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Abstract

Bent-core nematic liquid crystals exhibit unique properties, including giant flexoelectricity and polar electro-optic re-
sponses, making them ideal for energy conversion and electro-optic applications. When confined in nanopores, they can
stabilize chiral nanostructures, enhance polar order, and enable defect-driven switching — offering potential in nanoflu-
idics, sensing, and adaptive optics. Here we examine the thermotropic ordering of the bent-core dimer CB7CB confined
in anodic aluminum oxide (AAO) and silica membranes with precisely engineered cylindrical nanochannels — ranging
from just a few nanometers to several hundred nanometers. These well-aligned nanochannels enable high-resolution po-
larimetry studies of optical anisotropy, revealing how geometric confinement affects molecular organization and phase
behavior. Under weak confinement, CB7CB forms a layered heterophase structure, with nematic, splay-bent, and twist-
bent heliconical phases likely arranged concentrically. As confinement increases, a Landau-de Gennes analysis shows
that ordered phases are suppressed, leaving only a paranematic phase under strong spatial constraints. Remarkably,
temperature-dependent changes in optical birefringence under confinement closely resemble those seen under applied
electric fields, revealing a parallel between geometric and electro-optic effects. Overall, our work demonstrates how nanocon-
finement allows one to systematically tailor the self-assembly and optical behavior of bent-core nematics, enabling novel
functionalities in responsive and anisotropic materials.
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1 Introduction

Nanocomposites have emerged as a promising alternative to amorphous or crystalline materials in the design of novel ad-
vanced functional materials, often exhibiting properties not possessed by their conventional counterparts. The deposition of
liquid crystals (LCs) in silica or anodic aluminum oxide (AAO) membranes yields very interesting nanocomposites, whose
macroscopic optical and dielectric properties tend to be anisotropic and can be tailored by appropriate guest LC fillers,
host matrix morphology and chemical surface grafting (1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12]. Optical properties, on the other
hand, can be controlled by external fields, where interfacial interactions break symmetry rules, leading in certain cases to
effects that are symmetry forbidden in their bulk components. The linear electro-optic (Pockels) effect [13] and the second-
order optical nonlinearity (SHG effect) [14], recently demonstrated in nanoporous silica and AAO-based inorganic-organic
nanocomposites, can be considered as outstanding examples of such behavior, thus opening new perspectives for optoelec-
tronic and photonic applications. From a fundamental point of view, the anchoring forces, defined by the specificity of the
interfacial molecular interactions, together with the geometric constraint of the confined liquid crystal phase, exert a strong
influence on the macroscopic physical properties of the LC nanocomposites as a whole.

Kutnjak, Kralj, Lahajnar, and Zumer, [15, 16], developed a phenomenological approach (hereafter referred to as the 'KKLZ’
model) that describes the molecular ordering of simple achiral rod-like nematics under a geometric field o associated with
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cylindrical confinement. According to their concept, confirmed in later polarimetric experiments [17, 18, 19, 20], the geo-
metric field hypothetically scales inversely with the pore diameter (o o D~!) and for symmetry reasons couples bilinearly
with the orientational (nematic) order parameter. Thus, the behavior of the order parameter under geometrical constraints
is similar to that observed for ferroelectrics and ferromagnets in external electric and magnetic fields, respectively, i.e. it is
characterized by paranematic ordering and a critical point separating lines of discontinuous and continuous phase transi-
tions between the paranematic and nematic states in the o — temperature phase diagram.

However, the structure of liquid crystals in confined geometry can be more complex, which has been demonstrated in a
number of experimental and theoretical studies. For example, discotic liquid crystals in cylindrical nanochannels show a
competition between radial and axial columnar orders [21, 22]. In hydrophilic nanochannels, a nematic shell of radially or-
dered columns affected by elastic splay deformations coexists with an orientationally disordered isotropic core. For these
structures, the cylindrical boundary separating these phases is predicted to move from the channel walls to the channel
center upon cooling, in accordance with the scaling behavior of the transition temperatures with the channel diameter. In
contrast, the discotic LC confined in the hydrophobic nanochannels induces a quantized formation of annular layers con-
sisting of concentric circularly bent columns [23, 24, 4], unknown in the bulk state.

The thermotropic behavior of nanoconfined cholesteric LCs also differs significantly from that of the bulk. Depending on
the interfacial anchoring, it shows a radial or axial arrangement of the chiral LC molecules, which is indicated by a macro-
scopic optical birefringence and an optical activity of distinct positive and negative sign, respectively [25]. For normal an-
choring, a radial-escape structure evolves upon cooling. For tangential anchoring, a large optical activity indicates a con-
tinuous paranematic to cholesteric transition with double twist helices aligned parallel to the long axes of the cylinders.
Due to their heterogeneity, confined LCs generally exhibit inhomogeneous dipolar dynamics with slow interface relaxation
and fast core relaxation [26, 27, 28, 29]. Surprisingly, under strong nanoconfinement, the dynamic electro-optical response
of ferroelectric LCs is accelerated by up to several orders of magnitude compared to the bulk [30], thereby greatly expand-
ing the frequency range for their electro-optical applications. Taken together, the structure of confined LCs and their as-
sociated static and dynamic properties generally result from the specificity of their molecular conformations, interfacial
anchoring, and pore size/geometry.

While conventional rod-like nematics are the simplest and technologically most applicable LC materials, liquid crystal re-
search during the last decade has focused much on bent-core LCs 31, 32, 33, 34| as exceptional materials both in funda-
mental and application aspects. The simplest bent-core molecules, such as the classical cyanobiphenyl CBnCB (n=7,9,11)
[35, 36, 37] or cyanoanilinebenzylidene CN-n-CN (n=5,7,9) [38, 39] dimers, consist of two rigid cyanobiphenyl or cyanoani-
linebenzylidene arms linked by an odd-membered alkyl chain, making them conformationally flexible with a strong natural
ability to pack into bent structures, although uniform bending in space is not allowed.

