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Infrared Spectra and Magnetic Properties of a
Biaxial Nematic Bent-Core Liquid Crystal: Study
of Conformations and Local Ordering in A131

ALBERTO MARINI' AND RONALD Y. DONG?

'Dipartimento di Chimica e Chimica Industriale, Universita di Pisa, Italy
*Department of Physics and Astronomy, University of British Columbia,
Vancouver, BC, Canada

Density functional theory (DFT) has been employed in a detailed conformational
study of a bent-core mesogen (A131), in order to shed light on its uniaxial-biaxial
nematic phase transition, questioned recently in the literature. Two distinct com-
puted structural groups, namely the Banana-shaped (BS) and the Hockey
Stick-shaped (HSS) forms, were found to give different theoretical infrared spectra
and magnetic susceptibility tensors, suitable to potentially distinguish between the
two nematic phases. GIAO-DFT chemical shielding tensors (CSTs) of the aromatic
carbons, found in agreement with those experimentally measured by the 2D-NMR
SUPER technique, were used to provide new structural and local orientational order
parameters of A131.

Keywords Banana shaped LC; biaxial nematics; chemical shift sensors; confor-
mations; DFT calculations; infrared spectra; magnetic susceptibility

I. Introduction

The biaxial nematic phase has long been sought for in thermotropic Liquid Crystals
(LC) since its prediction by Freiser in 1970, [1] and its experimental confirmation by
Yu and Saupe in 1980 of a uniaxial to biaxial nematic phase transition in a lyotropic
ternary system [2]. Various attempts to search for this phase in new LC materials
composed of calamitic molecules with increasingly anisometric character have led
to much disappointment [3]. However, bent-core LC have recently shown great
promise in rendering biaxial nematic (Ny) phases [4-6]. These new V-shaped mole-
cules can also form the traditional uniaxial (N,) phase [7-10] and the so-called
banana phases. The identification of phase biaxiality in nematogens is by no means
trivial and still is a matter of debate. Deuterium Nuclear Magnetic Resonance
(NMR) has been successfully used to quantify the phase biaxiality in Ny, phase [2-4].

The uniaxial and biaxial nematic phases exhibited by bent-core molecules have
been theoretically investigated using a number of techniques, including (i) a molecu-
lar field analysis for symmetric bent-core molecules interacting via a continuous
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potential [3], (ii) a bifurcation analysis of symmetric bent spherocylinders with purely
repulsive interactions [11] and, more recently, (iii) a simulation study based on a
bent-core Lebwohl-Lasher model in which symmetric models and deviations from
these were investigated [12]. For the symmetric models, all three of these studies
agree that the Landau point, at which the isotropic liquid undergoes a transition
directly into the biaxial nematic, is predicted to occur when the bend angle ® is at
the tetrahedral angle of 109° 28'. The bend angle is the angle subtended by the
two lateral wings next to the central ring and is one of the most important structure
parameters in V-shaped molecules. Even a slight asymmetry in the molecule can
adjust the O angle from the ideal tetrahedral angle. Recently, there have been some
works by Bates [13] on V-shaped molecules, where a generic model for rigid
V-shaped molecules is extended to include a bending potential, which allows to
investigate the relationship between the flexibility of a bent-core molecule and its
ability to form a biaxial nematic phase. The simulation results indicate that, as the
flexibility is increased, the biaxial nematic phase is typically forced to lower tempera-
tures (T). On the contrary, the stability of the uniaxial nematic phase with respect
to the isotropic phase is not significantly affected. In addition, conformational
flexibility that changes the mix of rodlike and disklike structures can have an effect
on the T — ® phase diagram.

In 2005, several other bent-core LC were found, based mainly on X-rays studies, to
exhibit the Ny phase [14]. The N, — Ny, phase transition is reported at 422K in
a particular asymmetric V-shaped molecule 2-methyl-3-[4-(4-octyl-benzoyloxy)-
benzylidene]-amino-benzoic acid 4-(4-dodecyl-phenylazo)-phenyl ester (A131), whose
molecular structure is shown in Figure 1(a). The same sample was later studied by '*C
solid-state NMR (ss-NMR) techniques [15] and the preliminary results are consistent
with the existence of the N, — Ny, transition upon cooling down from the clearing point.
The © angle in the bent-core was also estimated to be 133° in this report.

In this study, detailed Density Functional Theory (DFT) calculations on the
bent-core A131 were carrried out to provide the conformation energy landscapes,
where two distinct computed structural groups, namely the Banana-shaped (BS)
and the Hockey Stick-shaped (HSS) forms, were found. From a structural point
of view, the arms of the investigated bent-core molecule are not identical, and there-
fore the interactions between similar and different arms will be different. Moreover,
the present DFT study reveals that A131 molecule is quite flexible in its short lateral
arm and can adopt more than one conformation, which could change the transition
temperature(s) between the isotropic — uniaxial nematic — biaxial nematic phases.

7 9 A 8 Long molecular axis I
o 6 8 Z ol 19 X' 9 .z
15 26 a
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CyH,,’ 2

(@) (b)

Figure 1. (a) Molecular structure of A131 with carbon site labels, (b) Schematic of a CSA (1,
022, 033) PAS frame, a fragment (¥, )/, z’), and a molecular frame (x, y, z) fixed on the
molecule.
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Furthermore, our NMR data point to different conformations becoming dominant
in different phases.

