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Polarization-induced nanohelixes of organic
cocrystals from asymmetric components with
dopant-induced chirality inversiont

Jingiu Chen, Canglei Yang, Shuang Ma, Zhigi Liu, Wenxin Xiang and Jing Zhang (& *
Supramolecular chirality is essential for the development of functional materials. In this study, we report the
synthesis of twisted nanobelts based on charge-transfer (CT) complexes using self-assembly
cocrystallization starting from asymmetric components. An asymmetric donor, DBCz, and a typical
acceptor, tetracyanoquinodimethane, were used to construct a chiral crystal architecture. An asymmetric
alignment of the donor molecules induced polar +(102) facets that, accompanied with free-standing
growth, resulted in a twisting along the b-axis due to the electrostatic repulsive interactions. Meanwhile,
the alternately oriented +(001) side-facets were responsible for the propensity of the helixes to be right-
handed. Addition of a dopant significantly enhanced the twisting probability by reducing the surface
tension and adhesion influence, even switching the chirality preference of the helixes. In addition, we
could further extend the synthetic route to other CT systems for formation of other chiral micro/
nanostructures. Our study offers a novel design approach for chiral organic micro/nanostructures for
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Introduction

Understanding the relationships between the molecular
conformations of hierarchical chiral structures, ensembles, and
the self-assembly process is crucial for the development of
functional materials and biosimulations.® Unique morphol-
ogies that show helical ordering undergo rhythmic twisting
motions that can range from nanometers to centimeters.
Studies on the loss of elastic energy during the chiral crystalli-
zation of substances, such as elemental substances, simple
salts, minerals, and organic molecular crystals, and, in partic-
ular, polymers, show how deformation works and the periodic
twisting affects the size and shape of the crystals.” The strain
computed from the approximated elastic energy of such defor-
mations helps us to distinguish their predominant driving
mechanism by considering the possible causes, such as screw
dislocations, thermal/mechanic/compositional fields, and het-
eromeric stress.® Organic chiral molecules can be assembled
into twisted arrangements in one direction by symmetry
breaking,* and chiral additives can further enhance the chiral
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applications in optically active systems, micro/nano-mechanical systems and biosensing.

expression in the form of helixes and/or preferably handedness,
even in achiral systems.® The surface charge ultimately accu-
mulated from electrostatics and piezoelectricity is, in a few
specific instances, another way to create a twisted arrangement
in a material.® For example, piezoelectric ZnO grew into crys-
talline nanohelixes/nanosprings, and nanorings through
a vapor-solid growth process, due to the presence of polar
surfaces.” However, the stiffness and brittleness of the inor-
ganic nanohelixes confined them to a small size of up to several
tens of nanometers.

Charge-transfer complexes are a new and emerging type of
organic functional semiconducting material that has attracted
considerable attention in the fields of tunable and high-
performance charge transport, light emitting materials, photo-
electric conversion, optical waveguidance, and stimuli-
responsive materials.® This type of construction has a specific
arrangement consisting of molecular-level p-n junctions, and,
interestingly, charge-transfer, w-m interactions, and hydrogen
bonds between various molecules that make this inter-
penetrated network very responsive to external stimuli.’
Recently, we prepared twisted achiral charge-transfer complex
crystals of pyrene and 4,8-bis(dicyanomethylene)-4,8-dihy-
drobenzo[1,2-b:4,5-b']-dithiophene (DTTCNQ) via a self-
assembly method in a polar solvent that functions due to the
internal stress and solvent-solute interactions.'® A phase tran-
sition from a dynamically stable phase to a thermodynamically
stable phase induces the spontaneous stress relaxation of the
untwisting. Later, Kahr et al. reported a series of charge-transfer
complexes with twisted morphologies synthesized from melts
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with a larger propensity to form twisted structures than the
monocomponent systems, where the slightly rotated layers
helped to increase the charge mobilities. Recently, some charge-
transfer complexes have been found to belong to the polar space
group for the unique aligned packing mode and even to be
ferroelectric." Twisted conformations in polar charge-transfer
complex systems may be predicted considering certain design
principles, while the sense of twist, called chirality, can be also
changed by the asymmetry of the precursor molecules and
surface charge disturbance.

