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ABSTRACT: Harata—Kodaka’s rule predicting the induced
chirality of the guest molecules by cyclodextrins has been
discovered in the 1970—1990s, yet its ability to control the
supramolecular handedness of self-assembled structures has not
been sufficiently recognized. Here we show that in a
coordinating self-assembly system that is able to form racemic
cone shells symmetry breaking occurs if the ligand is
prethreaded into a-cyclodextrin prior to metal ion addition,
and the handedness of cone shells can be rationally manipulated
by creating the two scenarios of the Harata—Kadaka rule
through controlling the host—guest dynamics. Since the
coordination complexes have strong self-assembling ability,
the coordinating ligand would dethread from the cavity of a-cyclodextrin but leaving the induced chirality to the coordinating
self-assembly, thus catalyzing symmetry breaking. This work reveals that the dynamic factors such as concentration and molar
ratio may play important roles in symmetry breaking at the supramolecular level. The current strategy provides a promising
method for the symmetry breaking and manipulation of the handedness of self-assembled materials formed by achiral
molecules.

KEYWORDS: symmetry breaking, Harata—Kodaka’s rule, host—guest dynamics, catassembly, a-cyclodextrin

INTRODUCTION Cyclodextrins (a,f,y-CyD) are cyclic oligosaccharides
composed of 6,7,8-D-glucopyranose units connected with 1,4-
glycosidic bonds.”* The cavity of cyclodextrins (CyD) is chiral,
which can induce circular dichroism (ICD) for the achiral
guest it accommodates.”® In the 1970—1990s, Harata>*** and
Kodaka®™** et al. figured out that for a guest with its
chromophore inside the cavity of CyDs the dipole—dipole
interactions between CyD and the chromophore would result
in a positive ICD spectrum, if its electric transition dipole
moment y is parallel to the main axis of CyD.”* On the
contrary, if the chromophore is outside of the cavity of CyDs, a

Symmetry breaking at various length scales in Nature remains a
big mystery. In the past decades, people have endeavored a
great effort to explore possibilities that might lead to chiral
structures, particularly chiral supramolecular self-assembly
generated from achiral molecules,' ™ since this not only allows
generating chiral materials with low cost but also sheds light on
the origin of meso- and macro-scaled chirality in Nature. So
far, people are able to trigger symmetry breaking of helical
structures with chiral “generals”,4_6 mechanical fields,”®
light,g_11 heat,"" metal coordination,'*"* hydrogen bonding,14

. . 15,16 7-19 .
solvent manipulating, space confinement, or steric

hindrance.”””" These diversified approaches have greatly Received:  August 6, 2021
broadened people’s horizons on the possible origin of Accepted:  October 25, 2021

supramolecular chirality. However, except for the approaches
involving chiral general and mechanical fields, it still remains
ambiguous to rationally regulate the handedness of the
resultant self-assembled structure.
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Figure 1. (A) Molecular structure of C4AZO and its schematic configuration. (B) Photographs of the aqueous solution of C4AZO and the
suspension it forms with Zn** (C4AZO—Zn*" = 0.5:0.25 mM). (C) Time-evolution images of the microtubular structures. (C1—-C4) TEM
images captured, respectively, on the timeline of 0 min, 5 min, 10 min, 30 min, and 12 h. Note that the two pictures in C1 were obtained
from the same example. (C5) SEM image after 12 h of stabilization. (D) XPS measurement for the O 1s binding energy of C4AZO before
and after coordination with Zn**. (E) FT-IR spectra of C4AZO before and after coordination with Zn>*,

