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Director configuration in the twist-bend nematic phase
of CB11CB

Isabella Miglioli, Corrado Bacchiocchi,** Alberto Arcioni,* Alexandra Kohlmeier,© Georg
H. Mehl,c and Claudio Zannoni“

The director distribution in the nematic phases exhibited by the 1”,11”-bis(4-cyanobiphenyl-4’-
yl)undecane (CB11CB) liquid crystal has been studied in the bulk with the EPR spin probe tech-
nique. EPR spectra confirmed the presence of an higher temperature uniaxial nematic phase and
of a lower temperature nematic phase in which the director distribution is not uniform. Spectra
recorded in the lower temperature nematic phase were not fully compatible with theoretical EPR
spectra calculated according to the recently proposed model for the twist-bend phase in which the
local domain director twists around an axis with a fixed tilt angle, 6y, but were well described by a

“distributed-tilt” model in which the director has a relatively narrow distribution, centred at 6.

1 Introduction

The presence of a second, lower temperature nematic phase in
banana-shaped liquid crystals (LCs) made by two cyanobiphenyl
mesogenic units linked by an odd-membered alkyl chain (odd
symmetric LC dimers) was first observed by Panov et al.l. The
basic structural features of this phase for the odd symmet-
ric LC dimer homologue 1”,7"-bis(4-cyanobiphenyl-4'-yl) heptane
(CB7CB) were then proposed by Cestari et al.? who suggested
the phase to be the twist-bend nematic (Ng,) phase originally
proposed by Meyer3 and theoretically predicted by Dozov for
banana-shaped mesogens*. In particular, Cestari et al.? described
the phase as macroscopically uniaxial with a local nematic direc-
tor that makes a constant tilt angle 6, with the macroscopic axis
and twists around it in an helical fashion. Equal regions of op-
posite twist are expected to be present making the whole system
achiral.

In the following years a number of studies on odd symmetric
LC dimers, in particular CB7CB, have supported the twist-bend
model for the lower temperature nematic phase. These works in-
clude, in particular, a detailed 2D NMR study®; a comparison of
a molecular field model of the phase to NMR quadrupolar split-
tings®; electro-optic measurements’-8; DSC and optical polar-
ization microscopy?; freeze-fracture TEM 1011 and hi-res cryo-
TEM !!; synchrotron X-ray diffraction? and birefringence mea-
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surements 2. A recent work by Tamba et al.3 combined optical
polarization microscopy, small-angle X-ray scattering and electron
microscopy to study the nanostructure and the filament formation
properties of a LC phase of a symmetric difluoroterphenyl dimer
below the Ny, phase.

As the twist-bend model for the lower temperature nematic
phase gained general consensus, studies emerged trying to elu-
cidate the main features responsible for the onset of the phase
and even if the main mechanism responsible for the Ny, phase
is still an open question, some agreement on empirical observa-
tions is emerging. In a recent two-part review on the relationship
between molecular structure and the formation of the Ny, phase,
Mandle et al.!%15 concluded that the overall bent shape of the
molecule is more important than electrostatic interactions that
nonetheless play a role and must be in a “Goldilocks” range. Sim-
ilar conclusions have been reached in previous theoretical 1 and

experimental 17-19 works.

Despite the general agreement, the local director configuration
of the Ny, phase is still debated?%2! and a more direct evidence
that the director distribution in these materials is exactly of the
type indicated by several authors as the heliconical twist-bend is
still missing and worth investigating -22-23,

The EPR spin probe technique2420 seems to be well suited

to test the proposed structure of the Ny, phase and, in princi-
ple, would be an independent approach to estimate the constant
tilt angle 6y. In fact, the analysis of the spectra of a suitable
stable nitroxide free radical dissolved in the LC host can pro-
vide molecular-level information about the ordering, the reori-
entational dynamics and the local nematic director configuration
sensed by the probe in the N, phase.



Until now the only EPR measurements on this type of dimers
we are aware of have been done by Cestari et al. in their seminal
article? on the homologue CB7CB. In a qualitative assessment of
the EPR spectra the Authors pointed out that in the N phase the
spectra are consistent with a nematic monodomain whose direc-
tor is parallel to the magnetic field whereas in the Ny, phase the
spectra change significantly indicating a nonuniform alignment of
the director. A detailed analysis of the EPR spectra was however
not presented at the time.

Given the proposed structure of the Ny, phase, this spectral
change is not the expected one since, on cooling from a nematic
monodomain, it appears reasonable that the axis of the Ny, phase,
around which the director twists with the constant tilt angle 6y,
would be parallel to the magnetic field of the EPR spectrometer,
as it has been determined in NMR measurements on CB7CB27.
The expected spectrum in the Ny, phase should therefore corre-
spond still to a monodomain whose director is tilted at an angle
6y with respect to the magnetic field.

