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ABSTRACT: Circularly polarized light (CPL) is an inherently
chiral entity and is considered one of the possible deterministic
signals that led to the evolution of homochirality. While
accumulating examples indicate that chirality beyond the molecular
level can be induced by CPL, not much is yet known about
circumstances where the spin angular momentum of light
competes with existing molecular chiral information during the
chirality induction and amplification processes. Here we present a
light-triggered supramolecular polymerization system where chiral
information can both be transmitted and nonlinearly amplified in a
“sergeants-and-soldiers” manner. While matching handedness with CPL resulted in further amplification, we determined that
opposite handedness could override molecular information at the supramolecular level when the enantiomeric excess was low. The
presence of a critical chiral bias suggests a bifurcation point in the homochirality evolution under random external chiral
perturbation. Our results also highlight opportunities for the orthogonal control of supramolecular chirality decoupled from

molecular chirality preexisting in the system.

B INTRODUCTION

Life on earth evolved to exclusively use one form of
enantiomeric molecule out of a mirror-image pair. This
prevailing single chirality implies that an event of symmetry
breaking occurred in the racemic mixture at an early stage of
life."” Circularly polarized light (CPL) from the universe has
been proposed as one possible deterministic source of the
asymmetry behind the chiral bias.”* Because there are slightly
different molar extinction coefficients for right-handed (r) and
left-handed (I) CPL, defined as an anisotropy factor, one
isomer preferentially undergoes a photochemical reaction upon
CPL irradiation to create an enantiomeric excess (e.e.).s’6 The
CPL-induced photolysis of racemic amino acids has been
shown to generate e.e. values of up to 4%.”* Autocatalytic’ or
crystallization'® processes have been suggested as possible
chirality amplification pathways, which further increase e.e.
Transmission of chiral information from the enriched
enantiomer to other molecules is also possible via a chirality
induction process, which is key to the asymmetric organic
synthesis and stereoregular polymerization.'' Partial photo-
resolution using CPL has been utilized to direct the helical
organization of achiral media with a specific screw sense in
liquid crystals'>™"* and polymers.'®"” However, it is very
unlikely that the chemical environments of the prebiotic stage
would have been continuously exposed to CPL with a constant
handedness. Random perturbation by an external chiral input
would restore the system to the entropically favored racemic
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state.'® To realize an everlasting homochiral arrangement via
chirality induction, molecular chirality needs to accumulate in
competition with CPL to reach a critical e.e. that leads to
bifurcation.” However, not much is known about how a system
responds when both molecular and external chiral information
are simultaneously transmitted."”

We hypothesized that it would be possible to examine the
interplay of molecular chirality with external chiral input in
supramolecular polymers. Helical self-assembly with a specific
twist direction can occur depending on the configuration of the
stereocenter in the monomer and amplify the chiral response.”’
Even when the transiently chiral building blocks lack
permanent chirality, a one-handed helical conformation can
prevail in a coassembly with a small number of permanently
chiral inducers. This “sergeants and soldiers” (SaS) process is a
good example of chirality induction, where the information
from the “sergeant” is transmitted into the “soldiers” via
noncovalent interaction (Figure 1a).”"** Recently, it was
shown that it is possible to directly dictate the screw sense of
supramolecular chirality by using CPL (Figure 1b).*7>°
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Figure 1. Transmission of chiral information from molecular chirality and CPL as an external input. (a) Chirality induction in transiently chiral
molecules (soldiers) by a molecular chiral inducer (sergeant). (b) Chirality induction by CPL as a photonic sergeant. (c) Possible scenarios of
chirality induction when molecular and photonic sergeants coexist. (d) System design for this study. DA-TAA was chosen as a transiently chiral
molecule which responds to light to form radical cationic species and triggers supramolecular polymerization in solution. S- and R-TAA are
molecular sergeants containing a stereocenter in the side chain. Their molecular configurations and resulting supramolecular helices, which formed
upon light irradiation and subsequent cooling, are schematically depicted.

