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The stimuli-responsive circularly polarized luminescence (CPL) property is highly desirable for the
development of advanced multifunctional optical materials. However, the fabrication of CPL solid
materials showing stimuli-responsive behavior in terms of tuning and amplifying the luminescence
dissymmetry factor (gm) remains a great challenge owing to the disorder and aggregation-caused
quenching of solid aggregates. Herein, novel solid-state stimuli-responsive CPL helical polymeric
particles (SRCHPs) with a fully conjugated skeleton have been successfully fabricated via the
precipitation copolymerization of chiral and fluorescent propargylamide monomers. The SRCHPs exhibit
stimuli-responsive intense circular dichroism, fluorescence emission, and amplified CPL effects under
temperature, pH, and polarized light stimulation conditions. This is attributed to the coordination of the
intramolecular hydrogen bonding and conjugated m—n stacking interactions at a large scale based on
the cis-transoidal dynamic helical structure, resulting in the amplification of chirality and circularly

Received 9th October 2022,
Accepted 27th November 2022

DOI: 10.1039/d2tc04292d polarized energy. The present study reports a promising CPL stimuli-responsive and amplification

process in the solid state based on a special main-chain conformation to achieve a simultaneous
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Introduction

Due to their remarkable potential applications in changeable
photoemission sensors, 3D optical displays, CPL dynamic
switching, optical amplifiers, data storage, multiple encryption
and anti-counterfeiting, stimuli-responsive circularly polarized
luminescent (CPL) materials are attracting widespread atten-
tion."™ Currently, a number of stimuli-responsive CPL materials
with a high luminescence dissymmetry factor (gj,m,) have been
favored and fabricated via approaches utilizing the dynamic
assembly of liquids,® light emitting molecule-binding chiral
centers,” metal-induced complexes,® energy level-assisted photo-
nic inversion,” anion-triggered switching,'® etc. Nevertheless, the
fabrication of stimuli-responsive CPL materials with changeable
|gium| and flexible design in the solid state remains a great
challenge because of the disorder and aggregation-caused
quenching (ACQ) of solid aggregates.""">
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improvement in chirality and fluorescence.

One of the most promising highly polarized stimuli-
responsive CPL materials in the solid state are supramolecular
polymers that can adapt to their environment, with the proper-
ties of dynamic and chiral amplification."®™® As a result, chiral
fluorescence supramolecular polymeric particles, which com-
bine the two key factors namely “chirality” and “fluorescence”
on the same dynamic polymer chain and further integrate the
three significant factors namely “chirality,” “fluorescence,”
and “particulate morphology” into one solid-state whole,'”"'
exhibit significant applications in stimuli-responsive CPL solid-
state systems.

Among various chiral polymer structures, conjugated polymers
expectantly provide many construction strategies'®*° for CPL
supramolecular materials with high polarization and sensitive
responsiveness due to their high molar extinction coefficient in
the UV-vis regions® and fine-tunable emission wavelengths.*?
Therefore, the key to preparing stimuli-responsive CPL solid
materials with high |gjum| values and high luminous quantum
efficiency is designing conjugated structures to enhance chiral
amplification, improve the conjugated degree of the total frame
between the main chain and the side group to eliminate the ACQ
effect and tune CPL properties to achieve changeable |giym|.>*>*
As a typical dynamic conjugated polymer, helical substituted
polyacetylene possesses easily tunable helical main chains
under external stimuli, flexible designability, and photoelectric
properties,”>*’ resulting in excellent and stimuli-responsive
CPL activity. The preferably one-handed helical conformation

This journal is © The Royal Society of Chemistry 2023
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Scheme 1 Schematic illustration for constructing stimuli-responsive helical polymeric particles and composite films with amplified CPL.

of the polymer backbone is the key to generating the CPL
property, exhibiting “‘chiral amplification” and “energy absorp-
tion” effects in the main chain.”®*° These features endow them
with great potential to tune and enhance the CPL properties in
the construction of stimuli-responsive CPL solid materials.
However, as far as we know, such supramolecular polymeric
solid particles with stimuli-responsive CPL properties based on
dynamic helical structures have been rarely reported.

