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Abstract: Deuterium NMR spectroscopy is a very powerful technique for studying partially
or totally ordered systems, such as liquid crystals (LCs) and polymers. LCs represent a
branch of the most general class of soft materials, with peculiar physical and chemical prop-
erties which attracted scientific attention for their potentiality for technological applications.
From a chemical point of view, there are three aspects in which 2H NMR could provide sig-
nificant insights: (i) the conformational and structural properties; (ii) the molecular dynam-
ics and mobility; and (iii) the orientational order and aggregation/distribution of molecules in
the different liquid-crystalline phases. In this work, some of the recent developments in this
field are discussed, focusing on two main topics: (1) the molecular dynamics of the smectic
liquid-crystalline phases formed by rod-like molecules and (2) the unusual orientational and
dynamic properties of the new liquid-crystalline mesophases formed by banana-shaped mol-
ecules (BLCs).

Keywords: liquid crystals; nematic; ferroelectric; smectic; NMR; deuterium; molecular dy-
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The field of liquid crystals (LCs) is one of the most fascinating aspects of the science of materials. On
the other hand, deuterium nuclear magnetic resonance (*H NMR) represents a very powerful spec-
troscopy for the large number of possibilities in performing and projecting new experiments and for en-
lightening the molecular structure, orientational ordering, and dynamics of LC molecules.

Among the various LCs, ferroelectric ones (FLCs), formed by rod-like mesogens, have dominated
fundamental LC research for at least two decades [1,2], and their use for technological applications is
now starting to have some relevant success [3]. Quite recently, new mesophases showing different lev-
els of smectic order and chemical physical properties have found to be generated by banana-shaped
molecules (BLCs) [4], and some of these smectic phases are very promising from a technological point
of view [5], for instance, for optical processing devices, such as spatial light modulators, nonlinear
optic, and wave-guide devices.

These are the main reasons for the interest in these materials from a technological point of view.
However, for a chemist, LCs represent an extremely useful field to test molecular models, as well as to
obtain parameters related to molecular properties, such as rotational diffusion coefficients (D,) to de-
scribe the molecular dynamics.

*Pure Appl. Chem. 79, 1-65 (2007). A collection of invited, peer-reviewed articles by the winners of the 2006 IUPAC Prize for
Young Chemists.
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A typical way to study the dynamics at the molecular level is by analyzing 2H relaxation times
[6] by means of suitable theoretical models [7]. This procedure has been applied for several rod-like, or
calamitic, LCs in their nematic and smectic A (SmA) phases, and recently, thanks to an extension of the
theoretical treatment in order to be applied to biaxial phases [8], dynamic parameters have been ob-
tained in the ferroelectric chiral smectic C (SmC*) phase.

The developments performed in the data analysis procedure, as well as the possibility to have dif-
ferent labeled isotopomers and frequency dependence measurements, allowed us to obtain the diffusion
coefficient for the overall molecular motion named “tumbling motion” (D, ) unambiguously.

In the effort to overcome the problem of the indeterminacy of D, in the cases in which a small
set of NMR data is available, the comparison between NMR and other experimental methods, such as
dielectric relaxation [9,10] and neutron scattering (NS) [11], has been taken into account. Moreover, the
comparison among different techniques is useful for testing theoretical models commonly used to ex-
tract dynamic information.

While in the case of rod-like LCs, most of the molecular and mesophase properties have been
widely investigated by ZH NMR [12], the LCs formed by BLCs, which have been recently discovered,
still have some aspects to be understood, and 2H NMR spectroscopy promises to be a useful tool for in-
vestigating the peculiar BLC mesophases.

Quite surprisingly, even the isotropic phase of BLC compounds turned out to have very unusual
properties. ZH NMR line widths and spin—spin relaxation times (T,) recorded in the isotropic phase of
several banana-shaped mesogens demonstrated that the molecular dynamics of these systems is partic-
ularly slow. An explanation of this behavior in terms of molecular hindering, or clustering, could be
drawn on the basis of 2H NMR experiments [13,14], in agreement with other recent experimental re-
sults [15,16].

Another interesting aspect of the BLC mesophases concerns the origin of the mesophase chiral-
ity, which seems to be strongly related to the molecular chirality. Despite the absence of chiral carbon
centers, these molecules may assume a propeller-like conformation, as several works have proposed
[17,18]. This molecular feature, called “atropoisomerism”, may justify the occurrence of chirality in
BLC mesophases.

In this paper, the contribution coming from 2H NMR studies, which has been used for the first
time to study molecular, structural, ordering, and dynamic properties of BLCs, is discussed in the
framework of recent achievements.