Although a mechanism has not been clearly proposed, this
photon-to-matter chirality transfer is very comparable to
chirality induction in the SaS process.

Here we reveal that CPL can act as a “photonic sergeant” by
inducing symmetry breaking in the soldier molecule and
competing with sergeant molecules in the chirality induction
process. We first employed a supramolecular polymerization
system, following the SaS process for CPL and a sergeant, and
clarified the mechanism driving chirality control by CPL. Then
we demonstrated four scenarios that can be realized depending
on the amount of the sergeant molecule and the preferred
handedness of both sergeants (Figure 1c). Matching the
rotational direction of the CPL to the molecular configuration
amplified supramolecular chirality cooperatively, while a
mismatch offset the chiral response.

We further found that a critical amount of molecular
sergeant exists that distinguishes regions of fixed and
fluctuating supramolecular chirality. Above the threshold, the
supramolecular chirality of the entire system persists, even
upon exposure to CPL with the opposite direction. This result
is consistent with the metastable nature of the prebiotic
racemic state, which is stable against small fluctuations but
eventually evolves into a homochiral state by accumulating
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chiral bias above a critical e.e.” Overriding molecular chirality
by light, and reverting supramolecular chirality, are both
possible below the onset, and the “sergeant strength” of the
CPL relative to the molecular sergeant can be quantified by
using competitive experiments. This opens up new oppor-
tunities for the orthogonal control of supramolecular twisting
direction, decoupled from molecular chirality preexisting in the
system.

B RESULTS AND DISCUSSION

System Design. The supramolecular polymerizations we
studied are based on triarylamine (TAA) molecules (Figure
1d; for synthetic details, see the Supporting Information and
Figures S1—S3). With the C; symmetry, the transiently chiral
TAA motif can adopt A (right-handed) and A (left-handed)
conformations based on the twisted direction of the aromatic
rings and stack into helices aided by 3-fold hydrogen bonds.””
We chose tris(4-trideca-4,6-diynamidophenyl)amine (DA-
TAA) as the soldier to utilize CPL as a photonic sergeant.”
S- and R-TAA containing a chiral 3,7-dimethyloctyl side
chain®® were selected as molecular sergeants. We have
previously reported that supramolecular helicity can be
controlled by the rotational direction of incident CPL in the
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Figure 2. Supramolecular polymerization of DA-TAA upon light exposure. (a) Schematic depiction of the polymerization triggered by UV and I-
CPL irradiation. (b) Temperature-dependent UV spectra upon UV irradiation for 1 min at room temperature followed by slow cooling to —10 °C.

(c) Temperature-dependent CD spectra obtained with S min of I-CPL irradiation. (d) Evolution of CD intensity at 317 nm at

—10 °C as a function

of t,; ;. cpr- The amount of radical species generated by I-CPL irradiation is also shown in the graph, which was quantified by EPR measurements at
room temperature. (e, f) Growth of the polymerized fraction as a function of temperature during cooling. Each curve was fitted by using a
cooperative model composed of nucleation (black line) and elongation (red line) steps. (e) UV irradiation with t,, varied from 0 to 2 min. (f) I-
CPL irradiation with t,, from 3 to 10 min. (g) Elongation temperature T, obtained from cooling and heating curves (T’ and T,) as a function of t,,
for UV and I-CPL irradiation. (h) Computation of transition electric dipole strength for A- and A-conformers upon I-CPL irradiation at 365 nm.
Relative populations of each conformation in the neutral and radical cation states are shown, along with the computed rotational energy barriers. (i)
DFT calculations for core chirality-matching and mismatching trimers (left: A—A—A; right: A—A—A). Energy differences for the association of
the DA-TAA radical cation with the neutral dimer are shown relative to A—A—A. (j) DFT-calculated M- and P-helix structures.

photoinduced self-assembly of DA-TAA in chlorinated
solvents, although the mechanism has remained elusive.”
Supramolecular polymerization of TAA derivatives containing
saturated alkyl side chains has been also studied by several

groups.””*’™*7 The Sa$ principle was demonstrated for TAA-
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containing compounds with sergeants possessing chiral side
chains.””