To check if this spectral change is common to other odd
symmetric LC dimer homologues, this article presents a detailed
investigation of  1”,11”-bis(4-cyanobiphenyl-4’-yl)undecane
(CB11CB) in the bulk and provides evidence from the analysis
of EPR spectra that seems to be at variance with the proposed
description of the Ny, phase 2-°-8:10-12,27

The structure of the article is as follows. In the next section ex-
perimental details are provided. The Theory section describes the
models used to analyse the EPR spectra. Information recovered
from the analyses are then presented in the Results and Discus-
sion section and a summary of the main findings is reported in
the Conclusions section.

2 Experimental

The LC dimer CB11CB is formed by two cyanobiphenyl groups
linked by an alkyl chain of eleven carbon atoms. It was synthe-
sized in the Department of Chemistry at the University of Hull
(UK) and was used without further purification. Its molecular
structure is shown in Figure 1.

Fig. 1 Molecular structure of CB11CB.

This material, upon cooling from the isotropic (I) phase, ex-
hibits a transition to the ordinary, uniaxial nematic phase (Ny)
and, on further cooling, to a second nematic phase, described as
a Ny, phase. Phase sequence reported by various authors varies
slightly 1,9:28-30,

The phase sequence of the CB11CB LC used in this work, de-
termined on heating by DSC at 10 K/min, was: Crystal — 377.2 K
-~ Nyp —381.9K-N, -398.5K-1.

The nitroxide spin probe, used for doping the CB11CB LC, was
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the 3p-doxyl-5a-cholestane free radical (Aldrich, hereafter re-
ferred to as CSL). This was employed in a number of previous
studies 2>31-33 where it proved to be a reliable probe to moni-
tor the order and the dynamics of the LC system, due to its size,
morphology and rigidity, which results in a strong orientation by
the LC host. The CSL structure is shown in Figure 2 together
with the chosen ordering (x,y,z, solid line) and magnetic (x,y’,Z’,
dashed line) molecular frames and the indication of its two main
reorientational motions, tumbling and spinning, with the corre-
sponding components of the rotational diffusion tensor: D, (re-
orientation of the molecular long axis) and D (rotation around
the long axis), respectively.

Fig. 2 Molecular structure of the CSL spin probe together with the
chosen ordering (x,y,z, solid line) and magnetic (x',y’,z’, dashed line)
molecular frames, the Euler angles,  and y, between the molecular
frames and the principal components, D, (reorientation of the molecular
long axis) and D (rotation around the molecular long axis), of the
rotational diffusion tensor.

CSL was added to CB11CB in the I phase at a typical concentra-
tion of about 1 x 107 gcsr./gcB11cB, Which is below the limiting
concentration typically suggested 24 to avoid Heisenberg spin ex-
change distortion effects.

Samples of CSL-doped CB11CB were inserted into glass capil-
laries of 1.8 mm internal diameter for the EPR measurements.
EPR spectra were acquired with a Bruker EMX spectrometer
equipped with an ER 041XG microwave X-band (9.5 GHz) Gunn
Diode bridge and a rectangular ER 4102ST cavity. The samples
were thermostated with a nitrogen flux through a variable tem-
perature unit Bruker B-VT 2000. The temperature was monitored
with a calibrated type T thermocouple (Comark Ltd.) kept in
close proximity with the sample and showed a stability better
than £0.05 K.

The molecular magnetic frame (x',y’,z") was chosen according
to the standard system of coordinates for the N-O paramagnetic
moiety with the x’ axis along the N-O bond 334 and the 7’ axis
perpendicular to the five-membered ring, i.e. parallel to the p,
orbital containing the unpaired electron. According to a standard
approach, the z axis of the molecular ordering frame is considered
parallel to the principal axis of inertia of the probe (its “long axis”)
and, to simplify the rotation which takes the ordering into the
magnetic frame3134 the y axis is considered parallel to the 7/
axis. To reduce the correlation among variable parameters, the
Euler angles, 8 and 7y, between the molecular frames, were fixed
in the fittings to 15° and 90°, respectively, in agreement with
previous results obtained in related systems2>31-34,

The EPR spectra simulation program employed was based on
a set of Fortran routines implementing the slow tumbling the-
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ory for a spin probe reorienting in a LC, developed by Freed and
collaborators 243536 combined with a software package3” that
optimizes the fit parameters using the Gauss-Newton-Marquardt
non-linear least squares method 38.

On cooling from the I to the N, phase, from 393.2 K, down to
379.2 K, spectra were very well fitted by a simple monodomain
aligned along the magnetic field, indicating that the spectrome-
ter field is able to produce an essentially (=~ 95%) uniform sam-
ple (see the Results and Discussion section for details). In the
presence of the magnetic field, this uniformity is expected to be
maintained upon the further cooling into the Ny, phase.

