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Asymmetry in Amorphous

Bin Wu, Hongwei Wu, Yunyun Zhou, Dongxiao Zheng, Xiaoyong Jia, Lei Fang and Liangliang Zhu*

Abstract: Although ultra-large optical asymmetry appears in
crystalline materials, distractions from the mesoscopic ordering often
causes inauthenticity in chiropticity. In addition, the formation and
maintenance of crystalline states require complicated technical
efforts. In amorphous materials, however, it remained challenging
and elusive to achieve large chiropticity, not to mention the control of
the degree of asymmetry. Herein, we report the quantitative control
of chiral amplification, on amorphous supramolecular structures of
cholesteryl-linked bis(dipyrrinato)zinc(ll), to an exceptionally high
level. The amorphous molecular aggregations of these complex
building blocks exhibit mirror-image chiropticity. A proper chiral
packing of the building block at several molecular scale contributes
considerably to the absorptive dissymmetry factor gass, although the
system is overall disordered. The intense and tunable aggregation
strength renders a variable gaps value up to +0.10 and +0.31 in the
solution and in film state, higher than those observed in most
previously reported cases. On this basis, a superior ON-OFF
switching of chiropticity is realized under external stimuli. By
eliminating the demand on material crystallinity, this work
establishes a general design principle to control over ultra-large
optical asymmetry on a wider scope of chiral materials.

Introduction

Chiral amplification is an appealing characteristic in numerous
natural hierarchical architectures and living helical systems.? In
particular, chiral amplification by chiral self-assembly of building
blocks into artificial nanostructures shows promising potentials in
materials science and optoelectronics.? So far, ultra-large optical
asymmetry (e.g., an absorptive dissymmetry factor gaps > 0.1) on
the basis of crystalline building blocks have been reported, 2
which connects to the further development of asymmetric
photocatalysis, circularly polarized Iluminescence, or even
circular dichroism based imaging techniques. However, these
chiroptical signals can be easily affected by other interfering
factors (e.g., linear polarization), and the emerged circular
dichroism (CD) signals are not necessarily magneto-electric-
dependent.* In addition, molecular configuration responsible for
the ultra-large optical asymmetry in these crystalline states is
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quite restricted. Conversely, it is essential to control the chiral
amplification in amorphous materials, because such systems do
not have limitations in maintaining the mesoscopic ordering.
Moreover, as compared to the crystalline materials that are
relatively inflexible, stimuli response can be expected in the
amorphous systems with high “chiroptical signal tunable.
Nevertheless, it is challenging to engineer an ultra-large optical
asymmetry in amorphous molecular aggregations, probably due
to the difficulty of enhancing aggregation strength by the
cooperation of different chiral packing modes.5

To address this issue, a possible strategy is to enroll strong
chiral packing components together with flexible and controllable
linkers. In this way, chiral packing of the building block at several
molecular scale may contribute considerably to gass, leaving the
system overall amorphous. Chiral coordinated supramolecules
have been receiving considerable attention owing to their strong
complexation interaction in building materials.® Among various
ligands, dipyrrin, which can accept a wide variety of metal ions
to form bis(dipyrrinato)metal(ll) complexes, has been regarded
as a promising candidate for the construction of different
supramolecular structures.” On the other hand, cholesterol can
effectively drive self-assemblies for supramolecular chirality. The
unique chiral packing ability of cholesterol is derived from weak
van der Waals interactions, which make it useful and smart for
the construction of nanostructures with aggregation strength and
morphology tunable.® Inspired by these structural factors,
instead of the routine doping strategy within a framework or
polymers for preparing amorphous materials,® we synthesized a
big and staggered complex building block to minimize the
crystalline properties, but a strong and tunable chirality driving
force is still included. Thus, the possible asymmetry control in
the interim may facilitate chirality amplification upon an
amorphous molecular aggregation.

Therefore, we present a cholesterol-conjugated
bis(dipyrrinato)zinc(ll) molecule (compound ZnL:-1, see Figure
1), which was prepared through the accurate complexation of
the ligand (compound L-1) with the zinc(ll) ion, to serve as a
highly efficient chiral building block (see synthetic route for the
preparation of these compounds in Figure S1). Analogous ZnL2-
2 and ZnL2-3 were synthesized as reference molecules for
control studies to better clarify the mechanism of the controlled
amplification of supramolecular chirality. We determined that a
decrease in the ratio of benign cosolvents in mixed solutions can
cause the quantitative enhancement of the asymmetry degree,
up to an extremely high absorptive dissymmetry factor; these
values are larger than those observed in most previously
reported cases of supramolecular chirality.*° The asymmetry can
be further improved by an increase in the enantiomeric excess
with the dynamic transfer of the aggregates. These studies can
verify the key role of aggregation strength in chiral amplification.
In addition, external stimulus, film grinding, was also employed
as an in situ tuning way to allow the reversible ON-OFF
switching of ultra-large chiropticity in the solid state, on the basis
of the unique chiral packing and dissociation under external
stimuli.
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Figure 1. Chemical structure of L-1 and ZnL»2-1, and their cartoon illustration of the amorphous chiral molecular aggregations and the chirality-controlled

amplification to an exceptionally high level.