In this work, we constructed stimuli-responsive CPL helical
polymeric particles (SRCHPs) with conjugate frames based on
the cis-transoidal conformation via the precipitation copoly-
merization of amino acid amide chiral and dan sulfonamide
fluorescent acetylene monomers (Scheme 1). The precipitation
copolymerization method was chosen because it does not
involve emulsifiers or stabilizers.>’> Amide monomers were
used to provide intramolecular hydrogen bonds and chirality.
Aromatic groups provided conjugated structures and fluores-
cence properties. A conjugated link was formed between the
side aromatic group and the alternating single-double bond
conjugate structure. Subsequently, under the action of an
intramolecular hydrogen bond, the main chain was twisted
into a special cis helical structure, which provides a positive
“bridge” for the simultaneous transmission and amplification
of chiral and fluorescence properties. We selected the copoly-
merization of chiral and fluorescent monomers to construct
novel controllable chiral fluorescent materials to expediently
adjust the chiral and fluorescent components. The SRCHPs
exhibited stimuli-responsive CPL properties with respect to
temperature and pH as well as certain optical encryption and
anti-counterfeiting functions. Accordingly, this study not only
provides a simple and regulatable strategy for stimuli-responsive
CPL solid materials but also expands to a type of supramolecular
polymer material with amplified CPL properties.

This journal is © The Royal Society of Chemistry 2023

Experimental
Materials

Organic solvents, including dichloromethane (DCM), ethanol,
tetrahydrofuran (THF), ethyl acetate (EA), n-heptane and n-hexane
were dried over molecular sieves and distilled under reduced
pressure before use. Dansyl chloride, Boc-1-alanine, and propar-
gylamine were purchased from Aldrich (Sigma-Aldrich, USA) and
used without further purification. The chiral substituted acetylene
monomer (M-i-ala-Boc, M1) and the fluorescent achiral substi-
tuted acetylene monomer (M-DA, M2) were synthesized according
to previous reports.*"** The catalyst (nbd)Rh*B™(C¢Hj), was pre-
pared with a high yield (78%) following a literature procedure.**
Poly(vinyl alcohol) (PVA, average M,, = 250000) was purchased

from JVP.

Measurements

FT-IR spectra were recorded using a Nicolet 5700 infrared
spectrometer (Thermal Power Company, American, KBr pellet
method). An Avance AV 400 MHz spectrometer (Bruker,
Switzerland) was used to record the "H NMR and “*C NMR spectra.
The number-average molecular weight (M,,) and molecular weight
polydispersity (PDI, M,/M,) were determined via GPC (Waters 515
Shim-pack GPC-804 column, USA) with dimethylformamide (THF)
as the eluent and polystyrene as the calibration standard. A DSM
172 spectrophotometer (OLIS, USA) equipped with a Peltier light
source and a water-circulating temperature controller was used to
perform circular dichroism (CD), UV-is absorption, and CPL
spectroscopy. Specific rotations were measured using a P-2000
digital polarimeter (JASCO, Japan, sodium D-line, 589 nm) at
room temperature. An F-4600 fluorescence spectrophotometer
(HITACHLI, Japan) with an excitation wavelength of 365 nm and a
bandwidth of 10 nm was used to record the fluorescence spectra.
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The fluorescence quantum yield was obtained on an FLS1000
steady-state transient fluorescence spectrometer (Edinburgh, UK).
A LabRAM HR Evolution instrument (Horiba Scientific, Japan) at
A =325 nm under laser pulses was used to record the Raman
spectra. Differential scanning calorimetry (DSC) traces were mea-
sured under a N, atmosphere at a heating rate of 10 °C min ™"
using a TA DSC Q2000 differential scanning calorimeter.

Preparation of helical polymeric particles (Px)

A typical precipitation copolymerization strategy was used to
prepare helical polymeric particles. A nonfluorescent chiral
monomer (M1) underwent copolymerization with an achiral
fluorescent monomer (M2) in the presence of (nbd)Rh'B™(CeHs)s
with an M1/M2 mass ratio of m/n,X=5:5,6:4,7:3,8:2,and 9:1,
which were termed Pss, Pg4, P73, Pgs, and Poy, respectively. Taking
Pss as an example, with an M1/M2 mass ratio of 5:5, a
large mixture of monomers (M1 and M2, [M] = 0.025 M; as a
representative) and (nbd)Rh"B™(C4Hs), ([Rh] = 2.5 x 10~* M) was
separately added to two tubes. CH,Cl, (0.5 mL) was added to the
monomer tube and the catalyst tube. After complete dissolution
of the monomers and catalyst, the catalyst solution was immedi-
ately transferred to the tube containing the monomers. Then,
n-heptane was slowly added to the reaction tube. The polymeriza-
tion was performed under N, at 30 °C for 3 h. After filtration, the
product was washed with n-hexane three times and dried in a
vacuum to obtain Pss particles. Other particles were copolymer-
ized in a similar manner.

