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Construction of Chiral Propeller Architectures from A chiral

Molecules**
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Brian S. Knapp, Frank W. Harris, and Stephen Z. D. Cheng*

Of particular interest to the next generation of biological
and electro-optical advances in materials science and technol-
ogy is the recognition and translation of chirality to different
length scales in self-assembled systems.[1’7] Understanding
and controlling this is essential for mimicking the develop-
ment of biological structures and for achieving tailored mac-
roscopic properties.*”] Classically, chirality is generated by
the incorporation of asymmetric tetrahedral carbons, but self-
assembled liquid crystal (LC) materials formed through non-
covalent interactions, such as H-bonding, have attracted much
attention, as these materials may also possess chirality inde-
pendent of molecular chirality. Amplification processes can
enable chirality transfer from the nanometer scale to the mac-
roscopic scale, as is often observed in Nature. Here, we show
for the first time that chiral propellers can be constructed
from achiral molecules (BPCA-Cn-PmOH, i.e., 4-biphenylcar-
boxylic acid molecules connected to alkoxyl chains with vary-
ing number of carbon atoms (n=6-10) and terminated with
phenyl groups with hydroxyl groups at the meta-position, as
shown in Fig. 1a) via H-bond-driven self-assembly.

We have previously shown that this series of achiral BPCA-
Cn-PmOH molecules, having neither molecular chirality®")
nor a significantly bent core (like banana-shaped mole-
cules)," ! can form 3D helical supramolecular structures in
a smectic C (SmC) phase.”**! These helical structures can be
caused by the molecular tilting of twisted head-to-head
H-bonded dimers (Fig. 1a) during the SmA to SmC phase
transition.” The question becomes: can an achiral molecule
that is not in a smectic phase construct phases with intrinsic
cholesteric chiral characteristics? The answer to this question
would provide significant insight into the most basic require-
ments needed to form chiral phases, which are critical in biol-
ogy and optics.
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Figure 1. a) The chemical structure of the dimeric building block of
BPCA-C7-PmOH (red line represents H-bonding) and its energy-mini-
mized chiral conformation. b) The differential scanning calorimetry
(DSC) thermal diagram (black line) at a cooling rate of 0.1°Cmin™ and
its analytical deconvolution (maroon line) of three transitions: SmA-N*
(navy blue), N*-N (olive green) and N-I (red) transitions.

The differential scanning calorimetry (DSC) of BPCA-C7-
PmOH at a slow cooling rate (0.1°Cmin™") is shown in Fig-
ure 1b. Through the analytical deconvolution of the experi-
mentally observed exothermic processes we deduced one
exothermic transition at 216.5 °C (with a heat of transition of
1.5 kI mol™) between the achiral nematic (N) phase and the
SmA phase. However, identifying the structural characteris-
tics of this phase required other experimental methods.

First, the BPCA-Cn-PmOH molecules were placed in be-
tween two polyimide-coated/rubbed (antiparallel) substrates
(the detailed preparation procedure of the substrates can be
found in the literature[26]). Polyimide-coated substrates are
hydrophobic (with a contact angle of 82°+5°), so they prefer
interacting with aromatic rings.””) Rubbed polyimide layers
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can orient BPCA-Cn-PmOH dimers and generate larger LC
monodomains. The changes in the optical textures of BPCA-
C7-PmOH were investigated with polarized optical microsco-
py (POM). Upon cooling, the transition from the isotropic
melt to the achiral N phase occurred at 218 °C. Birefringent
achiral N droplets appeared and grew from the isotropic back-
ground. When the temperature reached 216 °C, characteristic
cholesteric helical structures similar to other chiral N systems,
such as a Frank—Pryce spherulitic N droplet with equidistant
rings,>*! (Fig. 2a) and fingerprint textures with equidistant
lines,””) (Fig. 2b) were observed. Note that in fingerprint tex-
tures there is no mechanical confinement that can create heli-

d)

[leco[Jloco[Joeo[looo[l6<0[]

Figure 2. POM textures of BPCA-C7-PmOH in a polyimide-coated/
rubbed glass cell: a) Frank—Pryce spherulitic N droplet and b) fingerprint
textures at 216°C. c) The molecular-packing model and d) molecular ar-
rangement along the radial direction of the droplets.

