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uced chiroptical generation and
photoinduced switching of achiral azobenzene-alt-
fluorene copolymer endowed with left- and right-
handed helical polysilanes†

Hailing Chen,a Lu Yin,a Meng Liu,a Laibing Wang,b Michiya Fujiki, *b Wei Zhang *a

and Xiulin Zhuac

The left and right helicities of azobenzene (Azo)-containing main-chain polymer (PF8Azo) were

successfully controlled with an enantiomeric pair of rigid rod-like helical polysilanes carrying (S)- and

(R)-2-methylbutyl groups (PSi-S and PSi-R, respectively) as their hetero-aggregates in a mixture of

chloroform and methanol solvents and in the solid state. Optimizing the good and poor cosolvents and

their volume fractions showed that the molar ratio of PF8Azo to PSi-S/-R and the molecular weight of

PF8Azo were crucial to boost the CD amplitudes of PF8Azo/PSi-S and PF8Azo/PSi-R hetero-aggregates.

The photoresponsive trans–cis transformation caused noticeable changes in the sign and magnitude of

the chiroptical behavior due to the hetero-aggregates. Moreover, the optically active PF8Azo homo-

aggregates were produced by complete photoscissoring reactions at 313 nm, which could be assigned

to the Sis–Sis* transitions of PSi-S and PSi-R.
1 Introduction

Chirality plays key roles in living organisms, medicines, toxins,
aromas and avors (bitter and sweet), immunity, chiroptical
functional materials and devices, and the origin of life.1–6

Generally, several chemical and physical origin biases are
applied to efficiently generate and control the chirality of
desired materials when achiral starting materials are employed.
However, chiral chemical sources are usually well-dened
molecules that specically work toward achiral substances
operated at controlled reaction conditions, while chiral physical
sources are non-specic and oen inefficient.

To obtainmore versatile and efficient chiral biases, scientists
have investigated several chiral stimuli. For example, two types
of chiral lights (circularly polarized light due to angular
momentum and vortex light due to orbital angular
momentum),7–15 chiral nematic liquid crystals and chiral
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terpenes,16–30 chiral molecules with functional groups,31,32

hydrodynamic swirling ow,33,34 and biological and articial
helical polymers35 induce supramolecular chirality when achiral
and optically inactive molecules and polymers are employed.
These driving forces are non-covalent intermolecular weak
forces including p–p, C–H/p, C–H/O, C–H/F, cation/p, dipole–
dipole, and van der Waals (London dispersion) interactions.

Among these strategies, chiral biological and synthetic
molecules have been used as helix-inducible scaffolds and
templates to construct supramolecular chiral and/or helical
architectures from achiral or optically inactive macromolecular
sources.

For example, the helical architecture of poly(1-
phenylacetylene)-bearing functional groups was inducible in
the presence of several chiral amines as scaffolds. This archi-
tecture displayed memory effect aer removal of the chiral
molecules, followed by replacement of achiral amines and
amino alcohols.36,37 Notably, the memory effect is greatly
affected by the number of methylene spacers in the achiral
molecules. Also, supramolecular chirality of achiral porphyrin
derivatives carrying long alkyl chains can be induced during the
formation of a co-gel with a glutamate derivative acting as an
efficient gelator in DMSO.38 Liu et al. and Ihara et al. demon-
strated the transfer of molecular chirality to supramolecular
gels using a series of chiral amphiphiles derived from L- and D-
glutamide.39–42 Recently, one of the authors (WZ) reported for
the rst time that two achiral p-conjugated polymers (PSi8 and
PCz8) could result in the corresponding helical co-gels with the
RSC Adv., 2019, 9, 4849–4856 | 4849
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help of L- and D-glutamide gelators through multiple weak
interactions between the long n-alkyl chains, and the helicity of
PSi8 and PCz8 was also maintained aer the removal of the
gelators despite the loss of weak interactions.43

Furthermore, naturally occurring and articial chiral/helical
compounds (e.g., DNA, polysaccharides, nucleic acids, synthetic
polymers, oligopeptides, and carbon nanotubes (CNTs)) can
serve as chirality-inducible templates and scaffolds.44–54

Recently, researchers found that a DNA-based origami supra-
molecular polymer was an efficient template to dynamically
control the superstructure of gold nanorods, as shown by the
changes in the chiroptical properties.55

Among the naturally occurring chiral/helical compounds,
cellulose is the most abundant polysaccharide on earth.
Recently, soluble cellulose triacetate (CTA) and cellulose acetate
butyrate (CABu) were reported to be efficient scaffolds capable
of transferring their chirality and/or helicity to achiral/non-
helical semi-exible non-charged oligo- and poly(dialky-
uorene)s without chiral catalysts.52–54 This strategy is of
particular signicance because of the established linkage
between chiral biopolymers and articial achiral/racemic
materials.