3 Theory

The nitroxide spin probe is assumed to reorient in a locally uniax-
ial nematic domain whose director, n, can be oriented, in gen-
eral, at an angle f; with respect to the spectrometer uniform
magnetic field. The corresponding unsaturated, high-field EPR
spectrum, Iy(® — @y, Bq), at frequency o, is calculated using the
classic Stochastic Liouville Equation approach of Freed and col-
laborators 24336 which predicts that:

In(o—an,fo) = O -i2) +ilo- o)) ), ()

where the central frequency, ay, at the spectrometer field, By
(0.339 T), is obtained from the g factor, gy, and the Bohr magne-
ton, B.: wy = goPeBo/h. £ is the Liouville superoperator obtained
from the orientation dependent spin Hamiltonian, I is the diffu-
sion superoperator describing the reorientational motion of the
probe, |v) is a vector containing spin transition moments averaged
over the equilibrium ensemble and I is the identity. A brief ac-
count of the general approach of Freed and collaborators 24-35.36
has been presented in a previous work2>. To reduce the total
number of model parameters, the reorientational motion of the
probe is assumed to take place in a uniaxial, mean field ordering

potential
U(B) = —kT [AyP>(cosB)] , (2)

where Ay is the strength of the potential, £ the Boltzmann con-
stant, 7 the temperature in Kelvin and P>(cosf3) is a second rank
Legendre polynomial. The local order is described by the orienta-
tional order parameter, (P»), defined as

_ [ Pa(B) exp[-U(B)/kT] sinBdp
Jexp[=U(B)/kT]sinpdf ~

where f is the probe orientation with respect to the local do-
main director.

(P) 3

The EPR spectrum of a spin probe in a LC phase, that can be
modelled as a distribution of uniaxial nematic domains, is given
by the superposition of the monodomain spectra, Iy (@ — @y, Bq)

(- a) = /ﬁ In(®— @, Ba) P(Bo)r dBa @)

where It(® — ax) is the theoretical EPR spectrum, P(f4)T is the
distribution of the local nematic director and the integral extends
over the entire variation of 3.

In the Ny, phase the local nematic domain director is supposed

to precess uniformly about an axis, making a fixed angle, 6y,
with {t8810.12.27.39 A “fixed-tilt” (FT) model can be defined
accordingly, indeed, when the axis is oriented along the mag-
netic field, the local director is uniformly oriented at a fixed angle
6y and the director distribution is simply a tilted delta function,
P(Ba)rr = 6(Ba — 60).

When the axis is perpendicular to the magnetic field, as indi-
cated in Figure 3, the local director, n, is uniformly distributed on
the surface of a cone of aperture 26, whose axis is perpendicular
to the laboratory z axis, taken as the direction of the magnetic
field. In this case, P(B4)rr can be obtained as follows.

A is the projection of P onto the xz plane and B is the projection
of P onto the z axis. Assuming OP unitary, we have: OA = sin,
and OB = cos¢sin 6. Since we have also OB = cos 4, B4 and ¢
can be related as cos 34 = cos ¢ sin 6.

Fig. 3 Schematic of the conical distribution of the local director in the
twist-bend model when the cone axis is perpendicular to the z axis,
taken as the direction of the magnetic field.

The conical distribution must obey the relation

P(Ba)rrdBy = P(¢)do, (5)
therefore " | do
P(Bd)FT:P(q))dTii:EdT}d’ (6)

since the distribution of the angle ¢ is uniform. To calculate ST%
we obtain ¢ from the previous relation
cos 34

¢ = arccos 6o 7

Finally we obtain

do csc O sin By

dBa \/1—cosB3csc6?

P(Ba)pr is real for § — 6y < Bg < 5 +6p. A second rank order

parameter, (P»)4, corresponding to this director distribution can
be introduced as

®

- ff;ff [3cos?(Ba) — 3] P(Ba)rrdBa 4
2)d = - -
‘ fgj;)OP(ﬁd)FTdﬁd

[—1—3cos(26))].

|

9
The dependence of the (P»)4 of the distribution upon the angle
6y shows the expected behaviour. In particular, when 6y — 0 the
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distribution reduces to a monodomain perpendicular to the mag-
netic field and the (P,)q assumes the limiting value —1/2; when
6o — m/2 the distribution becomes uniform on the xz plane and
the limiting value of (P)q4 is 1/4.

As presented in the Results and Discussion section, the analy-
ses of the EPR spectra done with the FT model failed to provide
a consistent temperature behaviour of the parameters recovered
from the fits. The main problem with the FT model seemed to
be the following. When the axis of the Ny, phase is parallel to
the magnetic field, the EPR spectrum should be just a tilted mon-
odomain, since the local domain director twists around the axis
with a constant tilt angle 6. Instead, the experimental spectra in
the Ny, phase were clearly of the polydomain type.

A conceivable model that maintains the basic structure of the
twist-bend phase and is also compatible with polydomain EPR
spectra is one in which the local domain director is not fixed at 6,
with respect to the magnetic field but is described by a relatively
narrow distribution, centred at 6y. The relevant angular distri-
bution for this “distributed-tilt” (DT) model has been obtained as
follows.