Preparation of chiral fluorescent composite films

By uniformly dispersing copolymer Px into the PVA solution,
composite films of the helical polymeric particles were pre-
pared. Taking the chiral fluorescent composite films of Pss as
an example, P55 (0.05 g) was dispersed in 5 mL of PVA (0.5 g)
aqueous solution and cast in a polytetrafluoroethylene mold to
form a film. The H,O was then evaporated at room temperature
to obtain a uniform film with a thickness of ~0.5 mm. Similar
composite films were prepared with Pg,, P73, Pg, and P, via the
above method.

Results and discussion
Synthesis of helical polymeric particles

Herein, we synthesized novel chiral fluorescent polymeric
particles (Px) with one-handed helical polymer chains via the
precipitation copolymerization of a chiral monomer with an
achiral fluorescent monomer (Scheme 1).

The chemical and structural characterization studies of M1,
M2, and the copolymeric particles Px are displayed in Fig. 1a-c.
The characteristic peaks for the -C=C bonds of M1 (2124
em ') and M2 (2121 cm™ ") both disappeared in the FT-IR
spectrum of the copolymeric particles (Fig. 1a). Similarly,
the particular chemical shifts for the -HC= moiety of M1
(0m 2.35 ppm, ¢ 68.7 ppm) and M2 (dy 1.95 ppm, J¢ 46.5 ppm)
were not observed in the "H NMR (Fig. 1b) and *C NMR (Fig. 1c)
spectra of the copolymeric particles. Ultimately, through

174 | J. Mater. Chem. C, 2023, 11, 172-182

View Article Online

Paper

precipitation copolymerization, the copolymeric particles with
the target structure were obtained smoothly.

As the precipitation copolymerization of two acetylene-
derived monomers was investigated to prepare chiral fluores-
cence particles, the driving forces and influencing factors
during the formation process of the novel particles were
derived from five aspects: the mixed solvent ratio (Fig. 1d-g,
Fig. S1, and Table S1, ESIT), the growth time (Fig. S2 and Table
S2, ESIY), the total monomer concentration (Fig. S3a-c, S4, and
Table S3, ESIT), the Rh catalyst concentration (Fig. S3d-f, S5,
and Table S4, ESIt) and the feed mass ratio of the two mono-
mers M1/M2 (Fig. S3g-1, S6, S7, and Table S5, ESIt). First, when
the CH,Cl,/n-heptane ratios were 1/6, 1/8, and 1/9 (mL/mL)
(Fig. 1d, f, and g), the P55 particles exhibited a non-uniform and
regular morphology. The optimum solvent system CH,Cl,/
n-heptane ratio was 1/7 (mL/mL) (Fig. 1e). Its SEM images
present a regular morphology (~630 nm in diameter). This
was due to an excess of good solvent or poor solvent, both of
which resulted in particles with pronounced agglomeration.
Second, according to the SEM images, yield, and average
diameter of the particles (Fig. S2 and Table S2, ESIt), the
mechanism of particle growth is summarized into three stages:
copolymer chain formation (5-10 min), nucleation of the
copolymer (10-30 min) and particle formation (45-120 min).*"*
Third, based on the results from Fig. S3a-c, S4, and Table S3 in
the ESL} the best total monomer concentration was 2.5 x 10™2 M.
The concentration was too low to form longer copolymer chains,
and a higher concentration made the copolymer chain precipitate
rapidly from the poor solvent, which affected the nucleation stage.
Fourth, the appropriate Rh catalyst concentration was 2.5 x
10~* M ([MJ[Rh] = 100/1), and the M, of the copolymer was
found to be 4.9 x 10° g mol ™' with a PDI of 1.6 via GPC data
analysis (Fig. S5 and Table S4, ESIt). Finally, the mass ratio
M1/M2 had a visible effect on the spheroidization of the copoly-
mer, as shown in the SEM images in Fig. S3g-1 (ESIt); however,
there was still a tendency to form a microsphere morphology.
Under these optimal conditions (mixed solvent CH,Cl,/n-heptane
ratio of 1/7 (mL/mL), growth time of 45 min, total monomer
concentration of 2.5 x 107> M, Rh catalyst concentration of
2.5 x 10°* M, and feed mass ratio of the two monomers
M1/M2 of 5:5), helical polymeric particles with a regular size
(average diameter, 630 nm) and good optical properties (see
below) were prepared in high yields of 85.4-89.2%.