In this study, we report nanohelixes made from charge-
transfer complexes, which grow along the b-axis via a solution
state growth process, and have top and bottom surfaces with
polar +(102) faces. The twisting mechanism is attributed to
electrostatic repulsion from an unbalanced alignment of highly
asymmetric 7H-dibenzo[c,g]carbazole (DBCz) molecules. Unlike
inorganic nanostructures, the dimensions of organic twisted
structures can even reach the micrometer range. Upon doping
of a second donor, the production of the nanohelixes was highly
improved and the chirality was transformed from right-hand
dominated to left-hand dominated.

Results and discussion

DBCz is a helical and noncentrosymmetric molecule with
a dipole moment of 1.6 D, that is introduced as the crucial
element to build a symmetry breaking system. The new DBCz-
TCNQ complex made from the DBCz donor (D) (Fig. S1t) and
the 7,7,8,8-tetracyanoquinodimethane (TCNQ) acceptor (A) is
synthesized by blending their powders in chloroform. As the
solvent evaporates, dark needle-like cocrystals are self-
assembled at the bottom of the reaction vessel, and the
crystal structure was confirmed using X-ray single crystal
diffraction spectroscopy (Table S1t). The DBCz-TCNQ single
crystal belongs to the monoclinic Pc space group with lattice
constants @ = 11.1150(6) A, b = 7.4032(5) A, ¢ = 41.998(3) A, and
B = 93.750(5)°. The p-n molecular pairs pack along the b-axis to
form D-A-D-A mixed stacking columns through m-7 interac-
tions with -7 distances of 3.22-3.29 A (Fig. S2t). We consider
the helical DBCz molecule to be divided into two parts (the
upper segment that bends up and the lower segment that bends
down) from the middle nitrogen atom. The sandwiched TCNQ
molecule interacts with the upper segment of the adjacent DBCz
molecule and lower part of the other DBCz. For the other half of
the DBCz molecule, C-H:--7t interactions with another DBCz
molecule and short C-H:--N contacts with a TCNQ molecule
from the adjoining column exist along the [—201] direction,
forming a herringbone structure (Fig. 1a). The slipping angle is
around 120°. These stacking layers connect by short C-H:--N
contacts, resulting in a stabilized three-dimensional framework
of the supramolecular complex. Asymmetrical and helical DBCz
molecules play a crucial role in the polarization of the confor-
mation in the polar phase of chiral crystallization. The DBCz
molecules adopt two helical configurations, P and M, and are
evenly distributed in different 7-stacking columns (Fig. S37).
The dihedral angles of the two naphthyl groups (upper and
lower segment) in each configuration are 16.21°, 16.64°, and
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(a) Intermolecular Interactions

Fig. 1 (a) Crystal structure of the DBCz-TCNQ complex, (b) dihedral
angles of helical DBCz molecules in the cocrystals, and (c) dipole
moment along the (102) face.

9.69°, respectively (Fig. 1b). The dipole moments of the DBCz
molecules, resulting from nitrogen atom substitution, have a 1/
3 head-up alignment and a 2/3 head-down mode (Fig. 1c). The
+(102) facets are considered to be the polar surfaces and are the
source of the presumed electrostatic interaction-induced
twisting.

Next, binary DBCz-TCNQ nanohelixes were synthesized
using a solution drop-casting approach (Fig. 2a). First, at a total
concentration of ~1.8 mg mL™', DBCz and TCNQ powders with
a molar ratio of 1:1 were blended in acetonitrile. The mixed
solution was drop-casted onto a silicon substrate after heating
and sonication of the solution for full dissolution. Finally, the