Results and Discussion

Supramolecular Chirality upon Amorphous Aggregations.
To promote the molecular aggregation of the building block, we
explored the addition of different stock solutions of ZnLz-1 to a
poor solvent. By optimization, perfect mirror-image chiroptical
signals of ZnL2-1 can be exhibited in CHCls/n-BuOH and THF/n-
BuOH mixed solution (Figure 2), as the CD signal of the
supramolecular architecture with a cholesterol based building
block is always solvent selective.!* As the absorption of a chiral
cholesterol unit is below 250 nm, the CD signals observed in the
visible spectral region are from the supramolecular chirality of
the bis(dipyrrinato)zinc(ll) skeleton, which originated from the
chiral molecular arrangement in different clockwise fashions. In
addition, the results reflected the packing capability of the
complex building block, whereas its precursor L-1 does not have
a chiroptical signal under the same solvent condition despite
having a similar absorbance (Figure S2).

When the stock solutions of ZnL»>-1 (2 mM, every batch of 5
pL in CHCI; or THF as the benign cosolvent) were titrated into
poor solvent n-BuOH, CD signals increased in a stepwise
manner (Figure 2b). The X-ray diffraction (XRD) patterns of the
ZnL»-1 aggregates prepared from the mixed solutions are broad

and do not exhibit peaks of the raw sample (Figure S3). This
result indicates that such a chiral molecular aggregation resulted
in an amorphous state.

A geometric optimization for the bis(dipyrrinato)zinc(ll) moiety
shows that both ligands are located orthogonally in the complex
(Figure S4). This probably explains an anti-crystalline property of
the building block during molecular aggregations. The
amorphous information of ZnL>-1 can be further referenced by
morphological study. The SEM analysis showed that molecular
aggregation occurred, and the sample from both mixed solutions
showed a randomly dispersed beads—string morphology (see a
typical image in Figure 2c) instead of a well-known regular
helical morphology. These results suggested that in such
supramolecular structures, supramolecular chirality was derived
only from the chiral packing of the building block at several
molecular scale (as illustrated in Figure 2a).°*'? Meantime, the
random morphology also explains the overall amorphous
characteristic of the system. The absorptive dissymmetry factor
Oabs; Which is defined by the ratio of CD intensity to the
corresponding absorption (see Supplemental Information),
remained at the same level upon the cosolvent titration despite
an increase in the concentration of ZnL»-1 (Figures 2d and 2e),
which indicated that the degree of asymmetry was independent
of the final concentration of ZnL,-1.
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Figure 2. Supramolecular Chirality upon Amorphous Aggregations. a) Ilustration of chiral self-assembly. b) CD spectra of ZnLz-1 in CHCls/n-BuOH (red lines)
and THF/n-BuOH (blue lines) mixtures with the titration of stock solutions (2 mM, every batch of 5 pL in CHCIs or THF as a cosolvent) into n-BuOH (3 mL). c) A
typical SEM image of ZnL»-1 prepared from the CHCls/n-BuOH mixture. d, e) Corresponding UV-Vis and gabs spectra of ZnLz-1 upon CHCIs (d) and THF (e)

cosolvent titration.

Quantitative Control of the Asymmetry Degree. Next, we
explore the effect of stock solution fraction in the mixed solution
of ZnLz-1. Similar to the case in the cosolvent titration
experiment, the mirror-image CD signals sharply increased (and
showed a prominent ellipticity of more than —1000 mdeg) along
with a decrease in the benign cosolvent ratio (the final
concentration of 20 yM was maintained in a cosolvent/n-BuOH
mixed solution with v/v = 1.0, 0.5, 0.25, and 0.125 : 100, Figure
3). The values in the UV-Vis spectra slightly decreased with a
decrease in the cosolvent ratio, which suggested a possible
change of aggregation strength of ZnL»-1 rather than a change
of the final concentration of ZnLz-1. Interestingly, the absolute
value of gaps Of both mixed solutions was considerably enhanced
with the decrease in the cosolvent ratio (see the gaps Spectra in
Figure 3), which differs from the relatively stationary behavior of
Jabs Shown in Figure 2. These results illustrated the importance
of aggregation strength on tuning the asymmetry degree,
whereas the creation of more aggregates is not useful.

An increase in the aggregation strength is further confirmed by

the morphological study (see SEM images in Figures 3c and 3d).