Most of the results reported here are based on two banana-shaped mesogens [19], only differing
for one substituent on the central ring (chlorine in the place of hydrogen). A first observation concerns
the sensitivity of BLC systems to single substitutions: in fact, the presence of a chlorine atom deter-
mines the occurrence of a nematic phase instead of the B, phase. The nematic phase formed by these
molecules is very peculiar with respect to the nematic phase formed by calamitic compounds, for the
orientational order, molecular aggregation, phase symmetry, and dynamic behavior, as several ZH NMR
works have pointed out [20-23]. ZH NMR spectroscopy provided interesting results for the orientational
properties of the ferroelectric smectic B, phase [24] as well.

ORIENTATIONAL ORDER IN LIQUID CRYSTALS BY 2H NMR
Ordered systems

LCs may be distinguished from other systems by the existence of a long-range orientational order with
respect to an axis of preferred orientation, named the director, n.

The ordering of molecules in the LC mesophase [6] can be described by the orientational distri-
bution function f{e,3,7), namely, the probability of finding a molecule at a particular orientation defined
by the Eulerian angles (¢,f3,9) [25].
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The distribution function f{e,f,7) can be expanded in terms of the Wigner rotation matrices of
rank L, D% (0, B,y), multiplied by the microscopic order parameters, (D% (o.,7)) [26]:

S & 2L+1y s
feBy=3 3 =(pk @By) DL, @By (1)

L=0m,n=—L 8T

Depending on the symmetry of both of the mesophases and the molecules themselves, this func-
tion can be simplified, as in the case of molecules approximated to cylindrical rods in a nematic phase.
In this situation, f{c,3,7) depends only on the angle B, and it can be truncated at L = 2, giving the ex-
pression f(8) = '/ + °h P,(cosf) - (P,(cosf3)), where P,(cosp) is the Legendre polynomial and (P,(cosf3))
is the nematic order parameter, S [26,27]. This quantity can be experimentally determined by different
spectroscopic methods, such as NMR.

An alternative definition for order parameters can be obtained by expanding f(c,3,7) in terms of
the director cosines [27]. According to the ordering matrix formalism, the microscopic orientational
order parameters can be related to the so-called Saupe ordering matrix components [28], Si-’lﬂ = %
(3iyj 0 51.].), where i,j = (x,y,z) are the main axes in the molecular frame (MOL), A,u = (X,Y,Z) are the
main axes in the LAB frame, and i il and j , are the direction cosines.

In the simplest case, represented by a uniaxial phase (e.g., the nematic phase) and rigid molecules
having a cylindrical symmetry, the nematic order parameter corresponds to the SZZZZ Maier—Saupe ma-
trix element [26].

A complete treatment of the orientational order in LCs can be found in refs. [26,27,29].

Smectic phases have an additional order, which is called positional order. In the SmA phase, for
instance, there is a one-dimensional translational periodicity, due to the fact that the centers of mass of
the molecules tend to lie on planes normal to the director (Fig. 1).
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Fig. 1 Scheme of several liquid-crystalline phases formed by rod-like, disk-like, and BLCs. The phase symmetry
and the main direction of the phase director (n) are shown.
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24 V. DOMENICI

In these mesophases, the orientational distribution function of a molecule is much more compli-
cated than in the nematic phase, because it depends in principle on purely orientational and translational
order parameters, but also mixed order parameters [26].

2H NMR for studying orientational order in liquid crystals

ZH NMR is a very powerful technique for studying ordered systems, such as LCs, since the main con-
tribution to the Hamiltonian is the quadrupolar interaction, due to the deuterium (nuclear spin / equal
to 1). A general expression of the quadrupolar Hamiltonian is [30,31]:

A > A o eQ > A o
H,=1Q0'1l=———1'V"I 2
o=l =00y @
where eQ is the electric quadrupole moment and V is the local field gradient tensor, which is symmet-
ric and diagonal in the C-D frame (with b axis collinear with the C-D bond and elements Ve Vor and
Vcc)'
The observed 2H NMR spectrum in the simplest case of an oriented LC sample, with a single and
isolated C-D bond, is characterized by a quadrupolar splitting, Av, which can be written as:

3 n
AV=Eth I:Sbb +§(Scc _Saa):| 3)

where ¢q,, = is the quadrupolar coupling constant and 7= M is the asymmetry para-
meter. cc

Equation 3 relates the observed quadrupolar splitting with the orientational order parameters, S,
referred to the principal axes frame (PAS) defined by the three axes a,b,c in the C-D frame. Depending
on the geometry of the molecular fragment where the C-D bond is located, after proper coordinate
transformations, these parameters (PAS) can be related to the molecular order parameters (MOL).

As a general remark, the relation between the observed quadrupolar splitting and the molecular
orientational order parameters is much more complex the more flexible is the molecule and the lower
is the symmetry of the mesophase. Several theoretical models and data analysis procedures have been
developed to overcome this limit [6,32].