The chemical shielding tensors of all the carbon atoms in the aromatic core of
A131 had been calculated for the four optimized conformers [16]. This is partly
prompted by a recent report which has questioned the existence of the N, — Ny, tran-
sition in A131 [17] using electro-optic techniques, and has casted doubt on the
X-rays finding and the '*C chemical shift data in the bulk A131 sample. In this
regard, a careful analysis of the '*C data is warranted within the context of DFT
approach. The combined DFT and '*C chemical shift analyses are discussed in con-
junction with DFT calculated Infrared (IR) spectra and Magnetic Susceptibilities
Tensors (MSTs). One of the aims is to give additional insights on the local order
parameters, in particular near the N, — Ny phase transition, and on the possible
transformation among molecular core conformers in the nematic phase(s) of
A131. The latter may well be detected by the shifts in frequencies seen in the calcu-
lated Infrared spectra, which could provide incentives for future experiments.

II. Theory

A brief description of the pertinent DFT methods and NMR chemical shifts in meso-
phases is given here, as details can be found in the literature. Direct implementation
of the Gauge Invariant Atomic Orbitals (GIAO) and the Continuous Set of Gauge
Transformations (CSGT) methods [18] for calculating nuclear magnetic shielding
tensors at both the levels of Hartree-Fock (HF) and DFT have been presented
and discussed in Ref. [19]. The GIAO (in Gaussian 03) [20] was first introduced
by Ditchfield within the coupled HF scheme [21]. The components o;; of nuclear
shielding tensor (CST) of a carbon nucleus are related to corresponding ones d;
of the measured carbon chemical shift anisotropy (CSA) tensor according to the
following relation:

0jj = Kijorer — 0y (1)

where the offset value, o,,; corresponds to the isotropic shielding of a reference
compound, and Kj; is the Kronecker delta. The isotropic shielding of the reference
compound is either estimated from a gas-phase measurement or assumed from
DFT calculations (see below). In order to compare the calculated CSA data with
those reported in literature, we have decided to denote the principal elements of
the symmetric part of the chemical shift tensor by d33 > d», > 017 (this convention
states that 933 corresponds to the direction of the least shielded, o33, with the highest
frequency or highest shift).

The local order parameters S’ and D' can be obtained in a mesophase from the
observed '*C shifts (6) in a ring fragment of the studied molecule according to [22]

<5> = diso —|—§S’[P2(COS ﬁ)(533 — 522) +%(522 — 511)]

+ %D/ [511 —0n cos’ B — 033 Sil’l2 B] (2)

where 0;; are the principal components of the carbon CSA tensor in its Principal Axis
System (PAS), f8 is the angle between the orientation of 33 with the z’ axis of the
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fragment, S’ represents the local nematic order S of the para axis, and D’ represents
the local (fragmental) biaxial ordering (S, — S,,) w.r.t. the (x',)’,Z') (see Fig. 1(b))
frame attached on the fragment. These local order parameters (S" and D’) for the lat-
eral phenyl rings of A131 can be deduced by fitting the observed '*C chemical shifts
from each fragment given by the above equation. In the following, the superscripts
on S’ and D’ will be omitted for simplicity, with the understanding that they refer to
local ordering of each aromatic fragment. Phase biaxiality (quite different from D) is,
however, undetectable [22] for an aligned sample of Ay >0 as in the case of A131.
The central ring of A131 needs some attention as it cannot flip or rotate like the
lateral phenyl rings, thereby possessing a reduced (C,;) symmetry. As a result,
the Saupe order matrix in the chosen molecular (x, y, z) frame (see Fig. 1(a)) is
not diagonal. In other words, there are three nonzero order parameters S.., Sy, —
S, and S,.. The last order parameter is, however, usually vanishingly small. Even
so, this local order tensor (in the (x, y, z) frame) can be fully determined from the
five °C (d)’s obtained for the central ring of A131 using the following equation:

2 1
(0) = digo + 3 ASS:. + 3 (Oxx — 0)y) (Sxx — Syy) + 201282 (3)

where Sy, and S, are zero for symmetry reasons and Ad, the anisotropy of ¢ with
respect to the chosen z axis, is given by

. 1
AS =6.. — 3 [Oxx + 0y (4)
and the 6 tensor of each carbon can be related to its PAS values by using

8j =Y cos by cos 0,0, ®)
0

where 0, is the angle between the PAS 5 axis and the fragment i axis. To determine
either molecular or local order parameters from the '*C chemical shifts in LC
requires the precise knowledge of CSA tenors and their PAS’s orientations, both
of which can be obtained by DFT calculations.

