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ABSTRACT: In our continuing pursuit to generate, understand,
and control the morphology of organic nanofilaments formed by
molecules with a bent molecular shape, we here report on two bent-
core molecules specifically designed to permit a phase or
morphology change upon exposure to an applied electric field or
irradiation with UV light. To trigger a response to an applied
electric field, conformationally rigid chiral (S,S)-2,3-difluoroocty-
loxy side chains were introduced, and to cause a response to UV
light, an azobenzene core was incorporated into one of the arms of
the rigid bent core. The phase behavior as well as structure and
morphology of the formed phases and nanofilaments were analyzed
using differential scanning calorimetry, cross-polarized optical
microscopy, circular dichroism spectropolarimetry, scanning and transmission electron microscopy, UV−vis spectrophotometry,
as well as X-ray diffraction experiments. Both bent-core molecules were characterized by the coexistence of two nanoscale
morphologies, specifically helical nanofilaments (HNFs) and layered nanocylinders, prior to exposure to an external stimulus and
independent of the cooling rate from the isotropic liquid. The application of an electric field triggers the disappearance of crystalline
nanofilaments and instead leads to the formation of a tilted smectic liquid crystal phase for the material featuring chiral difluorinated
side chains, whereas irradiation with UV light results in the disappearance of the nanocylinders and the sole formation of HNFs for
the azobenzene-containing material. Combined results of this experimental study reveal that in addition to controlling the rate of
cooling, applied electric fields and UV irradiation can be used to expand the toolkit for structural and morphological control of
suitably designed bent-core molecule-based structures at the nanoscale.
KEYWORDS: bent-core liquid crystal, B4 phase, morphology, chirality, electric field, UV irradiation

1. INTRODUCTION
Structure and morphology (or shape) control in nano- and
microstructures is an active field of research largely driven by
mimicking nature’s ability to proactively respond to external
stimuli.1 To illustrate just a few, chameleons achieve active and
rapid color change by tuning the lattice of guanine nanocryst-
als,2 cephalopods use reversible soft tissue shape changes for
camouflage,3 and Boquila trifoliolata�a vine plant from
rainforests in southern Chile�is capable of complex leaf
mimicry (shape, color, and orientation), potentially using
communication through volatile chemicals or acoustic signals
to actively imitate the leaf character of surrounding plants of
other species.4 External stimuli to realize structural or
morphological changes commonly include changes in pH,5

changes in temperature,6 mechanical deformation,7 exposure
to chemicals,8 irradiation with light at specific wavelengths,9−13

and external electric or magnetic fields.14−16 Considering our
ongoing discoveries of nanofilament shapes (morphologies) in
the B4 phase of some bent-core liquid crystals (BC-LCs),17 we
were particularly intrigued by the opportunity to alter the

nanofilament shape using external stimuli other than the rate of
temperature change on cooling from an isotropic liquid. Here,
applying an electric field or irradiation with UV light was of
particular interest.

Morphological variations of the so-called B4 phase
(morphology, from the Greek root morpho- meaning shape
and defined as the study of shape) now include helical
nanofilaments (HNFs18) with varying dimensions (width and
pitch) as well as intra- or interlayer modulation (HNFmod2a and
HNFmod2b) as well as helical microfilaments,18−23 heliconical
nanocrystall ites,24 helicoidal-layered nanocylinders
(HLNCs),25 and flat or twisted nanoribbons.26 Practically, all
these filament-, ribbon-, and layered nanocylinder-based B4
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morphologies were realized by strategically incorporating chiral
centers into the aliphatic side chains of bent-core molecules
featuring up to three biphenyl structural segments.19 Notably,
all B4 nano- and microscale morphologies display a character-
istic blue structural color (in reflection mode),27,28 whose
origin is not entirely understood but certainly linked to
diffraction, scattering, or interference via the periodic nano- to
microscale layering and packing of these filaments in the
ensuing bulk thin films.29 Furthermore, several of these
materials displayed intriguing polymorphisms22,25,26 that
were, until now, driven exclusively by differences in the
cooling rate from the isotropic liquid phase (summarized in
Figure 1 for the parent compounds using Roman numerals I−
VI): increasing or decreasing (compounds I and V), heating or
cooling (compound V), or alternatively by varying the cooling
rate after heating the materials to the isotropic liquid state
(compounds IV and VI).

Compound IV showed polymorphism depending on the
cooling rate from the isotropic liquid phase with the formation

of a B1 rectangular columnar phase (Colob−p2/m) on slow
cooling (≤5 °C min−1) and B4 helical microfilaments (HμF)
on rapid cooling (∼50 °C min−1),22 while compound V
showed such polymorphism only for the columnar phases,
forming HLNCs on both heating and cooling, sometimes in
phase coexistence with the high-temperature B1 phase: Colob−
p2 on heating and Colr−c2mm on cooling.25 Instead,
compound VI showed B4 polymorphism exclusively with the
formation of different B4 filaments depending on the rate of
cooling from the isotropic liquid phase.26 All this was achieved
by strategically placing chiral centers into aliphatic side chains
and altering their number, position, and configuration.
Molecular conformational analyses revealed that these
structural changes in chiral side chains primarily affected the
overall molecular conformation (particularly focusing on the
dihedral angle at the core-chain juncture)25 and, as a result
thereof, the morphology of the B4 building blocks.

By making two further strategic molecular changes to these
tris-biphenyl BC-LCs, the aim of the current work was to

Figure 1. Comparison of the phase sequence, phase structure, B4 morphology, and phase transition temperatures depending on the chemical
structure�position, branching points, as well as the number and configuration of chiral center(s) in the aliphatic side chains�of the parent
compounds I−VI20,22,23,25,26 (chiral center configurations only affect the handedness of the final filaments) with the here-investigated new
compounds 1 and 2 (Arabic numerals). Models for the different B1 and B2 phase structures as well as the B4 morphologies are shown at the
bottom. The color coding in the bar diagram and models is used throughout in the data plots for various B4 morphologies and B1 or B2 phases.
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regulate the phase or morphology by either applying an electric
field or by irradiating the sample with UV light. Across the
materials and length scale spectrum, these two external stimuli
have been extensively employed to afford structural and
morphological changes. Applied electric fields have been used
to alter (“square”) the shape of giant vesicles,14 control
morphological evolution in thin silicon rubber films,15 or alter
the phase (from CuO to Cu2O) and shape (spherical to
elongated leaf-like) of copper oxide nanostructures,16 among
others. Light-controlled shape changes are even more prevalent
in the literature, largely because of the attractive, non-invasive
remote actuation permitted by light irradiation.11 Light-
induced swelling was shown for stratified (layer-by-layer
assembled) polymer-grafted gold nanoparticles and homopol-
ymers,13 and all sorts of pre-programmed shape changes have
been demonstrated for a large number of polymers and
elastomers (many of them liquid crystalline30−41), as well as a
wide range of other materials and material combinations42−47

with a common trait being the functionalization with organic
photoswitches.48−65 Among them, azobenzene is conceivably
the most rigorously used and studied,66 which is why we
employed this structural motive here as well.