In the following, the orientational order parameters of rigid fragments, typically phenyl and
biphenyl moieties, will be reported for several rod-like mesogens in their mesophases.

eQVbb

DYNAMICS IN LIQUID CRYSTALS BY 2H NMR
Dynamics by different spectroscopic techniques

Information on motional processes at a molecular level can be obtained by different spectroscopic tech-
niques, such as NMR, dielectric spectroscopy (DS), and NS. However, the results so achieved are not
easily comparable for several reasons: first, some techniques directly detect the time correlation func-
tions, while others can only reveal their Fourier transforms, namely, the spectral densities, at a small
number of frequencies. The second reason concerns the time window explored by these techniques,
which determines the particular molecular model suitable for describing the observed quantities in
terms of dynamic parameters. Another important difference among spectroscopic techniques is the rank
of the operators associated to the investigated physical properties.

The intrinsic time scale (7)) of a technique depends on the physics of the phenomenon under
observation. The 7, represents the lowest limit below which a dynamic process is not detectable. For
example, the electron spin resonance (ESR) spectral line shape is influenced by molecular reorienta-
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Order and dynamics of liquid crystals by 2H NMR 25

tions, since the characteristic ESR 7 is about 107%s. Differently, these motions are fast with respect to
the 2H NMR time window (~ 10~4=107> s), thus, the 2H NMR spectral line shape is only given by an
average over all molecular reorientations.

Knowing the time scale of a spectroscopic technique is then important to select the appropriate
theoretical model for interpreting the experimental observables in terms of dynamic properties. In par-
ticular, the 7, typical of a technique must be compared with the time characteristic of the motion under
study, defined the correlation time T

A significant example is given again by ESR and 2H NMR used to study the molecular rotational
motions in LCs (7, ~ 1079 s): while the former requires the formalism of the stochastic Louiville equa-
tion, since the experiments fall in the slow-motion regime (1 << T,), the latter falls in the extreme nar-
rowing regime (1 >> @7_) and is better described by the Redfield theory.

All this considered, a spectroscopic technique could be more suitable to characterize a specific
motion than another one, even though more frequently different techniques cover the same time win-
dow and/or overlap in certain ranges of time scale.

The molecular motions in thermotropic LCs [33] can be roughly divided into translational diffu-
sion processes, involving the motion of the centers of mass of the molecules and reorientational
processes of the molecule itself.

One fundamental point in the description of the stochastic processes in liquid-crystalline systems
is the assumption that the translational and orientational motions are decoupled and that, consequently,
they can be treated independently. This is supported by the experimentally observed different time
scales [33] relative to the two kinds of motions.

Less evident is the possibility of separating overall molecular motions from conformational in-
ternal ones, since both of them usually take place on a similar time scale, giving rise to a quite compli-
cated molecular dynamics [34] mechanism.

Groups of molecules also experience collective motions, in which the spatial average orientation
of molecules fluctuates slowly compared to the much faster reorientational motions of the single mol-
ecules.

The role played by 2H NMR

Deuterium represents the nucleus most widely used for obtaining dynamic information on LC systems.
As previously mentioned, the time scale for ZH NMR spectra is quite long, so that the line shapes are
not sensitive to rotational motions. Single-pulse or quadrupolar-echo-pulse sequences are used in par-
ticular cases to detect the translational diffusion motions of LC molecules [35]. On the other hand, spe-
cific pulse sequences can be applied to measure relaxation times (five independent relaxation times, for
nuclei with / = 1 as deuterium), each defining specific dynamic windows suitable to investigate differ-
ent motions [36].

In particular, the two spin-lattice relaxation times, T, and 7, o measured by using specific pulse
sequences, are particularly sensitive to motions with correlation times of the same order of magnitude
than the inverse of the Larmor frequency, i.e., in the range of 107! 1—1'c—10‘7 s in the case of a high mag-
netic field (B > 5T).

The three spin—spin relaxation times can be related to motions in a slower regime. The quadrupo-
lar echo sequence [37], for instance, can detect motions with a correlation time in the range of
10‘8—1'C—10‘4 s, corresponding to the inverse of the quadrupolar coupling constant. Slower dynamic
processes, up to 7, ~ 10 s, such as the order director fluctuations (ODFs) [38], can be studied by the
Carr—Purcell-Meiboom-Gill (CPMG) pulse train sequence [39].

Moreover, several efforts have been spent to study different mechanisms of reorientation of mol-
ecules in the LC phases. An example is given by two-dimensional NMR experiments, where the spin-
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lattice relaxation times T are linked to the spin—spin relaxation times T, [36]. Thus, by combining dif-
ferent techniques to measure 2H NMR relaxation times, a broad dynamic range can be covered.