III. Experimental and Computational Details

The A131 sample was that used in Ref. [14]. Its transition temperatures (K) are: 1
(449.5) Ny (422) Ny (391.5) SmC (377.3) SmX (366.4) SmY (355.8) Cr. All the
information concerning the '*C NMR solution and solid state measurements have
been detailed and discussed elsewhere [15]. In this work, all the DFT calculations
have been performed using Gaussian 03 package [20], where all the molecular mod-
els were built by means of GaussView 3.0 program. To shed further light on the
experimental NMR work of A131 mesogen [15], we have carried out the following
computational strategy. DFT calculations have been performed to obtain the most
populated conformational states within its five-ring molecular core, at in vacuo
DFT level of theory employing the B3LYP [23] functional in combination with
the polarized 6-31+ G(d) basis set throughout the different geometry optimiza-
tions. Geometries obtained in this way are at least as good, and in several cases



17:39 31 January 2011

Downl oaded At:

78 A. Marini and R. Y. Dong

(such as phenyl-benzoate) better than those obtained at the Moller Plesset theory
MP2/6-31 + G(d) level [24]. The calculated Potential Energy Surface (PES) has
revealed four prevalent conformers for which the IR frequencies were calculated
at B3LYP/6-311 + G(d,p) level of theory (here a larger basis set has been used).
In particular, the Gaussian output files were processed by an utility function in
GaussView program that extracted fundamental frequencies and corresponding
IR intensities to simulate the calculated IR spectra as a sum of Lorentzian func-
tions. In this case, the simulated IR bands had 10cm™' band widths (FWHH).
DFT approach (with a suitable choice of both functional and basis sets), which
has a computational cost of the same order as Hartree Fock (HF), considerably
less than traditional correlation techniques, often gives quality calculations compa-
rable to or even better than those of MP2 [25]. Moreover, the DFT method is
generally preferred in view of the lesser sensitivity on the basis set and of its
computational convenience in particular. The modified Perdew-Wang [26]
exchange-correlation functional, called MPWI1PWO91 [27] is particularly accurate
in predicting magnetic properties, and is therefore used here for both the calcula-
tions of molecular magnetic susceptibility and the chemical shielding tensors.
Moreover, for their numerous advantages [28], we have decided to adopt the
CSGT (Continuous Set of Gauge Transformations) and the GIAO (Gauge Includ-
ing Atomic Orbitals) [21] for calculating magnetic susceptibilities and chemical
shielding tensors, respectively. Finally, a suitable choice for referencing is required
to relate the carbon chemical shielding values (¢ scale) and NMR chemical shifts (0
shift scale), which are referenced to some standard such as TMS. Now the chemi-
cal shielding ¢"¢ of the reference can be computed. In particular, the CSA tensors
can be obtained by referencing the absolute CSTs obtained by DFT to the absolute
shielding of TMS (185.97 ppm), which is calculated at the same level of theory as
for the various models of A131. It is noticed that the value of d;, for TMS
obtained by GIAO-DFT calculations is very close to the experimental value
for TMS (185.4ppm) obtained after correction of vibrational averaging, bulk
susceptibility, temperature, and relating to a secondary standard [29]. This result
confirms the appropriateness of the basis set and functional used in our
GIAO-DFT calculations.

A. Conformational Analysis

Preliminary tests on a full A131 molecule have shown that the torsional energies are
almost independent of the length of the aliphatic chains. Thus, a 5-rings (5R)
molecular model, namely the 2-methyl-3-[4-(4-methyl-benzoyloxy)-benzylidene]-
amino-benzoic acid 4-(4-methyl-phenylazo)-phenyl ester (ABCDE model), shown
in Figure 2(a) has been adopted. In this way it was possible to investigate A131 mol-
ecule with an accurate description of its electronic structure, offered by a high level
Quantum Mechanical (QM) approach. All the details regarding the conformational
analysis have been reported in Ref. [30]; here only a brief summary of the main
results is given.

In order to lower the computational cost, PES is surveyed initially using 3-rings
(3R model) fragments (i.e., ABC, BCD, CDE). For computational and molecular
complexity reasons, it has been decided to select the dihedrals which can reasonably
influence the conformations of A131 molecule. Several conformational studies on
V-shaped molecules have, therefore, been considered in order to choose the proper
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Figure 2. (a) Molecular structure of a ABCDE 5-ring SR model of A131 mesogen together
with the bend angle ® and dihedral angles ¢;. (b) Graphs showing two of the four relevant
conformations I'y, I';, I's and I'y of A131. Note that I'y, and I'y show a BS configuration, while
I'; and I'; give the HSS structure.

2

angles and to obtain reliable results, once given a reasonable thermal energy at the
disposal of the mesogen [30]. Specifically, the dihedral angles the C;5—O—C5—Cs
(¢2) and Co—N—-C190—Cq; (¢ps) were scanned in ABC, the Co—N—C(—C;; (¢4)
and C13—C14—C26—O (¢5) dihedrals for BCD, and the C13—C14—C26—O (¢5) and
Ci9—Cy—N—N (¢7) dihedrals for CDE. Relevant information on torsional barriers
and conformational states in each 3R model were obtained. The PES(BCD) shows
the highest rotational barriers found among the 3R models investigated. Indeed
the conformations of BCD model are important in determining the orientations
of the lateral wings and the bend angle of the entire molecule, because the ¢4 and
¢s dihedrals are expected to play a major role in determining the prevalent confor-
mational states in the A131 molecule.