Optical activity, fluorescence, and CPL properties

In line with previous reports,®>*® the resulting helical polymeric

particles from precipitation polymerization were obtained as a
visible yellowish white solid powder (Scheme 1). This tentatively
indicates that the Px chains forming the particles took on a helical
conformation, since substituted polyacetylenes, even micro-nano-
particles with helical structures, demonstrate a yellowish white
color. The [«]p information presented in Table S5 (ESIt) also
supports the above conclusion. Therefore, to further prove this
conclusion, we characterized the conformation of the particles via
CD and UV-vis absorption spectroscopy as these are typical
methods to characterize the secondary structure of helical

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (a) Typical FT-IR spectra (KBr pallet), (b) *H NMR and (c) **C NMR spectra in DMSO-ds of M2, M1 and Pss particles, SEM images of Pss particles
prepared in CH,Cl,/n-heptane with varying ratios: (d) 1/6; (e) 1/7; (f) 1/8; (g) 1/9 (mL/mL). Other conditions as shown in Table S1 (ESI¥).

polymers.?”® In order to maintain the spherical morphology of
particles in the test, we recorded the CD and UV-vis absorption
spectra (Fig. 2a) of the Px particles by dispersing them in a
certain PVA aqueous solution to prepare composite films, as
the Py particles were insoluble in water. When substituted

This journal is © The Royal Society of Chemistry 2023

polyacetylenes adopt a predominant handed helical conforma-
tion,>**%° they usually show obvious CD signals and UV-vis
absorption peaks. P1 possessed a notable CD signal at around
400 nm, and Px had an intense CD signal at different wave-
lengths. In the UV-vis absorption spectra, the absorption peak

J. Mater. Chem. C, 2023, 11,172-182 | 175
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Fig. 2 (a) CD and UV-vis absorption spectra, (b) fluorescence emission excited at 365 nm, and (c) photo images of P1/PVA, P2/PVA and Pyx/PVA
composite films; (d) circularly polarized fluorescence spectra (CPL) and (e) CPL dissymmetry factor g,,m versus wavelength both excited at 365 nm for

Py/PVA composite films.

was at the wavelength corresponding to the CD spectra.
However, due to the absence of the chirality in M2, P2 exhibited
a null CD effect in the polymer backbone region (Fig. S8, ESIT),
indicating that it adopted a racemic helical structure. Interest-
ingly, compared with P1, the CD effect of Py,/PVA exhibited a
broader UV region belonging to the polymer backbone region.
Ps,/PVA and P;;3/PVA also presented similar phenomena. With a
decrease in chiral components, the UV absorption of the
copolymeric particles blue-shifted from 400 to 340 nm; mean-
while, their CD signals also blue-shifted to the corresponding
wavelengths and became weakened. The above results not only
illustrate that particles with different one-handed helical con-
formations were obtained but also explain that the critical
factor affecting the construction of copolymeric particles with
different degrees of preferential helicity is the chiral content.
These [o]p results also offer notable support to the above
conclusion. [o]p had a significant increase with the improve-
ment of the chiral component content. Furthermore, the Kuhn

176 | J Mater. Chem. C, 2023, 11,172-182

dissymmetry factors (gaps [CD/32980]/Abs) of Px were
calculated,”™** as listed in Table S5 (ESIf), to quantitatively
evaluate the degree of preferential helicity. Pss showed a
minimum g,ps value of —0.23 x 102, and Po; had the highest
Zabs value of —0.91 x 107> The above results indicate that
the copolymeric particles possess strong optical activity due to
the one-handed helical conformation on the copolymer main
chains.

Since the particles synthesized had the repeating unit struc-
ture of the fluorescent component, the resulting copolymeric
particles Px were expected to exhibit photoluminescence (PL)
behavior (Fig. 2¢). Thus, copolymeric particles were analyzed
using fluorescence spectroscopy (Fig. 2b). We aimed to maintain
the spherical shape of the particles during the process of char-
acterizing the fluorescence emission, and so the particle/PVA
composite films were directly tested using fluorescence spectro-
scopy. It should be noted that the optimal excitation wavelength is
determined using the excitation spectra of the sample. As shown

This journal is © The Royal Society of Chemistry 2023
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in Fig. S9 (ESI{), taking Pss/PVA as a representative, the fluores-
cence excitation spectra were monitored at 430, 480, 500, 530, 550
and 600 nm. The optimal excitation wavelength was found to be
constant at 365 nm at different emission wavelengths. The
fluorescence spectra and CPL spectra were excited at 365 nm.
The copolymeric particles with varying mass feed ratios all
showed intense green emission (Fig. 2b) and had a maximum
of 500 nm. Conversely, no fluorescence emission was found in
the homopolymer P1. The fluorescent homopolymer P2
also showed a fluorescence emission peak at 500 nm. This
result illustrates that the photoluminescence properties of the
copolymeric particles are derived from the DA moieties
(Fig. S10, ESIT). Moreover, the copolymeric particles showed
an acceptable quantum yield of 7.3-39.8% (Table S5, ESIT).
Among the particles, the fluorescence quantum yield of P55 was
the highest, and its fluorescence intensity was the strongest.
These results demonstrate that the fluorescence emission
performance of copolymeric particles is stronger with an increase
in the fluorescent components in a certain range.*>**