Recently, one of the authors (MF) reported that non-charged
poly(n-hexyl-(S)-2-methylbutylsiane) (PSi-S) and poly(n-hexyl-(R)-
2-methylbutylsiane) (PSi-R) function as photoscissorable helical
platforms to generate circularly polarized luminescent (CPL)-
active and circular dichroism (CD)-active poly(dioctyluorene)
(PF8),56 poly(dioctyuorene-alt-bis(thiophenyl)benzothiazole)
(PF8DBT)57 and poly(dioctyuorene-alt-bithiophene) (PF8T2)58

dispersed in a mixture of achiral good and poor solvents.
Because of their photoscissorable nature, the CPL and CD
activities of the resulting p-conjugated polymers were main-
tained even aer the removal of helical PSis.

To further verify the scaffolding capability of PSi-R and PSi-S,
we chose non-charged, non-helical poly((9,9-dioctyluorenyl-2,7-
diyl)-alt-4,40-azobenzene) (PF8Azo, Fig. 1) as a photoinduced
trans–cis isomerizable polymer. Azobenzene (Azo) derivatives are
commonly used as photoresponsive building blocks, and their
reversible photoinduced trans–cis isomerization causes signi-
cant changes in their physical and chemical properties.25–30,59 The
combination of the chiroptical properties and photo-
isomerisability efficiently provides reversible chiroptical switch-
ing behavior. Herein, we reported unique photoinduced change
in CD-active PF8Azo hetero-aggregates endowed with PSi-S and
PSi-R under optimized conditions. The CD amplitudes of the
PF8Azo aggregates were maintained even aer the photo-
scissoring of PSi-S and PSi-R at 313 nm at the Si-Si main chain.
Fig. 1 Chemical structures of PF8Azo (Mn¼ 23 900 Da,Mw/Mn ¼ 1.61,
DPn¼ 42), PSi-R (Mn¼ 23 900Da,Mw/Mn¼ 1.64, DPn¼ 128), PSi-S (Mn

¼ 20 400 Da, Mw/Mn ¼ 1.31, DPn ¼ 110).

4850 | RSC Adv., 2019, 9, 4849–4856
2 Experimental section
Materials

Preparation of PSi. The preparation and characterization of
PSi-S and PSi-R used in this work are described in the experi-
mental section of the reference in detail.56

Preparation and separation of azo-containing polymers. The
preparation and characterization of PF8Azo26 and PMMAzo28 are
provided in the experimental sections of the references. PF8Azo
samples with different molecular weights were separated using
a recycling preparative HPLC system.

Hetero-aggregation of azo-containing polymers with PSi-S/R
and preparation of dried aggregates. Spectroscopic-grade
chloroform (CHCl3) and tetrahydrofuran (THF) (Dojindo,
Kumamoto, Japan) as good solvents and methanol (MeOH), n-
hexane, ethanol and isopropanol (Dojindo, Kumamoto, Japan)
as poor solvents were combined to produce a hetero-aggregate
in a synthetic quartz (SQ)-grade cuvette (path length: 10 mm).
A series of preliminary results allowed us to optimise a combi-
nation of CHCl3 and MeOH to efficiently generate the hetero-
aggregate with greater CD amplitudes. The best volume frac-
tion of CHCl3-to-MeOH and the best molar ratio of Azo-poly-
mers-to-PSi-S/-R were tuned according to the experimental
requirements. To the cuvette, the dissolved azo-polymers were
added, followed by adding rst PSi-S/-R solution and nally
MeOH to produce well-mixed hetero-aggregates dispersed in
a mixture of CHCl3 and MeOH. The total volume of the cosol-
vents was xed to be 3.0 mL. Subsequently, CD-UV-vis spectro-
scopic data were collected immediately in several minutes aer
generation of the hetero-aggregates. The dried aggregates were
prepared by removing the co-solvent by ushing a dry nitrogen
gas at room temperature. The dried hetero-aggregate was
dispersed in silicone grease (Dow–Corning–Toray). The
aggregate-containing grease was smeared onto both sides of
a quartz disk (22 mm in diameter).