Four basins of attraction obtained in the PES(BCD) have been surveyed in the
ABCDE (5R) model. Reliable conformers of the SR model have been built up in
these basins of attraction (in the PES(BCD)) by exploiting all the information gained
in the conformational study of the 3R models. The four wide basins are characterized
by quite low energy regions (less than 2.5kcal/Mol), and separated by high energy
barriers (from 6 to 12kcal/Mol). The eight symmetry related conformers I'; (see
Table 1) were subsequently optimized without constraints in geometry in order to
obtain fully relaxed structures for the SR model, at the same level of theory used
for the 3R models.
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Table 1. Structural parameters: dihedral and bend angles (in degrees), relative
energies (in kcal/Mol) and populations (in %) for I'; conformers of the ABCDE
5-rings model

Conformation > (°) ¢ (®) ¢s() ¢7() 9() AE (kcal/Mol) P (%)

r 43 44  —165 0 143 0.000 28.5
I, 42 45 —18 0 115 1.076 4.7
s 42 45 17 0 116 1.413 2.65
I 43 44 166 0 146 0.417 14.15
I's 43 —44  —166 0 146 0.417 14.15
s 42 —45 -17 0 116 1.413 2.65
I 42 —45 18 0 115 1.076 4.7
I's 43 —44 165 0 143 0.000 28.5

These fully relaxed and optimized geometries lead to structural parameters
very similar to those found for the minimum-energy conformers of BCD model,
confirming that (i) the last configurations of SR model are good for interpreting
the conformational behaviors of the full molecule, and (ii) conformations of the
A and E rings have only small influences on the main conformational states of
the central core. The in vacuo energy and population for various dominant (sym-
metry related to ¢4 and ¢s) conformers are also summarized in Table 1. As far as
the ¢, and ¢ dihedrals are concerned, for each I'; found there are at least 8 other
(4 principal states for ¢, x 2 principal states for ¢;) populated conformations, not
reported here because of symmetry reasons. The structural parameters found for
¢» and ¢ in the I'; conformers are in agreement with those found for the most
populated conformers in PES(ABC) and PES(CDE), in particular the values of
¢r=~45° and ¢;=0° represent conformations of the lowest energy in these 3R
models. The final full-optimized conformers I'y, I', I's and I'y have been adopted
to calculate the CSTs at the GIAO-DFT level. It has to be noticed that in vacuo,
I'y and I'y (as well as the symmetry related I's and I'g) conformers are more
predominant compared to the others. The molecular structures of I'y and I'z
conformers, shown in Figure 2(b), show very different shapes with bend angle of
143° and 116°, respectively. It should be realized that the computed in vacuo con-
formational populations (e.g., for I'y) may be drastically altered in the condensed
phases due to intermolecular interactions.

The © angle has been reported for A131 [17] as 134° using MOPAC (Molecular
Orbital PACkage), a quantum chemistry program based on Dewar and Thiel’s
NDDO (Neglect of Diatomic Differential Overlap) approximation. Relatively large
errors were noted [31] in primarily organic molecules composed of H, C, N, O and
halogen atoms when using AM1 and PM3 to evaluate bond lengths, dihedral or
valence angles. Moreover, the semiempirical rotational barriers are consistently
underestimated when compared with experiment. This may be attributed to a poss-
ible inadequacy of the MNDO (Modified Neglect of Diatomic Overlap)/AM1/PM3
empirical nuclear repulsion functions for describing transition state structures. In
particular, corrected molecular structures depend on the proper location of potential
wells in the PES, and they are intimately related to the energetics of conformational
analyses, [32] as found in the present study by DFT methods. All this considered, the
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reason for the difference in the bend angle reported in Ref [17]. can likely be ascribed
to both the semiempirical and the single-conformer nature of the AM1 calculations.

B. Infirared Spectra Calculations

The in vacuo DFT calculated IR spectra of the four I'; conformers of A131 are
shown in Figure 3, where the IR spectra of I'; and of I'; (shown in positive intensi-
ties) are compared with those of I'y and of I's (shown in negative intensities merely
for convenience), respectively. From this figure it is evident that the frequencies and
intensities of the calculated IR spectra depend on the shape assumed by A131 mol-
ecule; thus IR spectra of BS are different from those obtained for HSS conformers,
as clearly shown in Figure 4 for a direct comparison between that of I'y and I';). A
complete vibrational assignment of the calculated (and opportunely scaled according
to Ref. [33]) IR harmonic frequencies has been performed as reported in Tables 2
and 3 for the Fingerprint (500 < 1200cm ') and the Functional Group (1200 +
3200 cm ') regions, respectively. In particular, the spectral regions between 1400 +
1800cm ™" and between 2800 = 3200cm ' seem able to reflect the main conforma-
tional changes from BS to HSS conformation in A131.

The frequencies most affected by this conformational change are those related to
the vibration of carbonyl, between both C-D rings [v C=0 (CNnD)] and A-B [v C=0

1500
1000

500

-500

Intensity (Arb. Units)
o

-1000

-1500
0 500 1000 1500 2000 2500 3000 3500

1500 (b) Frequency (cm?)