An applied electric field has previously been used to generate
chiral memory during the thermal transitions (temperature
cycling) between the B2 and B4 phases of an achiral BC-LC
system with an Iso−B2−B4 phase sequence on cooling.
Homochiral SmCAPA (anticlinic antiferroelectric) and racemic
SmCSPA (synclinic antiferroelectric) smectic-C textures were
prepared by subjecting a thin film of the BC-LC material,
sandwiched between two indium tin oxide (ITO)-coated glass

slides, to specific waveforms and varying magnitudes (up to 10
V μm−1) of an applied electric field. Temperature cycling
between the B4 and B2 phases then led to the generation of
the homochiral SmCAPA texture but not to any change in the
phase structure or morphology.67 Previous work by our group
showed that applying an electric field up to the same
magnitude of 10 V μm−1 (triangular or square waveform) to
the HNFmod2a or HNFmod2b formed by compounds II or III did
not lead to any changes in texture or phase.20,23 Thin-film
preparation between ITO-coated glass slides (cell gap: 5 μm)
persisted in showing the typical bluish focal conic-like textures
as well as the blue structural color in reflection, thereby
indicating that the applied electric field had no effect on the
already formed B4 phase with HNFmod2 morphology. To
increase our chances that an applied electric field will trigger a
phase or morphological change, we introduced (S,S)-2,3-
difluorooctyloxy aliphatic side chains, which add two
conformationally rigid stereopolar units (SPU)68,69 to the
molecular framework (Figure 2a). Previous studies have shown
that chiral 2,3-difluoroalkyloxy side chains exhibit relatively
large polarization powers when added as chiral solutes to
induce ferroelectric LC mixtures.68 Calculated conformational
energy profiles revealed that greater conformational rigidity
about the C-2−C-3 bond axis is due to the repulsive
interaction of the two fluoro-substituents and the “gauche
effect” associated with this structural unit (i.e., the hyper-
conjugative interactions between vicinal C−H and C−F bonds
as in the lowest energy conformation highlighted on the right
in Figure 2a). Furthermore, a twisted orientation of the two
arms that usually gives rise to HNF formation would bring the

Figure 2. BC-LC compounds with structural motives facilitating phase or morphological changes in response to external stimuli: (a) 1 with two
(S,S)-2,3-difluorooctyloxy chiral side chains potentially responsive to an applied electric field, and (b) 2 with an azobenzene unit in the longer para-
arm that may be triggerable toward shape or phase changes by irradiation with the UV light at a short wavelength (e.g., λ = 365 nm) as a result of
an ensuing trans-to-cis photoisomerization and thermal back relaxation.
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two SPUs closer to the same side of the BC-LC molecule25 and
permit a response to an electric field from both conforma-
tionally rigid core-chain juncture segments.

With respect to UV light as a trigger for a phase or
morphological change, we decided to focus first on the
member of this family that incorporates the azobenzene unit
into one of the arms of the BC-LC molecule. BC-LCs with
azobenzene motives forming HNFs have been reported
previously, and in the reported experiments, the azobenzene
units permitted an alignment of the HNFs based on the
Weigert effect70,71 (where after successive, reversible photo-
isomerization, the equilibrium state is biased toward the trans-
isomer that is thermodynamically more stable than the cis-
isomer, which ultimately leads to a molecular orientation in a
direction parallel to the impinging UV light irradiation).27,28

Other instances introduced azobenzenes into BC-LCs by
replacing phenyl benzoate arms attached via ester linkages to a
3,4′-dihydroxybiphenyl central core. When introduced into the
longer para-arm, the formation of a SmCAPA phase was
reported, while replacing both phenyl benzoates with
azobenzene led to a Colob phase, but no B4 phase,72 perhaps
already highlighting the significance of retaining at least one of
the biphenyl arms (Figure 2b). Furthermore, placing the
azobenzene unit into the longer para-arm could result in a
sufficient conformational difference in the core-chain junc-
ture25 so as to permit the formation of the layered
nanocylinder (NC, HLNC) morphology that could then be
suppressed by UV light irradiation in favor of aligned HNFs by
the earlier mentioned Weigert effect.

With these considerations in mind, we synthesized
compounds 1 and 2 and fully studied their phase behavior
under varying cooling rates from the isotropic liquid phase as
well as upon exposure to the above-indicated external stimuli,
an applied electric field for 1 and UV irradiation for 2, by
polarized optical microscopy (POM), differential scanning
calorimetry (DSC), both scanning and transmission electron
microscopy (SEM and TEM), thin-film circular dichroism
(CD) spectropolarimetry (only for the chiral compound 1),
and X-ray diffraction (XRD) using a laboratory or a
synchrotron source.

2. MATERIALS AND METHODS

2.1. Synthesis
The synthesis of compounds 1 and 2 followed methods reported by
our group previously.20−23,25,26 The synthesis of (S,S)-2,3-difluor-
ooctyl tosylate for compound 1 and the subsequent substitution
reaction were done following procedures described by Lemieux and
co-workers.68,69 The synthetic pathways, synthesis details, and all
analytical data for the two BC-LC compounds are detailed in the
Supporting Information (Section S1, Schemes S1 and S2, as well as
Figures S1−S9).

2.2. Optical and Thermal Characterization
POM studies were carried out using an Olympus BX-53 polarizing
microscope equipped with a Linkam LTS420E heating/cooling stage.
Samples were heated above the clearing point, as indicated by DSC,
and then cooled at either <5 °C min−1 (commonly at 2 °C min−1;
slow cooling) or ≥50 °C min−1. The phase transition temperatures
and enthalpies were measured using either a PerkinElmer Pyris 1 DSC
or a Perkin Elmer DSC-7 at two heating/cooling rates (either at 5 °C
min−1 or at 50 °C min−1), reporting data from the second heating/
cooling runs, respectively. The temperature was calibrated with
indium and zinc standards.