Evolution of Supramolecular Chirality by CPL. Figure
2a schematically illustrates supramolecular polymerization of
DA-TAA upon irradiation with unpolarized UV and CPL. A
DA-TAA solution in 1,2-dichloroethane (DCE) was exposed

https://doi.org/10.1021/jacs.1c11306
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https://pubs.acs.org/doi/10.1021/jacs.1c11306?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c11306?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c11306?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c11306?fig=fig2&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c11306?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

to light centered at 365 nm at room temperature for a
designated time lapse (t,,). The supramolecular polymerization
occurs upon slow cooling (=1 °C/min) as evidenced by a
decrease of absorption intensity in the UV—vis spectra (Figure
2b and Figure S4). Together with a blue-shift of the absorption
maximum from 322 to 317 nm, corresponding to m—n*
transition, these changes show that the monomeric TAA units
are polymerized via H-aggregation.”® The UV and CPL
irradiations produced virtually indistinguishable absorption
spectral features.

In contrast, in the circular dichroism (CD) spectra, strong
activity developed with a positive signal at 317 nm when the
DA-TAA solution was exposed to I-CPL (Figure 2c).”> No
noticeable CD intensity was observed with the UV light source
as expected. The enantioselective polymerization of DA-TAA
by CPL is further supported by the mirror-imaged CD spectra
produced with r-CPL and is consistent with our previous
report (Figure S4c).”® On the basis of the sign of the CD
spectra, we determined that /- and r-CPL drove the preferential
formation of left-handed M- and right-handed P-type helices,
respectively. While the CD sign clearly indicates that a one-
handed helical conformation proliferates over the other, we
note it is not possible to quantify the helix composition in the
CPL-irradiated solution because 100% single-handed-helix
formation cannot be ensured. Gradual heating back to room
temperature dissociated the assembly and eventually restored
the molecularly dissolved DA-TAA. Complete dissociation
occurs at a much higher temperature than the onset of
polymerization during cooling, creating a hysteresis between
cooling and heating.

When the normalized CD intensity at 317 nm at —10 °C
was plotted as a function of I-CPL irradiation time (f;,;.cp), a
rapid increase was observed followed by a plateau after S min
(Figure 2d and Figure S4c,d). The strong positive and
nonlinear deviation from a diagonal line is strikingly
reminiscent of the CD intensity profiles found in SaS systems
as a function of the molecular sergeant fraction, providing a
compelling hint for interpreting CPL as a photonic sergeant.”!
Irradiation longer than 20 min decreased CD activity (Figure
S4d). Within the NMR resolution limit, we did not observe
noticeable degradation upon prolonged light exposure (Figure
SS). It seems that generating a large number of radical cation
species by light increases the positive charge density within the
supramolecular aggregate, resulting in reduction in size by
repelling the monomers inside.”"*"

The normalized UV absorbance at 317 nm obtained upon
UV and CPL irradiation with different ¢, s was converted into
the polymerized fraction, assuming full conversion at —10 °C,
and plotted as a function of temperature in Figure 2e,f. The
nonsigmoidal shape suggests the supramolecular polymer-
ization follows a nucleation—elongation mechanism.”” The
cooperative model did indeed fit the data nicely, while the
isodesmic fit failed (Figures S6—S8 and Tables §1-83).2839~
This suggests that the formation of a triarylammonium radical
cation by light-induced oxidation could be responsible for
nucleation since the radical cation—counteranion pairs as
electric dipoles trigger stacking.”””' We confirmed formation
of the radical species by electron paramagnetic resonance
(EPR) spectroscopy for both UV and CPL irradiation (Figures
S9 and S10). The decreased UV absorbance at 317 nm with
the increasing absorption in the 700—800 nm range in UV—
vis—NIR spectra also supports radical formation (Figure S11).
While the slow cooling condition may not reflect true
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thermodynamic control, the data obtained during slow heating
back to room temperature could be also fitted by the
cooperative model and showed similar trends to the cooling
fits (Figure S7, Tables S1 and S2). Furthermore, the extracted
enthalpy value for the elongation (AH,) with UV irradiation
was comparable to the AH estimated by the van’t Hoff plot in
the same condition, supporting the reliability of the
cooperative model (Figure S12 and Table S4). The CD
intensity could also be fitted with the same model in the CPL
case and gave qualitatively similar results (Figure S8 and Table
S3).

