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Manipulation of the nanoscale heliconical structure of a twist-bend nematic
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The effect of polarized violet light on the alignment and the heliconical pitch of a liquid crystal dimer
containing both sulfur atoms and an azo linkage has been studied by tender resonant x-ray scattering. The results
provide evidence of the manipulation of the nanoscale heliconical structure by polarized light. In addition to the
bulk alignment of the heliconical nanostructure, the value of the heliconical pitch can be varied as well. After
turning the light on, an increase of the pitch is observed in two steps. The increase with a subsecond timescale is
attributed to the reduced heliconical order related to trans-cis photoisomerization. This is followed by a smaller
increase over a 10-s timescale, which is likely related to the annihilation of defects. After turning the light off,
the pitch first decreases within a few seconds to a value larger than the original (before illumination), and then

relaxes further on a much longer (hours) timescale.

DOI: 10.1103/PhysRevResearch.2.032004

The helical pitch of chiral nematic liquid crystals of
rod-shaped molecules ranges from 0.1 to several hundred
micrometers [1] depending on the helical twisting power
of the molecules. Recently achiral liquid crystal oligomers
(dimers [2—18], trimers [17,19,20], and tetramers [11,20,21]),
in which rigid arms are connected with flexible methylene
spacers consisting of odd-numbered carbons, were found to
have a heliconical nanostructure with a pitch in the 6-20-nm
range [5,22,23]. The heliconical structure involves simultane-
ous twist and bend deformations of the molecular orientation,
but no positional order, hence the name: twist-bend nematic
(Ntp) [24-26].

Various methods have been employed to characterize the
heliconical structure. Freeze fracture transmission electron
microscopy (FFTEM) imaging [5,22] determines values of
the pitch with about 1-2-nm precision, but temperature de-
pendent measurements would require a large number of sam-
ples to be quenched from various temperatures. Resonant
soft x-ray scattering (RSoXS) at the carbon K edge reveals
the nanoscale pitch as a function of temperature on single
samples [27-30] and can be used for all carbon-containing
thermotropic LCs. However, the A = 4.4 nm wavelength of
the carbon K edge limits the resolution of pitch measure-
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ments to several nanometers. Additionally, RSoXS has only
[~ 0.3 um penetration depth, thus requiring submicron-thick
films [31]. Tender resonant x-ray scattering (TReXS) at the
sulfur’s K edge (e.g., E = 2.471keV, A = 0.502 nm) enables
subnanometer resolution using thicker samples [32-34]. Since
TReXS typically comes from just one or two sulfur atoms,
well-defined diffraction features can be observed in the entire
Nrp temperature range [32-35].

Recently in an azo-containing dimer a UV light induced re-
versible Nrp to N transition [36], and six orders of magnitude
reversible variation of the viscoelastic properties [37,38] were
reported. However, the nanoscale structural changes during
these macroscopic transitions have not been studied yet.

In this paper we present TReXS studies of the polarized
UV-violet light induced manipulation of the nanoscale struc-
ture on a novel dimer material containing both an azo link-
age and sulfur atoms. We will show three important effects:
(a) The polarized light leads to a bulk metastable alignment of
the heliconical axis; (b) due to photoisomerization, the heli-
conical pitch increases or at sufficiently high light intensities
and temperatures the Ny phase can be suppressed; (c) after
turning the light off, the pitch relaxes rapidly to a higher
value than measured before illumination; further relaxation
only occurs on a much slower timescale.

Figure 1(a) shows the molecular structure and phase
sequence of the studied dimer, a cyano-terminated azo-
containing asymmetric molecule (designated CNAzoS7SCB)
whose rigid arms are connected by a -(CH,)7- spacer through
two sulfur atoms. Details of the molecular synthesis will be
published elsewhere.

Polarized optical microscopy (POM) textures of 5-um pla-
narly aligned CNAzoS7SCB films at temperatures 2 °C and

Published by the American Physical Society
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FIG. 1. Molecular structure and polarized optical microscopy (POM) textures of CNAzoS7SCB. (a) Molecular structure and phase
sequences determined by POM with crossed polarizers (see crossed arrows on the top right). (b) POM textures of a 5-um cell at 2 °C and 7 °C
below the N-Nrp transition temperature before (left), during (middle), and after (right) the sample is illuminated by a 385-nm-wavelength,
~50-mW /cm? intensity unpolarized LED light. Thinner stripes before and after illumination are parallel to the rubbing direction of the planar
alignment polyimide coating [double headed white arrow shown in the top left picture of (b)].