Analyzing this inconsistency, Meyer [31] and subsequently Dozov [32] and Memmer [40] theoretically predicted the possibil-
ity of realizing two spatially inhomogeneous LC states characterized by combinations of either twist-bend or splay-bend
spontaneous distortions corresponding to the nematic twist-bend (Nrp) and nematic splay-bend (Ngp) phases, respec-
tively. For both LC states, the twist or splay is required to provide spatially uniform bending, resulting in spatially mod-
ulated LC molecular configurations. The Npp structure is described by a conical twist-bend helix, where the helical axis is
the mean optical axis of the medium, see Fig. 1. Surprisingly, the Npp phase, consisting of achiral bent molecules, is chi-
ral with doubly degenerate chirality, i.e. in the bulk state it consists of right and left monochiral domains [32]. The Ngp
phase, on the other hand, is achiral and can be described in the simplest approximation by a linearly polarized plane wave
with director distortion.

Taken together, the self-assembly of achiral bent-core molecules can lead to one of three nematic states with different macro-
scopic symmetry: (i) conventional uniaxial and achiral N-phase, (ii) locally biaxial but macroscopically uniaxial doubly de-
generate chiral Npp phase, and (iii) both locally and macroscopically biaxial and achiral Ngp phase, see Fig. 1. The tran-
sition from the conventional uniform to the periodic twist-bend or splay-bend nematic state is associated with a change

in the sign of the bending elastic constant K3 from positive to negative. The stability of the relevant phases, on the other
hand, is defined by the ratio of the splay K to the twist K> elastic constants [32, 41]. For Ky < K7/2 the heliconical twist-
bend configuration is realized, otherwise the splay-bend oscillation becomes energetically more favorable. In practice, how-
ever, the Npp phase is usually realized for bent dimers, indicating a low K7 /K5 ratio that ensures their thermodynamic
stability. However, an Nrp to Ngp transition can be induced by an external electric field applied parallel [42] or perpen-
dicular [43, 44] to the helix axis, which in practice results in a giant electro-optical response [45]. The Ngp phase can also
be stabilized under topological confinement, such as a defect wall between two Nrp domains of opposite chirality [42], or
surface-induced under extremely strong anchoring near the interface [46, 47]. For this reason, the phase behavior of bent-
core LCs under nanoscale confinement is of great interest, as geometric confinement combined with specific interfacial an-
choring is expected to play an increasingly important role in stabilizing relevant confined states or heterophase formations
resulting from their molecular self-assembly under such combined conditions.
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Figure 1: Liquid-crystalline phases and birefringence characteristics of bent-core nematics. (a) Equilibrium bent-core
molecular conformation of CB7CB and corresponding molecular polarizibility ellipsoid describing its anisotropy. (b)-(e)
Sketches of the molecular self-assembly in different LC states formed by arrangement of bent-core molecules: (b) - totally
isotropic (I) phase; (¢) - uniaxial nematic (N) phase; (d) - locally and macroscopically biaxial splay-bend nematic (Ngp)
phase; (e) - locally biaxial and macroscopically uniaxial twist-bend nematic (N7 p) phase. Green spheres and ellipsoids
indicate the local optical polarizability anisotropy.

For bent-core LCs, the number of available experimental and theoretical studies under confinement is rather limited com-
pared to other LC materials. The reported X-ray [48] and dielectric [49] experiments were performed using AAO as the
host medium with specific channel diameters in the submicron range, 100 and 200 nm, respectively, i.e. limited to a regime
of weak spatial confinement. Here, we combine alumina and silica mesoporous membranes to cover an exceptionally wide
range of channel diameters from a few to several hundred nanometers. This provides the opportunity to study the phase
behavior of the bent-core nematic under weak, moderate, and strong geometric confinement. The specific morphology of
mesoporous alumina and silica networks, consisting of parallel aligned cylindrical nanochannels, allows the study of op-
tical anisotropy related to the arrangement of bent-core molecules inside the nanochannels using high-resolution optical
polarimetry.

2 Materials and Methods

The dimer 1”,7"-bis(4-cyanobiphenyl-4’-yl)heptane (CB7CB) was used as a guest LC component for the preparation of
silica- and alumina-based LC nanocomposites. Compared to other members of the homologous CBnCB series, CB7CB is
the best characterized bent-core dimeric mesogen in the literature, which justifies this choice. The chemical structure of
the CB7CB molecule (Fig. 1) consists of two identical cyanobiphenyl moieties linked by a seven-membered alkyl chain.
The odd-membered flexible spacer defines its bent shape as the most stable molecular conformation in the ground state.
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The molecular polarizability tensor, evaluated by the semiempirical quantum chemical AM1 method [50], is character-

ized by the largest tensor component parallel to the alkyl chain of the CB7CB molecule (a.. > oy, > g, see sketch

in Fig. 1), which causes a positive optical anisotropy in the bulk nematic state (dn = n, — ne > 0). A large dielec-

tric anisotropy (Ae > 0)[51], on the other hand, gives rise to a strong response to the applied field, which is important

for possible electro-optical applications. The CB7CB was synthesized at the Warsaw Military University of Technology
following the method described in [52]. In the first step the inner part of the bimesogenic structure was synthesized via
Friedel-Crafts acylation followed by hydrazine reduction of the diketone. In the next step of forming the final compounds
CB7CB, the dibromoderivative is cross-coupled with 4-cyanophenylboronic acid or its cyclic ester, obtained via sequential
halogen-magnesium-boron exchange. The Suzuki-Miyaura cross-coupling was performed using palladium acetate and bulky
phosphine ligand CataXium in conventional water acetone solvent system using potassium carbonate as base. Upon slow
cooling (0.2 K/min) from the isotropic phase, the bulk CB7CB undergoes two successive phase transitions before solidifi-
cation: to the N phase at Ty = 390£0.5K and further to the Ny g phase at Tyrp = 377£0.5K, in reasonable agreement
with previous studies [53, 49, 35, 33]. This independently confirms the purity of the synthesized bent-core dimer.