Characterisation

Chiroptical analysis. The dissymmetry factor of CD in the
ground state was calculated using gCD ¼ (3L � 3R)/[(3L + 3R)/2],
where 3L and 3R represent the extinction coefficients for le-
and right-circularly polarized lights, respectively. The param-
eter gCD was obtained using the following equation: D3/3 ¼
[ellipticity (in mdeg)/32 980]/absorbance at the CD extremum of
the aggregates. The gCD value refers to the degree of circular
polarization in the ground state of the aggregates.

Instrumentation

The CD and UV-vis spectra of the solution were obtained
simultaneously on a JASCO (Hachioji-Tokyo, Japan) J-815
spectropolarimeter with a Peltier-controlled apparatus to
control the sample temperature. A quartz cuvette (SQ-grade)
with a 10 mm path length was used. The parameters for
obtaining the CD/UV-vis spectra are as follows: scanning rate ¼
100 nm min�1, bandwidth ¼ 2 nm, response time ¼ 2 seconds,
single accumulation and 1 nm interval sampling. The number-
average molecular weight (Mn) and polydispersity (Đ ¼ Mw/Mn)
This journal is © The Royal Society of Chemistry 2019
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of the polymers were characterized by a TOSOH HLC-8320 gel
permeation chromatograph (GPC) (Tokyo, Japan) equipped
with a refractive index and UV detectors using two TSKgel Super
Multipore HZ-N columns (4.6 � 150 mm, 3 mm particle size)
enabling molecular weight analysis ranging from 7 � 102 to 2 �
105 g mol�1. THF was used as an eluent at a ow rate of 0.35
mL min�1 at 40 �C. These samples were calibrated with poly-
styrene standards (TOSOH). The recycling preparative HPLC
Mode LC-9260NEXT equipped with a manual injector, UV-vis
4ch (200–800 nm) and RI-700NEXT detectors, using JAIGEL-
2HH and JAIGEL-2.5HH (PS/DVB packing material) columns,
was used to obtain a broad range of molecular weights of
PF8Azo. The ow rate of THF is 6 mL min�1 at room tempera-
ture. Dynamic light scattering (DLS) measurements were per-
formed with a Zetasizer Nano ZS instrument (Malvern,
Worcestershire, UK) at room temperature. An ultra-high-
pressure 500 W Hg lamp (Optiplex BA-H501 and USH-500SC2,
Ushio [Tokyo, Japan]) with three narrow band-pass lters at
313 nm, 405 nm and 546 nm was irradiated to destruct PSi-S/-R
and to photoisomerize the hetero-aggregate as a suspension in
a cuvette at room temperature. The irradiation intensity was
characterised as 128 mW cm�2 at 313 nm, 159 mW cm�2 at
405 nm and 589 mW cm�2 at 546 nm using a broadband
photodetector Ophir Optronics with Nova with photodiode
head PD300-UV (Tel-Aviv, Israel).
3 Results and discussion
Emerging CD-active PF8Azo induced by chirality/helicity of
PSi-S and PSi-R

Fig. 2 shows the distinct bisignate CD bands at 305 and 322 nm
that are characteristic of an exciton couplet of an Sis–Sis*
transition arising from the helically assorted aggregates of PSi-S
and PSi-R. However, it should be noted that additional negative/
positive CD bands at the corresponding broader UV-vis spectra
in the range of 350–550 nm originated from the p–p* transition
Fig. 2 The CD and UV-vis spectra of PF8Azo/PSi-S (blue line) or
PF8Azo/PSi-R (red line) hetero-aggregates. The hetero-aggregates
were present at 1-to-1 molar ratio as repeating units in CHCl3–MeOH
(2.0/1.0, (v/v)) cosolvent. The final concentrations of [PSi-S/-R]0 and
[PF8Azo]0 were 1.0� 10�5 M and 1.0� 10�5 M, respectively. The single
sign of the broad CD bands in the visible region was assigned to the p–
p* transitions of the PF8Azo main chain induced by the chirality/hel-
icity of the rigid rod-like helical PSi-S and PSi-R.