ORIENTATIONAL ORDERING PROPERTIES OF ROD-LIKE LIQUID CRYSTALS

The case of the smectogen (+)-(S)-4-[4'-(1-methylheptyloxy)] biphenyl 4-(10-undecenyloxy) benzoate
(11EB1M7) is here reported, as a representative example of 2H NMR study of the orientational order
of an LC having a rich variety of mesophases [40].

This rod-like smectogen (see Fig. 2) has a molecular structure formed by a rigid core, given by
the aromatic fragment (phenyl and biphenyl units), and two long lateral chains, which represent the
flexible parts of the molecule. This is typical of rod-like, or calamitic, LCs, where each component, the
rigid and the flexible ones, are fundamental in order to get liquid-crystalline behavior. Moreover, this
molecule possesses a chiral carbon, thus giving chiral mesophases, such as the cholesteric, the TGBA,
and the SmC* phases.

D
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Fig. 2 Molecular structure of two deuterium-labeled isotopomers of the rod-like LC (+)-(S)-4-[4'-(1-
methylheptyloxy)]biphenyl 4-(10-undecenyloxy)benzoate (11EB1IM7): (a) 11EBIM7-d,; (b) IIEBIM7-dg.

In this study, two selectively labeled samples were available, one labeled on the biphenyl
(11EB1M7-dg) and the other one on the phenyl ring (11EB1M7-d,), as shown in Fig. 2.

This selectivity allowed us to obtain independently the two local order parameters S, relative to
the para axes of the two aromatic fragments. In fact, both the phenyl and the biphenyl units can be as-
sumed to have a C,, symmetry due to the fast rotation around the para axes.

Two orientational order parameters, namely, the principal order parameter S, (7) and the frag-
ment biaxiality A;, (T) =S, (T) - Syy(T), can be determined for each fragment.

The experimental quadrupolar splittings for the deuterons of 11EBIM7-d,, as well as
11EBIM7-dg, are connected to these local order parameters according to the following equations,
which can be derived from eq. 3, by passing from the abc frame (PAS) to the xyz local fragment frame
(with z along the para axis) [12]:
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Avq[T]:%qbb{gzz[T] [cos ¢—%s1n ¢—6cos ¢+T67 Zsm2¢J+

Apiax (% sin’ o+ gcos2 o+ 2)}

The standard values of g, = 185 kHz and 1 = 0.04 have been used in the analysis; ¢ is the angle
between the C-D bond and the z direction (para axis) and it has been assumed equal to 60°.

By analyzing the experimental data, the order parameters S__ of the two fragments have been de-
termined, and their values in the different mesophases are reported in Table 1. The value of the frag-
ment biaxiality has been found to be very small for the phenyl ring and almost O for the biphenyl, ac-
cording to the literature.

“4)

Table 1 The local orientational order S,,, as defined in eq. 4, and the tilt angle 6 (°), evaluated from
ZH NMR measurements for several rod hke LC mesogens.

Mesogen S, inthe S _inthe §_inthe Limitingtilt S _ inthe Limiting tilt
nematic SmA SmC* angle, SmC* Smyey angle, Smypy

11EB1M7-phen-D, [40] / 0.67-0.73  0.73-0.66 18° 0.73-0.76 /
11EB1M7-biph-D, [40] / 0.64-0.68  0.68-0.60 18° 0.88-0.89 /
HAB-phen-D, [41] 0.55-0.75  0.75-0.82 / / / /
8BEF5-phen-D, [42] / 0.70-0.85  0.85-0.81 11° 0.86-0.94 5-6°
MBHB-biph-Dy [43] / 0.70-0.86  0.86-0.83 28° 0.85-0.90 5°
10B1M7-phen-D, [44] / 0.69-0.74  0.73-0.64 21° 0.88-0.90 /
10B1M7-biph-D, [44] / 0.62-0.65 0.64-0.51 21° 0.59-0.74 /

To have an idea of these quantities, the order parameters S__ (referred to the para axes of the la-
beled phenyl or biphenyl units) of several smectogens studied by 2H NMR are reported in Table 1.
These values are quite indicative of the overall molecular order parameters, since they are mostly de-
termined by the rigid core of LCs.

The investigated rod-like LC mesogens are the non-chiral p-di-n-heptylazoxybenzene (HAB) [41]
and the chiral mesogens (S5)-[4-(2-methylbutyl)phenyl]-4'-n-octylbiphenyl carboxylate (8BEFS) [42],
(5)-[4-(2-methylbutyloxycarbonyl)phenyl]-4'-n-heptylbiphenyl carboxylate (MBHB) [43], and (S)-1-
methylheptyl-4'-(4"-n-decyloxybenzoyloxy)biphenyl-4-carboxylate (10B1M7) [44].

As a general remark, Table 1 shows that the order parameter S, increases by decreasing the tem-
perature in the nematic, SmA and not tilted hexatic phases, while 1t decreases in tilted phases, due to
the increasing of the tilt angle until reaching the limiting value, which is indicated in Table 1, for tilted
phases.