Scheme 1. Ilustration of the a-Cyclodextrin-Catalyzed Symmetry Breaking of Coordinating Self-Assembly of Zn(C4AZO),
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negative ICD should be expected.”® In the past half century,
the above Harata—Kodaka rule was extensively utilized to
predict the absolute configuration of the achiral guest in the
cavity of CyDs*”™** but has never been considered in
symmetry breaking in racemic self-assembled structures and
controls the handedness of supramolecular structures.
Recently, people have recognized that some molecular self-
assembled structures can be assisted by a “helper”.**** Tian et
al. suggested to use the term “catassembly” to refer to this
process as “catalyzed assembly”.”> In analogy to the role of
catalysis in a chemical reaction, the “helper” participates in the
self-assembling process but would not appear or exist as a
negligible component in the final self-assembled structures, just
like what catalysis does in a chemical reaction. It has been
expected that catassembly would be an effective approach to
obtain “state-of-the-art” self-assembled materials.**~** Consid-
ering that the occurrence of chiral molecular self-assembled
structures with achiral molecules is usually under certain
circumstances, we expect that catassembly could probably be a
suitable strategy leading to symmetry breaking with rationally

designed handedness in a racemic self-assembling system.
However, so far this scenario has not been demonstrated.

Herein, we report an unusual case of a-cyclolextrin (a-
CyD)-catalyzed symmetry breaking in the racemic chemical
cone shells self-assembled from the zinc salt of the alkyl
azobenzene carbonate (Figure 1A). Upon controlling the
host—guest dynamics through varying the host-to-guest ratio
or the total concentration, we are able to selectively obtain the
left- (M) or right-handed (P) Zn(C4AZO), cone shells. The
underlying physics is that the fast exchanging of C4AZO in and
out of a-CyD favors shallower threading of the butyl
azobenzene carbonate in the cavity of a-CyD, whereas the
slow guest exchange favors a deeper threading (Scheme 1).
According to Harata—Kodaka’s rule, these two scenarios
generate a reverse ICD signal, which leads to cone shells
with reverse handedness. The current work indicates that the
factors influencing the self-assembling dynamics of critical
molecules perhaps have a determinative role in deciding the
supramolecular chirality in nature.
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Figure 2. (A) Molecular structure and sizes of @-CyD. (B) SEM image of the aggregates formed after adding Zn>" into the solution of
C4AZ0—a-CyD (C4AZO/a-CyD/Zn*" = 2:2:1 mM). Left- (M) and right-handed (P) cone shells are circled as green and red, respectively,
to count their numbers, and the following picture is the same. (C) CD spectra that show the emergence of symmetry breaking. (D) NMR
spectra of the C4AZO—a-CyD—Zn’" aggregates. The peaks that occur at § = 3.33 ppm are from water absorbed by DMSO-d, solvent. (E)
XRD spectra of C4AZO—Zn*" and C4AZO—a-CyD—Zn>" aggregates. (E1 and E2 represent the small and wide-angle part of the spectra,
respectively. The insets in E1 illustrate how the butyl chains staggered in the bilayers of the racemic and P-chiral cone shells, respectively.)

RESULTS AND DISCUSSION

Formation of Racemic Spiral Cone Shells. The achiral
guest C4AZO (Figure 1A) was synthesized in our lab
according to the literature.”” UV—vis measurement suggests
that this compound would undergo trans-to-cis isomerization
under UV irradiation (Figure S1). Under visible light, the
trans-isomer is about 66% according to '"H NMR measure-
ments (Figure S2). In water, C4AZO molecules form irregular
clusters around 10—50 nm (Figure S3). A turbid suspension
was formed immediately after mixing the aqueous solution of
C4AZO and zinc nitrate (Zn(NO;),) at the molar ratio of
C4AZO—-Zn** = 2.0 (Figure 1B), indicating the interaction
between Zn** and C4AZO has formed a complex with strong
self-assembling ability. The disappearance of the UV—vis
feature for the cis-isomer (Figure S1) indicates that the self-
assembly has promoted the cis to trans isomerization.*’
Transmission electron microscopy (TEM) images captured
at different time scales reveal the programmed formation of
hollow cone-shell structures (Figure 1C). Helical ribbons
displaying both M and P chirality already formed after initial
mixing (Figure C1), which coiled into rocket heads within $
min (Figure C2). Ten min later, a structure with cone-shell
morphology came into formation, with the diameter and length

around 200 and 600 nm (Figure C3), respectively. The cone
shells kept growing with time, and the final length could be
several micrometers (Figure C4). Scanning electron micros-
copy (SEM) images revealed the coexistence of both M and P
helical coils, and their ratio is half-to-half (Figure CS5),
indicating that the pristine C4AZO—Zn*" self-assembly is
racemic. Accordingly, no circular dichroism was detected
(Figure 2C, upper panel, black curve). Elemental analysis
(Table 1) suggests that the cone shells are composed of the
electroneutral Zn(C4AZ0O), compound. Since this compound
is charge neutral and contains two hydrophobic C4AZO
chains, it displays very strong self-assembling ability, which