The mesoporous silica membranes pSiOs (hereafter PS), have been prepared by electrochemical anodic etching of heavily
boron doped silicon wafers, followed by their thermal oxidation for 12 hours at 7" = 800°C in standard atmosphere. By
varying the etching time, we obtained a series of PS membranes with average channel diameters D = 6.0+0.5 nm (porosity
P = 13+1%, thickness h = 120£5um), D=8.0£0.6nm (P=20+2%, h=160+8um), and D=12.0+1.0 nm (P = 40+3%, h =
270+10 pm), as verified by recording volumetric No-sorption isotherms at 7' = 77 K.

The nanoporous alumina membranes pAl;O3 (hereafter AAQ) were purchased from Smart Membranes GmbH (Halle, Ger-
many). The specifications of the AAO membranes were verified by analysis of SEM (scanning electron microscope) im-
ages, which yielded the following average channel diameters and corresponding porosities: D = 25.0£2.0 nm (P =14+1%,
h=105+5um), D = 35+3 nm (P = 17+1.5%, h = 100+5um), D = 45.0£4.0 nm (P = 26+2%, h=100+5um), D = 60+5
nm (P = 28+2%, h = 140£5um), D = 180.0+10.0 nm (P =13£1.5%, h=105+5um), D = 250415 nm (P — 2442%, h —
55+5um).

The mesoporous PS and AAO membranes were first annealed at 440 K for about 15 min to remove the adsorbed water
from the channel walls. They were then completely filled by capillary action (spontaneous imbibition) of CB7CB LC in the
isotropic phase at T' ~400 K [54]. The composites prepared in this way, hereafter referred to as PS:CB7CB and AAO:CB7CB,
combine an inorganic silica or alumina framework, which provides their mechanical stiffness, and a nematic LC, which in-
troduces an optical anisotropy related to the specific self-assembly of the guest bent core molecules, which is the subject
of our experimental studies. Nevertheless, the specificity of the host matrix morphology seems to be a crucial aspect of
their optical anisotropy and therefore deserves a more detailed characterization. The SEM image shown in Fig. 2,a is typi-
cal for PS membranes and clearly shows the lateral irregularity of the mesoporous channel network. In contrast, the AAO
templates obtained by two-step electrochemical anodization are characterized by a hexagonally ordered morphology, see
Fig. 2,b,c,e,f. However, despite the difference in lateral morphology, both PS and AAO form an assembly of parallel cylin-
drical nanochannels oriented perpendicular to the membrane surface, as shown in Fig. 2,d. This results in their uniaxial
macroscopic optical anisotropy with the optical axis parallel to the long channel axis, which fundamentally distinguishes
them from optically isotropic random porous media such as Vycor glass. Filling the channels with isotropic liquids changes
the optical anisotropy associated with geometric birefringence. In the case of anisotropic guest liquids, an additional in-
fluence on the macroscopic optical birefringence results from the orientational and/or positional molecular ordering in the
nanochannels, in particular from the molecular self-assembly.

Accordingly, high-resolution optical polarimetry has been used to study the temperature variation of the optical birefrin-
gence of PS:CB7CB and AAQO:CB7CB nanocomposites. The self-made optical polarimetry setup uses a photoelastic mod-
ulator (PEM) PEM-90 (Hind Instruments), see Fig. 3,a, and is similar to that used in several previous experiments|17, 25|.
The PEM and the sample (S) are placed between the crossed polarizer (P) and the analyzer (A). The modulated laser
light (A=633 nm), caused by time modulated phase retardation (§(¢) = Agsin(wt), A9 = 0.383\, w/2m = 50 kHz), is
detected by the photodiode (PD) and then analyzed by pairs of lock-in amplifiers that simultaneously extract the ampli-
tudes of its first (I3,,) and second (Ia,,) harmonics. In such a polarimetric scheme, the static phase retardation A induced
by the sample is given by

A = tan~ (kI /I,) (1)

where the effective factor k, defined by the frequency response characteristics of the photodetector and the ratio of the
Bessel function values J3(Ag)/J1(Ao), was determined directly within the calibration procedure using a standard quarter-
wave retarder (a A/4 plate). This polarimetry technique provides an accuracy of optical retardation measurements
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Figure 2: Structure of mesoporous host materials. (a) Scanning electron micrographs of the mesoporous silica (PS) and
(b)-(f) mesoporous anodic aluminum oxide (4AO membranes used for preparation LC nanocomposites PS:CB7CB and
AAO:CB7CB, respectively. Panel (a),(b),(c),(e) and (f) contain top views, whereas panel (d) shows a side view of an AAO
membrane cleaved parallel to the nanochannel axes.
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better than 0.005°. It should be noted that for a fixed angle of incidence « the optical birefringence An scales linearly with
the retardation induced by the sample, i.e. An oc A. The retardation A, on the other hand, increases with a. Therefore, in
order to access the uniaxial optical anisotropy, the sample was tilted by an angle a =36° with respect to the optical axis,
which ensures an adequate measurement sensitivity to the birefringence changes with a moderate reduction of the trans-
mitted light caused by its reflection at the membrane surfaces. The sample was placed in a temperature-controlled opti-
cal cell operated by a Lakeshore-340 controller with a temperature control accuracy of 0.01 K. Polarimetric measurements
were performed by slowly ramping the sample temperature with a heating/cooling rate of 0.15 K/min.