(a)
"o

drop casting

Fig. 2 (a) Self-assembly in solution of twisted and straight crystals of
the DBCz-TCNQ complex. (b) OM image, (c) SEM image, and (d) XRD
pattern of the helical DBCz-TCNQ nanobelts on the substrate. (e) TEM
image and its corresponding selected area diffraction pattern of the
twisted nanobelt. (f) Molecular arrangement and crystal plane distri-
bution in the DBCz-TCNQ cocrystal. (g) Schematic diagram of the
effect of different kinetic factors on the crystal morphology during
drop-casting.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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DBCz-TCNQ nanostructures were formed on the surface after
evaporating for about 30 min. Straight nanobelts were formed at
the edges and bunches of twisted nanocrystals formed around
the center location (~30% in area). The as-prepared nanobelts
have a controlled morphology, and thick or thin belts were
found to be straight. To examine the structures and chirality of
the twisted DBCz-TCNQ nanobelts, optical microscopy (OM),
scanning electron microscopy (SEM) at ambient conditions with
the solvent, X-ray diffraction (XRD), and transmission electron
microscopy (TEM) were performed (Fig. 2b-e and S47). OM and
SEM images reveal the belt-like architecture with widths of 100-
2300 nm, a thickness of 50-800 nm, and lengths of up to several
millimeters. Depending on the belt width, the pitch ranges from
500 nm to 10 pm. Fig. S5 shows the relationship between the
width, thickness, and pitch, the twisting pitch is linearly
proportional to the width and thickness. Being free-standing in
solution, the thickening of the twisted belts lead to compen-
satory stress, where the relaxation of such stress causes
a subsequent increase in the twist period.

Using SEM to examine hundreds of nanobelts prepared in
situ on the substrate, it was found that more than 82% of the
nanobelts were right-handed, showing preferable asymmetric
twisting occurs using this growth procedure. The XRD pattern
shows the crystallographic structure of the upper polar phase of
the helix sample. The sharp peak at 9.1° indicated that the top
surfaces of the nanobelts are the polar (102) faces, while the
expected peak at 12.5° is attributed to the (006) faces and can be
assigned as the lateral facets. The small surface energy of the
crystal faces (Table S2:f Epiops (55.9 keal mol ') < Ef100)s
(80.0 kecal mol™) < Ejops (101.4 keal mol™') < Egigps
(173.8 keal mol ™)) in the equilibrium morphology of the DBCz-
TCNQ cocrystal suggested the preferred orientation of the (102)
faces reduces the total surface energy of the thermodynamically
favored state. The comparable attachment energies of the (102)
and (002) faces (Ejpozs (—33.4 kcal mol™') = Epoys
(—40.4 kcal mol ")) also predicted the exceptional exposed
crystal area of the (102) and (002) faces (Table S3T). Combining
TEM with selected area electron diffraction analysis (Fig. 2e),
the self-assembled twisted nanobelts were demonstrated to
grow along the [010] direction induced by charge-transfer (CT)
and m-7 interactions between the donor and acceptor mole-
cules. The short-axis growth direction of the cocrystal was
determined to be [—104] (Fig. 2f and S67).

The electrostatic energy of the crystal originating from the
+(102) faces was computed as follows:

TWa? 2

EE)

AEelectro = -

where the dielectric constant ¢ is ~11, the effective surface
charge density o of £(102) is ~0.006 e A~2, and W and ¢ repre-
sent the crystal width and thickness, respectively. The consid-
erable electrostatic energy that exists in the crystal can
effectively compensate for the elastic energy (see ESIT) caused
by electrostatic repulsion, enabling the crystal to maintain
a helical morphology. For the side {001} crystal face, the dipole
moment in the 1/3 alignment is opposite to the other 2/3 dipole
moment during the nucleation and growth process. So, the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(001) facet has a 2/3 probability distribution of positive charge
and 1/3 probability distribution of negative charge, while the
(00—1) plane has the inverse charge distribution. The ever-
changing polarized charges cause the propensity that the
twisting direction has for right-chirality. A significant polar
structure phase and an asymmetrical conformation demon-
strate the character of the crystal deformation. Given the
observed diversity of the morphologies on the assembly surface,
we suppose that dynamically controlled nucleation and the
surface tension dominate the supramolecular growth process
and suppress the influence of electrostatic interactions in the
peripheral region, generating straight ribbon-like crystals
(Fig. 2g). However, in the core region, the molecular flow in
solution is significantly less defined and the electrostatic
repulsion interactions cause the twisting that forms the helical
nanostructures. However, the surface-induced growth of the
nanobelts with a very thin thickness of less than 100 nanome-
ters prevents efficient twisting due to surface adhesion. Thus,
unlike the solid-vapor growth of the thin ZnO nanohelixes,
those architectures growing close to the surface are straight,
despite their thin thickness.