Table 1. Elemental Analysis (EA) Results of the C4AZO—
Zn’>* Aggregates”

sample method C (wt %) N (wt%) H (wt%)
C4AZO—Zn* theoretical 64.65 8.38 5.74
experimental 62.99 8.15 5.84
C4AZO—a-CyD-Zn**  theoretical 49.25 2.13 6.06
experimental 62.40 8.13 5.53

“Theoretical values are listed as a contrast.

https://doi.org/10.1021/acsnano.1c06766
ACS Nano XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c06766/suppl_file/nn1c06766_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c06766/suppl_file/nn1c06766_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c06766/suppl_file/nn1c06766_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c06766/suppl_file/nn1c06766_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c06766?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c06766?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c06766?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c06766?fig=fig2&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c06766?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acsnano.org

Hg Hh Hi

A. He Hb
Ha e e]j HI
H. H 33

2020mM o W o
SO R b

1 g -
| % 3.6
o )1 0o 0P

80 76 72 68 24 20 16 12 08
2 (ppm)

C. ™
30+ 23
t20 3

20 1 =
—_ L0 ¥
; 1 o
5 ° ‘ A\ &
< o ‘ I 0 5
é]’ 10 ‘ \\‘_/ <
i t-10 2
-20 | 1]

1]

30 _-205
] (4

200 250 300 350 400 450 500
Wavelength (nm)

E in a.u.

* 4698
-4697.6
-4697.4
-4697.2
-4697 . ' ‘ ‘
1 2 3 4
Conformation
D. 400 1300
<)
L
200 150 <
3 E )
E | 5
-~ 0 0 =
g V 2
f
-200 L-150 ©
o
©
3
[e]
-400 L -300 14

250 300 350 400 450
Wavelength (nm)

Figure 3. (A) 2D NMR (ROESY) spectra of the C4AZO/a-CyD complexes (C4AZO/a-CyD = 2:2 mM, and the peak attribution of &-CyD
was referred to in the literature’>**). (B) Geometry-optimized energies of different C4AZO/a-CyD conformations based on DFT
calculation. The sphere-stick models of the optimized conformations are shown in Figure S8. (C,D) DFT-calculated ICD spectra of the
supramolecular chirality for the two conformations that C4AZO is threaded into a-CyD from the narrower rim with different locations: (C)

a-CyD on the alkyl chain and (D) @-CyD on the AZO.

coincides with the quick precipitation process in the system. X-
ray photoelectron spectroscopy (XPS) measurements (Figure
1D) reveal that the O 1s of the COO— group displays two
different binding energies in C4AZO, but only one energy
occurs in Zn(C4AZO),. Meanwhile, the binding energy of
Zn** 2p1/2 and 2p3/2 has decreased by 0.7 and 0.5 eV,
respectively (Figure S4), indicating the COO-— group
interacted with Zn>* through a chelating mode, as illustrated
by the inset in Figure 1D. This picture is further confirmed by
Fourier transform infrared spectrum (FT-IR) measurements,
which show that the separation between the asymmetric and
symmetric vibration is decreased by 54 cm™!, namely, from
1604—1418 = 186 cm™' to 1564—1432 = 132 cm™ (Figure
1E) 42

It is worth noting that the C4 chain is very crucial for the
helical structure formation. As the C4 chain is removed or
reduced to C2 (Figure SS), only flat plates were formed. This
means that the C4 alkyl chains in the bilayers may protrude
some steric hindrance for the stacking of the AZO groups in
the Zn(C4AZO),-coordinating self-assembly, so that they have
to form some dislocation in packing during the assembly with
Zn®*.