Interestingly, the elongation temperature (T’.), which
coincides with the onset temperature of polymerization,
decreased with the increasing t;, of UV irradiation, indicating
a higher nucleation penalty. In contrast, longer CPL irradiation
facilitated supramolecular polymerization, as evidenced by the
increase in T'.. The association constant K, responsible for
nucleation, and nucleation enthalpy AH, extracted from the
fitting, were consistent with the accelerated and retarded
nucleation observed upon CPL and UV exposure (Tables S1
and S2).

The disparity becomes more obvious by analyzing the
hysteresis between the cooling and heating curves (Figure 2g).
The T, responsible for complete dissociation in the heating
curve is primarily correlated to the intrinsic stability limit of the
DA-TAA stacks and does not vary much with ¢, for both UV
and CPL. The T.—T', gap (AT.) in the hysteresis represents
the metastable state in the nucleation stage where the
monomers are kinetically inactive, unable to be polymer-
ized.”**** Longer exposure to I-CPL narrows the gap by
increasing T”,, while the UV irradiation results in exactly the
opposite behavior. The two trend lines meet at T, obtained
without light exposure. In Figure 2g, the [-CPL and UV
irradiation data were plotted together with a calibrated ¢, that
induces similar conversion, as determined by UV absorbance.
Quantification of the amount of the radical species by EPR
spectroscopy supported that 5 min of I-CPL irradiation is
comparable to 1 min of UV (Figure S10c).

Our data suggest that the intrinsic chirality in CPL is
transmitted into the supramolecular polymer, probably via
symmetry breaking in the nucleation stage, which involves the
photoinduced formation of the DA-TAA radical cation. We
employed density functional theory (DFT) calculations to
investigate the photooxidation. Figure 2h depicts the ground-
state A and A conformations of neutral DA-TAA, separated by
a rotational energy barrier of 18 kJ mol™" as a result of helical
chirality (Table SS). The interconversion has been suggested
to preferentially occur through a pathway where two phenyl
groups rotate in one direction while the third one rotates in the
opposite direction rather than concerted rotation in the same
direction.** The flatter radical cation form also possesses the
two conformations, even with a higher barrier (43 kJ mol™).
We postulate that photooxidation occurs at 365 nm radiation
via excitation of an electron from the HOMO (x) to the
LUMO (z*), followed by charge transfer to the DCE solvent
(Table S6). Time-dependent DFT computation suggests that
the molar extinction coefficient of the A conformer to [-CPL
should be 1.8% larger than A at this wavelength (Table S7).
This accounts for the photoresolution of the radical cation
upon [-CPL exposure leading to enrichment of the A-form.
Cross-transitions, such as A-to-A, are predicted to be
negligible. Equal populations of A- and A-species will be
generated by UV irradiation.

https://doi.org/10.1021/jacs.1c11306
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Figure 3. Supramolecular polymerization of S-TAA upon light exposure. (a) Schematic depiction of the polymerization depending on the
concentration and the cooling rate. (b) CD spectra at various concentrations at —10 °C. The data were obtained after UV irradiation for 1 min at
80 °C followed by slow cooling to —10 °C. (c) CD spectra at —10 °C obtained by slow and fast cooling (3.0 mM, ty,yy = 1 min). (d)
Temperature-dependent CD intensity upon slow cooling (3.0 mM, 4y = 1 min). (e) Effect of t,, ;v on growth of the polymerized fraction as a
function of temperature during cooling. Each curve was fitted by a cooperative model composed of nucleation (black line) and elongation (red
line) steps. (f, g) Effect of UV irradiation vs I- and r-CPL (3.0 mM, slow cooling). The irradiation time was adjusted to provide equivalent light flux
based on the DA-TAA polymerization results. (f) UV—vis absorbance at 317 nm as a function of temperature. (g) CD spectra at —10 °C.