7 °C below the N-Nrp phase transition before, during, and
after the sample was illuminated by 385-nm LED light with
50 mW /cm? intensity are shown in Fig. 1(b). The periodic
thin stripes along the planar alignment direction before (left)
and a sufficiently long time after (right) light illumination are
characteristic of the Nrp phase [39]. The uniform textures
formed during the light illumination at 2 °C below the Nyp-N
transition temperature (top middle picture) indicate a transi-
tion to the N phase induced by the light. At lower temperatures
the decrease in the density of the stripes and slight change
in the birefringence color (bottom middle photo) indicates a
light-induced alteration of the heliconical structure.

TReXS measurements were carried out on the experi-
mental beamline 5.3.1 at the Advanced Light Source (ALS),
Lawrence Berkeley National Laboratory. CNAzoS7SCB was
melt loaded in between two silicon nitride membranes with
the sample thickness being between 5 and 10 pwm. Then the
sample cell was attached to a homemade heater housed inside
a helium-filled chamber on the beamline. All the samples
were initially annealed in the isotropic state to remove heat
history and defects. The x-ray beam energy was set at the
sulfur K edge (2471 eV) by a channel cut double-bounce
silicon monochromator [33]. Small angle diffraction from the
heliconical structure was collected on an area detector (Pilatus
300K, Dectris, Inc.) positioned at a distance of 393 mm
from the sample. The beam center and the sample-to-detector
distance were calibrated using both silver behenate and the

smectic-A density wave of 4'-n-octyl-4-cyano-biphenyl (8CB)
with XI-CAm [40] and NIKA [41] software. A 405-nm polarized
violet laser was used to illuminate the sample with approxi-
mately 50 mW /cm? intensity. No resonant diffraction at the
finite scattering vector was observed in the uniaxial nematic
(N) phase.

The temperature dependence of the heliconical pitch in
the Nyp phase and typical two-dimensional (2D) scattering
patterns from the heliconical structure are shown in Fig. 2.
The results measured in darkness (black dots) and during
exposure to the polarized laser light (blue squares) are shown
in the main pane. The pitch is calculated from the wave
number ¢ = 27 /p where the diffracted x-ray intensity has a
maximum. Typical 2D TReXS patterns in darkness and during
illumination are shown in insets (a) and (b), respectively. The
scattering pattern is circular in the dark state [Fig. 2(a)] with
maximum intensity at scattering wave number g4, correspond-
ing to domains with random alignment of the heliconical axis.
The pattern during illumination is split into an ellipse with
semimajor axis corresponding to scattering wave number g,
perpendicular to the polarization of the light (purple double-
headed arrow), and a circle with radius ¢, and scattering
maxima off the long axis of the ellipse. Everywhere in this
paper “aligned” refers to domains aligned perpendicular to the
polarization of the laser, and “unaligned” describes domains
that are neither parallel nor perpendicular to the polarization.
A sketch of the effect of the polarized light on the alignment
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FIG. 2. Temperature dependences of the heliconical pitch of CNAzoS7SCB measured in dark (black dots) and during about 50 mW /cm?
intensity 405-nm-wavelength polarized laser light (hollow and solid blue square for aligned and unaligned domains, respectively). Typical
2D scattered patterns in dark state at AT = 5°C and during violet light illumination at AT = 3 °C are shown in insets (a), (b), respectively.
Overlaid on inset (b) is the schematic structures of the aligned and unaligned heliconical domains. The approximate shapes of the molecules
in the dark frans and the light induced cis states are shown below the data points. The darker blue strip enclosed by black dotted lines in the
horizontal direction is the shadow of the beam stop that was between the detector and the sample, i.e., not right in front of the detector.

and pitch with the illustration of the molecular shapes in trans
and cis forms are also shown in the inset (b) of Fig. 2.