1000

Intensity (Arb. Units)

-1000 3

-1500
o 500 1000 1500 2000 2500 3000 3500

Frequency (cm)

Figure 3. Comparison between in vacuo IR spectra calculated at B3LYP/6-311 + G(d) level
of theory for the BS (a) and the HSS (b) conformers. The intensity on the y-axis is in arbitrary
units: in order to facilitate the comparison, positive and negative intensity values have been
adopted for I'y /T4 and to I'y/I's, respectively.
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Figure 4. Comparison between in vacuo Infrared spectra, calculated at B3LYP/6-311 + G(d)
level of theory, of I'y and I', conformations in two different spectral ranges: (a) 0 <2000 cm !
and (b) 2800 <3200 cm .

(ANB)] rings, with a variation of about 40 cm™!; similar variations are obtained for
the symmetric stretching of the imminic unit [v; HC=N— (BNC)]. Moreover, smaller
variations of about 10cm ™' are shown by the symmetric stretching involving the
diazo group [v; C—N=N-C (DNE)] and by both the symmetric and the asymmetric
stretching of CH, and CHj3. All the other frequencies calculated at DFT level of
theory seem to be only slightly affected, more so in the peak intensities than in their
frequencies.

On the contrary, the aim of the vibrational study concerning the low energy
region is to elucidate the skeletal normal modes. In particular, the stretching or bond
angle distortion has a higher participation in the description of the normal mode. In
this IR region, eventual differences between theoretical and experimental spectra
could be used to elucidate the presence of possible intermolecular effects in both
the crystalline and LC phases, via the overall molecular vibration distortions due
to the symmetry of the LC phase.

Moreover, to study the orientational order from IR spectra, several bands could
be of potential interest for the analysis of alignment of A131 [34]: (i) the phenyl
CC stretching vibrations in the range of 1500-1600cm™", (ii) the phenyl CH out
of-plane vibrations close to 700-900 cm ™', (iii) the symmetric stretching of the immi-
nic unit in the range of 1600-1650 cm ™' and (iv) the stretchings of the different car-
bonyl units in the range of 1700-1750 cm~'. Transition dipole moments for the CC
(~1600 cm™") stretching vibrations are oriented parallel to the core plane, while for
the CH out-of-plane vibration (~800cm ') the transition dipole moment is oriented
perpendicular to the core plane. Thus, the bands of the phenyl CC stretchings and
the phenyl CH out of-plane vibrations are the most sensitive indicators of ordering
of the aromatic rings as their intensities are directly correlated with the core-core
order.

Finally, we suggest that the calculated IR spectra of the two main conforma-
tional states of A131, BS and HSS, could shed further lights on the possible shapes
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assumed by this mesogen in its N, and Ny phases. All this considered, it is also
important to note that although the shape may change from BS to HSS (or vice
versa) as a function of temperature, this does not necessarily mean that the phase
type has changed. Also a change in the conformer populations could occur even
far from the N, — Ny, phase transition.

C. Magnetic Susceptibility Tensor Calculations

One of the most interesting aspects in bent-core LC, in fact, is to understand how
these molecules are organized and packed in the bulk phase and in the presence of
an external magnetic field. Knowledge of the anisotropy part Ay’ of the molecular
magnetic susceptibility 7’ of the molecule is necessary for the determination of
how the mesophase director(s), especially in the case of a Ny phase, aligns in an
external magnetic field. Usually, the magnetic field is not strong enough to orient
a single molecule or isolated molecules: the interaction energy, due to cooperative
molecular ordering, is indeed crucial [35]. Moreover, in bulk LC the molecular mag-
netic susceptibility is much different from the phase magnetic susceptibility, which is
a quantity averaged over all motions of molecules in the LC phase. However, the
symmetry properties of the molecular magnetic susceptibility tensor can help in
understanding the differences, at a molecular level, when a N, or a Ny, phase is
formed. At a macroscopic level, the magnetic energy density of the system can be
expressed as gy = —y,(H - 7)*/(21y), Where g is the universal permittivity in
vacuum, and y, is the anisotropy of the magnetic susceptibility, defined as
Xa=X| — X1, With x and x, denoting the components of the phase magnetic suscep-
tibility tensor parallel and perpendicular to the director, respectively. The direction
of preferred alignment of a system in the magnetic field depends on the sign of the
anisotropy y,. Positive y, values seen in most liquid crystals result in the alignment of
the phase director 7 parallel to the magnetic field H; on the contrary, negative sign
of y, can often be easily seen in discotic and calamitic liquid crystals constituted only
of aliphatic parts. In principle it is possible to relate the macroscopic property y, to
the molecular property Ay as well as the Saupe order parameters S [36]. The case
of V-shaped molecules is less obvious, since the molecular shape of these molecules is
in a way intermediate between the previous cases [37]. This makes it difficult to prop-
erly choose the direction of the long molecular axis, which could be one of the
reasons why these molecules could form biaxial phases.