cal structures from achiral molecules.”**"! In the case of the
Frank-Pryce spherulitic N droplet and fingerprint texture, the
helical axis was perpendicular to the alternating birefringent
lines, and the LC molecular directors were perpendicular to
and rotating around the helical axis, as illustrated in Figure 2c
and d. In this case, the dimers were only undergoing a single
twist perpendicular to the helical axis. The pitch length of the
Frank-Pryce spherulitic N droplet and fingerprint texture was
(2.5£0.5) um. The average distance between neighboring di-
mer layers along the helical axis in the N phase, as evaluated
with wide-angle X-ray diffraction (WAXD), was 0.48 nm.?*l
Therefore, about 5200 dimers are needed to construct one
pitch. The calculated local twisting angle between the neigh-
boring dimer layers was ca. 0.07°. Upon further decreasing
the temperature toward the SmA phase, the equidistant lines
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disappeared from the center of the chiral N droplets, in a simi-
lar way to chiral molecular systems.””)

In contrast to polyimide-coated/rubbed glass substrates, the
hydrophilic surface of unrubbed bare glass substrates (contact
angle of 35°+3°) can interact with the hydroxy groups at the
end of the BPCA-Cn-PmOH dimers via H-bonding.[ﬂ‘sz] The
achiral N droplets first formed and grew, following a nuclea-
tion mechanism, against the isotropic background seen
through POM. When the temperature reached 216 °C, surpris-
ingly, a mixture of right-handed and left-handed propeller-
patterned chiral N droplets (Fig. 3a) formed with the achiral
N droplets. Since the sample thickness between the two glass
substrates was ca. 5 um, those propeller-patterned chiral N
droplets with a diameter smaller than the sample thickness
were 3D spheres or surface-attached hemispheres, while those
propeller-patterned chiral N droplets with a diameter larger
than the sample thickness were pancakelike. This is the first
time that propeller patterns have been observed in rodlike
achiral molecules.

Based on the Oseen—Frank elastic energy density,[27] a com-
puter-calculated LC molecular-packing model of a right-
handed propeller-patterned N droplet is illustrated in Fig-
ure 3c. In this model, the helical axis was considered to be
along the radial direction. In a cylindrical coordinate system (6,
¢, 2), 0 is the twist angle between the z axis (cylinder axis) and
the LC molecular director (n), and ¢ is the azimuthal twist an-
gle perpendicular to the z axis. The LC molecular director is
thus twisted along both the 0 and ¢ twisting angles. At the cen-
ter of the droplets, the LC molecular director was parallel to
the z axis, and at the edge of the droplets, the LC molecular di-
rector was perpendicular to the z axis (parallel to the helical
axis). Therefore, the propeller-patterned chiral N droplet was a
case of double twisting, as illustrated in Figure 3c. The calcu-
lated propeller-patterned chiral N droplet texture (Fig. 3d)
agrees well with the experimental observation (Fig. 3a).

The director configuration of this LC molecular model
could also be confirmed by POM textures with a tint-retarda-
tion plate between the sample and the analyzer (Fig. 3b). The
propeller-patterned chiral N droplets, shown in Figure 3b, had
their dimers perpendicular to the edge of the droplets, which
agreed with the molecular-packing model of the propeller-pat-
terned chiral N droplet (Fig. 3c) and its calculated texture
with a retardation plate (Fig. 3e). While rotating the sample
between a polarizer and analyzer (at a 90° angle with respect
to each other), the dark regions in the chiral propeller-pat-
terned N droplet do not change. This indicates that C.. sym-
metry exists in the angular direction of these droplets.
Furthermore, when the projections r(¢) of the molecular di-
rectors were parallel to the polarizer or the analyzer, the four
circular dark regions appeared, as shown in Figure 3a and in
its calculated texture (Fig. 3d).

It is worthwhile to note that the helical pitch of these chiral
propeller-patterned N droplets was 2R, where R was the ra-
dius of propeller-patterned chiral N droplet. This indicated
that the helical pitch of these propeller-patterned chiral N
droplets did depend on the size of the droplets: the bigger
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Figure 3. Propeller-patterned chiral N POM textures of BPCA-C7-PmOH in a bare glass cell: POM textures a) without and b) with a tint-retardation
plate (530 nm) between the analyzer and the sample at 216 °C. ¢) Computer-simulated molecular-packing model in a right-handed propeller-patterned
N droplet. Here, n is the LC molecular director with the twist angle (6) from the cylinder axis (z), r(¢) is the projection of n on the r,r, plane, and ¢ is
the azimuthal twist angle. Calculated optical textures based on the molecular arrangement in (c) under POM d) without and e) with a tint-retardation

plate between the analyzer and the sample.