This journal is © The Royal Society of Chemistry 2019
of the PF8Azo aggregate itself. Meanwhile, the signs of these CD
bands were directly related to the chirality/helicity of employed
PSi. The gCD values at 475 nm increased to +9.1 � 10�3 for
PF8Azo/PSi-R and �10.5 � 10�3 for the PF8Azo/PSi-S hetero-
aggregate. These spectral characteristics of the PSi-PF8Azo
hetero-aggregates were nearly consistent with those of chiral
light-induced polymer homo-aggregates.9,10 For comparison,
the CD and UV-vis spectra of PF8Azo, PSi-S and PSi-R homo-
aggregates were obtained aer dispersion in CHCl3–MeOH (2/
1, (v/v)) cosolvent at room temperature; the spectra are shown
in the ESI (Fig. S1†). Evidently, PF8Azo homo-aggregates did not
reveal a helix preference, while the PSi-S and PSi-R homo-
aggregates exhibited signicant bisignate CD band character-
istics due to the exciton couplet in the near-UV region.

These comparative measurements indicated that the
helicity/chirality of PSi-S/-R can efficiently transfer to non-
charged PF8Azo during hetero-aggregation. Clearly, the
chirality/helicity of the hetero-aggregate could be maintained
and increased by embedding in silicone grease (Fig. S2, ESI†), as
indicated by a comparison of the corresponding gCD values. The
gCD values at lext (320 nm) of PF8Azo/PSi-S and PF8Azo/PSi-R
hetero-aggregates were �27.6 � 10�3 and +4.6 � 10�3 in the
cosolvent, respectively, and �26.4 � 10�3 and +7.0 � 10�3 in
the grease, respectively. However, the vinylpolymer containing
azo-side-chain (PMMAzo) did not produce the corresponding
CD-active PMMAzo during hetero-aggregation with PSi-S in any
mixtures of CHCl3 and MeOH cosolvents (Fig. S3, ESI†). A
plausible explanation is that oppy PMMAzo could not wrap
efficiently around the semi-exible PSi-S helical main chains
due to inefficient intermolecular interactions. Also, PF8Azo that
is a semiexible p-conjugated polymer efficiently interacted
with semi-exible PSi-S. The main rigidity of two polymers was
assumed to be crucial.

To further optimize the hetero-aggregation conditions, we
determined the best volume fractions of several good and poor
solvents associated with the best molar ratio of PF8Azo to PSi-
S/-R.

First, we systematically surveyed CHCl3 and THF as good
solvents, while alcoholic solvents (ethanol, MeOH and iso-
propanol) and n-hexane were chosen as poor solvents. A series
of CD/UV-vis spectral data sets (Fig. S4, ESI†) showed that the
spectral amplitudes of the PF8Azo/PSi-S hetero-aggregate are
very weak or nearly CD-silent except for the CHCl3–MeOH
cosolvent. Alcoholic solvents were preferred over n-hexane as
poor solvents to efficiently produce the CD-active hetero-
aggregates.

Next, we optimized the molar ratios of the repeating units
between PF8Azo and PSi-S/-R in their hetero-aggregates to reach
the greatest CD amplitudes in the best volume fraction of the
CHCl3 andMeOH (2 : 1) cosolvents. The gCD values as a function
of the volume fractions of CHCl3 and MeOH cosolvents are
shown in Fig. 3. Also, the gCD values as a function of hetero-
aggregates, known as the Job's plot,60 are given in Fig. 4. The
data were taken from the scattering-free CD spectra in Fig. S5
and S6 in the ESI.†

From Fig. 3, we observe that the gCD value of the hetero-
aggregates is greatly enhanced at a very specic volume
RSC Adv., 2019, 9, 4849–4856 | 4851
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Fig. 3 The gCD values at lext of 475 nm of PF8Azo/PSi-S (blue) and
PF8Azo/PSi-R (red) hetero-aggregates as a function of the volume
fraction of MeOH (poor solvent) in CHCl3 (good solvent) cosolvents
(total volume: 3 mL). The molar ratio was 1 : 1. [PSi-S/-R]0 ¼ [PF8Azo]0
¼ 1.0 � 10�5 M in the cuvette.
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fraction of CHCl3 (2.0 mL) and MeOH (1.0 mL) when the molar
ratio of PSi-S/-R and PF8Azo is xed at 1 : 1. This anomaly is
ascribed to an optouidic effect61 due to photon connement in
a polymeric optical cavity reported in several polymer aggregate
systems. Alternatively, the Job's plot in Fig. 4 indicates that the
PF8Azo/PSi-S/-R hetero-aggregates do not obey a sergeant-and-
soldier scenario.62 The gCD values of the hetero-aggregates
increased at very specic molar ratios: 1 : 1 for PSi-S and
PF8Azo and 1 : 2 for PSi-R and PF8Azo. The difference in this
ratio could be attributed to subtle differences in theirMn and Đ
or other unresolved reasons.