The uniform magnetic field is oriented along the z axis of the
lab reference frame x,y,z (Figure 4). The uniform tilt direc-
tion of the twist-bend phase is defined by the 7’ axis of a sec-
ond reference frame, x’,y’,7, rotated with respect to x,y,z by
the Euler angles 0,6y,0. The local domain director, n, is taken
as a unitary vector having, in the x,y’,7 frame, coordinates
sin ¢ cos a, sin @ sin &, cos ¢. The angle between the director, n, and
the magnetic field is .

2
sec2 6 (cos B4 — cos artan 6 \/(:os2 asin® @y — cos? By + cos? 90)
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The unknown probability density distribution of the director,
n, in the ¥',y',7 frame, is assumed to be uniaxial, centred on the
7 axis, with a uniform distribution of o, P(a) = 1/2%, whereas
the distribution of the polar angle ¢ is modelled, as it is usu-
ally done (e.g. in the EPRLL “family” of EPR spectra simulation
programs#0) by a P,-type distribution, P(¢) o exp[AgP> (cos¢)],
where P, is a second rank Legendre polynomial and 24 is a posi-
tive constant.

The order of the domain director with respect to 7’ is described
by the orientational order parameter, (P,)q, defined as

(Py)g = [ Py(cos ) exp[Aq Pr(cos¢)] sing do
24 = Jexp[Aq P> (cos ¢)] sin¢g do

A value of (P;)q = 0 represents the limiting case of an isotropic
distribution of the domain directors, corresponding to P(B4)pr =
1/m, whereas in the other limit of (P,)q = 1, the local director
is uniformly oriented at a fixed angle 6y and the director dis-
tribution becomes identical to the previous model, P(f4)pr =
P(Ba)rr = 6(Ba — 60)-

An explicit equation for the probability density distribution of
the angle By can be obtained by expressing ¢ in terms of 3 by
noticing that cosfy and cos¢ are the z and z'coordinates of n,
respectively (see Figure 4), related by

(10

cos B3 = sin By sin ¢ cos o + cos B cos ¢. 1y

The expression of ¢ in terms of 34 is obtained, after some alge-
bra, as

cos? ¢ = f(a,Bq) =

The probability density distribution of the angle f is therefore

Plafaor = |20 (3l -3 )| ()

The integration of this expression along both « and Sy is carried
out numerically using the adaptive multidimensional integration
Fortran routine DCUHRE*!.

It is worth pointing out that such a distribution of tilt angles
with respect to the magnetic field is not necessarily the only one
that could fit the spectra. The reason is that a magnetic resonance
experiment like our one is only sensitive to the angle between a
molecular magnetic tensor axis and the spectrometer magnetic
field direction. It is conceivable that another distribution could,
for example, describe a situation in which the helical axis, al-
though parallel on average to the magnetic field, is undulating
while the tilt angle is fixed with respect to the helix axis42. How-
ever, yet another possibility is that of a more inhomogeneous dis-
tribution of fluctuations of the helix axis as well as of tilt angles.
Any model of this type would, however, require additional fitting
parameters and, we believe, its introduction would not be justi-

4| 1-10

(1+ cos? atan® 60)2

(12)

(

fied by our current observable results. We thus stick, following
Occam’s razor principle, to the minimal deviation from the stan-
dard heliconical model that fits our spectra.

4 Results and Discussion

The ability of the CSL spin probe to report correctly the local ne-
matic order of the CB11CB LC can be assessed by noticing that
CSL was able to consistently report the local order and the direc-
tor organization of the 5CB LC in previous studies*3#4. It has
also been shown by Oganesyan et al., using molecular dynamics
simulations of the CSL probe in 5CB“4°, that the order parameter
of the probe and of the mesogen are in good agreement. If the lo-
cal environment in which the CSL spin probe is located is similar
in these two different but related LCs, it is reasonable to expect
that CSL will report correctly the local nematic order also of the
CB11CB LC.

In Figure 5 a typical rigid-limit spectrum of CB11CB, recorded
in the bulk, is compared with typical rigid-limit bulk spectra of
1”,9"-bis(4-cyanobiphenyl-4’-yl)nonane (CB9CB) and of 5CB. For
every LC the spectrum was recorded at a temperature well be-
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Fig. 4 Schematic of the geometrical relation between cos(fB4) and cos(¢)
as the z and 7’ coordinates of the local domain director n (see text for
details).

low the relative melting temperature, Tp,, and in the rigid-limit
regime. The resulting reduced temperatures, T* = T /Tp,, were
thus 0.733 for CB11CB, 0.616 for CB9CB and 0.586 for 5CB. Melt-
ing temperatures, observed on heating, were 377.2 K for CB11CB,
362.15 K for CB9CB and 295.7 K for 5CB. Apart from a small
difference in the linewidths, the position of the peaks, which is
determined solely by the hyperfine tensor which, in turn, is de-
pendent on the polarity of the environment, is the same in the
three LCs indicating that (i) the rigid-limit spectrum of CB11CB
is typical of these kind of dimeric LCs and that (ii) the local envi-
ronment in which the CSL spin probe is located should be fairly
similar in 5CB and in CB11CB.