2.3. Spectroscopy and Spectropolarimetry
UV−vis and thin-film CD data were acquired using an OLIS
spectrophotometer suite using quartz cuvettes and flat quartz
substrates. Illumination with UV light at a wavelength of λ = 365
nm for UV−vis was accomplished using a UVCureMXLED LED light
curing spot gun (P = 6 W). For thin film CD measurements, to
eliminate contributions from linear dichroism and birefringence, all
samples and sample areas were investigated at 45° interval sample
rotation angles. The spectra were then summed up to provide genuine
CD signals of the sample area.73 The area interrogated by the light
beam, given by the instrumental slit size and shape, is ∼0.4 cm in
diameter and larger than most individual domains seen by the POM
of the samples sandwiched between two quartz substrates using
nominal spacers of 10 μm.

2.4. X-ray Diffraction
Variable-angle XRD was carried out on beamline 7.3.3 of the
Advanced Light Source (ALS) of the Lawrence Berkeley National
Laboratory74 (10 keV incident beam energy, 1.24 Å wavelength,
utilizing a Pilatus 2 M detector; beam: 500 mA, 10 s exposure, spot
size of 250 × 800 μm, in air). Materials were filled into 1 mm
diameter quartz X-ray capillary tubes, which were then mounted into
a custom-built aluminum cassette that allowed X-ray detection with a
±13.5° angular range. A silver behenate standard was used to calibrate
the detector distance and beam center, and the calibrated 2D images
were converted to radially integrated 1D curves using the NIKA SAXS
data reduction software.75 Temperature-controlled XRD experiments
were also performed with an in-house Xenocs Xeuss 3.0 using a Cu
Kα source (λ = 1.54 Å) equipped with a Linkam HFSX350 heating/
cooling stage. This setup also allows for in vacuo POM (see
Supporting Information for further details and images), where the
sample can be imaged and domains of interest marked, which are
subsequently interrogated by the X-ray beam. The sample compart-
ment also permitted UV irradiation during data acquisition using the
UV LED spot gun. The difference in spot size with respect to the
relative dimensions at ALS and the in-house X-ray instrument of the
domains in samples showing phase coexistence allowed for a
comparison of more local vs more global data sets.

2.5. SEM and TEM
SEM analysis was performed using a Quanta 450 FEG SEM
commonly without prior metal deposition. TEM was carried out on
an FEI Tecnai F20 microscope, operating at 200 kV, and equipped
with a Schottky field emission gun and a twin-blade anticontaminator.
All images were recorded using a Gatan 4K Ultra Scan charge-coupled
device camera. Since these organic material films are sensitive to the
electron beam irradiation, the films were normally previewed rapidly
at a dose of 20 e− nm−2. Selected areas were then imaged at a dose
level of 200 e− nm−2, which did not cause radiation damage. A drop of
a solution of each compound in an organic solvent such as CH2Cl2 or
n-hexane was placed on either ITO substrates for SEM or carbon-
coated Cu grids for TEM. After complete evaporation of the solvent
in vacuum, the sample was heated and cooled as described for the
POM experiments.

2.6. Specifics of Sample Preparation
To apply electric fields, 6 μm films were prepared by filling 1 by
capillary forces into ITO-coated cells with rubbed polyimide
alignment layers favoring planar anchoring using an electrooptic
setup consisting of an HP 33120A function generator amplified by a
FLC E20AD voltage amplifier. UV illumination of compound 2 for
POM, SEM, TEM, and XRD experiments used the same UV source as
indicated for UV−vis spectroscopy data acquisition.

3. RESULTS AND DISCUSSION
Figure 1 already provides an overview of the phase sequence
(type and transition temperatures) and B4 morphology
observed for compounds 1 and 2 under different experimental
conditions. In what follows, we will detail our experimental
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findings and compare them to those of closely related
analogues among compounds I−VI shown in the bar diagram.
3.1. Compound 1 with (S,S)-2,3-Difluorooctyloxy Side
Chains

On heating as well as on cooling from the resulting isotropic
liquid phase at a rate of 5 °C min−1 (slow cooling = sc),
respectively, 1 only shows one phase transition by POM and
DSC (Figure S10a, and Table S1). The appearance of 1
observed by POM is initially (i.e., at elevated temperatures)
characterized by a low birefringence fern leaf-like and bluish
texture, and the birefringence then gradually increases as one
approaches room temperature (Figure 3a,b). The textural
features overall are quite reminiscent of those previously
observed and described for two of the parent compounds I and
V under similar experimental conditions. Decrossing polarizer
and analyzer in the opposite direction only changes the overall
brightness of the texture, but no toggling between adjacent
bright and dark domains was discernible (Figure 3c,d), which
is expected given the homochiral nature of compound 1.18

Homochiral compounds such as II and III showed the exact
same textural feature.

With the typical bluish texture observed by POM potentially
signaling the existence of a B4 morphology, SEM and TEM
imaging confirmed this hypothesis. Interestingly, both SEM

and TEM images show a coexistence of two B4 morphologies,
one previously seen for compounds I−III20,23 and another one
seen for compound V25, here combined in the form of mixed
crystals composed of the two polymorphs since the two
morphologies can hardly be considered independent structures
in some area of the samples imaged. The HNFs are on average
about 100 nm in width with a helical pitch of about 300−400
nm and are exclusively left-handed (Figure 3e,f and Supporting
Information, Figure S11). Considering the positions and
configurations of the chiral centers, compound VI is here the
closest analogue, and VI formed the HNFmod2a morphology
only upon rapid and not on slow cooling and formed both left-
as well as right-handed filaments due to the diminished
chirality as the chiral center was moved away from the core-
chain juncture.26 However, given the conformational rigidity of
the chiral 2,3-difluorooxy segment at this core-chain juncture,
the homochiral HNFs observed here are not surprising. Given
all we know about altering the configuration and the position
of chiral centers along aliphatic side chains, compound 1 with
an (S,S)-configuration at C2 should form left-handed HNFs
just like compound II with an (S,S) configuration at C1,
following earlier applied Gray & McDonnell rules for
predicting the handedness of chiral nematic (N*) phases76

(chiral substituents at C1 for II and at C2 for 1 are on the
same sides of the molecule, Figure S12). Puzzling are the larger

Figure 3. Polarized optical photomicrographs (compound 1) after heating to the isotropic liquid phase (>175 °C) and subsequent slow cooling to
room temperature (∼20 °C) at the cooling rate of 5 °C min−1: (a) crossed polarizers at T = 160 °C, (b) crossed polarizers at T = 20 °C, and (c,d)
± 6° decrossed polarizers at T = 20 °C. (e,f) SEM images after heating to the isotropic liquid phase followed by slow cooling to room temperature
(different domains). (g,h) TEM images obtained upon slow cooling.