In this section, we show that the molecular magnetic susceptibility anisotropy
AyM° is strictly dependent on the molecular conformation. The implication of the
average molecular conformation is strongly related to the orientation of banana
molecules in a magnetic field, as also found for other bent-core mesogens with mol-
ecular structures more symmetric than that of A131. In particular, the two main con-
formational states found for A131, BS (I'y, I'y) and HSS (I'y, I'3), give two distinct
magnetic susceptibility tensors, whose asymmetric terms are 1oL ~0.15 and
n,mo ~0.55, respectively (see Table 4). These results are put in evidence in
Figure 5, where the PASs of the MSTs in each conformation are shown. Here the
axes of each PAS represent the eigenvectors of the the MST of each conformer, with
magnitude value given in a coloured scale. Of course, uniaxial and biaxial MSTs can
be easily distinguished by the number of different coloured axes that they posses: two
different axes in the case of uniaxial I'; and I'4 conformations, while three in the case
of I'y and I'; ones.
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Table 4. Molecular magnetic susceptibility tensor parameters [cgs-ppm] for the
systems: 5CB, 50CB (used for comparison) and for the investigated I'; (with
1i=1,2,3.4) conformers and for the complete A131 molecule with the aromatic
core in its four main different conformational states: I'y, I';, I's and I'y. y; are
the principal components, ™’ is the isotropic value, Ay = yyy—1/2(yxx+ 1z2) is
the anisotropy part and 15, = % is the asymmetry term). Note that
111 15 and y3; are the principal components of the traceless MST, ordered

according to the convention |33 —"°| > |22 — ™| > |711 — 1™

System " Az 12" 7 AgMOE ot
5CB ~1416  —1392 2248  —168.5 40.4 0.04
50CB ~1543  —1449 2286  —1759 325 0.23
ry ~3274  —168.6  —3468  —2809  168.5 0.17
r, ~2543  —1857 4058  -2819 1444 0.54
r, 2569  —188.7 3974  -2809 1385 0.59
r -3267  —167.8 3450  -279.8  168.0 0.15
A3y 5094 3506  —5288  —4629  168.5 0.16
AIBII,) 4383 3677 -589.8  —4653 1464 0.56
ANy 4379 3737 5824 4647 1365 0.54
ALy -S1L7 3498 —527.0 4629  169.5 0.12

In Table 4, molecular magnetic susceptibility tensors of the uniaxial I'y, I'y (SR
model) conformers and the whole A131 molecule in these conformations, A131(I'y),
A131(I'y) are seen to be clearly distinguishable from those of the biaxial conformers

Figure 5. Molecular Magnetic Susceptibility Tensors (MSTs) defined in their PAS for each
main populated conformational state in A131. Here the axes of each PAS represent the eigen-
vectors of the the MST of each conformer, with normalized intensity value given in a coloured
scale (scale 1.00 means most negative value for the MST eigenvalue).
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I';, I's and the whole molecule of Al131 in these conformations, A131(I';) and
A131(I'3). It is important to notice that the MSTs calculated for the full molecule
of A131 in the I'; conformation where an isotropic shift-factor of ~180 cgs-ppm
has to be applied for the presence of the aliphatic chains, are approximately the same
as those obtained for the corresponding conformation in the SR model (in general
the aliphatic portions of the molecule do not alter the anisotropy but only the iso-
tropic part of the MST). Generally, both the isotropic and the anisotropic parts of
the MST obtained for A131 conformers are comparable with those calculated for
another series of banana molecules with similar molecular structures [38]. Moreover,
note that Ay™° of the A131 molecule is larger by a factor of ca. 4 when comparing
with those of conventional uniaxial rod-like mesogens like SCB and SOCB listed in
the same table. In summary, these preliminary results reveal that molecular magnetic
susceptibilities in A131 are conformationally dependent, which may lead to potential
interest for explaining differences between the N, and Ny, phases. They may also be
used to calculate the phase magnetic susceptibility, once suitable models are avail-
able for the structures of N, and Ny, phases exhibited by A131. Future work will
be pursued in this direction by exploiting molecular field theory.

D. Chemical Shielding Tensor Calculations

Recent developments in ab initio methods and computer hardware have made
accurate evaluation of NMR chemical shieldings of many molecular systems poss-
ible. In particular, the quantum mechanical methodologies have now matured to
such an extent that the results of ab initio calculations can significantly enhance
the information obtainable from NMR spectra, increasing its interpretative power
especially in the case of '>C NMR of different type of liquid crystalline systems
[39-42].

The CSA tensors calculated using fully relaxed structures of the SR model from
the in vacuo DFT method for I'y and I'; (for the sake of brevity) of the four relevant
(I'y, I'y, I's and I'y) conformers are compared in Table 5 with experimental principal
components of the CSA tensors for some carbon sites in A131 [15]. The accuracy of
each CSA component evaluated from 2D SUPER powder patterns of A131 is ca. +3
ppm. The Root Mean Squared Deviation (RMSD) evaluated among the I'; confor-
mers is ca. =1 ppm for all the conformations, showing that there are no significant
dependences of the CSA tensors on the different conformational states. As seen in
the table, the differences are mainly observed for the carbons (Cl11, C12, CI13,
Cl14, CI15, C17 and C26) located at the central ring C and close to it. When the
¢4 and ¢5 dihedrals are scanned among the different conformers, the local electron
densities of the chemical bonds involved in the rotations, have indirectly influenced
the local electron density of the central ring C to produce the above observation. It
is noticed that the PAS’s orientations of all the CST in different conformations
are close to those expected from the standard geometry (e.g., the f angle for a
protonated carbon on a phenyl ring is 60°) to within two degrees [30].