In the SmC* phase, the tilt angle is due to the occurrence of a supramolecular organization of
molecules within the phase (see Fig. 1): molecules are distributed in layers, and the local director is
tilted in respect to the normal to the layer; moving from a layer to the next one, the local director of the
phase describes an helicoidal structure. In the presence of the magnetic field, the helical axis orients
parallel to the field, and if the helicoidal structure is not unwound by the field [45], the tilt angle 6 can
be evaluated from ZH NMR by using the following formula:

3cos’ -1 I
exp _ calc
Szz - [ 2 Jszz o)

where SEXP is the parameter obtained from 2H NMR quadrupolar splitting, according to eq. 4, in the
SmC*, and SZC;‘I" is obtained by extrapolating the trend of S_ from the SmA phase.
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So far, in the examined cases, the value of tilt angle 0 has been found to be temperature-depend-
ent, according to the Landau—de Gennes equation [46]:

0=0%|(1,-7)17,| (©6)

The values reported in Table 1 confirm that ZH NMR spectroscopy can be used to determine this
important feature. Moreover, the tilt angles obtained by NMR agree with those obtained by other tech-
niques, such as X-rays and optical measurements.

REORIENTATIONAL DIFFUSION COEFFICIENTS IN UNIAXIAL PHASES

In addition to the orientational order parameters and mesophase features, other interesting aspects are
related to the molecular mobility and dynamics. As previously mentioned, ZH NMR can provide de-
tailed information from the measurement of spin-lattice relaxation times, namely, 7|, and TlQ. As a
general result, the measured 2H spin-lattice relaxation times in the SmA phase are of the order of tens
of milliseconds, and their trend within the temperature indicates a motional narrowing regime
(@wy7, << 1) for the motions mainly contributing to the relaxation.

This feature has been observed for several smectogens investigated so far [34,47].

Dynamic information is contained in the spectral densities, which can be calculated from the ex-
perimental relaxation times in the Redfield theory approximation [48], through the following relation-
ships:

1
JJ%F% )
1 1
JZ(Q’wO):E_% ®)

where @, is the Larmor frequency.

However, the extraction of quantitative dynamic parameters is not straightforward, due to the
complexity of the molecular models describing molecular motions [7,34]. Several of them have been
developed to describe the overall molecular reorientations in uniaxial phases, such as the nematic and
SmA ones. The model mainly used is that proposed by Nordio et al. [49].

According to this model, the spectral densities can be related to correlation times, 7, which can
be in turn written as a function of the diffusion coefficients for the spinning (D) and tumbling (D)
motions (see Fig. 3). Internal motions (Dp,) of the aromatic fragments and overall molecular motions
(D, and D)) are usually considered decoupled, and the internal motions affecting the aromatic rings are
usually described in an isotropic potential by means of the small step diffusion [50,51] or the strong col-
lision [52] models.
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Fig. 3 Overall molecular motions and relative diffusion coefficients: spinning (//) and tumbling (L) reorientational
motions for the rod-like molecule of 11EB1M?7.

The resulting expressions for the spectral density and the correlation time are [6]:

2 con it ol e 0]

. —1
r’)m ) +&(mg) D ©)

. 3 2
J,ln (meO) = g(qbb)2 )
L m, =—2m

p 0 Y 2
(mLa)O) + TmLmM +§(mR)D
and
1 6D
0 :b(j)i +my (D =D, ) (10)

where drs2 are the reduced Wigner matrices, ﬁi, 0i is the angle between the C—D bond and the axis about
which the internal rotation occurs, ,BM, ; is the angle between this axis and the molecular long axis, D, is
the diffusion coefficient relative to the internal rotation of the fragment considered, and {(,g) is (1 —
8. r) or mR if strong collision or small step diffusion models are used, respectively.

The coefficients a,, - memM and Conymy, ATE expressed [7] as a function of the principal order
parameter S__ for a Maier—Saupe potential, experlmentally obtained from ZH NMR.

The expenmental spectral densities obtained by 2H NMR can be fitted by eq. 9 to extract dynamic
parameters. However, due to the complexity of this equation and the number of parameters involved, a
global target fitting procedure is needed for analyzing 2H relaxation times [53]. This approach requires

that the diffusion coefficients are temperature-dependent. An example is given by the Arrenhius trend:
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D(T) = D* exp[-AE,/(RT)], where two parameters (D> and AE,) are needed to describe a single mo-
tion.

However, several studies [54,55] enlighten the fact that the diffusion coefficient for the tumbling
motion (D, ) is not well determined, but only an upper limiting value could be estimated. The first way
to overcome this indetermination consists in fixing the ratio between the spinning and tumbling coeffi-
cients (D), /D), according to the Perrin model [56].