Figure 4. Polarized optical photomicrographs (compound 1) after heating to the isotropic liquid phase (>175 °C) and subsequent rapid cooling to
room temperature (∼20 °C) at the cooling rate ≥50 °C min−1: (a,b) crossed polarizers at T = 20 °C, (c,d) ± 6° decrossed polarizers at T = 20 °C.
(e,f) SEM images (different domains) after heating to the isotropic liquid phase followed by rapid cooling to room temperature. (g,h) TEM images
obtained after rapid cooling (thermal quench).
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dimensions of the HNFs like HNFmod2b; dimensions that have
previously only been observed for compound III20 with an
opposite configuration of the chiral centers in each side chain
[(R,S) and (S,R)]. The other observed morphology is
nanocylinders (NCs); some of which show a hint of helicoidal
layering in the SEM images as previously observed 80 nm in
diameter HLNC for compound V25, however, a clear
handedness is not visible here. This is perhaps less puzzling
given that the (S,S)-2,3-difluorooctyloxy group induces a
change from the linear projection of the aliphatic chain relative
to the adjacent biphenyl cores to a more bent projection. Since
this occurs in the meta- and the para-arms, the added
conformational rigidity imparted by the gauche effect also
favors the formation of nanofilaments with a cylindrical
curvature. The dimensions of these cylindrical filaments
range from about 40−80 nm and do not appear to be hollow
(no gradient intensity across the filaments in TEM), thus
indicating that about 5−10 layers are coaxially rolled up when
forming the NC morphology in analogy to compound V. Such
a decrease in NC diameter appears to be related to the
increasing length of the aliphatic side chain from a branched
C7 for V to a non-branched C8 for 1, which has previously
been observed for (HL)NC formed by a homologue of
compound V with C10 aliphatic chains (the NC with no
visible helicoidal layering in this case showed diameters of ∼60

nm).26 The TEM images (Figure 3g,h) are in agreement with
the SEM observations.

Imaging data collected upon rapid cooling from the isotropic
liquid phase (≥50 °C min−1) did not show any significant
differences to those recorded upon slow cooling. The bluish
textures appeared less defined, showing no specific features but
a grainy appearance, but otherwise all the same features with
respect to the texture seen when toggling the relative positions
of the decrossed polarizer and analyzer (Figure 4a−d). DSC
shows again only one phase transition on heating and cooling
at a rate of 50 °C min−1 and a slightly broader phase transition
(Figure S10b and Table S1). Less defined again due to the
rapid thermal quench, both SEM and TEM images (Figure
4e−h) show the coexistence of the same two morphologies,
larger-width HNFs and NCs, with some areas showing twisted
bamboo-like structures that could be interpreted as a merger of
the two more distinct morphologies seen upon slow cooling
(see TEM image in Figure 4h and Supporting Information,
Figure S13). The NC filaments are all somewhat shorter than
those seen upon slow cooling, which is expected given the
much faster kinetics of nucleation upon such rapid cooling.
Overall, however, all microscopy images collected upon slow
and rapid cooling indicate the formation of a B4 phase with a
coexistence of two filament morphologies driven by the
position and nature of the chiral centers in 123 and the ensuing
conformational rigidity of the two aliphatic side chains. To

Figure 5. Thin-film CD spectra (Δε [mdeg] vs λ [nm]) of 10 μm films between untreated quartz substrates (compound 1) after cooling at
different cooling rates from the isotropic liquid phase to room temperature at different sample rotation angles, as indicated in the plot: (a) upon
slow cooling (5 °C min−1) and (b) upon rapid cooling (≥50 °C min−1). The shoulder at λ = 370 nm and the main peak at λ = 410 nm are
highlighted by gray arrows. POM images of the 10 μm CD samples between quartz slides with crossed and decrossed polarizer and analyzer upon
(c) slow cooling and (d) rapid cooling. The scale bar = 100 μm. Synchrotron XRD analysis data (compound 1) taken at room temperature (T = 20
°C) showing intensity (au) vs wave vector q (Å−1) upon: (e) slow cooling (see also Figure S14,b) and (f) fast cooling (see also Figure S14c).
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further examine these morphologies, we next performed thin-
film CD and XRD experiments.

Considering the left-handed HNFs seen by EM on both
slow and rapid cooling as well as the trend based on the (S)-
configuration of the two chiral centers at C2 in each side chain
for compound 1, the thin film CD plots then show the
anticipated positive sum-CD signals (Figure 5a,b). The two
pronounced maxima seen in the sum CD spectra (peak at λ =
410 nm and shoulder at λ = 370 nm) correlate to the two
morphologies seen by EM imaging; the shoulder peak
corresponds to the HNFs as for compounds II and III,20,23

and the peak at λ = 410 nm corresponds to the NCs as
assigned previously for compound VI.25 POM images taken for
the 10 μm films between quartz substrates share the same
features of the POM images shown for 1 earlier (Figure 5c,d).