When comparing the experimental CSA with the DFT tensors, the Root Mean
Squared Error (RMSE) are about 3, 6, 5 and 4 ppm for d;,, 011, 022 and d33, respect-
ively, if we exclude those of carbons C3, C7, C11, C22 and C23, which show fairly
noisy SUPER powder patterns [15]. If the comparison is extended to all the aromatic
carbons of A131, the evaluated RMSEs for 6;,,, 611, 02> and 33 are 3, 10, 14 and 13,
respectively, indicating that the experimental CSAs for carbons C3, C7, Cl11, C22
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and C23 must be taken with some caution. Moreover, the relative values of CSA
components found for these carbons have the largest deviations from those com-
monly found in carbons having the same topology and chemical nature [43]. Note
that experimental CSAs were determined in the solid phase, while the DFT calcula-
tions were performed in vacuo, which did not account for the effect of molecular
packing in the mesophase. Though carbon-13 is likely not to be affected by the
packing effects, this could, however, represent a source of deviation between the
calculated (DFT) and experimental CSA tensors [42]. One conclusion from these
chemical shielding calculations when compared with the experimental CSAs is that
the conformers found from the PES are indirectly shown as reasonable representa-
tions of the A131 molecular core.

E. Orientational Order Parameters

The "*C (9) in mesophases is related to its isotropic d;,, value by Eq. (2) for all aro-
matic carbon sites except for the central ring, where Eq. (3) is used instead. To fit the
observed (6)’s in the nematic phases, the CSA values listed for A131 in Table 5 can
be used. For the central ring, S.. is found to be vanishingly small (ca. 0.1) for all
the studied temperatures. When the derived Saupe matrix for the central ring is
diagonalized to give its S and D, the principal axes of its PAS can also be located.
The orientation of the original z axis is found to only shift by less than two degrees
on average towards the C12-C26 bond. This small change in the z direction is a result
of the small S,. value.

Now all possible sets of CSA tensors were tested. We found that the fits to
the chemical shifts <d>’s are quite similar for all the cases in which DFT CSA
tensors of a particular conformer were used. No substantial difference were found
when calculating order parameters using ‘“regular” or DFT calculated geometry
for the orientations of the shielding tensors, as found in ZLL 7/* mesogen [41].
For this reason, we have adopted below the “regular” geometry. Thus the set of
CSA tensors for the I's conformer (note those of I'y are just as good) is chosen
here as an example in fitting the chemical shift data. Fitting 21 carbon sites
(C1-C8, C10-C15, and C17-C24) using only the I'; DFT tensors, the goodness
of fits to all 13 chosen temperatures in the mesophases is measured by the Sum
Squared Deviation (SSD). The SSD evaluated in this case was 1258 (this corre-
sponds to a RMSD value of about 2.2 ppm on the average for each carbon(s) at
each temperature). As DFT tensors were derived in-vacuo, we next tried to use
all the experimentally available CSA tensors in fitting the same data set, but noting
that when experimental CSA is unavailable for C1, C12, C15 and C24, the corre-
sponding CSA of I'; was used, while the CSA for C8 was from Ref. [44]. The fits
were indeed improved somewhat to give a lower SSD of 1136 (which corresponds
to a RMSD value of ca. 2.0 ppm). To understand this, it would appear that the in
vacuo CSA tensors may not be reflecting the slight perturbation due to the exist-
ence of packing or medium effects, even if this effect should be considered very
small as found in Ref. [41]. On the other hand, as pointed out above some of
the CSA tensors derived from noisy powder patterns (due to spectral overlaps
and limited sample volume) may not be too reliable. To check this possibility,
we then replaced those of C7, C19, C22 and C23 by their corresponding I's
CSA values (this corresponds to the best outcoming) for fitting the same set of
13C ()’s. Indeed, the SSD of the new fits yields the best value of 1016 (which
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corresponds to a RMSD of 1.9 ppm) [16,30]. Though DFT CSA tensors are more
or less indpendent of the chosen I, it should be pointed out in vacuo I'y has lower
potential energy and higher population, and is supposed to be likely closer to the
average shape of an A131 molecule in the uniaxial N, phase. Though the more
bent I's (I';) structure is less populated in vacuo, it could become increasingly
populated due to molecular packing in the condensed phase at low temperatures
as suggested below. The hockey-stick shape, (@ =116°) can likely become a
dominant conformer, at least in view of the existing theory, in the Ny phase.