For rod-like molecules, both the optical birefringence An and the associated optical retardation A are proportional to the
orientational order parameter Q:%<3 cos? ¢ — 1), where ¢ is the angle between the long axis of a single molecule and a di-
rection of preferred orientation of that axis, the director n. The brackets denote an averaging over all molecules considered.
For relevant representatives, such as the cyanobiphenyl monomers nCB (n=5-10), the maximum molecular polarizability
nearly coincides with the long axis of these molecules, hence their optical anisotropy in the bulk N-state is positive, i.e.

ne > N,. In the case of the bent-core CB7CB molecule in its equilibrium ground state, the long axis of molecular polariz-
ability is parallel to the seven-membered alkyl chain, although the cyanobiphenyl monomers, which contribute most to the
polarizability, are attached to the alkyl chain at a considerable angle (~33°), as shown in Fig. 1,a based on the results of
semiempirical quantum chemical calculations [50]. Dimer LC CB7CB, on the other hand, similarly to its monomer counter-
part, exhibits positive dielectric and optical anisotropy in the bulk N-phase, which has been demonstrated in recent exper-
imental studies [51]. Accordingly, it can be concluded that the axis parallel to the alkyl chain of the CB7CB molecule rep-
resents the molecular axis in the sense of the fundamental order parameter definition. This means that the conventional N
state is associated with a self-organized arrangement of bent core molecules, whose longest polarizability axes approach a
preferred orientation along the director direction, where the local polarizability is spatially uniform, as schematically shown
in Fig. 1,c.

The N7 p phase, on the other hand, represents a spatially inhomogeneous state described by a heliconical director field.
Due to the heliconical precession of the local polarizability, see sketched by green ellipsoids in Fig. 1,d, its longest axis ap-
pears to be tilted out with respect to the helical axis h. As a consequence, the macroscopic optical anisotropy is uniaxial,
whereas the optical birefringence that characterizes it should decrease at the N—Nrp phase transition, which has indeed
been observed in optical polarimetry experiments [42, 55]. In the Ngp phase, the director oscillates in one plane, i.e. it is a
linearly polarized wave of alternating splay and bend distortions of the nematic director field, Fig. 1,c. In contrast to the N
or Nt phase, the Ngp is both locally and macroscopically biaxial, i.e. its bulk optical anisotropy is characterized by three
refractive indices. However, when considering the PS:CB7CB and AAO:CB7CB nanocomposite membranes, it should be
noted that the tubular morphology of their host matrix has a strong influence on the optical anisotropy studied by the op-
tical polarimetry technique. It is obviously strongly dependent on the molecular arrangement with respect to the channel
geometry, but the local lateral anisotropy in adjacent channels is uncorrelated. The macroscopic (averaged) anisotropy of
nanocomposite membranes is therefore always uniaxial with the optical axis parallel to the long channel axis, i.e. perpen-
dicular to the membrane plane. Nevertheless, based mainly on the results of polarimetric measurements, their combined
qualitative-quantitative analysis allows to gain deep insights into the understanding of the self-assembly of mesogenic bent-
core molecules caused by successive phase transitions under nanoconfinement.

3 Results and Discussion

3.1 Evolution of Collective Orientational Order as a Function of Temperature and Con-
finement

By combining alumina and silica host membranes with channel diameters ranging from 6 to 12 nm (PS) and from 20 to
250 nm (AAO), our study covers different geometric confinement regimes, which turn out to have a strong influence on the
phase behavior of the bent core nematic confined in nanochannels. In Fig. 3,b we show the optical retardation A versus
temperature T for the series of LC nanocomposite membranes PS:CB7CB and AAQO:CB7CB measured at constant inci-
dent angle (o = 36°) during heating and subsequent cooling.

For large diameter channels, e.g. D = 250 or 180 nm, corresponding to a weak confinement regime, the temperature de-
pendence of A closely resembles the behavior of the bulk CB7CB [42, 55], revealing two characteristic temperature points
associated with successive structural transformations, marked by arrows in Fig. 3,b and designated as Tpy and T,. The
untreated surface of both alumina and silica membranes enforces planar anchoring, while the elongated geometry of the
cylindrical pores additionally results in a preferred orientation of the molecules along the pore axes. Therefore, the high
temperature state (T < Tpy) is paranematic (PN) with a heterogeneous phase structure of the confined LC consisting of
an isotropic core and a nematically ordered near-interface layer. The transition from the PN to the N state (T' = Tpy) is
accompanied by a jump-like increase in the optical retardation A, while the positive sign of the excess retardation in the
nanoconfined N phase clearly indicates the axial molecular ordering. The transition at lower temperature, i.e. at T = T,
is characterized by a small but distinct sharp increase in the retardation A, followed by a significant continuous decrease
observed upon further cooling.
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Figure 3: Birefringence experiments on thermotropic liquid crystal ordering. (a) Sketch of the optical polarimetry

setup. (b) Temperature-dependent optical retardation A measured during heating (red) and cooling (blue) of a series of
AAO:CB7CB and PS:CB7CB nanocomposites.
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Based on the similarity of such behavior in the region of this transition to that of bulk CB7CB reported in [42, 55], we
suggest that the confined LC state below T, is the Ny state. Assuming that the helical axis is parallel to the channel
axis, the decrease in optical retardation indeed confirms the tilting of the molecules upon formation of the heliconical struc-
ture. In fact, the self-assembly of the bent core molecules under nanoconfinement is more complex, generally forming a
multiphase system, although for large channel diameters the Ny fraction dominates, which is the reason for the observed
temperature evolution of the optical retardation in this temperature range. We will return to this issue in the discussion
below.

For moderate confinement, i.e. channel diameters 25 < D < 60 nm, the variation of the optical retardation becomes more
and more gradual with decreasing pore diameters in the vicinity of both phase transition temperatures. The smearing of
the jump-like behavior in the region of the PN-N transition is accompanied by an enhancement of the paranematic order-
ing with a characteristic tail extending well beyond Tpy, which seems to be typical for many rod-like nematics, including
also the mesogen 7CB, i.e., the monomer counterpart of the CB7CB dimer. The decrease in optical anisotropy below T},
apparently associated with the formation of a heliconical structure and clearly observed in the bulk state or under weak
confinement, appears to be much less pronounced under moderate confinement. The temperature behavior of the optical
retardation exhibited by AAO(45 nm):CB7CB or AAO(35 nm):CB7CB LC nanocomposites, see Fig. 3b, is very similar to
the behavior of bulk CB7CB under a strong electric field applied along the helical axis [42]|. Indeed, this comparison re-
veals a very interesting analogy between the electric and geometric fields, which act in a similar manner and tend to un-
wind the helical structure. The authors of Ref. [42] suggest that the electric-field-induced phase is the Ngp state, based
on the similarity of the birefringence behavior to that exhibited by the topological Ngp wall stacked between the two Npp
domains of opposite chirality. However, a certain decrease of the optical retardation followed by its increase below T, may
indicate that the Ny pg-fraction is rather not completely suppressed under both confinement and electric field.