The beads-string structures produced using the cosolvent/n-
BuOH ratio of 1.0:100 appeared to be more delicate with a

cross-sectional diameter of 30-40 nm, whereas stepwise-
produced structures became thicker with a cross-sectional
diameter of 200-300 nm when they were produced using the
cosolvent/n-BuOH ratio of 0.125:100. This result is an apparent
reflection of the increase in aggregation intensity of ZnlLz-1. By
the treatment under a very selective solvent condition (see
Supplemental Information), we can even perform a single crystal
characterization on ZnL»-1. Figure S5 shows the couples of
different short contacts can be labelled in the packing structure
of ZnL»-1, and a quite small packing distance is found (3.29 A),
which is typically smaller than the routine packing distance of
organic T-skeletons (3.4-3.8 A). This indicates the self-
assembly ability of ZnL>-1 upon the unique structural design and
may also explain the high aggregation strength. There is no shift
trend of the peaks in FT-IR spectra among different samples of
ZnL»>-1 (Figure S6), featuring that the aggregation strength
change is basically accompanied by molecular packing rather
than some special non-covalent bonds. Furthermore, linear
relationships are observed between the 10g |Qabs|max Value and
the log cosolvent ratio (see the insets in the gaps Spectra in
Figures 3a and 3b), featuring a quantitative control of chiral
amplification.
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Figure 3. Quantitative Control of the Asymmetry Degree. a, b) UV-Vis, CD, and gabs Spectra of ZnL2-1 with a decrease in the CHCIz (a) and THF (b) cosolvent
ratio (the final concentration of 20 pM was maintained in the cosolvent/n-BuOH mixed solution with v/v = 1.0, 0.5, 0.25, and 0.125:100). Insets: plots of |gabs|max Vs.
the cosolvent/n-BuOH ratio. ¢, d) SEM images of ZnLz-1 prepared from CHCla/n-BuOH (c) and THF/n-BuOH (d) mixed solution with v/v = 1.0, 0.5, 0.25, and

0.125:100.

Further Improving Asymmetry Degree by Aggregation
Dynamic Transfer. Subsequent to exploring the initial self-
assembly stage of ZnLz-1 in cosolvent/n-BuOH mixed solutions,
we discovered a spontaneous dynamic transfer in the
supramolecular structures.*® Surprisingly, mirror-image CD
signals gradually produced a spectrum with the same peak
shape and sign after 24-96 h of aging (Figures 4a and 4b). This
result indicates that even different clockwise directions exist in

cholesterol-driven chiral packing,’* and only one final
supramolecular structure with a minimum energy can be
observed.!®> The SEM analysis shows that the initial beads—
string morphologies underwent a dynamic transfer and finally
yielded a unique leaf-like morphology (Figures 4c and 4d). This
morphology revealed a clear helicity characteristic, which
provided a visualization effect for the chiral packing of the
building block from the molecular to mesoscopic level.

This article is protected by copyright. All rights reserved.
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In accordance with the CD signal variation, the gaps Spectra
were also converted into the final state along with the
aggregation dynamic transfer (Figure S7). During this process, a
further improvement in the asymmetry degree (a 7-9 fold
increase in the gaps value) can be seen. We attribute this to an
increase in the enantiomeric excess in the chiral packing,
whereas the leaf-like morphology with a P-helicity of nearly
100% can be monitored through a series of statistical SEM
observations with a large number of samples (i.e., no structures
with M-helicity are observed, Figures S8 and S9). Furthermore,
the dynamic transfer is cosolvent ratio-dependent. The smaller
the cosolvent ratio was, the more difficult was it to change the
aggregation structure (see Figure S10). This implies the effect of
aggregation strength-induced morphological locking.