These features are related to the frans-cis photoisomeriza-
tion process, whereby the relaxed frans conformation contin-
ues to be excited until it aligns perpendicular to the polariza-
tion direction of the light [42]. While in nematic materials
the director randomizes soon after removal of the orienting
optical field [43] and azo units have to be incorporated in
the surface for permanent alignment [44], in the Ny phase
the bulk alignment of the heliconical axis is metastable in the
absence of the field even without an alignment layer. This is
related to the pseudolayered structure of the Nyg phase, which
behaves analogously to a true smectic phase, where UV light
induced permanent alignment of the layers has previously
been demonstrated [45]. The observation that g, > g, implies
a smaller pitch of the domains oriented perpendicular to the
polarization, i.e., p, < p,, as illustrated in inset (b) of Fig. 2.
However, both p, and p, are larger than the pitch p, in the
dark state (before illumination) since the N to Nrp transition
temperature is effectively lowered by the exposure to the ab-
sorbing light. As this is related to the trans-cis isomerization
induced destabilization of the heliconical order, we conclude
that even the aligned domains have cis conformers, although
less extent than in the unaligned domains.

The temperature dependences of the pitch p =27 /q
for dark state (black dots), for aligned and unaligned do-
mains during illumination (open and solid blue squares),
could be equally well fitted to the expression p(T) =

Po+ Ap(1 — T /T.)"7, where p, is the asymptotic pitch value
very far from the critical temperature 7., which is slightly
larger than the N-Nrp phase transition temperature; the pa-
rameter Ap is the coefficient of the temperature dependent
term, and y is the exponent. Based on predictions by mean-
field theories [23,24,46], Fig. 2 shows the fits with y = 1/2
where the best fit gave p, = 7.1, 6.8, and 6.6 nm, Ap = 1.56,
1.65,and 1.86 nm and 7, = 102.1°C, 98.7 °C, and 98.5 °C for
the dark, bright aligned, and bright unaligned states, respec-
tively. Far from the transition the effect of light is expected
to be negligible, so one would expect p, to be the same for
all three cases. The differences of the fit values are due to the
fact the y = 1/2 value is probably valid only near 7,. The
small increase of Ap for the bright unaligned state is related
to the larger portion of the molecules in cis configuration
that perturb the heliconical packing. The decrease of T, in
the bright states can be attributed to the light absorption
induced heating, which is largest for the bright unaligned
state.

We also analyzed the peak widths along the alignment and
several other directions. From the full width at half maxi-
mum (FWHM), we determined the correlation length of the
heliconical bond order £ as & = 1/FWHM. The correlation
length was found to increase on cooling. The values at AT =
3°C were between 50 and 75 nm without showing much
correlation to the orientation of the heliconical axis.

Representative 2D TReXS scattering patterns at 2 °C, 3 °C,
and 5 °C below the dark N-Nyp phase transition before, during
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FIG. 3. Representative 2D TReXS scattering patterns at 2 ° C, 3 ° C, and 5 °C below the dark N-Nrp phase transition before (left), during
3s of illumination (middle), and at different times after the polarized light turned off (right). Top row: AT = Ty.y,,-T = 2°C; middle row:

AT = 3°C; bottom row: AT =5°C.

3 s of illumination, and at different times after the polarized
light is turned off are shown in Fig. 3. There are several
notable features. At AT = 2°C in less than 3 s after exposure
to the light (top middle image) the diffraction peak disappears,
suggesting unwinding of the heliconical structure. After the
light is switched off (top right), the diffraction peaks re-form,
but they are mainly aligned normal to the polarization direc-
tion of the light (white double-headed arrow), even though the
orientation of the heliconical axis was almost random before
the illumination (top left). At AT = 3°C (middle row), the
light leads to a decrease of the wave number of the heliconical
structure within 3 s and induces alignment (middle image).
After turning the light off, the wave number decreases, and the
alignment fades away (right image). Starting from an aligned
sample at AT = 5°C (bottom row), the alignment remains
unchanged both during the illumination (middle) and while
the pitch increases after the light was turned off (right). These
observations clearly demonstrate that the light affects both the
value of the pitch and the alignment of the heliconical axis.
The alignment was found to be metastable with relaxation
time increasing strongly on cooling.