To fully characterize the structures of the B4 phases
(morphologies) formed by compound 1 on rapid or slow
cooling, we performed synchrotron XRD experiments (see
Materials and Methods Section for more details). Summaries
of the obtained XRD data are shown in Figure 5e,f (small angle
regions and deconvolution data are provided in the Supporting
Information, Figure S14). On slow cooling from the isotropic
liquid phase (Figure 5e), 1 shows two sets of diffraction peaks
labeled q1

a−q8
a and q1

b−q4
b that correlate to the two B4

morphologies seen by EM imaging. Considering peak

assignments made for the corresponding morphologies formed
by compounds II, III, and VI, the peak assignment for the qxa
series matches a dual modulated HNF structure with the larger
dimensions seen by EM imaging (HNFmod2b) with q1

a = 0.124
Å−1, q2

a = 0.129 Å−1 (corresponding to a d-spacing of 48.7 Å
matching the length of the molecule l = 48.5 Å),

= +q q qa a a
3 1

2
2

2 = 0.179 Å−1, q4
a = 2q2

a = 0.261 Å−1, q5
a =

2q3
a = 0.359 Å−1, q6

a = 3q2
a = 0.387 Å−1, q7

a = 4q1
a = 0.505 Å−1,

and q8
a = 4q2

a = 0.515 Å−1. The second set of peaks, qxb, is then
best indexed as (001), (002), (003), and (004), suggesting a
non-modulated layer structure with q1

b = 0.144 Å−1, indicating
tilted molecules (θ = 26°), q2

b = 2q1
b = 0.287 Å−1, q3

b = 3q1
b =

0.432 Å−1, and q4
b = 4q1

b = 0.576 Å−1. Upon rapid cooling
(Figure 5f), however, and in contrast to the EM results, only
one dual modulated structure was seen, which is likely due to
the X-ray catching a domain with predominantly one of the
morphologies (here the HNFmod2b) based on the close
matching peak positions with q1

a = 0.100 Å−1 (not in scale,
but calculated from the correlated modulation peaks), q2

a =
0.129 Å−1 (corresponding to a d-spacing of 48.7 Å matching
the length of the molecule l = 48.5 Å), q3

a = 0.140 Å−1,
= +q q qa a a

4 1
2

2
2 = 0.163 Å−1, = +q q qa a a

5 2
2

3
2 = 0.190 Å−1,

q6
a = 2q2

a = 0.258 Å−1, q7
a = 3q2

a = 0.388 Å−1, and q8
a = 4q2

a =
0.519 Å−1. With the structures solved, the next step was to test

Figure 6. Polarized optical photomicrographs (compound 1) of 6 μm thin films between ITO-coated glass after heating to the isotropic liquid
phase (>175 °C) and subsequent slow cooling to room temperature (∼20 °C) at a rate of 5 °C min−1: (a) isotropic liquid phase (crossed
polarizers) at T = 178 °C, (b) the just forming B4 phase showing the aforementioned characteristic features at T = 165 °C with decrossed
polarizers and analyzers (+8°), (c) after starting to apply a triangular wave voltage of 10 V μm−1 (1 Hz) at T = 160 °C, a characteristic stripe grainy
texture starts to form and (d) is completely formed after a time of t = 30 s. (e) After field removal, this texture persists (f) after 24 h and beyond.
(g,h) the same texture shown in (f) after toggling the decrossed polarizer and analyzer orientation by ±8°.

Figure 7. XRD analysis data (compound 1) showing intensity (au) vs wave vector q (Å−1) of compound 1 after applying at electric field on cooling
from the isotropic liquid phase: (a) high-resolution medium-angle and (b) high-resolution small-angle region. To acquire the data, the sample was
removed from the ITO cells by breaking the cell open and transferring the material to a capillary.
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how compound 1 responds to an electric field applied right at
the phase transition from the isotropic liquid to the B4 phase
on slow and fast cooling.

Figure 6 shows the POM images for compound 1 just before
(still in the isotropic liquid state, Figure 6a), during, and after
applying the electric field (triangular wave, 1 Hz, up to 10 V
μm−1). Right at the phase transition (Figure 6b), the typical
features of the B4 phase are clearly visible, but immediately
upon applying an electric field, the appearance of the texture
rapidly changes and evolves (Figure 6c,d) to a typical striped
grainy texture commonly observed for the SmCAPA texture �
one of the B2 phases (Figure 6e−h) � once the electric field
is turned off, as reported by several other groups.67,72

Practically the exact same textures also form when this
temperature and applied electric field protocol is reproduced at
higher rates of cooling (for images at 20 °C min−1, see
Supporting Information, Figure S15). Phase transition temper-
atures shown in Figure 1 are here from POM since DSC data
acquisition with an applied electric field was not possible.
Furthermore, the blue structural color, otherwise characteristic
of a B4 phase, was no longer observed for this electric field-
treated sample of compound 1 in reflection.

XRD experiments were performed to support the micros-
copy findings and examine the exact structure of compound 1
after applying an electric field. The obtained diffraction
patterns clearly deviate from those recorded earlier for the
B4 morphologies. Instead, a simple smectic diffraction pattern
with q1 = 0.13 Å−1 (corresponding to d = 48.3 Å and thus a low
tilt of θ = 8.5°) q2 = 2q1 = 0.26 Å−1, q3 = 3q1 = 0.39 Å−1, a
weak scattering maximum at q4 = 4q1 = 0.52 Å−1, and a wide-
angle broad, diffuse scattering q5 (centered at q = 1.5 Å−) was
recorded (Figure 7). The latter precludes a B4 structure, for
which the diffraction pattern in the q-range corresponding to
lateral molecular distances shows multiple sharper peaks due to
the crystalline nature within B4 filaments.77 Thus, XRD and
POM confirm the formation of a simple layered structure
under these conditions, thus strongly suggesting the formation
of a SmCAPA or SmCSPA B2 texture.
3.2. Compound 2 with an Azobenzene Para-Arm

Armed with the knowledge that an applied electric field as an
external stimulus can alter the phase structure of a BC-LC with
suitably responsive molecular motives, 2 underwent the same

experimental protocol, now tracing its behavior before and
after irradiation with UV light.

At a slow rate of temperature change (5 °C min−1), DSC
shows one phase transition on heating and two phase
transitions on cooling for compound 2 (Figure S16a and
Table S2). POM confirms these results by showing what is
sometimes described as a banana leaf-like texture72 at higher
temperatures on cooling from the isotropic liquid (Figure 8a),
followed by a phase transition that is characterized by
noticeable changes to a low birefringence texture with mosaic
and spherulitic domains that show the characteristic swap
between dark and bright domains as one toggles the
orientation of decrossed polarizers and analyzers (Figure
8b−d and Supporting Information, Figure S17). These exact
textural traits are shared among B4 phases formed by achiral
bent-core molecules, thereby indicating the formation of a
conglomerate of coexisting and adjacent homochiral domains18

formed by filaments with opposite handedness that grow,
chirality-preserving, with equal probability.78 SEM and TEM
imaging support the formation of nanofilaments upon slow
cooling, showing just like for 1 a coexistence of two
morphologies in a similar form of mixed crystals. The HNFs
seen in Figure 8e,f show dimensions of w ∼ 100 nm and a
helical pitch of p ∼ 350 nm like the HNFmod2b formed by
compound 1 and as reported earlier by compound III.20 The
handedness of the domain in Figure 8e is left-handed, but
other domains show the opposite handedness (Supporting
Information, Figure S18). The other clearly distinct morphol-
ogy is HLNC,25 where a left-handed helicoidal wrapping is
clearly visible (Figure 8f); possibly by chance, helicoidal
layering with the opposite handedness was not seen in any of
the SEM images.26 The average diameter of the HLNCs ranges
from 250−300 nm, which would translate to 25−30 layers
(given the molecular length of compound 2 of l = 51 Å). TEM
images further supported the coexistence of two morphologies
as mixed crystals, often showing a core of bundled HNFs from
which NCs appeared to spread outward (Figure 8g,h). The
HLNCs formed are now significantly larger than those seen for
compound 1.