The radical cation mediates the nonlinear amplification of
chiral information from CPL in the nucleation—elongation
pathway by triggering the nucleation event. Aggregation of the
radical cation—counteranion pairs as electric dipoles has been
suggested to be primarily responsible for the formation of
critical nuclei after accommodation of the counteranions in the
periphery.”> We note that the radical cations interact with
themselves and also with the neutral TAA molecules as small
clusters even at room temperature without nucleation, as
evidenced by the disappearance of aromatic protons in 'H
NMR spectra.”® Although the rotational energy barrier itself is
not large enough to prevent racemization of the radical cation
at room temperature, such preferential aggregation involving
the radical cations should effectively suppress racemization and
keep the handedness induced by CPL (Table S8). From the
EPR data, the number of the radical species gradually increased
under longer exposure of both UV and CPL (Figure S13).%?
While this is expected to accelerate nucleation, delayed
polymerization upon UV irradiation suggests that the radical
species behave as retarders to the growing stack with the
opposite conformation.”> The enantiomeric cross-inhibition
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will eventually form homochiral P- and M-nuclei with equal
populations through the self-sorting process. This picture is
consistent with the chirality synchronization scheme and
accounts for conglomerate formation via enantiophobic
interaction.'' Increasing the e.e. of the radical cation with
CPL activates the chirality induction route'' and facilitates
nucleation by the enantioselective formation of homochiral
nuclei following the handedness of CPL.

DFT calculations supported that it is strongly favored to
match the helical direction of the triple intermolecular
hydrogen bonds in the oligomeric stacks (Figures S14 and
S15, Tables S9 and S10). While the penalty for core
configuration mismatch is relatively smaller, the accumulation
of the error makes the assembly quite unstable compared to
homochiral stacking (Figure 2i). This captures the origin of the
enantiophobic interaction in the nucleation stage. We further
estimated the relative magnitudes of the helical reversal penalty
(HRP) and mismatch penalty (MMP) based on an extended
SaS model (Figures S16 and S17, Table S11).*° HRP was at
least 1 order of magnitude larger than MMP, consistent with
the literature,>”*~* suggesting there is a relatively small
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Figure 4. SaS coassembly of DA-TAA, with S-TAA as a molecular sergeant. (a) Schematic depiction of the copolymerization to M-helix and P-
superhelix formation. (b) CD spectra at —10 °C with various S-TAA molar fractions. For the mixtures with a total concentration of 3.0 mM, the
spectra were obtained after UV irradiation (1 min) followed by slow cooling. (c) CD intensity at 317 nm as a function of the S-TAA molar fraction.
The intensity was normalized by 100% S-TAA. (d) Temperature-dependent CD intensity at 317 nm for the mixture containing 10% S-TAA (green
solid line). Intensity profiles of 10% S-TAA alone (0.3 mM) under UV exposure (yellow solid line) and 90% DA-TAA (2.7 mM) upon -CPL
irradiation (pink solid line) are also shown for comparison, along with their linear sum (black dashed line). (e) DFT-calculated trimer stability for
different combinations. Energy differences for the association of S-TAA and DA-TAA radical cation species to the trimer are exhibited relative to
DA trimer. The energies of the trimer composed of S- and DA-TAA were averaged. (f) Computation of transition electric dipole strength for S- and
DA-TAA for the 7—z* transition. The highest value among the first three excitations is indicated.