Based on the above data, we successfully prepared chiral
fluorescent copolymeric particles. Similar to the CD and
fluorescence tests, we aimed to maintain a satisfactory sphe-
rical shape of the particles while characterizing the CPL
performance. Thus, the CPL properties of the resulting copoly-
meric particle Px/PVA composite films were ultimately ana-
lyzed, as shown in Fig. 2d. Fortunately, relatively obvious CPL
effects could be seen at 500 nm in Px/PVA. Among them, the
CPL effect of Py;/PVA was the most prominent, which was
almost consistent with the regular pattern of the CD spectra.
P55/PVA exhibited the worst CPL signal of the tested particles.
These data demonstrate that the intensity of the CPL signal is
related to the CD effect. In order to further study the connec-
tion between the optically excited-state chirality and ground-
state chirality, the relationship between the CPL property and
CD effects was comprehensively investigated. We found that
the line shape of the excitation fluorescence spectrum (Fig. S9,
ESIt) was similar to that of the UV-vis absorption spectrum
(Fig. 2a) of P5s5/PVA. Meanwhile, obvious CD signals of P55;/PVA
were observed at 340 nm. The results illustrate that the CPL
signals may originate from the Cotton region at 340-400 nm.
Specifically, Po;/PVA displayed a negative CD signal at 400 nm.
Ps4/PVA, P;3/PVA, and Pg,/PVA exhibited negative CD signals at
340-400 nm. In addition, we quantitatively evaluated the CPL
performance by calculating the luminescence asymmetry factor
Zum according to the equation 2 x (I, — I)/(Iy + Ig), where I,
and Iy represent the intensity of the left-handed and right-
handed CPL, respectively.*>*® Since the gj., values rely on the
intensity of PL and CPL, the maximum of gj,, uncertainly
emerged at the corresponding position of CPL or PL extremum.
The gium values of Pss/PVA, Pgs/PVA, P,3/PVA, Pg,/PVA, and
Po,/PVA were —0.8 x 102, —1.0 x 1072, —1.1 x 10 %, —1.2 X
10~ % and —1.3 x 102, respectively (Table S5, ESI{). Compared
with the |gium| value (1.4 x 10?) of the poly(1Ly.4-c0-2¢1)-Boc
copolymer solution in our previous work,"” the Po; particle
(1.3 x 10~?) with a regular morphology (~610 nm in diameter)
and narrow size distribution showed 9.3-fold amplification

This journal is © The Royal Society of Chemistry 2023
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through the self-assembly process. It is mainly due to the
non-covalent bond synergy enhancing the CD effect at the same
absorption region in solid aggregates. The above results illus-
trate that optically active helical copolymers may be used as a
prominent candidate for constructing CPL solid materials.