In the case of strong confinement, i.e. channel diameters 8 < D < 12 nm, we still observe two successive phase transitions.
However, the character of the retardation behavior near and below T, is different from that observed for moderate confine-
ment. Below T}, the A(T') dependences show only an increase of the saturation, i.e. no decrease of its value. This finding
indicates that the tilting of the bent core molecules with respect to the long channel axis, which would indicate the for-
mation of a helical structure, is negligible. One can therefore conclude that strong confinement completely suppresses the
Nrp phase and eventually stabilizes the Ngp phase fraction in the core region of the channel filling.

Extremely strong confinement (D = 6 nm) results in complete suppression of the low temperature phase. The self-assembly
of the bent core CB7CB molecules is strongly favored by the paranematic interfacial ordering, which significantly affects
the transition to the nematic state. As a result, only a very gradual phase transition from the PN to the N state is ob-
served, extending over a temperature range of tens of degrees.

3.2 Landau-de Gennes Free Energy Analysis of the Paranematic-To-Nematic Phase Tran-
sition
The spatial constraint has no significant effect on the PN-to-N phase transition temperature Tpyx even under extremely
strong confinement. In contrast, the transition temperature T, apparently related to the N-to-Ngp structural transforma-
tion in the core region of the pore filling, shows a downward shift with decreasing channel diameter, which accelerates sig-
nificantly at D < 25 nm. There are fundamental reasons for such a difference. In the case of the N-state with axial molecu-
lar arrangement, the cylindrical geometric confinement and the associated bending distortion do not break its axial symme-
try. According to the KKLZ model [15, 16|, the bilinear coupling between the nematic order parameter ¢ and the geomet-
ric field o oc D71 (see eq.(2)), leads to an increase of the Tpy temperature under confinement, while the quenched disorder
effect, described by the kq? term, does the opposite. In practice, these contributions nearly compensate each other, so that
the confinement shift of the PN-to-N transition is usually insignificant, as has been demonstrated for a number of rodlike
mesogens [19, 20].
In the case of the Ngp phase, on the other hand, the biaxial symmetry is broken under the bend/splay distortion caused
by the cylindrical geometric constraint. Among the possible configurations, one can consider molecular self-assemblies in
which the long molecular axes, associated with the highest optical polarizability, are nearly parallel to the channel axis,
while their shortest molecular axes can be oriented to form radial, log-pile, or circular concentric configurations. In all
cases, the bending and/or splay distortion in the lateral membrane plane due to the cylindrical confinement will increase
the free energy of the confined Ngp state. This will inevitably stabilize the N phase, shifting the N to Ngp transition sig-
nificantly downward with temperature. Due to the biquadratic coupling between the order parameter and the splay and/or
bend distortion, the temperature shift of this transition is expected to be oc D=2 (see e.g. [56] and references therein), i.e.
T, shows an accelerating decrease as one approaches the regime of strong confinement.
Under weak and moderate confinement, both phase transitions are accompanied by only a small temperature hysteresis
(~0.1-0.3 K), which increases to ~4-5 K under strong confinement. Nevertheless, the optical retardation measured during
subsequent heating and cooling cycles shows almost identical temperature evolution. For this reason, its further quantita-
tive analysis is limited only by the A(T") dependence recorded during cooling.
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Figure 4: Comparison between optical experiment and free energy modeling. The temperature dependence of the optical

retardation A measured on cooling (gray symbols) and their KKLZ fits (solid lines, red color) in the nematic phase extrap-

olated to the Ngp/Nrp multiphase region (T<T,) for a series of AAO:CB7CB and PS:CB7CB nanocomposites, see labels.

Dashed lines (red color) represent thermooptic baselines extracted within the same fitting procedure.
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Fig. 4 shows the temperature dependence of the measured optical retardation recorded during cooling (symbols) along with
the KKLZ fits of the retardation data in the confined PN and N states (T' > T,) and extrapolated to the low temperature
LC state temperature region, i.e. T < T, (solid red curves). The orientational ordering within the cylindrical channels,
described by the nematic order parameter ¢, leads to an excess retardation, Ay ¢ (see Fig. 4,a), which scales with the
porosity of the nanoporous host membrane and appears on the background of the onset retardation caused by the geomet-
ric birefringence, Ang, resulting from the tubular morphology of the mesoporous substrate [17, 18, 19, 20]. Accordingly, a
simple linear relationship between the measured optical retardation and the nematic order parameter ¢, is maintained for
the nanocomposite, provided that the geometric retardation onset is subtracted. Due to the small difference between the
refractive indices of the mesoporous alumina or silica host matrix and the guest LC CB7CB, the geometric birefringence
as well as the associated onset retardation are relatively small and weakly dependent on temperature, mainly defined by
the changing refractive indices of the host/guest materials and the porosity due to thermal contraction of the porous ma-
trix during cooling. To a good approximation, it can be defined by a linear temperature dependence and then determined
within the fitting procedure [19, 20|, see dashed red lines in Fig. 4.

5

4] supercritical regime

subcritical regime

0.00 0.05 0.10 0.15
D™ [nm™]

Figure 5: Strength of the surface ordering field o vs pore diameter D~ extracted within the KKLZ-analysis of the A(T)-
dependences measured on a series of AAO:CB7CB and PS:CB7CB nanocomposites.