energy penalty for incorporating a mismatched conformer as
long as the handedness persists. The large HRP is probably
related to the hydrogen bonds, which drive homohelical
elongation with high fidelity and amplify the chiral information
from CPL into the dominant helical sense (Figure 2j).46
Molecular Sergeants. Prior to the SaS experiments of DA-
TAA with S- and R-TAA as molecular sergeants, we
investigated the homoassembly behavior of S-TAA in DCE
solution (Figure 3 and Figure S13). Upon slow cooling to —10
°C, an inversion appears in the CD sign at 317 nm, from
positive to negative, as concentration increased above 0.3 mM
(Figure 3b). This corresponds to a transition from M-helix to
P-superhelix, which is formed by opposite coiling of the M-
helices.”® Atomic force microscopy imaging supported super-
helix formation (Figure S18). Fast cooling (—10 °C/min) also
changed the CD sign as reported in the literature”” (Figure
3c). No noticeable transition was found in the slow cooling
curve monitored by CD and UV, revealing that P-superhelices
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dominate almost instantaneously once the supramolecular
polymerization is nucleated (Figure 3d and Figure S19).

We studied the effect of UV as a function of t,, (Figure 3e,
Figure 520, Tables S12 and S13). As in the case of DA-TAA,
the temperature-dependent UV/CD intensities could be fitted
by the cooperative model assuming a single nucleation step to
M-helices or P-superhelices.”® The much higher T’, in the
absence of irradiation indicates the strong propensity of S-TAA
toward polymerization driven by packing of the stereoregular
and less flexible side chain. Exposure to light retarded the
supramolecular polymerization, marked by decreased T’, and
CD intensity. Because the nuclei formation now involves the
radical cation and its core configuration cannot be
enantiomerically pure even under the CPL irradiation, the
contradicting core-periphery chirality in the radical population
could be responsible for the retardation. Nonetheless, P-
superhelices were consistently formed upon irradiation with -
and even r-CPL at the light flux equivalent to UV estimated by
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Figure S. Amplifying and overriding molecular chiral information in the supramolecular state by CPL. (a) Schematic depiction of DA-TAA/S-TAA
copolymerization upon /- and r-CPL exposure. (b—e) CD spectra at —10 °C upon I-CPL (red), UV (green), and r-CPL (blue) exposure (b, d) and
temperature-dependent CD intensity (¢, e). (b, c) 5% S-TAA-containing mixture. (d, e) 10% S-TAA-containing mixture. For parts c and e, the peak
intensity at 317 nm was plotted (solid lines). For the -CPL irradiation, the data at the peak top (330 nm) was additionally included in part e (blue
dashed line). (f) Net helicity as a function of the S-TAA molar fraction. The net helicity was obtained as the CD intensity at 317 nm was
normalized by 100% S-TAA. (g) Change in net helicity with increasing r-CPL irradiation time for the 5% S-TAA-containing mixture. A red line
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the DA-TAA data (Figure 3f). Changes in the CD spectral
features were negligible when the light source was switched to
CPL (Figure 3g). The results confirm that the peripheral
molecular chirality in S-TAA is primarily responsible for the
twisting direction. We note that chirality matching the [-CPL
exposure facilitates nucleation slightly, as evidenced by higher
CD intensity, T’,, and K, than UV (Figure 3f, Figure S21, and
Table S14).

Then we verified that DA-TAA can be copolymerized with
S-TAA as a molecular sergeant (Figure 4). The Sa$
experiments were conducted by using mixtures of DA-TAA
and S-TAA at a fixed total concentration (3.0 mM) under UV
irradiation (Figure 4a). S-TAA effectively behaves as a A-
sergeant, like I-CPL: M-helices were mainly produced below 10
mol % of S-TAA loading, and P-superhelices populated above
(Figure 4b). The helix—superhelix transition generates a
negative extremum at 5% when the CD intensity, normalized
to 100% S-TAA, is plotted as a function of the sergeant fraction
(Figure 4c). Unlike the typical trend observed in SaS
systems,”” a positive extremum also appears at 20% S-TAA.
The CD intensity then decreases monotonically above the
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fraction to 100%. The CD intensity, correlated to the net
helicity, was anomalously amplified more than 3-fold at 20% S-
TAA compared to the pure sergeant. We consider that
contribution of orientation artifacts to the CD spectra is not
significant based on the weak linear dichroism intensities
(Figure $22).%°