In recent years, several alternative procedures were tested to get self-consistent 2H NMR data
analysis:

. recording relaxation data at different angles between the magnetic field and the local phase di-
rector [57];

. analyzing relaxation data of different labeled isotopomers with a single global target fitting
[40,58,59];

. recording relaxation data at different Larmor frequencies [60];

. comparing relaxation 2H NMR data with those obtained from dielectric relaxation experiments
[9,10].

All these possibilities have been carried out, and the values of the diffusion coefficients reported
in Table 2 refer to self-consistent 2H NMR data analyses.

Table 2 Rotational diffusion coefficients (s~!) and activation energies (kJ/mol) for the spinning, tumbling, and
internal motions, determined from 2H NMR data analysis for several rod-like smectogens in the SmA phase. The
values of D are taken at a temperature 7 in the middle of the temperature range of stability AT of the SmA phase.

Mesogen D/, in the D, in the Dy, in the AE, (//) in AE, (1) in AE, (R) in
SmA SmA SmA SmA SmA SmA
11IEBIM7-phen-D, [60]  1.5x10°  13x10%  1.5x10° 35.0 40.0 35.0
11EBIM7-biph-D, [60] ~ 1.5x10°  13x108  35x10° 35.0 40.0 20.0
HAB-phen-0-D, [9] 13%x10°  15x107  1.1x10° 255 39.2 35.0
HAB-phen-B-D, [9] 13x10°  15x107  2.1x10° 25.5 39.2 35.0
8BEF5-phen-D, [8] 7.9 x 108 1.1x 108 1.9 x 1010 29.6 29.6 33.3
MBHB-biph-Dy [61] 25%x10°  5.0x10%  32x10° 32.1 32.1 29.1
10B1M7-phen-D, [59] 13x10°  3.0x10%8  13x10° 40.0 40.0 35.0
10B1M7-biph-D, [59] 13x10°  3.0x10%  35x10° 40.0 40.0 40.0

As a general remark, the diffusion coefficients obtained for the spinning and tumbling molecular
motions, as well as for the internal motions of the phenyl and biphenyl groups, reported in Table 2, show
similar trends. In particular, the tumbling motion is, in general, one or two orders of magnitude smaller
than the spinning motion. As far as the internal motions of the aromatic fragments are concerned, a sat-
isfactory reproduction of the experimental data by using a global target fitting procedure could not be
achieved with the small step rotational diffusion model, on the contrary, the strong collision model was
successful for both the biphenyl and phenyl fragments.

This seems to be a general conclusion in ferroelectric (chiral) LCs, whilst in thermotropic LCs
not exhibiting ferroelectric phases, both models are found to well describe the internal reorientations.

REORIENTATIONAL DIFFUSION COEFFICIENTS IN FERROELECTRIC SMECTIC
PHASES

Although only uniaxial phases have been considered in the discussion so far, one of the most interest-
ing phases in the field of thermotropic LCs is the smectic C* (SmC*), namely, the ferroelectric phase,
which is biaxial. The practical difficulties in applying theoretical models to biaxial phases has prevented
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for many years the analysis of relaxation times in the SmC* phase. To this aim, a new theoretical ap-
proach has been recently proposed by Veracini’s group [8], and its application to several sets of data for
different smectogens is here discussed. This new approach allows us the quantitative analysis of relax-
ation times in tilted smectic phases by means of the existing theoretical models, neglecting the de-
pendence of the relaxation times on the azimuthal angle ¢, but taking into account the effects of the tilt
angle ¢. This statement is based on both experimental and theoretical reasons.

In SmC* phases, the phase director n describes a helicoidal structure along the normal to the
smectic planes (z axis) (i.e., the tilt angle 8 between n and z do not change), while the azimuthal angle
¢ assumes different values depending on the z coordinate. Relaxation times depend in principle on both
angles. However, from the experimental point of view, equivalent deuterons of different molecules in
different planes and, therefore, with different ¢, have exactly the same quadrupolar splitting, thus with
indistinguishable results. Moreover, a single relaxation decay can be recorded due to the average over
all molecules. The experimental evidence of a mono-exponential decay for all the 2H spin-lattice meas-
urements performed so far in tilted smectic phases indicates that, if any ¢-dependence is present, it
would be nevertheless so small as to be undetectable.

On the other hand, even if different experimental values for the relaxation times could be obtained
for different ¢ values, no suitable theoretical models are actually available to analyze them in terms of
dynamic parameters.

By neglecting the dependence on ¢, the relaxation data recorded in the SmC* phase could be an-
alyzed [8], and the results for several smectogens [8,10,61] are reported in Table 3.