While the orientational molecular ordering at the bulk isotropic to nematic phase transition can be well described by a
Landau-de Gennes theory, the KKLZ model extends its application to spatially confined nematic states. The orientational
ordering within the KKLZ approach is defined by the scaled order parameter ¢ = Q/Q(Trn), i.e. the order parameter nor-
malized by the value of its jump at the bulk isotropic-to-nematic phase transition temperature T75. The dimensionless free
energy density of a nematic LC in the confined geometry defined by the geometric field o oc D! is given by

f=1t4"+24" + ¢" + g0 + kg® + h(q"), (2)
where t = (T — T*)/(Tin — T%) is the dimensionless reduced temperature, T is the effective temperature, the x term
comes from the contribution of quenched disorder effects, h(g™) represents the contribution of higher order power terms in
g. Minimizing equation (2) with respect to ¢ gives its equilibrium value g,. The PN-to-N transition occurs at tpy = 1+0—
k and is discontinuous as long as the geometric field ¢ is smaller than its critical value 0.=0.5. Above this value, the PN-
to-N transition becomes continuous. Interestingly, the o and k terms give opposite contributions to the temperature shift
of this phase transition under confinement, so the practical independence of Tpx on the channel diameter D observed in
the experiment indicates that their respective contributions should compensate each other. The orientational order inside
the pores leads to an excess birefringence, Ay o ¢,. The difference Ty — T*=2.2 K, which defines the proximity of the
nematic system to the tricritical point, was determined by analyzing the excess birefringence behavior of CB7CB in weak
confinement (D = 250 nm) and was fixed to this specific value in all subsequent fitting procedures.

The solid red line in Fig. 4 represents the best fit of the measured retardation in the confined nematic phase obtained within
the KKLZ model based on a free energy expansion (2). The inclusion of higher order terms (up to 10th order) well de-
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scribes the saturation of the order parameter at lower temperatures. The thermo-optical contribution (dashed lines, red
online color), approximated by a linear dependence, is obtained within the same fitting procedure. The geometric order
field extracted from the fits shows a linear dependence on the inverse channel diameter, i.e. ¢ o< D™!, see Fig. 5. The
critical geometric field, which corresponds to the critical channel diameter D, =52.6 nm [o(D.)=0.5], separates the region
of discontinuous phase transitions (o < 0.5, D > D,, subcritical regime) from the region of continuous phase transitions
(0 > 0.5, D < D,, supercritical regime).

The observed behavior of the optical retardation of the bent-core mesogen CB7CB in the region of the PN-to-N transition
under confinement does not differ much from that reported earlier for a number of simple rod-like mesogens [17, 18, 19,
20], despite a considerable difference in their molecular structure. However, an adequate description of the orientational or-
der in the nematic phase seems to be important from the point of view of the interpretation of the low-temperature phase
transition, since confined N7g or Ngp or their combined hybrid states appear due to spontaneous molecular reorganization
of the parent nematic phase; therefore, the extrapolated behavior of the nematic order parameter and the associated excess
retardation Ay (T) (T < T,) will be used as a reference in further analysis.

3.3 Splay-Bend to Twist-Bend Phase Transitions and Phase Coexistence

In the case of weak confinement (D = 250 nm, Fig. 4,a), the overall temperature behavior of the optical retardation is
similar to that of the bulk state reported in several recent works [42, 55]. On cooling, the excess retardation A, with re-
spect to the retardation extrapolated from the nematic phase becomes significantly negative well below T,,. Apparently,
this behavior is consistent with the formation of the heliconical structure of the N7 p phase with the helix axis parallel to
the long channel axis. In the case of the AAQO:CB7CB nanocomposite sample, a significant reduction in the measured op-
tical retardation is apparently caused by tilting of the bent core molecules with respect to the long channel axis, with both
right-handed and left-handed chiral regions (clusters) of the confined CB7CB mesogen contributing statistically equally to
the macroscopic optical anisotropy studied by polarimetry. However, such an interpretation seems to be inconsistent in the
vicinity of the characteristic phase transition temperature 7)., as shown in detail in the extended view of Fig. 4,a’. The op-
tical retardation unexpectedly shows here a small but distinct abrupt increase, obviously different from the birefringence
behavior of bulk CB7CB reported by Tuchband et al[55].

What could be the reason for such behavior? While an abrupt increase of the already saturated orientational order is rather
unlikely, a positional reorganization of the bent core molecules leading to a further increase of the optical anisotropy is pos-
sible. In particular, such behavior is characteristic for bulk and confined nematic-to-smectic transitions [18] or cholesteric-
to-smectic transitions [25], where the increase of optical birefringence is caused by smectization of nematic order. The for-
mation of smectic layers causes a stronger packing of the molecules, which is one of the main reasons for the increasing
optical anisotropy. However, a small-angle X-ray scattering (SAXS) experiment did not confirm the formation of smectic
layers in this temperature range.

