreo-
727 ver, according to the models described in [31,40], the critical temperatures obtained from
728 the fits of ¢_(T) and 7 (T) should be identical for each compound, which again dis-
729 agrees with our measurements. Indeed, different critical temperatures were systemati-
730 cally obtained from the two fits, T_* # T_* > T_, which can be up to ~ 2 °C higher than
731 T. (see Table 2). Quite surprisingly, at least for the case of T *, the difference with T
732 is larger for the compounds CB60CB and BNA76 that present a N-Nrts transition almost
733 second-order in nature and are therefore expected to be a better match to the theoretical
734 prediction T * =T *=T_.

735 Another significant discrepancy with the predictions of the theoretical models is
736 revealed by the critical exponents obtained from the power-law fits. Close to T *, both
737 models [31,40] predict g, = 0.5 for the c_-exponent, which is largely governed by
738 only the p(T) dependence. However, the experimental values are not universal and
739 instead are spread around a value, g, =~ 0.25, that is half the predicted value. There-
740 fore, the experimental results for f_ are in reasonable agreement with the prediction of
741 the model described in Ref. [40], but below the cross-over temperature, T * -5T . Simi-
742 larly, p_ varies significantly for the different dimers and instead are spread around the
743 value g = 0.5, far lower than the theoretically expected value of 2 (Ref. [31] and Ref.
744 [40] above T * —sT ). Even the lower value, B =1, predicted by the model of Ref. [40]
745 below the cross-over temperature, is significantly higher than the experimental values.
746 Here also, there is no clear correlation between the strength of the first-order N-Nrts
747 transition and the corresponding results for 3 .

748 To understand the origin of the discrepancy between experiments and theory, we
749 need to consider in more detail the approximations used in the models. The main fea-
750 tures of the ECEnts effect (linear response to the field, opposite signs of the electroclinic
751 tilt in monochiral domains with opposite handedness, geometry of the effect with devia-
752 tion of the optic axis under field §N P E x N ) are only based, in the CG approach, on the
753 macroscopic symmetry of the Nts phase and its analogy with the symmetry of the SmA*
754 phase [31]. These main features are indeed observed for all the compounds studied, con-
755 firming once more the now well-established heliconical structure of the phase. Moreover,
756 the small amplitude of the electroclinic tilt (o < 1°) and its extremely fast response time
757 (t< 10 ps) reveal qualitatively that the heliconical pitch is very small, of the order of 10
758 nm. (This conclusion follows directly from the analogy with the flexoelectric effect in the
759 cholesteric phase [44] and the order of magnitude of the nematic constants involved.)

760 To reach a more quantitative description and to calculate the values of the ECE pa-
761 rameters and their temperature dependences, ¢_(T) and z(T), the CG approach
762 must rely on a microscopic theoretical model of the N-N1s transition. Any one of the two
763 analytical Landau-like models considered here [31,40] leads to the simple expressions in

764 Egs. (5-6), which involve the nematic constants e, —e,, K,, + K and y, . Unfortu-

227
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765 nately, most of these constants have not been measured for any N1s-forming compound,
766 even in its nematic phase, and their behaviour in the Nt phase and across the N-Nrts
767 transition remains unknown. Therefore, to compare our measurements with the theory,
768 additional approximations must be made, namely that the nematic constants remain
769 continuous at the transition and vary slowly with temperature in the N1 phase (com-
770 pared to the fast temperature dependence of the pitch and of the heliconical angle in the
771 vicinity of the transition). However, this approximation, which is inspired by the predic-
772 tion of the Landau-like models that the N-Nts transition is second-order, is questionable
773 and its failure may explain to some extent the disagreement between the experimental
774 results and the theoretical predictions.

775 The two analytical Landau-like models assume, explicitly [31] or implicitly [40], that
776 the nematic order parameter S is continuous at the N-Nts transition. This assumption,
777 leading to a second-order phase transition, denies the experimentally reported weakly
778 first-order character of the transition [15,38,39], and the observed jump of the scalar order
779 parameter S for CB7CB [10]. Further development of the models taking into account the
780 coupling between S and the structural Nt parameters, #, and p , may lead to a
781 first-order transition and therefore to finite values of #;, and p at the transition. This
782 should also alter the power-laws expected for these parameters and, consequently, for
783 c,(T) and 7(T),leading hopefully to better agreement with the experiments.

784 Actually, Lopez et al. [46] have already proposed a Landau-like model of the N-Nrs
785 phase transition that takes into account the jump of the nematic order parameter tensor,
786 Q, at the N-Nrs transition and the coupling of Q with the Nts order parameter sin g, .
787 This model predicts a first-order N-Nm transition, with strength decreasing with the
788 thermal range of stability of the nematic phase above the N1s phase. This prediction is in
789 excellent agreement with the experimental observations for a large number of
790 Nrs-forming compounds and with the calorimetric data for several mesogenic dimers
791 and mixtures [46], including CB60CB [16]. We expect that a future CG theory of the
792 ECEnts, based on this improved Landau model, will provide a better agreement with our
793 present experimental results.

794 Another possible improvement of the theoretical models might be to take explicitly
795 into account the biaxiality of the nematic order parameter tensor, Q, in the Nt phase.
796 Indeed, even in the N phase, the bend distortion breaks the revolution symmetry of the
797 nematic phase and Q becomes slightly biaxial. Due to the strong spontaneous bend of the
798 N1 phase, the resulting biaxiality of Q (which is again the primary order parameter of
799 the phase) might become important as it was recently reported to lead to important
800 changes of the phase behaviour under an applied field [42]. Because the bend distortion,
801 and therefore the biaxiality of the order tensor Q, strongly depends on the temperature,
802 taking this dependence into account could lead to significant changes in the theoretically
803 predicted behaviour forc_(T) and 7 (T), in better agreement with the experimental
804 results.

805 6. Conclusions

806 We report here an extensive study of the electroclinic effect in the Nts phase of four
807 mesogenic dimers. The ECEnts response is observed over the whole Nt temperature
808 range of the compounds (more than 60 °C wide for CB9CB). The amplitude of the effect is
809 very small at the phase transition (a ~1° for E =10 V/um) and decreases further on cool-
810 ing. As reported previously for CB7CB [9], the on- and off- ECE response times are equal
811 and very short, typically in the microsecond range. This feature is very attractive for fast
812 applications but has not yet been exploited because of the small amplitude of the
813 electroclinic tilt. Qualitatively, our results are similar for all four compounds, despite

814 their different physical properties including, for example, different signs of the dielectric
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815 anisotropy, and different strength of the weakly first-order phase transition. The ampli-
816 tude and the response time are largely related to the value of the heliconical pitch.
817 Therefore, any practical application of the ECEnts might only be expected if compounds
818 with larger N8 pitches (~30 — 50 nm) are discovered.

819 The measured temperature dependences of the ECE parameters, ¢ _(T) and
820 7(T ), follow power laws in the vicinity of the phase transition, as expected. However, as
821 summarized in Table 2, the best-fit parameters of this data differ substantially from the
822 theoretically expected ones. We attribute this discrepancy to the assumptions made in the
823 data interpretation process and in the theoretical models [31,40] themselves. In particular,
824 we point out that better agreement might be expected from improved models taking into
825 account two factors so far neglected: the coupling of the nematic order parameter with
826 the parameters defining the Nt heliconical structure and the biaxiality of the nematic
827 order parameter tensor in the Nts phase.
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