It has been shown [30] that different choices of CSA values do influence the
derived local order parameters S and D somewhat. Here, the best set of calculated
local order parameters (see Fig. 6(a)) as a function of the temperure are used to dis-
cuss the conformation state of the A131 molecular core. Notice that S (only ring B
and D are given) increases with decreasing temperature for all rings in the N, phase
and tends to level off in the Ny, phase, while D’s are negative in the Ny, phase for all
rings except ring D. The local S of ring D remains the largest among all aromatic
rings as noted previously [15] for almost the entire temperature range. Thus its para
axis is closest to the ‘long’ molecular axis. There exist discontinuous jumps in S at
422K as seen in Figure 6(a) for ring B and D.
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Figure 6. (a) Plots of local order parameters S (only for rings B (e) and D (m) for clarity) and
biaxial order parameters D of rings A (*), B (0), C (A), D (0), and E (V) using SUPER CSA
tensors and 8 CSA tensors calculated for I's conformer (see text). (b) Plots of ‘normalized’
local order parameters p=—S,,/S of rings A (*), B (0), C (A), D (0), and E (V). Lines are
drawn to aid the eyes and some typical error bars are given.
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It is interesting to examine the behaviors of local biaxial order parameters D
in the low temperature N phase, particularly for ring D. This is because the D
parameter reflects the relative degree of ordering of the two minor fragment axes
x and y with respect to the major director. Note that ring B has the largest absolute
D value, i.e., largest local biaxiality (or S, tends to zero), that is relatively insensitive
to the temperature, and a smallest S value among all the rings. This observation can
be explained by taking into account two distinct observations: (i) the energy barriers
for rotation of ring B around the dihedral angles ¢, and ¢ are very low (ca. 2 kcal/
mol), [30] as found in the DFT calculations, and (ii) the orientation of para axis of
ring B is highly tilted (it forms an angle of about 60°, because the rotation of ring B
around ¢4 is restricted, due to the presence of the methyl (C;¢) unit in ring C). It is
interesting to note that only ring D has positive D values (ca. 0.03) in the Nj, phase.
Furthermore, D of ring A appears to go through zero at the N, — N}, phase transition
and becomes slightly positive in the N, phase. Physically, this implies the ring D’s
normal (y axis) to its ring plane is twisted in the opposite sense with respect to those
of other rings in the Ny, phase (same can be said about ring A in the N, phase). Per-
haps these two rings (A and D) are involved in providing symmetry breaking at the
uniaxial to biaxial phase transformation.

To further shed light on the local orientational behaviors of various rings in
A131 bent-core, we have plotted —S,,/S, a normalized local order (p) of the x axis,
as a function of temperature in Figure 6(b). Note that p has two extreme limits:
(i) when S,,, tends to zero, p has a limiting value of one corresponding to maximal
ordering of the x axis relative to the major director, (ii) when D=0, then
Syx=3S,,=—5/2 and p approaches a limiting value of 0.5. Now p of rings C, D
and E are relatively insensitive to temperature over the nematic range (slightly less
so for ring D), while A and B rings show substantial, and opposite temperature beha-
viors. Though the reported N, — Ny, transition at around 422 K may not be discerned
in this plot, it is clear that these two rings (perhaps also ring D) are responsible
for changing the populations of two (or more) dominant conformers with the

uniaxial

Banana-Shaped

biaxial

N®

(®)

Hockey Stick-Shaped \?

Figure 7. Schematics of A131 molecule in (a) its uniaxial ‘banana-shaped’ conformation and
in (b) its biaxial ‘hockey stick’-shaped conformation. The cage indicates the surface accessible
to the solvent.
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temperature. Besides the equilibrium populations of two (or more) distinct config-
urations for A131 core can vary, it would seem that the flexible end chains must also
play a role in shaping the overall configuration of the V-shaped molecule. The chains
should mediate the molecular packing in the underlying SmC phase and also likely in
the Ny, phase.

IV. Conclusion

The N, — Ny, phase transition in the bent-core A131 mesogen has recently been casted
in doubt by an electro-optic study. It was suggested that the observed transition in
the X rays work is related to surface anchoring transition. A careful analysis of the
13C chemical shifts (5)’s has demonstrated that the normalized local order parameter
p of ring A and B have shown quite strong and opposite temperature behaviours. The
existence of more than one conformer is clear both from the in vacuo DFT calcula-
tions and local order parameters obtained by ss-NMR. Four prevalent conformations
(and four symmetry related ones) showing two different bent-core shapes have been
revealed. Note that the conformational average of the molecular shape must depend
on the Boltzmann distribution. Our current NMR study seems to support a phase
transition at 422 K, but has no way to decide on a biaxial nematic phase below this
transition, as only molcular biaxial order D can be deduced. The non-zero phase
biaxial order parameters if exist, are not accessible in the present study.

Now a group of conformers has a bend angle close to 143° and a configuration
more like a “banana’-shaped conformer. The other group has a smaller bend angle
of about 116° and resembles more like a hockey stick-shaped structure. When adding
the flexible chains to the A131 bent-core as shown in Figure 7 and viewing along its
“long” axis, the former appears like a uniaxial rod, while the latter more like a
biaxial object. The schematized molecular shapes are inferred from subtle changes
in the orientations of rings A, B, and D that occur in these two nematic phases. In
conclusion, the present study points to the mix of two (or more) different conformers
being a potential souce for a uniaxial-biaxial nematic transition as suggested by a
recent theory. Moreover, the two different molecular magnetic susceptibility tensors
obtained for the BS and the HSS conformations could be potentially used for calcu-
lating the phase magnetic susceptibility, once suitable models for the N, and Ny
structures in A131 become available. Finally, we suggest that a possible way to dis-
tinguish the BS and HSS in A131 is to record its IR spectra in the two nematic
phases, even though it’s worth noting that although the shape may change from
BS to HSS (or vice versa) as a function of temperature, this does not necessarily
mean that the phase type has changed.
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