Meanwhile, we characterized the hydrodynamic particle
sizes of the PSi-S and PF8Azo homo-aggregates at different
volume fractions of CHCl3–MeOH cosolvents by DLS methods
(Tables S1 and S2, ESI†) to monitor the change in the sizes of
the homo-aggregates. The particle size of the homo-aggregates
gradually decreased as the fraction of CHCl3 increased. A
mixture of PSi-S and PF8Azo (1 : 1) and a mixture of PSi-R and
PF8Azo (1 : 1) produced similar sizes (z700 nm) of hetero-
aggregates (Fig. 5). From these results, we concluded that the
helicity of the non-helical and non-charged PF8Azo is success-
fully induced by the helicity/chirality of non-charged PSi-S/-R
during hetero-aggregation in CHCl3–MeOH cosolvents.
Fig. 4 The gCD value at 475 nm vs. the molar ratio of PSi-S/-R in the
PF8Azo/PSi-S (blue) and PF8Azo/PSi-R (red) hetero-aggregates.
[PF8Azo]0 ¼ 1.0 � 10�5 M. The volume fraction of CHCl3 and MeOH
was 2 : 1 (total volume: 3 mL) in all experiments.

4852 | RSC Adv., 2019, 9, 4849–4856
Si–Si bond selective photoscissoring reaction of PSi in the
PF8Azo/PSi hetero-aggregates

Previous studies have demonstrated the helix scaffolding
capability of PSi-S and PSi-R in the presence of non-charged
achiral p-conjugated polymers by rapid photoscissoring of
several polysilanes upon near-UV irradiation at the Sis–Sis*
transition.56–58,63–65 The result prompted us to further explore the
photoscissoring characteristics of rigid helical PSi-S and PSi-R.
The hetero-aggregates of PF8Azo/PSi-S and PF8Azo/PSi-R
exhibited originally intense bisignate (+/�) or (�/+) CD char-
acteristics at z320 nm due to the sharper Sis–Sis* bands that
are parallel to the main chain axis of the Si–Si bond, as seen in
Fig. 5(a). Upon irradiation at 313 nm for 10 s, the bisignate CD
bands and the corresponding Sis–Sis* bands signicantly
weakened, followed by a distinct red shi (z10–20 nm) at the
Fig. 5 (a) Changes in the CD and UV-vis spectra of the PF8Azo/PSi-R
and PF8Azo/PSi-S hetero-aggregates before and after the irradiation
at 313 nm. Comparisons of hydrodynamic sizes of hetero-aggregates
for (b) PF8Azo/PSi-R (c) PF8Azo/PSi-S before (black line) and after the
313 nm irradiation for 15 s (blue line) and 600 s (red line) obtained via
DLS. The hetero-aggregates were produced with a volume ratio
(CHCl3–MeOH) of 2 : 1 and a molar ratio of 1 : 1 ([PSi-S/-R]0 ¼
[PF8Azo]0 ¼ 1.0 � 10�5 M).

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 The gCD values at 475 nm of PF8Azo/PSi-R (red line) and
PF8Azo/PSi-S (blue line) hetero-aggregates upon photoirradiation
cycles at 405 nm and 546 nm in CHCl3–MeOH cosolvent (2.0/1.0, (v/
v)). Irradiation time: 5 min. ([PSi-S or PSi-R]0 ¼ [PF8Azo]0 ¼ 1.0 � 10�5