An alternative explanation considers the structural specificity of bent-core molecules, in particular their ability to assemble
into splay-bend structures. The associated positional rearrangement in this case leads to a tighter packing of the molecules
and thus increases the macroscopic optical anisotropy. Of course, we assume that the splay-bend (Ngp) wave is character-
ized by a short wavelength, and therefore the spatial deviations of the molecular axes from the long channel axis are suf-
ficiently small to ensure that the contribution of the positional reorganization of the molecules to the macroscopic optical
birefringence is dominant and the excess retardation is positive. We believe that it is no coincidence that the retardation
behavior of the nanoconfined bent mesogen core below Ty, especially in the regime of moderate confinement (25 < D < 60
nm), see Fig. 4,c-f, closely resembles the bulk birefringence behavior exhibited by both the electric field-induced Ngp phase
and the Ngp defect wall separating monochiral domains of opposite chirality, as shown by Meyer et al [42]. It should be
noted that the biaxiality of the confined Ngp structure, represented at the nanoscale level within the individual channels,
is macroscopically averaged at the macroscopic level, so that the nanocomposite membrane remains optically uniaxial.
Assuming that the appearance of the Ngp structure just below T}, is indeed real, its transformation into the Ny g phase
upon cooling is another challenging issue, leading us to basically two different hypothetical scenarios. The first considers
the gradual winding of the splay-bend chains into a heliconic structure upon cooling, which occurs simultaneously through-
out the Ngp core region. An alternative scenario, consistent with the observed optical retardation behavior and its evolu-
tion under spatial confinement, assumes the formation of the Ny g core in the central part of the pore filling with its subse-
quent radial expansion upon cooling at the expense of the reduction of the intermediate Ngpg shell, as schematically shown
in Fig. 6,a. According to this hypothesis, the bent core CB7CB mesogen embedded in the cylindrical channel of sufficiently
large diameter constitutes a hybrid three-phase system consisting of the interfacial paranematic layer, the Ngp interme-
diate shell and the Ny p core. Accordingly, under weak confinement conditions, i.e. for large channel diameters, the N7 g
phase component, due to its relatively large volume fraction, provides the dominant contribution to the optical anisotropy,
so that the excess retardation well below T, is essentially negative, i.e. A, < 0, see e.g. Fig. 4,a-d. Surprisingly, the in-
termediate layer Ngp can be considered as a defective cylindrical wall between the paranematic layer and the N core,
somewhat similar to the Ngp-defective wall between two adjacent Nrp domains of opposite polarity studied in [42]. The
existence of the interlayer Ngp is thermodynamically unavoidable, so the reduction of the channel diameter causes the re-
duction of the Npp core, first until its complete disappearance, which happens under actual experimental conditions for
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channel diameters D approximately smaller than 15 nm. Correspondingly, under strong confinement (8 < D < 12 nm)
the excess retardation A, > 0 in the entire temperature range below T, see Fig. 4,g,i. The remaining Ngp phase fraction
apparently vanishes under stronger spatial confinement, i.e. for channel diameters about 7 nm. The corresponding scaling
structure-phase evolution of the confined bent-core mesogen is sketched in Fig. 6,b. The increasing geometric field, which is
inversely related to the channel diameter (o o D~1), successively suppresses the Nyg and Ngp core fractions. The remain-
ing N phase is largely dominated by the strong paranematic contribution, leading to an extended paranematic tail in the
optical retardation behavior (Fig. 4,j) and a significantly temperature-stretched PN-to-N phase transition, in good agree-
ment with the phenomenological prediction of the KKLZ model [15, 16].
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Figure 6: (a) Characteristic self-assembly of the CBC7CB bent-core nematic as a function of temperature and (b) confine-
ment in cylindrical nanopores.

A quantitative analysis of the excess retardation A, (7T) below T, gives additional insight into the scaling characteriza-
tion of the spatial confinement evolution of the N-Ngp-Nrp multiphase system. The measured retardation A(T") depends
on the porosity, refractive index and thickness of the mesoporous host matrices used in the preparation of the nanocom-
posites, which vary significantly, making a direct quantitative comparison of the extracted excess retardation A, (7T in-
valid. However, considering that the excess retardation Ay and A, scale in the same way with the morphological and
geometrical characteristics of the host membranes and associated nanocomposites, the quantitative analysis can be ratio-
nalized by considering the normalized dimensionless excess retardation, 7,(T) = A,(T)/Ax(T#), where the normaliza-
tion denominator corresponds to the nematic phase extrapolated excess retardation value Ay (T#) taken at temperature
T# = Tpy — AT < T,. Fig. 7,a shows the r,(T) dependence (T# = Tpxy — 40 K) for the series of AA0Q:CB7CB and
PS:CB7CB nanocomposites.

We can show that the observed structural evolution of the bent-core mesogen CB7CB under confinement can be inter-
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preted by considering a simple geometric model which assumes the geometric reduction of the Nrg-core with a decrease
of the channel diameter at a constant thickness L of the Ngp/N heterobilayer, as sketched in Fig. 6,b (left). In nanoscale
inhomogeneous media, the macroscopic (averaged) optical anisotropy, quantified by the birefringence An, is defined as
the sum of the volume fraction polarizability contributions of its locally anisotropic elements. A good approximation is
An o« Ae = V! > ; VilAe;, where Ac is the macroscopic optical dielectric anisotropy expressed by its volume fraction
local contributions (V;/V)Ae;. For the sake of simplicity aimed at reducing the number of fitting parameters, we model the
N, state of the confined bent core CB7CB LC by the two-component system consisting of the cylindrical Nrg core and
the Ngp /N heterobilayer, whose local dielectric optical anisotropy is described by the effective constants Ae; and Aeg,y,
respectively. It is also assumed that the layer thickness ratio Ly, /Ln (Lng, + Ly = L) is nearly independent of the
channel diameter and weakly affects the local dielectric anisotropy Aeg,s, which remains valid as long as L << D. The
dimensionless excess retardation at a given temperature in the N, state (T'= T# < T,) can be represented as follows:

Aey D%y + Ae,s(D? — D2.5) — Ae, D?

Tz (T#7 D) A5 D2 (3)
o Agns - Agn . AEns — A€t (D — 2L)2
N Aeg,, Ae,, D2 ’

where Drp is the diameter of the Npp core (see Fig. 6,b, left), A, is the effective dielectric anisotropy constant of the
hypothetical N-phase. In such a geometrical approach it is assumed that Ae,,, Ae,s; and Ag;, which depend on tempera-
ture, are independent of D. Accordingly, r,(T#, D) = C; + Cy - (1 — 2L/D)?, where C; = (Acps — Acy,)/Aey,, Cy =
(Aeps — Aet)/Ae,, and L can be considered as fitting parameters of the model. The goal of our analysis was to extract the
effective thickness of the Ngg /N L heterobilayer by linearly fitting the experimentally derived dependences r,(T#, D) vs.
(1 —2L/D)?, see Fig. 7,b.