CB11CB

CBICB

3320 3340 3360 3380 3400 3420 3440 3460
Field/G

Fig. 5 Typical rigid-limit spectrum of CB11CB, recorded in the bulk at
the reduced temperature, T* = T /T, of 0.733, compared with a typical
rigid-limit bulk spectrum of CB9CB at 7* = 0.616 and with a typical
rigid-limit bulk spectrum of 5CB at 7* = 0.586. Ty, is the melting
temperature observed on heating which is 377.2 K for CB11CB, 362.15
K for CB9CB and 295.7 K for 5CB.

Final EPR spectra were recorded, on cooling, in the tempera-
ture interval 403.2-368.2 K to study the isotropic and the nematic

phases (see below) exhibited by the CB11CB LC. EPR spectra
recorded between 403.2 and 395.2 K had three well-resolved hy-
perfine lines typical of a relatively fast motional isotropic regime,
without other contributions, clearly indicating that the CB11CB
was in the I phase. These spectra were consistently fitted to the
isotropic model. Two spectra typical of the I phase at 403.2 and
395.2 K are shown in Figure 6 (top spectra, black line) together
with the corresponding fits (red line).

T=403.2 K

T=395.2 K

T=393.2 K

T=3822 K

3320 3340 3360 3380 3400 3420 3440 3460
Field/G

Fig. 6 Typical EPR spectra (black line) in the | phase (top two spectra)
and in the N, phase (bottom two spectra). Top spectra are fitted (red
line) to an isotropic model; bottom spectra are fitted to a nematic
monodomain model with a small contribution (about 5 %) of an isotropic
distribution of domains (see text for details).

By lowering the temperature at 393.2 K, the position of the out-
ermost peaks, previously constant, suddenly changed, indicating
that a phase transition had occurred. The approximate temper-
ature of this transition was 394.2 K, about 4 K below the Ty of
CB11CB not doped with CSL, measured via DSC on heating. A
downshift of the transition temperature of a few K has been ob-
served in previous works on the related LC CB7CB 40 in presence
of a small amount of a dopant. The observed spectral lineshapes
were typical of a N, phase, as expected, with the director uni-
formly aligned along the magnetic field. Two spectra typical of
the N, phase at 393.2 and 382.2 K are shown in Figure 6 (bottom
spectra, black line). A very small contribution, determined in the
analysis to be about 5 %, can be seen as shoulders or peaks at
the extremes of the main spectrum. In the temperature interval
393.2-379.2 K, the main spectrum was modelled as a uniaxial
nematic monodomain obtaining a consistent temperature depen-
dence of the best-fit parameters. The small outer peaks were not
compatible with the isotropic model and were approximately re-
produced with the DT model, with parameters (P,)q = 0 and tilt
angle 6y = 0°, which corresponds to an isotropic distribution of
domains. The nature of this contribution, being quite small, could
not be determined more accurately. Fits of the spectra at 393.2
and 382.2 K are also shown in Figure 6 (bottom spectra, red line).

In a series of preliminary analyses, spectra in the range 378.2—
376.7 K showed a progressively lower uniaxial nematic spectral
contribution and a new, increasing, contribution. This behaviour

1-10 |5



suggested the presence in our CSL-doped CB11CB LC of a bipha-
sic region in which the N, and the Ny, phases coexist over a tem-
perature interval of a few K. A coexistence region, induced by
a small amount of a dopant, was indeed observed in previous
works on the related LC CB7CB>46. This coexistence is consistent
with the first order nature of the Ny—N, transition in these ma-
terials, as reported by Tripathi et el.4” for the dimer homologue
CB9CB. Below 376.7 K the uniaxial nematic spectral contribution
was no longer present, suggesting that the system was fully in the
lower temperature Ny, phase. In this phase, spectra showed ad-
ditional hyperfine contributions at low and high field, indicating
a nonuniform alignment of the director with respect to the mag-
netic field. A similar behaviour has been found by Cestari et al.2
who recorded a series of EPR spectra across the Ny and Ny, phases
of CB7CB.

Before any attempt to analyse the spectra in the coexistence
region could be made, it was necessary to model the spectra in
the lower temperature Ny, phase.

Spectra recorded between 375.7 and 372.2 K were quite simi-
lar, thus confirming that the system was not experiencing further
phase changes. The spectrum recorded at 372.7 K was there-
fore considered as representative of the Ny, phase to be compared
against the FT model. The theoretical spectrum was calculated by
fixing the FT model parameters at the following values: the local
order parameter has been shown?>27 to increase slightly upon
entering the Ny, phase, accordingly, (P,) was set at 0.50 which is
slightly larger than the value of 0.49 found at the lower end of
the N, phase at 379.2 K; the Ny, phase of CB11CB was found to
be more viscous than the N, phase28, accordingly, to explore a
wider dynamical range, the perpendicular component of the rota-
tional diffusion tensor, D |, was set at a series of different values
between 0.01 ns~! and 0.002 ns~!, which were either half or one
tenth of the value of 0.02 ns—! observed at the lower end of the
N, phase, respectively. An estimate of the conical angle, 6y, for
CB11CB has not been reported. The closest available estimate is
the conical angle for CB7CB that has been recently determined
from the mean value of the 2H NMR quadrupole splittings of
CB7CB-d4 and 8CB-d, dissolved in CB7CB?27, from optical bire-
fringence measurements2 and using transmission electron mi-
croscopy®. In a range of a few K below the Ny,—N, transition all
these studies determined 6, to be about 20°. A different estimate
of the conical angle for CB7CB, also from optical birefringence
measurements*2, determined 6 to be about 10°. Following these
arguments and to explore a wider range of values, 6 was set ei-
ther at 10° or at 30°.