Symmetry Breaking in the Cone Shells. However, as
the C4AZ0O was allowed to form a host—guest complex with a-
CyD at the molar ratio of 1:1 (Figure 2A and Figure S6, 'H
NMR, S7-MS), further addition of Zn?** led to drastic
symmetry breaking in the cone-shell self-assemblies. Increasing
the a-CyD to C4AZO molar ratio to 2:1 or 3:1 could not form
the cone shells. Figure 2B shows the SEM image of the
predominant P-chiral cone shells formed in the 2 mM
C4AZO/2 mM a-CyD/1 mM Zn(NO;), system. In line
with this symmetry breaking in microstructures, the suspension
displays a distinct chiral signal (Figure 2C, upper panel)
corresponding to the UV absorbance of the AZO groups

(Figure 2C, lower panel). Elemental analysis (Table 1) reveals
that the P-chiral cone shells have nearly the same composition
as the racemic ones in Figure 1C. '"H NMR measurements
(Figure 2D) for the clean precipitates, after centrifugation from
the supernatant, further confirm that a-CyD does not exist in
the P-chiral cone shells. However, the X-ray diffraction (XRD)
peaks shift to smaller angles for the symmetry-breaking cone
shells, and the diffractions are stronger (Figure 2E). According
to the Brag equation, 2D lamellar lattices were formed in both
cases, but the thickness of the bilayers, determined from the
001 diffraction, is 3.07 nm in the racemic system, which is 0.6
nm shorter than the 2-fold fully extended length of C4AZO
(Figure S8). It is noticed that 0.6 nm is exactly the length of
the butyl chain (Figure S8). This means that the butyl chains
have staggered in the bilayers in the racemic cone shells (inset
in Figure 2E1, upper panel). However, the bilayer thickness for
the a-CyD-mediated cone shells increases to 3.33 nm,
indicating that the two half-layers are more stretched (inset
in Figure 2E1, lower panel). This different molecular packing
in the racemic and symmetry-breaking cone shells manifests
clearly that the host—guest interaction between C4AZO and a-
CyD has changed the self-assembling process of the Zn-
(C4AZ0), unit.

Role of a-CyD in the Symmetry Breaking. To further
understand the role of @-CyD in the symmetry breaking, both
2D '"H NMR measurements and theoretical calculations were
performed to study the binding mode of a-CyD with C4AZO
and the predicted ICD spectra. It is amazing to find that both
the H3 and HS,6 protons, which are on the wider and
narrower rim of @-CyD, respectively, have correlations with all
the protons of C4AZO (Figure 3A). This means that a-CyD
does not have a preferred binding position and orientation on
the C4AZO skeleton. The theoretical energies for the different
host—guest supramolecular conformations based on quantum
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Figure 4. (A) CD spectra of C4AZO—a-CyD—Zn** suspensions at a fixed molar ratio of 2:2:1 with increasing concentration of each
component. (B) SEM images of the C4AZO—a-CyD—Zn”" aggregates at the concentration of 1.0:1.0:0.5 mM. The inset shows the enlarged
view of the selected circle. (C) Statistic results of number of the M/P-chiral cone shells from the SEM images (concentrations of 1.0:1.0:0.5
mM, 1.5:1.5:1.5 mM, and 2.0:2.0:1.0 mM). (D) CD spectra of C4AZO—a-CyD—Zn*" suspensions at the C4AZ0/Zn*" molar ratio of 2:1
while increasing the relative ratio to a-CyD. (E) Proposed mechanism of a-CyD-catalyzed symmetry breaking in racemic cone-shell self-
assemblies. The molecular packing in the bilayers is illustrated as the same mode for simplicity.

chemistry calculation are quite close (Figures 3B and $9),
indicating they are all possible states. However, Figure 3C,D
and Figure S10 reveal that the calculated ICD spectra for these
host—guest complexes are distinctly different. As the butyl
group is threaded into the cavity of @-CyD from the narrower
rim (inset in Figure 3C), the ICD is negative at 260 and 450
nm but positive at 365 nm (Figure 3C). In contrast, as the
AZO group is threaded into the cavity from the same direction,
a negative ICD would occur at 365 nm and a positive one at
wavelengths larger than 450 nm (Figure 3D). The DFT
calculation suggests that these ICD peaks are from the electron
transitions between molecular orbitals from different groups
rather than the simple Cotton splitting effect. Detailed peak
assignment is provided in Figure S10. Clearly, the ICD signal
observed in Figure 2C for the 2 mM C4AZO—a-CyD—Zn
system is in accordance with that for the ICD of C4AZO with
its butyl group threading into the cavity of @-CyD from the
narrower rim, namely, the situation described in Figure 3C.