Molecular structure is an internal factor that controls the
molecular aggregation behaviors. In this study, another two
reference building blocks (i.e., ZnL2-2 with a carbamate group
connecting cholesterol and the chromophore moiety and ZnL2-3
with an additional alkyl spacer attached) were synthesized for
the control study (see structures and cartoon illustration in
Figure S11). Parallel experiments were conducted under the
same condition of the cosolvent fraction ratio (cosolvent/n-
BuOH, 30 uL/3 mL; 20 uM). CD spectra (Figure S12) and SEM
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images (Figure S13) show that the aggregation of ZnL:-2
remained constant with a relatively low optical asymmetry and
Jabs Value, indicating that the introduction of hydrogen bonding
weakens the aggregation strength (see also a H-bonding
verification of ZnL2-2 in FT-IR spectra, Figure S14). In contrast,
although 2ZnL2-3 can undergo a dynamic transfer in the
aggregation, as confirmed by the CD spectra and morphological
change (Figures S15 and S16), the supramolecular structure
was only translated into larger particle aggregates composed of
rhombic nanoflakes, which was probably owing to the relatively
loose molecular packing (circumstantially evidenced by a more
amorphous characteristic of ZnL2-3 in the XRD patterns, Figure
S17). For better comparison, the different self-assembled
patterns were illustrated in Figure S11. In addition, we found that
only n-BuOH as the poor solvent could facilitate the mirror-
image optical performance of ZnlL:-1 (Figure S18). This
phenomenon may be ascribed to the contribution of the
interaction between the butoxyl group in ZnL2-1 and the poor
solvent n-BuOH. These discussions allow us to conclude that
the unique structural design (including the linker design) of ZnL2-
1 is advantageous for the existence of strong chiral packing and
the overall disorder, favorable for modeling and visualizing a
chiral amplification.
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Figure 4. Further Improving Asymmetry Degree by Aggregation Dynamic Transfer. a, b) Time-dependent CD spectra of ZnL»-1 (20 uM) in CHCls/n-BuOH (a) and
THF/N-BuOH (b; cosolvent/n-BuOH = 1:100, v/v) with 24-96 h aging. ¢, d) SEM images of ZnLz-1 prepared from a CHCls/n-BuOH (c) and THF/n-BuOH (d) mixed
solution with different aging time. e) Schematic representation of the self-assembly dynamic transfer process.
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Figure 5. ON-OFF Chiral switching. a-c) UV-Vis (a), CD (b) and the corresponding gabs (C) spectra of the pristine, ground and fumed films that were drop-cast with
a ZnL2-1 stock solution in CHCIs. d) Schematic representation of the chiral switching process.

ON-OFF Chiral Switching in the Film State. It has been
reported that gans values in organic matter thin films are typically
in the range of 10™-1072.16 Only in rare cases, Jgass Values can
exceed 0.3 or even 1 such as in some crystalline thin films.'” As
shown in Figure 5, a film was formed by the evaporation of
ZnL2-1 in a CHCI; stock solution cast on a quartz plate. The film
showed extremely high gaps values (reaching —0.16 and +0.31 at
the wavelengths of 418 nm and 550 nm, respectively), which
were comparable to the reported case with an ultra-large optical
asymmetry. Such a giant value can be regarded as the ultimate
case while the ratio of benign cosolvent is reduced to zero. The
disturbance by any possible linear dichroism artifacts in our case
can be negligible (see Figure S19 ~ S21). In addition, the
pristine CD curve of the ZnLz-1 film was similar to that of
corresponding aggregates in the CHCls/n-BuOH mixture at the
early stage. The CD and asymmetric signals could completely
vanish subsequent to grinding, which suggested the dissociation
of chiral packing under an external force stimulus (see Figures
5b and 5c). Interestingly, such a grinding induced chiral silence
could be restored subsequent to the sample being fumed in a
CHCIz vapor, which indicated that the chiral packing was
regenerated in the film state. The reversible chiral conversion
exhibited a successful ON-OFF switching for the ultra-large
optical asymmetry by an in situ tuning way.

Of course, all the aggregated solution systems or films are
amorphous, verified by the lack of signal both in XRD and small
angle X-ray scattering (SAXS) spectra (Figures S22 and S23).
All these results suggest such an ultra-large optical asymmetry
in this system is essentially from the chiral packing of the
building block at several molecular scale with an extremely high
and tunable aggregation strength. An explicit comparison with

previous results (Table S1) shows that our system is competitive
with the previous results. This fact also reflects that such a
tuning of ultra-large optical asymmetry is more meaningful from
the perspective of the material universality, on the basis of which
the stimuli response can be more readily achieved. The CD and
corresponding gass Value of ZnlL»-1 crystal or powder were much
smaller than those of the amorphous counterpart in aggregation
or film state (Figure S24). This further shows the advantage of
the amorphous aggregation.

Conclusion

In summary, we successfully demonstrated a strategy for the
control of ultra-large optical asymmetry in amorphous molecular
aggregation on the basis of a cholesteryl-linked
bis(dipyrrinato)zinc(ll) complex building block, where the
existence of strong chiral packing components and the flexible
linker played a key role. A proper chiral packing of the building
block at several molecular scale contributes considerably to gabs,
leaving the system overall disordered. It was determined that the
aggregation strength rather than the final concentration was
essential in tuning the asymmetry degree. Meanwhile,
asymmetry could be further improved by an increase in
enantiomeric excess with the dynamic transfer of the
supramolecular structures. We emphasize that gas can be
stepwise tuned into an ultra-large value, which shows a
considerable potential for versatile chiral applications including
the switchable chiropticity in the solid state upon external stimuli.
We believe that this strategy of the quantitative engineering of
ultra-large optical asymmetry in amorphous aggregations opens

This article is protected by copyright. All rights reserved.
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a way towards chirality-controlled amplification at a more
general scale of materials.
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