Microscopic studies performed for 2 upon rapid cooling
largely echo those obtained after slow cooling from the
isotropic liquid. POM textures after the rapid thermal quench
show a less defined grainy, bluish mosaic appearance
characterized by smaller domains (as expected for rapid

Figure 8. Polarized optical photomicrographs (compound 2) after heating to the isotropic liquid phase (>175 °C) and subsequent slow cooling to
room temperature (∼20 °C) at the cooling rate of 5 °C min−1: (a) crossed polarizers at T = 173 °C, (b) crossed polarizers at T = 90 °C and (c,d)
± 10° decrossed polarizers at T = 90 °C. (e,f) SEM images (different domains) after heating to the isotropic liquid phase, followed by slow cooling
to room temperature. (g,h) TEM images obtained upon slow cooling (different representative areas on the grid).
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cooling), which again show alternating darker and lighter
subdomains when the orientation of the decrossed polarizer
and analyzer is toggled (Figure 9a−c and Supporting
Information, Figure S19). Sample photographs show the
well-documented yellow color in transmission and a blue
structural color in reflection (Figure 9d). SEM images continue
to show coexistence of the same two morphologies with almost
identical dimensions as those seen on slow cooling (Figure
9e−g). Here, HNFs with either handedness can be seen (see
Supporting Information, Figure S20) due to the smaller
domain size, but any helicoidal layering in these images is
difficult to make out. Perhaps a right-handed layering can be
seen in the one filament that grew perpendicular to the other
longer filaments (bottom right in Figure 9f). TEM images then
show clusters of HNFs that appear wrapped in smooth
cylinder-like structures (Figure 9h).

Continuous irradiation of a sample of 2 initially dissolved in
an organic solvent (CH2Cl2) and during complete solvent
evaporation and heating to the isotropic liquid to generate a
thin film with UV light at λ = 365 nm then generated some
marked differences in all the microscopy images upon cooling.

Lacking a photo-DSC setup, determination of the phase
transition temperatures for the UV-irradiated sample of
compound 2 was accomplished by POM. With respect to
the textural observations, the rate of cooling had absolutely no
impact here, and all images recorded under either cooling rate
were practically identical. In POM, the orange and blue
textures with focal conic domains that appeared showed again
the typical alternating darker and lighter domains when
toggling the analyzer position away from the 90° crossed
polarizer position (Figure 10a−c). Similar, yet singularly blue
textures were previously reported for parent compounds II and
III23 on slow and rapid cooling, as well as for compound VI on
rapid cooling only. In all prior cases, such a texture was formed
by HNF morphologies without any coexistence of other
morphologies. SEM imaging further supports this, showing
only one B4 morphology and no coexistent second
morphology (Figure 10e−g). All images show solely HNFs
with random left or right handedness and similar dimensions as
those seen during cooling without UV irradiation (average
width of w = 100 nm and pitch of p = 250−300 nm). We
attribute this to the initially considered Weigert effect, where

Figure 9. Polarized optical photomicrographs (compound 2) after heating to the isotropic liquid phase (>175 °C) and subsequent rapid cooling to
room temperature (∼20 °C) at the cooling rate of ≥50 °C min−1: (a) crossed polarizers at T = 20 °C as well as (bc) ±10° decrossed polarizers at T
= 20 °C. (d) Sample photographs showing the B4 typical yellow color in transmission and blue structural color in reflection (top row: on a
backlight illuminated and then a dark surface; bottom row: held up against a light or dark background with the latter image clearly showing the blue
structural color). (e−g) SEM images after heating to the isotropic liquid phase followed by rapid cooling to room temperature (different domains).
(h) Representative TEM image obtained upon rapid cooling.

Figure 10. Polarized optical photomicrographs (compound 2) after heating to the isotropic liquid phase (>175 °C) and subsequent slow cooling to
room temperature (∼20 °C) at the cooling rate of 5 °C min−1 with UV irradiation at λ = 365 nm: (a) crossed polarizers at T = 20 °C as well as (b)
and (c) ±10° decrossed polarizers at T = 20 °C. (d,e) SEM images after UV irradiation heating to the isotropic liquid phase, followed by slow
cooling to room temperature (different domains and magnification). (f,g) SEM images after UV irradiation and after heating to the isotropic liquid
phase followed by rapid cooling to room temperature (different domains and magnification). (h) Representative TEM image obtained upon slow
cooling after UV irradiation.
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continued exposure to UV irradiation and fast thermal back
relaxation to the cis-isomer leads to an equilibrium that lies on
the side of the thermodynamically more stable trans-isomer of

the azobenzene situated in the para-arm. This process then
aligns the molecules along the path of light irradiation, as
demonstrated by Yoon et al. for BC-LCs based on azobenzene

Figure 11. (a) UV−vis spectra recorded for compound 2 prior to and during UV irradiation at λ = 365 nm. (b)−(h) XRD analysis data for
compound 2 showing intensity (au) vs wave vector q (Å−1): (b) high-temperature phase upon slow cooling at T = 165 °C (c) between Kapton
windows on slow cooling at T = 157 °C right at the transition from the high to the low temperature phase (inset shows the in vacuo POM image of
the evolving spherulitic domain of the B4 phase taken inside the SAXS instrument sample chamber), (d) low-temperature phase on slow cooling at
T = 90 °C, (e)−(f) low-temperature phase upon rapid cooling (thermal quench): (e) survey scan, (f,g) two different sample spots in capillary, and
(h) in a capillary under continued in situ UV light (λ = 365 nm) irradiation (insert shows the experimental setup both as a schematic at the bottom
and in a photograph at the top right taken with the camera that points exactly at the sample location interrogated by the X-rays). Deconvolutions of
low-q signals are provided in the Supporting Information (Figures S25 and S26).