The time dependences of the heliconical wave number at
AT =2°C, 3 °C, and 5 °C, after the 405-nm polarized light
is first switched on and then subsequently off, are shown in
Fig. 4.

As already demonstrated in Fig. 3, when we turn the
light on at AT = 2°C, the scattering ring disappears (dotted
green arrow), i.e., ¢ < 0.2nm~'. This happens in less than
3 s (before the next x-ray exposure). The g value decreases
to g > 0.2 nm~!, i.e., the heliconical pitch increases, but
not unwound at lower temperatures. We find that the time
dependence of the g values could be fitted by the combination
of two exponential decays. The fast decay times are less or
equal to 1 s, while the slower decay times are over 10 s.
Both the fast and slow switching times are larger for the
aligned domains (open symbols with dotted fitting curves)
than for the unaligned domains (solid symbols and contin-
uous fitting lines), and both increase on cooling. Consid-
ering the less than 10-um film thickness, the temperature
increase related to the light absorption occurs on a millisecond
timescale [42], i.e., not visible in our measurements. For
this reason, the fast switching is attributed to the decreasing
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FIG. 4. Time dependence of the wave number ¢ after the polarized violet light is turned on at # = 0 and off at # = 36 s. Note the smallest
time difference between two consecutive measurements was 3 s, as the TReXS exposure time was 2 s. Green dotted arrows for AT =2°C

indicate that the wave number decreases below ¢ = 0.2nm™'

in less than 3 s after turning the light on, and increases above 0.2nm™" after

turning the light off. Solid symbols and continuous lines refer to unaligned domains, whereas open symbols with dotted lines describe behavior
of aligned domains. The blue dotted and continuous and black dotted lines after the light turned on at AT = 3°C and 5 °C are fit equations
using double exponential functions. The black dotted line at AT = 5°C after the light is turned off is a fit to a single exponential. Other lines

are only a guide to the eye.

order parameter due to photoisomerization. The slow response
is most likely related to defect annihilation. This is faster
toward higher temperatures, when the heliconical order is
weaker.

After the light is turned off, the wave numbers of the heli-
conical structure increase quickly (<2 s), except for AT =
5°C, when a single exponential with a characteristic time
of 2 s describes the time dependence of the wave number
in the aligned domains (see black dotted curve). Although
in the timescale shown in the graph, the g, values after
10 s appear constant, measurements repeated after 10 min
showed a very slow increase toward the original values (the
lower the temperature, the slower this increase). This again
can be explained by defect annihilation, which now is much
slower than during the illumination, as the annihilation is
not expedited by the light induced reduction of the heli-
conical order. Finally, after turning the illumination off, the
heliconical structure recovers with the pitch in both aligned
and unaligned domains decreasing with time, but at different
rates. At AT =2°C we observe the recovery of both g,
and g, peaks within 3 s. At lower temperatures the g, peaks
appear later via splitting the peak to g, and a lower value that
eventually reaches ¢,. This is especially clear for AT = 5°C,
where first only the peaks with ¢, appear; then the splitting
happens more than 10 s after the appearance of g,. This
illustrates that the alignment is fading via the spontaneous
growth of unaligned domains. Such a fading memory may

offer some applications, such as mapping the polarization
and intensity of a focused light with 10-nm resolution, pro-
viding an alternative for the currently used Mach-Zehnder—
like interferometers [47] and Shack-Hartmann wave front
sensors [48].

To summarize, we presented TReXS studies of the po-
larized violet light induced manipulation of the nanoscale
heliconical structure in a novel dimer material containing
both sulfur atoms and an azo linkage. We found three im-
portant effects: (a) A polarized UV-violet light leads to a
bulk metastable alignment of the heliconical axis of the Nyp
phase; (b) due to photoisomerization, the heliconical pitch
increases and, at temperatures sufficiently close to the Nyg-N
transition, can be completely unwound; (c) after turning the
light off, the heliconical structure recovers, first reaching a
metastable state with higher pitch than before illumination,
which subsequently relaxes toward the initial (equilibrium)
pitch on a much slower timescale.
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05CH11231. C.F. is partially supported by the ALS Doctoral
Fellowship. A.J. acknowledges useful discussions with T.
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