To test the theory that substrate surface induces the
morphology, we made polymer solutions of the DBCz-TCNQ
supramolecules, where the DBCz-TCNQ molecules were
a minority, with a mass ratio of 5:95 for drop-casting self-
assembly with the aim of overcoming the adhesion energy
barrier. The macromolecules aggregated close to the surface,
and a small amount of these supramolecules tend to crystallize
into thin twisted nanostructures with a longitudinal dimension
of 100 micrometers and a diameter of ~200 nanometers
(Fig. S71). The dispersed and “protected” DBCz and TCNQ
molecules immersed in viscous surroundings ensure that the
polar facet-dominated nanohelix forms on a regular scale.

We treated the DBCz-TCNQ mixture solution with 5%, 10%,
15%, 20%, and 25% equiv. of a BCz additive (mass ratio of BCz :

Right

10

Fig. 3 (a) Right-handed and (b) left-handed helical nanobelts; (c)
nuclei with multiple helical nanobelts; (d—i) helical nanobelts of DBCz-
TCNQ system doped with different percentages of BCz (the doping
percentage refers to the molar ratio of BCz molecules and DBCz
molecules).
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DBCz) to tune the assemblies by influencing the cocrystalliza-
tion environment. Subsequent drop-casting of these doped
solutions resulted in substantial morphological changes in
both the twisting proportion and preferred chirality (Fig. 3).
According to OM and SEM analysis, with 10% BCz doping, the
total helix ratio across the assembly area was increased from the
original 30% to a maximum of 85%, and the preferred hand-
edness became left-handed with a proportion of 78% (Fig. 4a).
This is further supported by the circular dichroism (CD) spectra
of the different twisted nanobelts, obtained from a pristine
binary blend and a 10% doped blend (Fig. 4b and S87).

These optically active architectures have mirror-image
spectra with positive and negative Cotton effects over the
absorption range, and a highly improved Cotton effect in the
red-shifted region of the CT band, indicating that the assem-
blies are effectively exciton coupled. As shown in Fig. S9,t the
band that bathochromically shifted from about 500 nm to
900 nm in the binary cocrystal can be assigned to the CT band.
This band is attributed to the charge-transfer interactions
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Fig. 4 (a) Detail of the morphological changes of the supramolecular
construct obtained from a blend solution with addition of varying
equivalents of BCz, (b) CD spectra of DBCz-TCNQ nanohelixes
assembled from a binary solution and 10% doped mixed solution at
25 °C. (c) XRD patterns of helical DBCz-TCNQ nanobelts, nanobelts
doped with 10% BCz, and a pristine BCz-TCNQ complex.
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between the donor and acceptor molecules, hence the strong
CD signal at about 500-700 nm arising from the CT influence.
There exists a helical arrangement between the naphthalene
plane of the DBCz molecule and the plane of the TCNQ mole-
cule. The inverted left-handed helical arrangement in the -
conjugated region produces a strong negative CD signal due to
the BCz doping.

XRD patterns of original helical belts are almost the same as
that of 10% BCz doped nanobelts, except for several weak peaks
arising from the BCz-TCNQ cocrystal (Fig. 4c). The crystal
lattice is well maintained and nearly no visible destruction
occurs, meanwhile, the large full width at half maxima value
shows the existence of screw dislocations in the thin belt and
explains the observed twisting ratio enhancement. Based on our
previous results, BCz molecules have low solubility and are ex-
pected to nucleate with TCNQ before the DBCz units. The flow
of molecules into the clusters of a nucleus would primarily be
BCz molecules instead of DBCz, also explaining the high
twisting ratio.