This means that the ICDs of C4AZO induced by a-CyD have
been left when the coordinating self-assembly of Zn(C4AZO),
occurs, leading to symmetry breaking in the cone shells.

To further confirm the above postulation, we decided to
measure the host—guest dynamics-dependent ICD of the cone-
shell self-assemblies since the host—guest dynamics has a great
impact on the threading position of the guest in the cavity of a-
CyD, which may reverse the ICD at properly designed host
dynamics.”® Both concentrations and host-to-guest ratios are
effective protocols to achieve dynamic control.”’ In principle,
at lower concentrations, the exchanging rate between the
C4AZO molecules in and out of the a-CyD is slower, so that
the C4AZ0O molecules have time to thread deeper in a-CyD.
As a result, the AZO group would have a larger chance to stay
in the cavity of a-CyD. With increasing concentration, the
exchanging rate becomes faster, which favors a shallower
threading of C4AZO, thus resulting in threading of the butyl
group in a-CyD. This scenario is confirmed with concen-
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tration- dependent 'H NMR measurements (Figure S11). At
the lower concentration of 1 mM, the fraction of CHj of the
butyl group in the cavity of a-CyD is about 0.77, whereas it
increases to 0.88 at the higher concentration of 2 mM.
According to the theoretical calculations, these two scenarios
would generate a reverse ICD signal at 365 nm for the
C4AZO—"Zn cone-shell structures. Figure 4A shows that the
ICD inversion for the cone shells indeed occurs as the C4AZO
concentration varies from 1 to 2 mM, while the molar ratio
between different molecules remains constant. The system
with 1.5 mM C4AZO is ICD silent, suggesting that the positive
and negative ICD signals may cancel each other at this
concentration. UV—vis spectra are similar for the systems with
different concentrations (Figure S12). In accordance with the
concentration-triggered ICD inversion, SEM observations
clearly manifest the occurrence of predominant M-chiral
cone shells at the low concentration of 1.0 mM (Figure 4B
and Figure S13), which is opposite to the P-chiral ones
obtained at the higher concentration of 2.0 mM (Figure 2B
and Figure S14). Along with our expectations, at the
concentration of 1.5 mM, racemic cone shells were observed
(Figure S15). Statistical analysis on the handedness variation in
SEM images with increasing concentration is illustrated in
Figure 4C.

Similarly, the host—guest dynamics can also be manipulated
by varying the molar ratio between C4AZO and CyD since
larger C4AZO ratios would accelerate the exchanging rate
between the C4AZO inside the cavity and that outside the
cavity, resulting in shifting of the threading position from the
AZO to the butyl group. Accordingly, we would expect the
ICD inversion from negative to positive at 365 nm. Figure 4D
shows that as the molar fraction of C4AZO increases the
handedness of the ICD signal for the cone-shell assemblies
reverses as well, indicating the AZO groups locate inside the
cavity of CyD at lower AZO fractions, whereas it is outside of
the cavity of CyD at higher AZO fractions.

Symmetry-Breaking Mechanism. The excellent agree-
ment between the theoretical prediction and the experimental
results allows us to propose the symmetry-breaking mechanism
in the present study. Originally, C4AZO may thread into a-
CyD with both butyl and AZO groups from both the wider
and narrower rim, resulting in diversified conformations as
illustrated in Figure 3B. Since the formation energy is not very
different, these conformations are in dynamic equilibrium with
each other. However, upon addition of metal ions, the
conformation with the narrower rim close to the polar head
becomes dominant since it may encounter smaller steric
hindrance when they further pack into bilayers. Because the
coordination also reduces the electrostatic repulsions between
the C4AZO molecules, the n—n stacking is promoted
significantly. As a result, a-CyD is squeezed out of the system,
but leaving the induced chirality to the coordinating self-
assembly of Zn(C4AZO),, as illustrated in Figure 4E.