Stimuli-responsive CPL behaviors of helical polymeric particles

The CPL helical polymeric particles Px with a cis-transoidal
main-chain structure are a type of typically dynamic helical
substituted polyacetylene, and their conformations are sensi-
tive to external stimuli owing to the low helix reversal
barrier.*®*° Thus, we investigated the influence of temperature
and pH on the CD effect and CPL performance of the Px/PVA
composite films. The P5s/PVA composite film was used as a
research representative. As shown in Fig. 3a and b, the CD and
CPL intensities were reduced by 54.3% and 52.8%, respectively,
as the temperature increased from 20 to 80 °C in the P55/PVA
composite film. The P55/PVA composite film showed dynamic
fluorescence behavior under different temperature conditions
(Fig. 3d), which is consistent with the fluorescence emission in
the CPL spectrum (Fig. 3b). This was because the helix-to-coil
transition limited the chiral amplification of self-assembly and
led to the emergence of the ACQ effect, as seen below in the
section on mechanistic studies. Thus, the corresponding UV-vis
absorption and fluorescence signals were significantly wea-
kened with an increase in temperature. Remarkably, the CD
and CPL signals both almost recovered to their original state
(black line) on cooling the Ps5/PVA composite film from 80 to
20 °C (cyan line). The g, values of the Pss/PVA composite film
as a function of temperature are plotted in Fig. 3c. The gjum
value of the P55/PVA composite film decreased by 53.4% as the
temperature increased from 20 to 80 °C. These results indicate
that the CD and CPL effects of the P5ss/PVA composite film have
sensitive and reversible temperature response capability.
Additionally, the effect of pH on the CD and CPL qualities of
the P55/PVA composite film was explored. Pss/PVA composite
films were prepared with PVA aqueous solutions of varying
pH values and analyzed using CD, UV-vis absorption, and CPL
spectroscopy (Fig. 3e-g). The CD and CPL signals and g, value
greatly decreased at 300-400 nm and 450-550 nm, under
acidification (pH < 5) or alkalization (pH > 9). This showed
that the helical structure of the SRCHPs was relatively stable
when the pH value was close to neutral or weakly acidic. When
the pH values were 1 and 3, the Ps5s/PVA composite film
had null CD signals and the UV-vis absorption peak showed
blue-shifts toward 310-320 nm. This suggested that the cis-
transoidal helices became random coils after acidification.
Thus, the Ps5/PVA composite film also displayed no CPL signals
and the fluorescence emission weakened with blue-shifts due
to the influence of the random coil structure on the chiral
amplification and AEE. By contrast, the CD and CPL signals at
300-400 nm decreased after alkalization but did not disappear
when the pH was 9, 11, and 13. The UV-vis absorption and
fluorescence emission peaks slightly red-shifted. This was
because the cis-transoidal helices of P55 had an increase in
helical pitch, which extended the backbone conjugation length.

J. Mater. Chem. C, 2023, 11,172-182 | 177
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fluorescent images of the Pss/PVA composite film with respect to varying temperature and pH values, respectively.

Meanwhile, the Pss/PVA composite film also exhibited dynamic
fluorescence behavior under different pH conditions (Fig. 3h),
which is consistent with the fluorescence emission in the CPL
spectrum (Fig. 3f). Therefore, we can conclude that the P55/PVA
composite film is sensitive to pH. The typical dynamic cis-
transoidal helical main chain of the polymer is the basic reason
for the pH response.

The obvious CPL performance of chiral fluorescent copoly-
meric particles can be used as ultra-secure optical coding. Fig. 4
shows the anticounterfeiting phenomenon-based polariza-
tion of Px/PVA composite films. A sapling-shaped pattern was
composed of Pyx/PVA composite films. Under natural light, the

UV light LCPF

Natural light (365 nm) (UV 365 nm)

“17 :PgPVA  “2” 1P, /PVA  “3”:P,yPVA “4” : Py,IPVA

Fig. 4 Optical photos of latent patterns with different lighting conditions ((a

.

sapling was visible on a black background (Fig. 4a). Under UV
light of 365 nm wavelength, the sapling composed of Px/PVA
composite films presented fluorescence (Fig. 4b), which exhi-
bited a first-line anti-counterfeiting feature. Fascinatingly,
when observed under 365 nm UV light through a left-handed
circular polarizer filter (LCPF) and a right-handed circular
polarizer filter (RCPF), the obvious green fluorescence of the
sapling was seen only with the LCPF but not with the RCPF
(Fig. 4c and d), which showed a second-line anti-counterfeiting
effect. LCPL emission enhanced the fluorescence emission of
Py, due to the LCPL activity of Py, and RCPL emission weakened
the fluorescence emission of Py, owing to the RCPL activity of

RCPF
(UV 365 nm)

RCPF LCPF
(UV 365 nm) (UV 365 nm)

“5” : Pg,/PVA
) natural light; (b) UV light of 365 nm; (c) UV light of 365 nm under a left-

Simultaneous shooting

handed circular polarizer filter; (d) UV light of 365 nm under a right-handed circular polarizer filter; (e) UV light of 365 nm under left and right-handed

circular polarizer filters, simultaneously) of Px/PVA composite films.
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Py. Fig. 4e displays the visible differences using one shot for left
and right-handed circular polarizer filters, simultaneously,
which further demonstrated the reliability of the second-line
anti-counterfeiting effect. These findings demonstrate that
Pyx/PVA composite films can divide unpolarized fluorescence
into two kinds of circularly polarized fluorescence. The Px/PVA
composite films are promising for application in super-secure
communications and anticounterfeiting.

CPL stimuli-responsive and amplification mechanism

To explore the CPL stimuli-responsive mechanism of the
copolymeric solid particles, the conformer structure of the
copolymeric particles, owing to the close connection between
the chiral photoelectric properties and conformers, was studied
using resonance Raman and DSC characterization. Addition-
ally, the CPL amplification mechanism was illustrated from the
point of view of the conformer structure and the self-assembly
driving force using FT-IR and fluorescence spectroscopy.