The surface charges on the DBCz-TCNQ belt are affected by
doping with the BCz molecules and this changes the primary
twist mode in the varied deformation orientation mechanism.
To further confirm the generality of our design principle based
on structural asymmetry considerations in chiral nano-
architectures, we extended our strategy to other charge-transfer
complexes, such as the dinaphtho[1,2-b:1,2"-d]|furan and 9-
(dicyanomethylene)-9H-indeno[1,2-b]pyrazine-2,3-
dicarbonitrile (DNF-TCAF), 7H-dibenzo[c,g]carbazole and 2,2
(benzo[1,2-b:4,5-b"|dithiophene-4,8-diylidene) dimalononitrile
(DBCz-DTTCNQ), dinaphtho[1,2-b:1',2-d]furan and 7,7,8,8-tet-
racyanoquinodimethane (DNF-TCNQ) systems. Fig. 5a and
b shows the optical and SEM images of the twisted form of the
DNF-TCAF nanobelts after drop-casting of mixed solutions
onto the substrate. It can be observed clearly that the helixes
have lengths ranging from 100 pm to 1200 um, widths of 1-40
um, and thicknesses of about 100 nm-7 um, with a high
propensity for right-chirality of 43%. It is notable that in this
system micrometer-sized crystal deformation is observed,
which is attributed to the bi-asymmetric component construct.
Judging from the TEM and XRD patterns (Fig. 5¢ and d), the

10 i

1 )
20(degree)

Fig. 5 (a) OM image, (b) SEM image, and (c) TEM image and its cor-
responding selected area diffraction pattern of one twisted nanobelt,
(d) XRD pattern of helical DNF-TCAF micro/nanobelts on the
substrate, (e) crystal structure, and (f) molecular arrangement and
crystal plane distribution in DNF-TCAF cocrystal.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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supramolecular nanostructure grows along the a-axis (m-m
stacking manner), with lateral facets of the (001) and (011)
crystal planes. According to its crystal structure, the cocrystal
belongs to the chiral P1 triclinic space group, with cell param-
eters of @ = 7.023(10) A, b = 9.909(14) A, ¢ = 11.109(14) A, and
B = 74.66(5)°. The donor and acceptor molecules alternately
stack along the a-axis due to the - interactions (Fig. 5¢). The
main 7-backbone of TCAF overlaps with the half of the DNF
unit that bends down, while the DNF segment that bends up
interacts with the malononitrile group of the TCAF molecule
which bends about 7.8° to facilitate the donor-acceptor inter-
actions. With the extension of the m-backbone, stronger m—m
interactions and short C-H---N contacts confine the asymmet-
rical donor in one typical orientation. Therefore, the micro/
nanostructures also have significant twisting polarization
along the crystal surfaces and twisting behaviour occurs
(Fig. 5f). The effective surface charge density of the {001} planes
is about 0.0166 e A~> and that of the {010} facets is about 0.0231
e A7, from which the defined alignment results in a large
electrostatic potential for the {001} and {010} crystal faces. The
specific preference for right-chiral orientated helixes here
originates from the stronger polarization of the {010} crystal
faces. The DNF-TCNQ and DBCz-DTTCNQ morphologies
arising from this design principle are shown in Fig. S10.f
Moreover, an improvement in the probability of twisting and
chirality inversion due to surface tension reduction and surface
charge disturbance were found in these three supramolecular
systems by adding the BCz dopant (Fig. S117).

Conclusions

In conclusion, we have shown the self-assembly of nanohelixes
composed of a helical donor DBCz and an achiral acceptor
TCNQ. Synergistic -1 and C-H:---7 interactions and C-H---N
hydrogen bonds were used to build the supramolecular frame-
work. The surface charge potentials were confirmed to be
generated from an asymmetrical alignment of DBCz molecules
of the +(102) faces, which further induced a twist along the b-
axis. The £(001) side face with a constantly varied orientation
facilitates the formation of a right-handed helix. Consequently,
the addition of a BCz dopant can considerably enhance the
twisting probability and even switch the chiral preference of the
helixes due to adhesion, surface charge disturbance, and over-
coming of surface tension. Furthermore, a series of crystalline
mixed cocrystals comprising organic asymmetric components
were developed to demonstrate that similar twisted nano-
structures (and even microstructures) could be formed and that
they demonstrate the same chiral properties upon addition of
a dopant. This study represents a new design method for size
and chirality controllable organic nanohelixes with potential
applications in optically active, micro/nano-mechanical
systems, and biosensing.
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