CONCLUSION

In conclusion, we successfully achieved symmetry breaking in
racemic cone shells by using @-CyD as a chiral configuration
catalyst, following coordination as the main driving force for
the directional self-assembly of completely achiral molecules.
The chiral cavity of a-CyD may induce a chiral signal for the
achiral guest C4AZO, and the induced chirality can be
rationally manipulated by controlling the host—guest dynamics
according to the predictions of Harata and Kodaka. Because

the two scenarios described by Harata—Kodada’s rule can be
achieved by controlling the host—guest dynamics, the handed-
ness of the coordinating self-assembly can be rationally
manipulated. This work reveals that dynamic factors, such as
concentration and molar ratio, can be very effective in
determining the supramolecular chirality at mesoscales,
which not only may be informative for creating symmetry
breaking for supramolecular self-assemblies but also inspires
the origin of supramolecular chirality in Nature.

EXPERIMENTAL SECTION

Characterizations. The TEM images were taken on a JEM-2100
transmission electron microscope (JEOL, Japan, 200 kV). SEM
measurements were performed using a Hitachi S4800 microscope at
an acceleration voltage of 1.0 kV. The XPS spectra of samples were
tested with an X-ray photoelectron spectrometer (AXIS-Supra). The
crystal information of the assemblies was obtained by Cu Ka radiation
in an X-ray diffractometer (XRD, RigakuDmax-2000X). The FT-IR
spectra were measured with a Spotlight200 microscopic infrared
spectrometer. An elemental analyzer (virioEL, Elementar Analy-
sensysteme GmbH company) was used to measure the contents of C,
H, and N elements. The UV—vis spectra were obtained with a
spectrometer (Shimadzu, UV-1800) using a 1 mm quartz cell in the
range of 200—650 nm with a step size of 0.5 nm. The CD and linear
dichroism (LD) spectra of liquid and suspension samples were
measured on a JASCQ]J-810 spectrometer, and a 1 mm quartz cell was
also used. The scanning speed was set as 200 nm/min; the response
time was 1 s; the bandwidth was 1 nm; and the CD spectra were
obtained after two scans. 'H NMR and 2D-NMR (ROESY) spectra
were performed on a Bruker ARX 500 MHz spectrometer at room
temperature. The mass spectra of precipitates of the assemblies were
measured on a Bruker SolarixXR electrospray ionization mass
spectrometer.

Calculation Details. All the vacuum structural optimizations,
model construction of the C4AZO/a-CyD inclusion complex, and
frequency and ICD spectra calculations were carried out based on
density functional theory (DFT) as implemented in Gaussian 16.*
The functional used is B3LYP, and the basis set was 6-31g(d). The a-
CyD structure was obtained from the ChemSpider database. First, the
structures of @-CyD and C4AZO were optimized. Then, C4AZO was
threaded into the cavity of a-CyD, and four typical C4AZO@a-CyD
inclusion conformations were selected for structural optimization and
energy calculation: the hydrophobic chain of C4AZO was threaded
into the cavity of @-CyD from the narrower rim and the wider rim;
the AZO part was threaded into the cavity of @-CyD from the
narrower rim and the wider rim, respectively. Time-dependent density
functional theory (TDDFT) is used to calculate 20 excited states with
the lowest energies for each conformation. The calculated energies
with four conformations were listed successively under the velocity
representation. It should be noted that the Gaussian 16 output
rotatory strength unit uses the centimeter-gram-second system
(CGS), and the rotor strength unit was 10™* erg-esu-cm/Gauss.

Data Analysis. Based on the four DFT-optimized conformations,
corresponding ICD spectra were mapped using the Multiwfn
program, and the ICD spectra were expanded by Gaussian function
under the velocity representation.*” The ICD is simulated by ab initio
calculations, and the theoretical model we used to clarify the
relationship between calculated rotatory strength and molar extinction
coefficient can be found in the SIL
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