In Figure 7, top, the EPR spectrum (black line) at 372.7 Kin the
Ny, phase is compared with spectra calculated according to the FT
model, with (P,) =0.50, D, =0.01 ns~—! (lower values did not im-
prove the model) and 6y = 10° (red line) or 6, = 30° (green line).
The comparison clearly shows that the lineshapes obtained with
the FT model are quite different from the experimental spectrum.

To better understand the nature of the director distribution in
the Ny, phase, spectra at selected temperatures were recorded
immediately after “field cooling” (FC) which was done by heating
the sample above its Ty then slowly cooling it to the requested
temperature at approximately 1 K/min, with the applied magnetic
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field set at 0.63 T, the highest available on the EPR spectrometer.
This procedure should maximise the alignment of the local ne-
matic directors along the magnetic field. A second spectrum was
then recorded immediately after a rotation of the sample by 90°
around an axis perpendicular to the magnetic field.

In Figure 7, middle and bottom, the EPR spectra (black line)
recorded at 370.2 K in the supercooled Ny, phase after FC (||)
and after a 90° rotation of the sample (L) are presented. At this
temperature spectra before and after the rotation were, as ex-
pected, clearly different, since the phase is anisotropic and, due
to the increased viscosity, the relatively low magnetic field used
in the measurements (centred at 0.339 T) was not able to realign
the sample. In fact, spectra recorded immediately after the ro-
tation and several hours later were identical (not shown). Since
the Ny, phase of CB11CB in a standard LC cell was not switched
by an electric field lower than 20 V/um,? it seems unlikely that
the director distribution will be perturbed by the relatively weak
magnetic field of the EPR spectrometer.

These spectra were then compared against the FT model. The
theoretical spectra were calculated by fixing the model parame-
ters at the following values: since it has been shown?>27 that,
once in the Ny, phase, the order parameter (P,) remains almost
constant, it was set at the same previous value of 0.50; since the
temperature was only 2.5 K lower than the previous one, the ro-
tational diffusion tensor, D |, was also set at the same value of
0.01 ns~!; the conical angle, 6, was set, as before, either at 10°
or at 30°. This interval should still be appropriate to model the
tilt angle that has been reported to maintain a value within 30°
in a range of temperatures not too far from the Ny-N, transi-
tion 81227

In Figure 7, middle and bottom, the EPR spectra (black line)
at 370.2 K in the supercooled Ny, phase are compared to spec-
tra calculated according to the FT model, with parameter values
described above and 6y = 10° (red line) or 6y = 30° (green line).
We see that the FT model is able to qualitatively reproduce the
spectrum recorded after the rotation (L), but not the spectrum
recorded before the rotation (||).

Despite the lack of agreement of spectra calculated according
to the FT model with experimental EPR spectra at selected tem-
peratures, an attempt was done to analyse spectra with the FT
model, by optimizing fit parameters, from the onset of the bipha-
sic region, at 7 = 378.2 K, to T = 368.2 K, in the supercooled
Ny, phase. To reduce the number of model parameters, different
globalization schemes were adopted where the tilt angle, 6y, was
kept variable but was a common parameter to model a group of
spectra. In all cases, parameters recovered from the fits failed to
show a consistent and meaningful behaviour with temperature,
indicating, as expected, that the FT model was not appropriate to
correctly reproduce the experimental spectra.

The DT model, presented in the Theory section, was therefore
tested against the experimental EPR spectra recorded at 372.7 K
in the Ny, phase and at 370.2 K in the supercooled Ny, phase.
In Figure 8, top, the EPR spectrum (black line) at 372.7 K in the
Ny, phase is compared with spectra calculated according to the DT
model, with (P,) = 0.50, (P,)q =0.44, D| =0.01 ns~! and 6y = 10°
(red line) or 6y = 30° (green line). In the same Figure, middle and
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Fig. 7 EPR spectra (black line) at 372.7 K in the Ny, phase, top, or at
370.2 K in the supercooled Ny, phase, middle and bottom, after FC (||)
and after a 90° rotation of the sample around an axis perpendicular to
the magnetic field (L), compared to spectra calculated according to the
FT model with tilt angle 6, = 10° (red line) or 6y = 30° (green line, see
text for details).

bottom, the EPR spectra (black line) at 370.2 K in the supercooled
Ny, phase are compared to spectra calculated according to the DT
model, with (P,) = 0.50, (P,)q = 0.40, D, =0.01ns~! and 6y =
10° (red line) or 6y = 30° (green line). It is apparent that the
lineshapes of the spectra calculated with the DT model resemble
more closely those of the experimental spectra compared to the
lineshapes of the spectra calculated with the FT model shown in
Figure 7.