ACS Nanoscience Au pubs.acs.org/nanoau Article

https://doi.org/10.1021/acsnanoscienceau.3c00005
ACS Nanosci. Au XXXX, XXX, XXX−XXX

J

https://pubs.acs.org/doi/10.1021/acsnanoscienceau.3c00005?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnanoscienceau.3c00005?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnanoscienceau.3c00005?fig=fig11&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnanoscienceau.3c00005/suppl_file/ng3c00005_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnanoscienceau.3c00005?fig=fig11&ref=pdf
pubs.acs.org/nanoau?ref=pdf
https://doi.org/10.1021/acsnanoscienceau.3c00005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


dimers connected by a flexible aliphatic tether.27,28 As a
consequence, the UV irradiation favors the formation of HNFs
over (HL)NCs, where UV light alignment and coaxial layering,
if the orientation of the molecular bend is parallel to the long
axis of the NC filaments, would impede helicoidal wrapping.
Again, TEM imaging then shows the clustered HNFs without
the previously seen wrapping by the other morphology (Figure
10h).

Photophysical and XRD experiments were used to better
understand the behavior of 2 and to fully examine the
structures formed under the various experimental conditions.
UV−vis spectra recorded prior to and during UV irradiation
(at λ = 365 nm; over 2 min in 10 s intervals) show that the
trans-configuration of the azobenzene in 2 rapidly isomerizes
to the cis-configuration (Figure 11a). A deconvolution of the
UV−vis spectrum prior to UV irradiation (Supporting
Information, Figure S21) shows that 9% of 2 are already in
the cis-configuration, likely the thermodynamic equilibrium, as
practically identical UV−vis spectra were acquired from thin
films of 2 with and without the UV-exposure but following the
same thermal treatment (Supporting Information, Figure S22).

On slow cooling from the isotropic liquid (Figure 11b and
Supporting Information, Figure S23), the high-temperature
phase formed by 2 shows three diffraction peaks labeled q1−q3
at q1 = 0.183 Å−1, q2 = 0.269 Å−1, and q3 = 0.395 Å−1, indexed
as (11), (02), and (31) with a two-dimensional rectangular
lattice (plane group c2mm) and lattice parameters of a = 46.7
Å, and c = 50.6 Å (note that the molecular length of 2 is l =
51.1 Å); a phase that is also formed by parent compound I on
heating and cooling23 as well as compound V25 on rapid
cooling. At the phase transition to the low-temperature phase
(imaged and pinpointed by the in vacuo POM insert within
the SAXS sample chamber; for the setup, see Supporting
Information, Figure S24), a remnant peak from the Colr−
c2mm phase at q1

b = 0.183 Å−1 and two emerging new maxima
at q1

a = 0.122 Å−1 and q2
a = 2q1

a = 0.244 Å−1 from the originating
B4 phase were recorded (Figure 11c). On further slow cooling
below the phase transition, 2 shows a set of diffraction peaks
labeled q1−q9 with q1 = 0.112 Å−1, q2 = 0.122 Å−1, (d = 51.5 Å,
matching the molecular length of 2), q3 = 2q1 = 0.223 Å−1, q4 =
2q2 = 0.244 Å−1, q5 = 3q1 = 0.343 Å−1, q6 = 3q2 = 0.367 Å−1, q7
= 4q2 = 0.488 Å−1, q8 = 5q2 = 0.611 Å−1, and q9 = 6q2 = 0.734
Å−1, and thus a highly ordered, likely intralayer-modulated
layer structure (based on the additional correlated diffraction
peaks at q1, q3, and q5) in these filaments (Figure 11d, and
Supporting Information, Figure S25 for a better resolution plot
at lower q). Given the dimensions seen by EM imaging, this
would then translate to a HNFmodb morphology (with the
subscript “b” simply indicating the larger physical dimensions
of the modulated HNFs). A separate set of diffraction peaks
belonging to the second B4 morphology seen by EM imaging,
however, was not detected by XRD on slow cooling (even by
probing various sample locations), which could occur if both
morphologies are non-tilted, as indicated by the calculated
layer spacing (d) for the HNFmodb morphology.

This situation changes on rapid cooling, where just like in
the SEM and TEM images, two distinct morphologies can be
identified by analyzing the XRD pattern (Figure 11e−g, and
Supporting Information, Figure S26 for deconvolutions of the
low q signals). Here, 2 shows two sets of diffraction peaks with
varying intensity depending on the sample location inter-
rogated along the capillary, labeled q1

a−q9
a and a single peak

without any correlation to the qxa set, q1
b = 0.141 Å−1,

corresponding to d = 44.6 Å (i.e., a layer structure with a tilt of
θ = 29°). For the qxa set itself, q1

a = 0.110 Å−1, q2
a = 0.123 Å−1

(corresponding to a d-spacing of 51.1 Å matching the length of
the molecule l = 51.1 Å), q3

a = 2q1
a = 0.221 Å−1, q4

a = 2q2
a =

0.246 Å−1, q5
a = 3q1

a = 0.331 Å−1, q6
a = 3q2

a = 0.396 Å−1, q7
a = 4q2

a

= 0.492 Å−1, q8
a = 5q2

a = 0.615 Å−1, and q9
a = 6q2

a = 0.738 Å−1,
similar to the modulated B4 morphology with no layer tilt
already found on slow cooling, but now with a different
intralayer modulation (i.e., HNFmod’b). The clear identification
of the second morphology, the (HL)NC, may here be aided by
the overall smaller domain size, as seen by EM imaging, which
as expected given the rapid thermal quench now intermix more
readily and are more simultaneously captured by the
interrogating X-ray beam. In such a situation, the intensity of
the two major diffraction peaks (q2

a and q1
b), each correlated to

the layer spacing, occurs at almost equal intensities (as seen in
Figure 11g).