Table 3 Rotational diffusion coefficients (s~!) and activation energies (kJ/mol) for the spinning, tumbling, and
internal rotations, determined from 2H NMR data analysis for several rod-like smectogens in the SmC* phase.
The values of D are taken at a temperature 7 in the middle of the temperature range of stability AT of the SmC*
phase.

Mesogen D/, in the D, in the Dy n the AE, (/) in AE, (1) in AE, (R) in
SmC* SmC* SmC* SmC* SmC* SmC*
11EBIM7-phen-D, [10] ~ 1.2x10°  1.1x107  4.1x108 20.0 119.0 78.0
1IEBIM7-biph-D, [10] ~ 12x10°  LIx107  1.5x10° 20.0 119.0 61.0
8BEF5-phen-D,, [8] 1.0x10°  L1x10%  7.2x10° 70.0 70.0 19.0
MBHB-biph-Dy [61] 12x10°  23x10%  1.1x10° 52.0 52.0 36.0

Some conclusions can be drawn by comparing the results shown in Tables 2 and 3 for the same
smectogens:

1.  The activation energy for the tumbling and spinning motions increases, passing from the SmA to
the SmC* phases, except for the spinning motion of the 11EB1M?7 smectogen.

2. No discontinuities could be observed passing from the SmA to the SmC* phases in the trend of
the diffusion coefficients, except for the tumbling motion of the 11EB1M?7 smectogen, in which
a sensible jump has been observed.

These results confirm that most of the differences in the dynamics behavior between the SmA and
SmC* phases are not in the fast-regime of motion, and they are not due to single-molecule motions. On
the contrary, in the slow regime, these two mesophases are expected to be quite different due to collec-
tive motions, such as soft or goldstone modes, as it has been detected by other experimental techniques
[46].
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UNUSUAL PROPERTIES IN BANANA-SHAPED LIQUID CRYSTALS

BLCs have been studied by 2H NMR spectroscopy only in recent years. However, the few papers al-
ready published confirmed the power of this technique to point out the peculiar properties of these new
molecular systems.

For instance, the biaxiality of the nematic phase formed by a BLC has been demonstrated by sim-
ulating ZH NMR spectra acquired under specific experimental conditions [20]. This important result has
been confirmed by other experimental techniques, such as X-ray diffraction [62], and it represents the
first evidence of the existence of the biaxial nematic phase in thermotropic single compounds.

Another example concerns the conformational properties, which are connected with the molecu-
lar chirality: the classical method based on the analysis of 2H NMR spectra of molecular probes diluted
in liquid-crystalline solvents has been applied to BLC systems [63,64]. These studies performed on both
BLC subunits [63,64] and BLCs themselves [65] diluted in common calamitic nematics show that the
behavior of bent molecules is completely different if they are in the bulk [13] or if they are used as
probes in a calamitic environment [63—65]. In this last case, the average conformation of the BLC mol-
ecules is not chiral, due to the very fast reorientation of the two lateral wings around the ester linkages.
This finding is in agreement with theoretical calculations [18,66] performed on single molecules, show-
ing that the potential energy surface is characterized by a very flat minimum corresponding to several
conformations.

On the contrary, the behavior of bent molecules in the bulk is much more complicated, mainly
due to molecular packing. Several studies [17-19,21] confirmed that when bent molecules are packed
together as in the B, phase, a twisted (chiral) conformation may be assumed by these molecules (see
Fig. 4).

Concerning the molecular and geometrical properties of BLCs, the studies performed on two se-
lectively labeled mesogens, the 1,3-phenylene bis{4-4'-(11-undecenyloxy)benzoyloxy} benzoate
(Pbis11BB) and its 4-chloro homolog (CIPbis11BB) can be taken as representative. The molecular
structure of these BLCs is reported in Fig. 4a, where the bending angle is also shown. This molecular
feature is very important in determining the mesophase behavior.

In fact, 13C and 2H NMR results [67], as well as theoretical calculations [66], have shown that if
the bending angle is larger than a limiting value, approximately 135/140°, depending on the molecular
structure, no B; phases appear, in favor of the nematic or smectic phases.

This behavior has been confirmed by different experimental and theoretical studies, and it is well
accepted by chemists working in the field, as reported in the reviews [5,68,69].

However, the bent shape of these molecules is probably responsible for several other unusual
properties, as those observed by ZH NMR relaxation measurements concerning the molecular dynam-
ics [21-23].

The mesogens CIPbis11BB [13,14,21-23] and Pbis11BB [13,21,24], deuterium labeled on their
central ring, have been investigated by means of 2H NMR.
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Fig. 4 (a) Molecular structure of the banana-shaped LCs 4-chloro-1,3-phenylene bis{4-4'-(11-undecenyloxy)
benzoyloxy} benzoate (CIPbis11BB, X = Cl) and 1,3-phenylene bis{4-4'-(11-undecenyloxy)benzoyloxy} benzoate
(Pbis11BB, X = H). (b) Twisted (chiral) conformation of Pbis1BB (five-ring core of the Pbis11BB mesogen)
minimized according to ref. [66].