M). A CHCl3 solution of PF8Azo was irradiated for 15 min at 405 nm,
followed by aggregation with PSi-S and PSi-R in CHCl3–MeOH
cosolvent to obtain the cis-PF8Azo/PSi aggregates.
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rst Cotton band (z460 nm) of the PF8Azo aggregate (Fig. 5(a)).
These results indicated that PSi-S and PSi-R decomposed
rapidly upon irradiation at 313 nm within 10 s. Enhanced CD
signal amplitudes associated with the noticeable red-shi of the
PF8Azo/PSi-S and PF8Azo/PSi-R aggregates suggested a signi-
cant structural transition from ill-ordered to well-ordered p–p

stacks of PF8Azo by photochemically removing the polysilanes.
The origin of the red shi of PF8Azo indicated the production of
J-aggregation. Although the near-UV irradiation allowed effi-
cient decomposition of the polysilanes, the chirality of PF8Azo
was maintained. The bisignate CD spectral proles of the
PF8Azo aggregates were nearly mirror symmetric (Fig. 5(a)),
while the corresponding p–p* CD bands were monosignate
spectral proles for the hetero-aggregates before PSi-S and PSi-R
were photochemically removed (Fig. 2).

Next, we optimized the best irradiation time of the near-UV
light source to fully decompose PSi-S and PSi-R and to avoid
undesirable trans-to-cis transformation of PF8Azo. Sequential
alterations in the CD spectral data associated with the aggregate
sizes of the PF8Azo/PSi-S and PF8Azo/PSi-R hetero-aggregates as
a function of irradiation time (5 s, 10 s, 15 s and 600 s) of the
313 nm light source are given in Fig. 5(a), S7, S8 and Table S3.†
Importantly, PSi-S and PSi-R decomposed within 5 s. The poly-
silanes substantially decomposed aer 15 s. A prolonged UV-
irradiation (600 s) led to denitive decomposition of these
polysilanes based on the complete disappearance of the Sis–
Sis* bands, while the magnitude of the CD-active p–p* bands
due to PF8Azo progressively increased and red shied. These
CD/UV-vis spectral alterations at the Sis–Sis* and p–p* bands
were almost identical to previous results for the non-
azobenzene p-conjugated polymers with PSi-S and PSi-R.56–58

However, uncharacterized CD-silent species remaining in the
solution may afford CD-active PF8Azo.

To characterize the hydrodynamic sizes of the aggregates, we
analysed the sizes of the F8Azo/PSi-R (Fig. 5(b)) and F8Azo/PSi-S
(Fig. 5(c)) hetero-aggregates for three irradiation times (0 s, 15 s,
and 600 s) of the 313 nm light source by means of the DLS
method. Clearly, the original sizes of these hetero-aggregates
greatly changed at 15 s and 600 s.

The initial size of the PF8Azo/PSi-R hetero-aggregate was
z650 nm, followed by slight reduction in the size (z620 nm)
aer 15 s of UV irradiation. Eventually, the aggregate size
increased slightly to z810 nm aer 600 s of UV irradiation.
Similarly, the initial size (z690 nm) of F8Azo/PSi-S hetero-
aggregate reduced to z580 nm, followed by increase to
z830 nm aer 600 s of 313 nm irradiation. The decreases in the
aggregate size were due to the photoscissoring reaction at
313 nm, rapidly breaking the Si–Si bond, followed by dissolu-
tion of the resulting fragments with lowmolecular weights from
the aggregates to the surrounding cosolvents. This scenario is
similar to a rinsing process with proper solvents when positive-
type photoresist materials are employed.

Although these fragments may contribute to smaller aggre-
gates, the increase in the aggregate size is due to the so-called
Ostwald ripening,66 which increases the initial size of the
aggregate aer the removal of polysilane with the help of the
prolonged UV light irradiation and increasing time. By
This journal is © The Royal Society of Chemistry 2019
dissolving the smaller aggregates into the solution, the larger
aggregates are easy to grow, resulting in apparent increase in
the aggregate size.