Consistent with the coassembly behavior, a single T’ was
identified in the temperature-dependent CD measurement at
10% S-TAA, which produced P-superhelices upon cooling
(Figure 4d). The possibility of S- and DA-TAA homopolyme-
rizations can be ruled out by comparing the cooling curve to
the individual S-TAA (0.3 mM) and DA-TAA (2.7 mM) data
showing M-helix formation (Figures $23-527).* The T', of
the copolymerization was very close to that of S-TAA alone,
but notably higher than DA-TAA, suggesting that S-TAA is
strongly involved in the nucleation step despite its low
population.”® The EPR data indicated that S-TAA produced
radical species nearly 3 times more than DA-TAA in the single
solution and also in the mixture, supporting the strong
contribution of S-TAA in nucleation (Figures $28 and S29).
We also observed that more than 50% of the radical species
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persists at —10 °C and below (Figure S30). The change in the
hyperfine splitting patterns upon cooling suggests that the
unpaired electrons localized on one TAA at room temperature
become more delocalized between TAA molecules.”® DFT
calculations also supported the preferential association of S-
TAA (Figure 4e and Table S1S5). The transition dipole
moment calculation for the 7—7z* transition further revealed
that the rotatory strength of the DA-TAA is more than 2 times
larger than S-TAA because of the contribution of the
diacetylene moiety in the side chain (Figure 4f and Table
$16). The high rotatory strength originating from the
diacetylene-containing side chain is also responsible for strong
CD intensity.”’ The coassembly of strong helicity-driving
sergeants with optically more active soldiers results in
anomalous chiral amplification in CD intensity.

Amplification and Overriding of Supramolecular
Chirality by CPL. We performed SaS experiments for the
DA-TAA/S-TAA mixtures upon exposure to CPL (Figure 5).
At 5% S-TAA loading, in contrast to UV irradiation, it was
evident that the CPL handedness determines the screw sense
of the supramolecular polymer. While the UV-primed
coassembly formed M-helices driven by S-TAA with a positive
CD sign at 317 nm, both I- and r-CPL irradiation produced
negative CD activity with different intensities (Figure Sb).

On the basis of the spectral features at 360 nm and below
240 nm, we identified P-helix and P-superhelix as the major
species generated by the r- and I-CPL, respectively. A positive
CD maximum at 360 nm with strong negative CD intensity
below 240 nm was observed upon r-CPL exposure. These
features are consistent with the CD spectra of DA-TAA
irradiated with r-CPL (Figure S4c), indicating that r-CPL
overrode the chiral information from S-TAA and generated P-
helices. In contrast, an extremum was not observed at 360 nm
when [-CPL was irradiated, and the CD intensity below 240
nm was much weaker. This corresponds to the formation of P-
superhelices (Figure 4b), supporting amplification of chiral
response by handedness-matching [-CPL. Because a transition
from the M-helix to P-superhelix was observed above 8% S-
TAA loading under UV irradiation, the amplified response by I-
CPL was attributed to be comparable to the 3% increased S-
TAA fraction (Figure S31). At this molecular sergeant content,
nucleus chirality seems to be dominated by DA-TAA radical
cations, partially photoresolved by CPL. Interestingly,
retardation in T’, by UV irradiation was not found in the
temperature-dependent CD measurements, probably because
of the activated nucleation in the presence of S-TAA (Figure
Sc and Figures $32—S34).