The 2H line widths and ?H spin-spin relaxation times T, show a trend characterized by the fol-
lowing features, in a wide range of temperatures, from 40° up to the isotropic-mesophase transition tem-
perature to the crystalline phase:

. In the isotropic phase:

1. The isotropic peak is extremely broad, even at temperatures much higher than the clearing
point. This line broadening could not be due to pretransitional effects. Moreover, this anom-
alous behavior was confirmed by electro-convection [15] and light-scattering measure-
ments [16].

2. T, measurements in the same temperature range reveal that the line broadening is due to
dynamics reasons.
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3. The analysis of T, allows us to estimate the value of the correlation time 7, (= 1078 5) of the
motions responsible for this broadening. This correlation time is two orders of magnitude
larger than in normal calamitic compounds in their isotropic phase. This means that the mo-
tions related to this line broadening are extremely slow respective to conventional isotropic
phases [21].

. In the nematic phase:

1. The observed quadrupolar splitting, Avq, is quite large (up to 65 KHz) [13].

2. The spectral line width is very large (7-8 KHz) [13].

3. The 2H NMR spectra can be fitted by using simple Lorentzian functions [14], thus demon-
strating the dynamic nature of this broadening, which is homogenous. 7, relaxation time is
constant in the nematic range, and its value is about 30 us (very short respective to com-
mon calamitic nematic phases). A qualitative conclusion is that molecules are affected by
slow motions in the nematic phase [22].

4. Quite recently, a molecular model has been developed for identifying the kind of motions
responsible for the line broadening. T, relaxation times have been analyzed by solving the
Louiville stochastic equation [23]. ODFs have been excluded, while the main contribution
to the slow dynamics was found to be the overall molecular tumbling motion, with D
smaller than 10~ s. This finding is in agreement with the hypothesis that bent molecules
may form local clusters [16] or molecular aggregations [13,14] in the nematic phase.

. In the B, phase:

1. 2H NMR spectra recorded in the B, phase of Pbis11BB mesogen, labeled on both central
and lateral rings, show that this phase does not align in the magnetic field [24]. The hy-
pothesis is that local smectic domains do form, but in the macroscopic sample, these do-
mains are isotropically distributed, without any preferred orientation.

2. This behavior is confirmed by !3C NMR too, and it suggests that bent molecules are highly
packed in the B, phase and that their behavior in the bulk is quite different from that in thin
layers, where this phase revealed that it possesses interesting electro-optical properties
[68,69].

3. The fact that bent molecules do not align easily in the magnetic field could be connected
with the small value of the magnetic susceptibility anisotropy, as experimental [16] and the-
oretical studies [13,14] confirm.

4. Preliminary T, relaxation measurements in the B, phase confirm that these molecules are
affected by slow motions.

CONCLUSION AND FURTHER DEVELOPMENTS

In this paper, some new developments in the field of LCs by means of 2H NMR have been reported. In
particular, the dynamics of calamitic LCs in the fast-motion regime has been discussed in detail based
on the analysis of a large set of data for several deuterium-labeled smectogens. The values obtained for
rotational diffusion coefficients and activation energies for the overall molecular and internal motions
reveal that no significant differences exist in the fast-motion regime between the uniaxial SmA and bi-
axial SmC* phases. However, further developments, including the theoretical treatment of 7, relaxation
times, as well as the comparison with 13C relaxation times and 'H relaxometry, are very promising to
get a complete overview of the molecular dynamics of calamitic LCs.

Concerning the new liquid-crystalline phases formed by banana-shaped mesogens, their unique
orientational and dynamic properties have been described here, as detected by 2ZH NMR spectroscopy.
Among them, the response of these phases to magnetic fields and the tendency of their constituent mol-
ecules to form aggregates and complex supramolecular structures are unexpected and will require fur-
ther investigations.
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In fact, one of the most interesting aspects of these liquid-crystalline systems is the complexity of
their mesophase structures and the different ways of packing of the molecules. This last behavior is
strongly related to the molecular bent, which is at the basis of the strong molecular interactions, the high
dipole moment, and the small magnetic susceptibility anisotropy of these molecules.

On the other hand, 2H NMR studies were the first ones presenting evidence that the very unusual
slow dynamics affect not only the typical B phases, but also the nematic and isotropic phases formed
by banana-shaped mesogens. Further developments for understanding the origin of the restricted over-
all molecular motions, found by analyzing T, relaxation times, will require the modeling of the local
structures formed by these bent molecules in both isotropic and nematic phases. To this aim, the hy-
pothesis of molecular entanglement, as well as molecular clustering, offers an interesting possibility to
be further investigated.
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