CPL stimuli-responsive mechanism. In the Raman spectra of
the copolymeric particles (Fig. 5a), Px displayed two character-
ized vibration peaks of cis C=C bonds and naphthalene rings
at 1618 and 1573 cm™ ', respectively.’>>> However, Py did not
exhibit the Raman peak belonging to trans C—C bonds.
The characteristic vibration peaks of C-C and C-H bonds on
the cis main chain at 1358, 1338 and 1000 cm ™' also appeared
in the Raman spectrum of Py.>"*> Furthermore, the typical

cis C=C 1000
1573 1338 ¢iscBH

1 Naphthalene CiS cec! A
\(ko o= A 4 >

I

/ cis C“-C?r /”ans c-C i

’

1800 1600 1400 1200 1000 800
Wavenumber (cm™)

cis-to-trans

phase transition isomerization

50 100 150 200 250 300
Temperature (°C)
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characteristic vibration peak of ¢rans C-C was observed at
1253 cm™'. These results illustrate that P1 and Py take on
typically dynamic cis-transoidal n-conjugated sequences.’® P2
had an irregular geometric configuration. Meanwhile, as shown
in Fig. 5b, the half-height width of Px was wider than that of P1,
and the Raman peak of the cis C=C bonds in Px was red-
shifted compared to that in P1. This result indicates that Px
showed more morphological disorder and/or distorted struc-
tures than P1 due to the introduction of the dan sulfonamide
group. Interestingly, Pss had a smaller half-height width
(64 cm™") than Po; (81 cm™'), Pg, (95 cm™ '), Py3 (96 cm™ 1)
and Pg; (99 cm™ '), due to an increase in the naphthalene
content in dan sulfonamide (M2). This suggests that P55 can
adopt the most ordered dynamic cis-transoidal helix, resulting
in stimuli-responsive CD and CPL effects.

The cis-transoidal helix of the SRCHPs was further con-
firmed using DSC traces (Fig. 5c¢). Pure P1 and Px both pre-
sented an exothermic peak at 240 °C, attributed to the thermal
isomerization from cis-transoid to trans-transoid, according to
the work by Percec and co-workers.>*® This phenomenon
demonstrated that P1 and Px underwent the geometric con-
formation of a cis-transoid. The isomerization temperatures
from cis-transoid to trans-transoid of Px and P2 were lower than
those of P1, which is attributed to the lack of persistent
conjugate length on the one-handed helical main chain.””*®
However, P55 (238 °C) had a higher transition temperature from

Half-Heig 1618 cm™

1573 cm™
cis C=C P2

Naphthalene
Pgs

1700 1650 1600 1550 1500
Wavenumber (cm™)

L

200 220 240 260 280 300
Temperature (°C)

242 °C

Fig. 5 (a) Resonance Raman spectra and (b) partial resonance Raman spectra (C—C stretching region) using a 325 nm excitation laser pulse; (c and d)

DSC traces (N5, 10 °C min™?) of P1, P2 and Py.
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cis-transoid to trans-transoid than Pg, (235 °C), P53 (236 °C), Py,
(236.5 °C), and Py, (237.5 °C). This indicates that P55 take on a
dynamic cis-transoidal helical structure with a more regular geo-
metric configuration and higher thermal stability. Therefore, the
CPL stimuli-responsive mechanism of the SRCHPs can be attri-
buted to the fact that the external stimuli of temperature or pH
may be affected by the dynamic cis-transoidal helix of the
substituted polyacetylene backbone.

CPL amplification mechanism. The geometric configuration
of the copolymeric particles and the driving force of self-
assembly were also studied by FT-IR spectroscopy. As presented
in Fig. 6a, there emerged noticeable vibration characteristic
vibration peaks of trans C-H (1457 and 1316 cm™ "), trans C-C
(787 em™), cis C-H (1392 and 1123 cm™ '), cis polymer
(875 em ™), and C-H bonds of naphthalene rings (628 cm™*)>*%
in the FT-IR spectra of Px and P1. The characteristic peaks of cis
C-H and the cis polymer in the backbone of P2 were hardly
observed. These facts clearly demonstrate that P1 and Px form
the geometric configuration of a dynamic cis-transoidal helix.
Furthermore, the vibration intensities of cis C-H and the cis
polymer in Pyx became weaker with the increase in the dan
sulfonamide content, whereas the vibration intensities of trans
C-H and trans C-C in Pyx turned stronger. This means that the
helical configuration of the copolymeric particles had increasing
trans fragments with an increase in dan sulfonamide and a
decrease in amino acid amide contents. Fig. 6b also presents the
same phenomenon, where P55 has the most ¢rans C-C bonds at
1635 cm ™. Excitingly, P1 showed an intense vibration charac-
teristic peak at 1672 cm™ " and a low shoulder peak at 1682 cm ™"