Experimental spectra recorded in the temperature interval from
the onset of the biphasic region, at 7T =378.2 K, to T = 368.2 K, in
the supercooled Ny, phase, were analysed with the DT model. To
reduce the correlation among the fit parameters, separate global
analyses were performed for the spectra recorded in the biphasic
region, those in the Ny, phase and those in the supercooled Ny,
phase. In each global analysis, the tilt angle, 6), and the order
parameter of the domain directors, (P, )4, were global parameters.

With this approach, parameters recovered from the fits ap-
peared to have a variation that was consistent across the bipha-
sic region, the Ny, and the supercooled Ny, phases and was also
consistent with the parameters previously recovered from the I
and the N, phases. The temperature dependence of the local
orientational order parameter, (P,), and of the rotational diffu-
sion tensor, D , across the whole temperature interval studied is
shown in Figures 9 and 10, respectively. Recovered global param-
eters were as follows, biphasic region: 6y = 16°, (P»)q = 0.60; Ny,
phase: 6y = 11°, (P)q = 0.47; supercooled Ny, phase: 6y = 20°,

3320 3340 3360 3380 3400 3420 3440 3460
Field/G

Fig. 8 EPR spectra (black line) at 372.7 K in the Ny, phase, top, or at
370.2 K in the supercooled Ny, phase, middle and bottom, after FC (]|)
and after a 90° rotation of the sample around an axis perpendicular to
the magnetic field (L), compared to spectra calculated according to the
distributed-tilt (DT) model with tilt angle 6y = 10° (red line) or 6, = 30°
(green line, see text for details).

(Py)q =0.57.

At the Ng-N, phase transition, the (P,) values in the coexis-
tence region (two values on one side of the transition and two
on the other) show a very small discontinuity which is within the
experimental error, therefore the variation of the (P,) with the
temperature is essentially continuous. This behaviour appears to
be in agreement with the theoretical approach of Dozov* and the
molecular theory proposed by Greco et al. 16,

The observed (P,) values are also in good agreement with those
recently obtained by Zhang et al. from polarized Raman spec-
troscopy in CB11CB“® across the N, phase and immediately be-
low the Ny—N, phase transition. In particular, Zhang et al. ob-
served, as in our study, that the local (P,) appears to be contin-
uous across the Nyp,—N, phase transition and then remains essen-
tially constant in the Ny, phase.

In the supercooled Ny, phase, (P;) values appeared to decrease
(see Figure 9, open squares). This was not observed in previous
studies on the related dimers CB7CB27 and CB9CB2°. A similar
behaviour has been observed by Emsley et al. in a recent study
on the symmetric difluoroterphenyl dimer DTC5C94°. The be-
haviour of the (P,) in our study bears another similarity with that
observed by Emsley et al. in that it reaches a maximum value in
the N, phase, before the transition to the Ny, phase. The decrease
of (P,) values in the Ny, phase observed by Emsley et al. was ex-
plained as an effect of the simultaneous increase of the tilt angle,
6.
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Indeed, in our fits, a certain degree of correlation was present
between the local (P,) parameter and the tilt angle, 6y and to
study this effect, we repeated the spectral fits by assuming that
the (P,) in the supercooled Ny, phase had an empirical Haller-
type®© temperature dependence described as

(P)(T) = (P)o(1 =T /Twrp)P, (14)

where Ty; was fixed at 394.2 K, the temperature of the ob-
served N,-I transition, whereas (P,)¢ and the exponent, 3, were
obtained by fitting the Haller equation 14 to the (P,) values in
the Ny phase in the range from 7y; up to the observed maximum
around 383 K (first 7 values, see Figure 9). Best-fit parameters
were (P»)o = 0.70 and 8 = 0.09. The corresponding Haller func-
tion is shown as a dashed line in Figure 9.

Best-fit values of the tilt angle, 6, recovered from the analysis
of the EPR spectra in which the local (P,) was fixed at the Haller
values are shown in the inset of Figure 9 (solid circles). These
values of the tilt angle are clearly larger than the value of 20°
recovered from previous fits, where ) was treated as a global
parameter (see above). The quality of these new fits appears to
be slightly lower with respect to the previous ones. As an exam-
ple, the fit of the spectrum at 7 = 371.7 K, in the supercooled Ny,
phase, is shown in Figure 11. We notice, however, that a sim-
ilar increase of the tilt angle upon lowering the temperature in
the Ny, was also reported for CB7CB from birefringence measure-
ments>!,

T/°C
o 8319 95.9 99.9 103.9 1079 111.9 1159 1199 1239 1279 1319

Supercooled
Ny Nip Nu I
0.64 +
e S N, =
0.48 - oooo L .wii‘rl;wl\‘“‘l»; Ny o 1
== = — Haller-type fit -~
E:‘\ n
~ 35 T
032} b °
o .
o o 33 F .
- e < 32t .
0.16 | 3Ly .
30 . . .
367.0 368.5 370.0 371.5 373.0)
T/K