Increasing the S-TAA concentration accumulates chiral bias
in the system to a point where helicity cannot be reverted by
CPL anymore. In our system, the bifurcation point seemed to
be ~8% S-TAA: irradiating the mixture with r-CPL nearly
canceled CD activity but left faint negative and positive
intensities around 317 and 330 nm (Figure Sd and Figure
S31b). The spectral shape combines features of the DA-TAA
under -CPL irradiation (forming M-helix) and the 10% S-
TAA/90% DA-TAA under UV (forming P-superhelix). A
qualitatively similar spectrum could be reproduced by a linear
sum of the individual CD spectra (Figure S35). While the P-
superhelix population is suppressed by interference with r-
CPL, the left-handedness set by the S-TAA persists and cannot
be overridden by the CPL. As expected, chirality-matching the
I-CPL boosts the CD response by more than 4 times compared
to UV irradiation. T, values were also in order of -CPL > UV
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> r-CPL, consistent with the constructive and destructive
interactions between the molecular chirality and the external
chirality encoded in light (Figure Se, Figures S36 and S37).
Using R-TAA as the sergeant gave exactly mirror-imaged
results (Figure S38). We further increased the S-TAA content
to 20% and observed identical behavior. Relative to the CD
intensity obtained with 20% S-TAA alone, the net helicity was
amplified by nearly 700% in the SaS system by the synergistic
contributions of the photonic and molecular sergeants (Figure
Sf and Figure S39).

Finally, we attempted to quantify the sergeant strength of
the CPL as a function of ¢, relative to S-TAA content. The 5%
S-TAA mixture was selected because it was possible to override
the molecular chiral information with r-CPL (Figure Sg and
Figure S40). Up to 3 min of irradiation, the net helicity
followed the handedness provided by the S-TAA. We posit that
in this regime nucleation is driven by the S-TAA, as the
amount of radical cation species generated by irradiation is not
sufficient. A gradual transition between 3 and 4 min resulted in
helicity inversion, from M-helix to the opposite P-form. On the
basis of the light intensity, we estimate that 2.5 X 10° r-CPL
photons are roughly equivalent to 1 S-TAA molecule. Based on
the EPR data and the DFT calculation, estimating the amount
of enantiomeric DA-TAA radical cations generated under 4
min of r-CPL exposure suggests that more than one
enantiomeric radical out of 15000 molecules (including 750
sergeants) seems necessary for induction of the major helicity
of the supramolecular polymer by CPL. Further irradiating
with 7-CPL up to 10 min produced strong CD intensity
comparable to pure DA-TAA (Figure S4c), supporting that the
chiral information from the molecular sergeant can be
overridden in the supramolecular level by light.

B CONCLUSION

We have shown that supramolecular chirality can emerge from
a transiently chiral molecular building block by transmitting
chiral information inherited from the CPL. The light-induced
supramolecular polymerization occurs via a nucleation—
elongation pathway, which is triggered by the photoinduced
formation of radical cations and followed by helical stacking.
Photoresolution breaks the symmetry in the left- and right-
handed radical conformers and accelerates the formation of
nuclei with a specific screw sense that coincides with the CPL
handedness via enantiophobic interaction. The nonlinear
amplification of helicity as a function of CPL irradiation time
is strongly reminiscent of the chirality induction expressed by
the sergeants-and-soldier principle, which is found in the
coassembly of a transiently chiral soldier with a permanently
chiral sergeant.

Sergeants-and-soldier experiments with CPL irradiation
showed that the conformational core chirality of the radical
induced by the CPL competes with the chiral information
about the stereocenter in the sergeant side chain. Matching the
handedness of the CPL to the sergeant direction produced an
anomalously amplified chiral response. For the CPL with
mismatched handedness, a critical molar fraction of the
sergeant was found for bifurcation: above a threshold, the
helicity determined by the sergeant persisted. A fluctuation
regime appeared below the fraction, where the CPL can
override the molecular chirality with increasing irradiation
time.

While the role of deterministic chiral stimuli such as CPL in
the evolution of homochirality is controversial,”'® our results
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suggest that the critical chiral bias can be accumulated during
the chirality induction process, allowing the system to evolve
into the homochiral state against racemization and also
random external stimuli. Our results also demonstrate that
supramolecular chirality can be developed following the
handedness of the external stimuli and overturning the one
imposed by molecular constraints, at least to some extent,
which will open up new opportunities for designing multiscale
chiral systems.
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