Finally, we devised an experimental setup where a sample of
2 in a capillary that was prepared exactly as the samples studied
by POM and EM is further irradiated with UV light in situ
during data collection within the evacuated sample chamber at
the phase transition. Figure 11h shows the diffraction pattern
at exposure to UV light at λ = 365 nm. Six clearly discernible
diffraction peaks, with q1 = 0.123 Å−1 (d = 51.1 Å, again
matching the molecular length of 2), q2 = 2q1 = 0.247 Å−1, q3 =
3q1 = 0.370 Å−1, q4 = 4q1 = 0.493 Å−1, q5 = 5q1 = 0.615 Å−1,
and q6 = 6q1 = 0.732 Å−1 (see Supporting Information, Figure
S27a, for a plot of the small angle region) further suggest the
sole existence of only one of the previous two B4
morphologies, i.e., a non-tilted B4 HNFb morphology (based
on the first diffraction peak, q1), as hinted at by POM and
confirmed by EM imaging (see Figure 10). Thus, in the case of
compound 2, the UV exposure protocol serves as a selector for
one of the two morphologies previously formed in coexistence
with one another without irradiation at λ = 365 nm.
Considering the inherent radial molecular orientation of the
BC-LC molecules established for the nanocylinder morphol-
ogy, which seems noncommensurate with the active UV light
alignment mechanism previously described by Yoon and co-
workers,27,28 the morphology that does allow for the alignment
of the BC-LC molecules along the path of irradiation, the HNF
morphology, becomes the prevailing morphology. Further-
more, UV light-promoted alignment also negates the intralayer
modulation seen prior to UV irradiation (Supporting
Information, Figure S27b), producing the non-modulated
HNFb morphology.

4. CONCLUSIONS
The exceptional ability of molecules with a bent molecular
shape to form hierarchically self-assembled nanoscale building
blocks in the form of flat ribbons, helical filaments with
negative Gaussian, or layered nanocylinders with a cylindrical
curvature�so-called B4 phases�has quickly transformed
these molecules into desirable building blocks for a variety of
potential applications in optics,79,80 energy harvesting,81

chirality transfer,82 or as templates21,83,84 for circularly
polarized emission using aggregation-induced emission
dyes.85,86

While we have previously shown that these nanoscale
organic building blocks can, to some degree, be logically
blended to obtain a specific filament type with a priori-
predicted handedness,87 actively changing the phase from B4
to another phase or guiding the formation of only one select
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B4 morphology using external stimuli has not been realized.
The current work demonstrates that deliberate molecular
design within the parameter space of bent-core molecules that
can form the B4 phase allows for either phase or morphological
control using external stimuli such as applied electric fields or
UV irradiation. While the parent molecules lacking structural
motives such as conformationally rigid SPUs or photoactive
azobenzenes permitted structural or morphological changes
only in response to variations in the cooling rate from the
isotropic liquid phase (i.e., thermal control or trigger), the
approach detailed here adds two additional external trigger
modes to select either a specific phase (from a B4 crystalline to
a B2 liquid crystalline phase88) or to gradually eliminate the
coexistence of one of two morphologies in favor of the one that
is more commensurate to the photoalignment of the
azobenzene-containing molecules along the path of irradi-
ation27,28 (see the graphical summary in Figure 12).

The morphology coexistence observed for either molecule
prior to exposure to the respective external stimulus likely finds
its origin in the kinetics of formation (and nucleation) of the
nanofilaments78 depending on the rate of cooling, but requires
further, more in-depth studies by gradually adjusting the rate of
cooling at much smaller intervals than chosen thus far. Such
experimental studies are underway and will be reported in due
course. Combined with the templating ability of B4 nanofila-
ments, triggering a phase or morphology change by external
stimuli, as shown here, will also permit some degree of external
control over the properties (circularly polarized emissive, for
example) of any helical or helicoidal assembled guests, leading
to potential applications.
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(17) Gonçalves, D. P. N.; Prévôt, M. E.; Ustunel, S.; Ogolla, T.;

Nemati, A.; Shadpour, S.; Hegmann, T. Recent Progress at the
Interface Between Nanomaterial Chirality and Liquid Crystals. Liq.
Cryst. Rev. 2021, 9, 1−34.
(18) Hough, L. E.; Jung, H. T.; Kruerke, D.; Heberling, M. S.;

Nakata, M.; Jones, C. D.; Chen, D.; Link, D. R.; Zasadzinski, J.;
Heppke, G.; Rabe, J. P.; Stocker, W.; Korblova, E.; Walba, D. M.;
Glaser, M. A.; Clark, N. A. Helical Nanofilament Phases. Science 2009,
325, 456−460.
(19) Tsai, E.; Richardson, J. M.; Korblova, E.; Nakata, M.; Chen, D.;

Shen, Y. Q.; Shao, R. F.; Clark, N. A.; Walba, D. M. A Modulated
Helical Nanofilament Phase. Angew. Chem., Int. Ed. 2013, 52, 5254−
5257.

ACS Nanoscience Au pubs.acs.org/nanoau Article

https://doi.org/10.1021/acsnanoscienceau.3c00005
ACS Nanosci. Au XXXX, XXX, XXX−XXX

M

https://doi.org/10.1098/rsta.2009.0011
https://doi.org/10.1038/ncomms7368
https://doi.org/10.1098/rsbl.2006.0542
https://doi.org/10.1098/rsbl.2006.0542
https://doi.org/10.1080/15592324.2021.1977530
https://doi.org/10.1080/15592324.2021.1977530
https://doi.org/10.1021/jacs.0c08174?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c08174?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c08174?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b06365?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b06365?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b06365?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.0c03383?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.0c03383?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp906721g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp906721g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.9b04846?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.9b04846?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.9b04846?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/srep41327
https://doi.org/10.1038/srep41327
https://doi.org/10.1038/srep41327
https://doi.org/10.1021/nn204938j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn204938j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/d0cc01934h
https://doi.org/10.1039/d0cc01934h
https://doi.org/10.1021/acsmacrolett.0c00079?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.0c00079?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.0c00079?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c5sm01050k
https://doi.org/10.1039/c5sm01050k
https://doi.org/10.1039/c8sm02622j
https://doi.org/10.1039/c8sm02622j
https://doi.org/10.1039/c8sm02622j
https://doi.org/10.1021/acsomega.1c05498?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.1c05498?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/21680396.2021.1930596
https://doi.org/10.1080/21680396.2021.1930596
https://doi.org/10.1126/science.1170027
https://doi.org/10.1002/anie.201209453
https://doi.org/10.1002/anie.201209453
pubs.acs.org/nanoau?ref=pdf
https://doi.org/10.1021/acsnanoscienceau.3c00005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(20) Shadpour, S.; Nemati, A.; Salamonćzyk, M.; Prévôt, M. E.; Liu,
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