0.00 . . . . . . . - .
365.0 369.0 373.0 377.0 381.0 385.0 389.0 393.0 397.0 401.0 405.0
T/K

Fig. 9 Temperature dependence of the local orientational order
parameter, (P,), in the | and N, phase (solid squares) and in the Ny, and
supercooled Ny, phase (open squares), compared with values
calculated with the Haller function of eqn. 14 (dashed line, see text for
details). The inset shows the temperature dependence of the tilt angle,
6y (solid circles), in the supercooled Ny, phase recovered from the EPR
fits, having fixed the (P,) at the Haller values. Vertical lines indicate the
approximate transition temperatures observed, that are about 4 K below
the transitions of CB11CB not doped with CSL, measured via DSC on
heating. Four temperature values are in the biphasic region: two on one
side of the Np—N, phase transition and two on the other.
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Fig. 10 Temperature dependence of the rotational diffusion tensor, D,
in the | and N, phase (solid squares) and in the Ny, and supercooled Ny,
phase (open squares). Vertical lines indicate the approximate transition
temperatures observed, that are about 4 K below the transitions of
CB11CB not doped with CSL, measured via DSC on heating. Four
temperature values are in the biphasic region: two on one side of the
Ng—N, phase transition and two on the other (see text for details).

5 Conclusions

EPR spectra of the CSL spin probe dissolved in the nematic phases
exhibited by the CB11CB liquid crystal confirmed the presence
of an higher temperature uniaxial nematic phase and of a lower
temperature nematic phase in which the director distribution is
not uniform. This lower temperature nematic phase has been
recently described as a twist-bend phase ©:8:10:1227.39 where the
local nematic domain director precesses uniformly about an axis,
making a fixed angle, 8y, with it. The EPR spin probe technique is
particularly suitable to examine the differences between the ori-
entational order (P,) with respect to a local director as well as the
distribution of local domains, characterized by a director order
parameter (P,)q. This could be particularly important when (P>)q
is very different from one, i.e. the sample is not a monodomain.
The limiting case is that of an isotropic distributions of domains,
like in a spherical membrane vesicle®? or in a macroscopically
isotropic LC elastomer>3, where the local domains are ordered,
but the overall macroscopic order in the laboratory frame is van-
ishing. Thus the EPR spin probe method has some advantages
on techniques like birefringence that measure the overall order
of the sample in the laboratory frame. Moreover, the magnetic
field employed in EPR is much lower than that used in NMR, so
that a sample aligned beforehand in a strong field can actually
be rotated during the experiment and spectra at various angles
(here parallel and perpendicular to the field) recorded. To anal-
yse the EPR spectra, a fixed-tilt (FT) model and a distributed-tilt
(DT) model have been developed here to calculate the spectra ex-
pected in the twist-bend phase. Experimental spectra of samples
in which the twist-bend axis should be parallel to the magnetic
field showed marked differences from the spectra calculated ac-
cording to the FT model but were, instead, well reproduced by
the DT model.
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Fig. 11 EPR spectrum (black line) at 371.7 K in the supercooled Ny,
phase, and fit (red line) in the assumption that the local (P,) is described
by the Haller function shown as a dashed line in Figure 9 (see text for
details).

This distribution, reported by the spin probe, is expected to be
a relatively accurate description of the actual local director dis-
tribution in the twist-bend phase. The macroscopic monodomain
observed in the N, phase and the fact that the values of (P,) re-
covered from the analyses are in good agreement with those ob-
served in a recent study of CB11CB“® indicate that the spin probe
is able to report quite accurately the overall orientation of the LC
molecules, as in previous studies of uniaxial nematics 334554,

On the other hand, the EPR spin probe technique can only pro-
vide insights about the actual geometry of the twist-bend nematic
phase. Our present results suggest that the tilt angle of the local
director in the Ny, phase is not fixed but that a relatively narrow
distribution of tilt angles with (P;)q around 0.5-0.6 is present.
This observation would not be compatible with a model of the
phase in which the helical axis is macroscopically straight and the
tilt angle fixed. However, our results do not exclude other similar
organizations. In particular the possibility of the conic angle not
being unique, but rather of varying with the molecular segments
of the dimers has been recently put forward by Vanakaras and
Photinos22 and could provide a possible molecular origin of the
tilt distribution as reported by the CSL spin probe. A discussion
about a possible more complex structure of the twist-bend phase
of CB11CB has also been recently provided by Mandle et al.?,
while yet another possibility, recently put forward, is that the axis
of the helix is not fixed but undulates*2. Our data cannot pos-
itively distinguish between these different models at this stage,
but we hope that this work will stimulate further analysis of these
very interesting phases.
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Detailed EPR spectral analyses suggest a distributed rather than a fixed tilt angle in the twist-bend nematic

phase.
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