droplets possessed longer pitch lengths. Since the sizes of the
propeller-patterned chiral N droplets were almost identical to
those of the achiral N droplets, the chiral propeller-shaped N
droplets should not have developed due to the confinement
effect of the achiral molecules.*'*? Furthermore, when two
propeller-patterned chiral N droplets with identical handed-
ness merged, a bigger chiral propeller-patterned N droplet
with the same handedness was formed (Fig. 4a). On the other
hand, if two propeller-patterned chiral N droplets with oppo-
site handedness merged, an achiral N droplet was formed
(Fig. 4b). Therefore, achiral N droplets may be formed from a
racemic mixture of both right-handed and left-handed twisted
chiral conformers, and chiral propeller-patterned N droplets
may be formed from twisted chiral conformers, even though
their pitch lengths depend on the size of N droplets.

In summary, a series of achiral BPCA-Cn-PmOHs exhibited
chiral cholesteric behavior in an N phase. The origin of the
chiral N phases in these achiral molecules came from the
twisted conformation of individual head-to-head dimers, indi-
cating for the first time that neither molecular chirality nor a
molecular bend is necessary to form a chiral phase. Different
chiral N architectures were observed, depending on the sub-
strate surface chemistry. A Frank—Pryce spherulitic N droplet
with equidistant rings, and fingerprint textures with equidi-
stant lines of these achiral molecules resulted from the single-
twisting of chiral conformers; while the observed propeller-
patterned chiral N droplets were formed by the double-twist-
ing of chiral conformers in the chiral N phase. In addition to
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Figure 4. Propeller-patterned chiral N POM textures of the BPCA-C7-
PmOH sample in a bare glass cell: a) two left-handed N droplets merged
into a bigger left-handed N droplet and b) a right-handed and a left-
handed N droplet merged into a bigger achiral N droplet.

the insight into the fundamental physics of chiral phases, this
series of molecules can also be used as an intermediary to rec-
ognize the chiral molecules that are often observed in config-
urational chiral molecular systems.'”)
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Experimental

Materials and Sample Preparations: A series of achiral BPCA-Cn-
PmOH molecules (n=6-10) were synthesized using four-step substi-
tution reactions [24]. For the DSC experiments, the sample mass was
2 mg and the pan masses were kept constant with a precision of
+0.001 mg. The sample thickness for POM was 5 um, and samples
were melt-processed between two polyimide-coated/rubbed glass sub-
strates [26] or between two bare glass substrates that were cleaned
with a HCl/water solution.

Equipment and Experiments: The thermal transitions were studied
using a Perkin-Elmer PYRIS Diamond DSC with an Intracooler 2P
apparatus. The temperatures and heat flows were calibrated using
benzoic acid and indium at different cooling and heating rates. Over-
lapped transition peaks were resolved using the PeakFit deconvolu-
tion program. Asymmetric Gaussian and Lorentzian functions were
used to obtain the best fit. The WAXD patterns were obtained using a
Rigaku X-ray imaging system with an 18 kW rotating anode X-ray
generator. Additionally, a hot stage was used to measure LC struc-
tures at elevated temperatures. The optical textures of the LC phases
at different temperatures were observed with a POM (Olympus BH-
2) coupled with a Mettler heating stage (FP-90). The temperature of
this hot stage was calibrated to be within £0.5°C. A tint-retardation
plate (530 nm), between the sample and the analyzer, was used to
study the molecular orientation in the N droplets. The contact angles
of the glass substrates were measured with a 10 mL water drop using
a Rame Hart NRL-100. Cerius® (Version 4.6) software from Accelrys
was used to calculate the head-to-head dimer minimal energy geome-
try of BPCA-Cn-PmOH in the isolated gas-phase, utilizing the COM-
PASS force tield. The Oseen-Frank elastic-energy-density free energy
was used to calculate the molecular-packing model in the propeller-
patterned chiral N droplet. The helical pitch (P) was 2R (R is radius
of droplet), the extraordinary refractive index (#.) was 1.6, and the or-
dinary refractive index (n,) was 1.5. In order to minimize the Oseen—
Frank elastic-energy-density free energy, we used the approximation
of Ky; (splay elastic constant) = K33 (bend elastic constant) =3.333K5,
(twist elastic constant), without a loss of generality.
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