The Ostwald ripening scenario indicates that (i) smaller
particles are easily dissolved into solution but larger particles
are not; (ii) smaller particles can deposit onto the surface of
larger particles; and (iii) larger particles become much larger,
while smaller particles disappear. Actually, in the cases of the
homo-aggregates, the hydrodynamic aggregate sizes increased
with increasing time (Table S4, ESI†).
Dual wavelength-controlled photoisomerization of PF8Azo in
the PF8Azo/PSi hetero-aggregate – all photon-mode
chiroptical switching and memory

The advantages of azobenzene-containing polymers, oligomers,
and molecules are reversibility and smart functions in photo-
physical and photochemical properties owing to the trans–cis
isomerization of the azobenzene framework in response to
external photochemical and thermal biases. Previously, we
demonstrated thermo-and photoisomerization of the main-
chain and side-chain azo-containing polymers in cosolvents.
PF8Azo dissolved in CHCl3 showed clear trans–cis–trans isom-
erization capability by applying two different wavelengths of
405 nm and 546 nm (Fig. S9, ESI†). These results prompted us to
further investigate the chiroptical switching characteristics of
CD-active PF8Azo aggregates as the main-chain type azo poly-
mer was endowed with chirality/helicity of PSi-S and PSi-R.

Fig. 6 shows the changes in the gCD values at 475 nm of trans-
PF8Azo/PSi-R (red line) and trans-PF8Azo/PSi-S (blue line)
hetero-aggregates in CHCl3–MeOH cosolvent by applying two
different wavelengths of 405 nm and 546 nm. Importantly, the
405 nm and 546 nm wavelengths were insensitive to PSi-S and
PSi-R due to the lack of the corresponding transitions in the
visible region. For comparison, to obtain the corresponding cis-
PF8Azo/PSi-R and cis-PF8Azo/PSi-S hetero-aggregates, cis-
PF8Azo in homogeneous CHCl3 solution was produced by
photoirradiation at 405 nm light, followed by hetero-
RSC Adv., 2019, 9, 4849–4856 | 4853
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aggregation with PSi-S and PSi-R. These changes in cis- and
trans-PF8Azo can be recognized by the noticeable changes in the
gCD values along with the corresponding CD/UV-vis spectral
proles (Fig. S10, ESI†). These cis-PF8Azo/PSi aggregates were
initially CD-silent states at the p–p* transition in the visible
region. The subsequent 546 nm irradiation for 5 min produced
the corresponding trans-PF8Azo/PSi hetero-aggregates. Scheme
S1† shows the proposed mechanism for this interesting
phenomenon, which involves the cis–trans photoisomerization
of the azobenzene group causing changes in the gCD value.68,69

These results allowed us to further investigate the chiroptical
switching capability of the CD-active PF8Azo ‘homo-aggregate’.
The scaffold-induced chiral system can be manifested by the
photoresponse results of PF8Azo. By alternating the photo-
irradiation of the hetero-aggregate between 405 nm and
546 nm, the trans-to-cis-to-trans isomerization was partly
possible because the process is not fully reversible. The reason
for this incomplete process is the Ostwald ripening effect
during irradiation in the visible region. A modern concept of
optouidics67 indicates that external and internal lights cannot
penetrate large-sized aggregates consisting of p-conjugated
chromophores with high absorptivity according to the Lambert–
Beer law. Even prolonged photoirradiation did not allow
complete cis–trans isomerization.

As a comparison, we investigated the chiral side chain effect
using two different helical polysilanes to realize the reversibility
of photoisomerization. We tested semi-exible helical poly-
silane, C6-S3MePe (Fig. S11(a), ESI†), in place of rigid helical PSi-
S (C6-S2MB). The side-chain branching of C6-S3MePe is located
at the g-position from the Si–Si bond, while that of PSi-S (C6-
S2MB) is located at the b-position. The subtle difference in the
branching points denitively determined the main chain exi-
bility.63 First, we optimized the volume fraction of the CHCl3–
MeOH cosolvents and the molar ratio of PF8Azo-to-C6-S3MePe
to afford signicantly boosted Cotton effect (Fig. S11(b) and (c),
ESI†). The optimum conditions for PF8Azo/C6-S3MePe were the
same as those of PF8Azo/PSi-S (C6-S2MB) for subsequent pho-
toisomerization studies, but the absolute (+)-sign gCD values
around z480 nm of PF8Azo greatly decreased.

Owing to C6-S3MePe, by alternatively irradiating at 405 nm
and 546 nm, the main-chain chirality of PF8Azo around 470 nm
of the cis-PF8Azo/C6-S3MePe hetero-aggregate was reversed
compared to that of the trans-PF8Azo/PSi-S (C6-S2MB) hetero-
aggregate. A similar cis–trans transformation occurred in
response to the alternate photoirradiation at 405 nm and
546 nm of the hetero-aggregates (Fig. S11(d), ESI†).