The geometric model fits the experimental data reasonably well, as can be seen from the two sets of data points corre-
sponding to the temperatures T# = 20 K and T# = 27 K chosen for analysis. In the linear fitting procedure, the het-
erobilayer thickness L was set as a variable parameter, while its fit value was derived by minimizing the standard devia-
tion (SD) with respect to L extracted in a series of successive linear fits. The minimum of the nearly parabolic dependence
SD(L) (Fig. 7,b, insert) corresponds to the effective heterobilayer thickness value, which differs insignificantly for the ana-
lyzed temperatures in the N, state and appears in the range of 5.7-5.9 nm. Geometrically it follows that for Dyrp — 0 at
D — 2L the Nrp phase fraction seems to be completely suppressed for channel diameters of about 12 nm, which seems to
be in agreement with the experiment. It is also important to note that both linear fits 7, (7%, D) at 1 —2L/D =0 approach
the experimentally derived normalized excess retardation value r,(T#, D = 12 nm) for the PS(12 nm):CB7CB nanocom-
posite sample, which is essentially positive, indicating the dominant contribution of the Ngp-fraction.

Taken together, the simple geometric confinement model is able to provide a realistic description of the bent core nemato-
gen CB7CB under cylindrical nanoconfinement. Increasing geometrical constraint concentrically shrinks the size of the
Nrp-core, similar to what is observed in a number of ferroic materials under external fields or mechanical stress. A typical
example is the displacement of domain walls observed in incommensurate ferroelectrics under the influence of an electric
field [57] or in incommensurate ferroelastic crystals under the influence of uniaxial compression [58], causing the expansion
of domain regions with a specific polarization or deformation at the expense of shrinking the opposite domains. In the case
of a confined bent nematic core, the spatial constraint can be associated with a geometric field, so by varying it one can
shift the intermediate cylindrical defect Ngpg-layer (i.e. cylindrical wall), thus expanding or reducing the size of the core
N7 pg-domain. The comparison of the birefringence behavior of the CB7CB mesogen in the N, phase under cylindrical con-
finement, investigated in the present study, with its bulk birefringence behavior under an applied electric field along the
helical axis (F||z), reported in [42], is striking. In the regime of weak confinement (D = 180, 250 nm), the optical birefrin-
gence behaves practically identical to the electrically free bent core mesogen embedded in a few micrometer parallel plate
glass cell.

Under strong confinement (e.g., D = 35, 45 nm), its behavior is similar to that in the bulk state under the applied strong
electric field (E = 8 V/um), which is interpreted as a field-induced Ngp phase according to [42]. Our study, on the other
hand, clearly shows that in the regime of strong confinement the bent-core mesogen in the N, state still represents a multi-
phase formation of coexisting N, Ngp and Nrp phase fractions, and that stronger spatial confinement (D < 12 nm) is re-
quired to completely suppress the Nrg phase. It is expected that the bulk experiments at much higher electric fields could
also reproduce such behavior, although their practical realization may be challenging due to the possible electrical break-
down of the bulk LC layer.

https://doi.org/10.26434/chemrxiv-2025-vrqd8 ORCID: https://orcid.org/0000-0002-2126-9100 Content njtpeer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2025-vrqd8
https://orcid.org/0000-0002-2126-9100
https://creativecommons.org/licenses/by/4.0/

1 #_ T PS(D):CB7CB:
0273 7= o 40K 1-D=6nm
. T2 2-D=8nm
E 0'1__ 3-D=12nm
32 0.0 Fl=— S
—~ 14
|_
\‘3 -0.1 4
1027
b J
2 -0.347 AAOQO(D):CB7CB:
1 4-D=25nm
-0.4 - 5-D=35nm
1 6-D=45nm
—0.5—8 7-D=60nm
19 8-D =180 nm
064 (@) 9-D =250 nm
' J " 1 T T T T T
350 360 370 380
T [K]
0.2 o T*=T,-20K
1 — fit (L = 5.95 nm)
£ 0.0
< o T'=T -27K
< - —— fit(L=5.75
= -0.24 d o it (L =5.75nm)
E 1| o.0s5 §§
> .05 ToleY
< -0.4 4 E'—E
I { |5 0.041 %
+H+
F -0.6-
= _ 0.03-
084 = 6 7
0.8 | (b) [
' | ! | ! | ! | ! |
0.0 0.2 0.4 0.6 0.8 1.0

(1 - 2L/D)?

Figure 7: Modeling of optical retardation for the twist bend-to-splay bend transition and of the corresponding phase co-
existence in nanoconfinement. (a) The normalized (dimensionless) excess retardation, 7,(T) = AL(T)/An(T#) vs T in
the N,-phase. The normalization denominator corresponds the nematic excess retardation Ay (T#) taken at temperature
T# = Tpx — 40 K, i.e. the value extrapolated to the N, multiphase state (I'# < T,). (b) The normalized excess retarda-
tion, 7,(T) = Ay (T#)/An(T#) vs (1—2L/D)? as extracted from the experimental data (open and solid circles, T), — T# =
20 and 27 K, see labels) and their linear fits (solid lines). The heterobilayer thickness L was set to be a variable fitting
parameter and has been determined by minimization of the standard deviation (SD) within the iterative fitting procedure,
see insert in panel (b).
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4 Conclusion

This study examines how the bent-core liquid crystal dimer CB7CB organizes under confinement within mesoporous alu-
mina and silica substrates featuring cylindrical nanochannels (diameters: nanometers to hundreds of nanometers). Optical
polarimetry reveals that weak confinement stabilizes a heterophase system with concentric N (paranematic), Ngp (smectic-
like), and Npp (twist-bend) phases. Stronger confinement progressively suppresses Npg and Ngg, leaving only the disor-
dered N phase. Intriguingly, geometric confinement mimics electric field effects on optical birefringence, suggesting analo-
gous mechanisms for manipulating molecular order.

Overall, our study demonstrates how the self-assembly behavior and thus the optical properties of bent-core nematics can
be systematically tailored by confinement. Moreover, it is a fine example of how embedding liquid crystals in nanoporous
solids allows one to synthesize nanocomposites with tunable and temperature-sensitive optical anisotropy.
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