View Article Online
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originating from the C=O vibration, whereas Py;, Pg,, P73, Pey
and Pss presented almost the same vibration for these peaks.
Compared with P1, a significant decrease of the second C=0O
vibration peak and the slight blue-shift of the N-H vibration
peak from 1537 to 1541 cm™ ' in Py implies that the intra-
molecular hydrogen bond became weakened between the
C—0 and N-H bonds due to the existence of dan sulfonamide,
wherein the large steric group increased the distance between
the side groups.®** However, P55 had a closer location with P1 at
1538 cm™ ' compared to Poy, Pg,, Py3, and Pg,, which explains
why P55 incurred new hydrogen bonding, as shown in Fig. 6c.
The hydrogen bond played a vital role in stabilizing the cis-
transoidal helical conformation.

Interestingly, Px with cis-transoidal helical conformation
did not have an ACQ effect. Px still exhibited intense fluores-
cence emission on excitation at 260 nm (Fig. S11, ESIt), which
was tied to the absorption of side groups. This illustrates that
the amide groups and naphthalene rings were conjugated with
the copolymer main chain. The energy was absorbed and
transferred from the dan sulfonamide side group to the main
chain through this conjugate structure bridge, further resulting
in the AEE effect and fixing the cis-transoid helix. Therefore,
the CPL amplification of the SRCHPs originates from
the driving force of hydrogen bonding and the conjugated
interaction.

Overall, these characterization studies prove that at a large
scale, the coordination of the intramolecular hydrogen bonding
and conjugated m-n stacking interactions based on the cis-
transoidal helical conformation results in a stimuli-responsive

a | transcH cis C-H trans C-C b amide I amide 11
1457 1316 1123 787 C_H of ph- 1537
cis C-H cis content 628
1392 875 P1
,f\_ﬁf\q/kf“f’w’r \V""\,\__,MH.».% rrrrrrr B A,,v_dr»-'; J\"\L
Wf\d\hPE:
P73
P64
P55
P2
1500 1250 1000 750 500 1750 1700 1650 1600 1550 1500
Wavenumber (cm™) Wavenumber (cm™) - __
& e e S, K
P1 e < "9, cis-transoid P : cis-transoid
2% ww helix 91 7 < helix with
o © f - < random
, Pss MY < structure
e & ’ .

Pss Xz € | Cis-transoid T 0 hvdrogen = %

2572 7 helixwith M1 yaregen =%

® & greater pitch o M2 @ bond Zha

Fig. 6 (a and b) Partial FT-IR spectra (1500-500 and 1750-1500 cm™! regions, KBr pallet), and (c) proposed structure of Px.
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and remarkably amplified CPL signal of copolymeric particles.
Furthermore, the amide substituents and naphthalene rings in
our design provide strong intramolecular hydrogen bonds and
conjugated n-7 stacking interactions. The cis-transoidal helical
structures endow the main chain with the AEE effect and
dynamic helicity.

Conclusions

Stimuli-responsive helical polymeric particles (SRHPs) that
have a spherical morphology with high yields and CPL perfor-
mance were successfully synthesized via precipitation copoly-
merization of chiral and fluorescent acetylenic monomers. The
SRHPs perfectly combined the special helical conjugated struc-
ture, fluorescent component, and polymeric macroparticles in
one entity. Furthermore, the formation mechanism and main
influencing factors of the SRHPs were summarized. The |gjum|
value (1.3 x 107%) of the Py; SRHPs exhibited 9.3-fold amplifi-
cation compared to that of a copolymer solution of poly(1L o-
€0-2¢.1)-Boc (1.4 x 10~*). More importantly, the SRHPs not only
exhibited temperature-responsive and pH-responsive CPL pro-
perties but also presented potential applications in information
encryption and anticounterfeiting. The CPL stimuli-responsive
and amplification mechanism followed the coordination of the
intramolecular hydrogen bonding and conjugated n-r stacking
interactions at a large scale based on the dynamic cis-transoidal
helix. This investigation provides new insights into the future
development of stimuli-responsive CPL solid materials with
amplified CPL properties.
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