Next, we investigated the concentration dependence of
PF8Azo and the molar fraction of PSi-S for the PF8Azo/PSi-S
hetero-aggregate (Fig. S12, ESI†). The photoisomerization
capability was similar to the previous conditions mentioned
before because a partial cis–trans transformation change
occurred similarly. However, a PF8Azo sample with a lower
molecular weight of 7300 Da (Mn,GPC) showed a suppressed CD
signal associated with the corresponding UV-visible absorption
due to PF8Azo that greatly decreased with the irradiation time;
the bisignate CD bands due to the Sis–Sis* bands were nearly
unchanged (Fig. S13, ESI†). The cis-PF8Azo aggregate did not
4854 | RSC Adv., 2019, 9, 4849–4856
undergo any red shi even aer 546 nm irradiation. The cis–
trans photoisomerization of PF8Azo was not signicant even
upon alternating the irradiation between two wavelengths.
Possibly, PF8Azo having lower molecular weight has poor
encapsulation capability toward rigid helical PSi-S.
Marked Mn effect of CD-active PF8Azo

To know how Mn of PF8Azo affects the CD amplitude of the
resulting PF8Azo/PSi hetero-aggregates, indicating the scaf-
folding capability of PSi-S and PSi-R to PF8Azo, we investigated
the relationship between Mn of PF8Azo and the resulting gCD
magnitude of PF8Azo/PSi hetero-aggregates when the Mns
values of PSi-S and PSi-R were xed. Fractionated PF8Azo
samples were obtained via cyclic preparative HPLC. The molar
ratios of PF8Azo/PSi-S and PF8Azo/PSi-R were xed at 1 : 1. The
volume fractions of CHCl3 and MeOH were varied to efficiently
enhance the Cotton effect of PF8Azo with differentMn values of
the hetero-aggregates. As the value of Mn increased, the solu-
bility of PF8Azo decreased. Thus, the volume fraction of CHCl3
gradually increased to efficiently boost the corresponding CD
signal of the hetero-aggregate. Generally, polymers having lower
Mn values show better solubility than those having higher Mn

values. Nevertheless, from Table S1† and the CD/UV-vis spectra
(Fig. S14, ESI†), we consider that the aggregations of PSi-S and
PSi-R were incomplete when the volume fraction of MeOH was
less than 23.3%. This condition prevented the efficient gener-
ation of PF8Azo hetero-aggregates.

Fig. 7 shows the gCD value at the rst Cotton band of the
PF8Azo/PSi-S and PF8Azo/PSi-R hetero-aggregates as a function
of Mn of PF8Azo in CHCl3-MeOH cosolvent (2.0/1.0, (v/v)).
Clearly, gCD value largely depends on the Mn value. Further-
more, when the value of Mn was greater than 30 000 Da, the
hetero-aggregate exhibited small chirality induction capability.
PF8Azo with the bestMn value could efficiently interact with PSi-
S and PSi-R at their xed molecular weights. More detailed Mn

and MW/Mn characteristics of PF8Azo are given in ESI (Table
S5†). Thus, the PF8Azo/PSi-S and PF8Azo/PSi-R hetero-
aggregates showed enhanced gCD values due to the p–p*

transitions when Mn,GPC of PF8Azo ranged from 10 000 Da to
20 000 Da. The Da values of PF8Azo corresponding to the DPn
values were 1/4-to-1/5 times that of PSi-S/-R with xed Mn.
4 Conclusions

We efficiently induced CD activity at the p–p* transitions of
PF8Azo when achiral PF8Azo and rigid rod-like helical PSi-S and
PSi-R were employed as starting materials to produce hetero-
aggregates. To efficiently boost the CD signal amplitudes of
PF8Azo/PSi-S and PF8Azo/PSi-R hetero-aggregates, optimiza-
tions of the volume fractions of CHCl3 and MeOH as good and
poor solvents and the molar ratios of PF8Azo-to-PSi-S and
PF8Azo-to-PSi-R were conducted. By optimizing several param-
eters, CD-active PF8Azo homo-aggregates were produced by
photoscissoring at 313 nm due to the Sis–Sis* transition of the
PSi-S and PSi-R main chains. The CD activity of PF8Azo
remained unchanged aer photoscissoring. The PF8Azo/PSi-S
This journal is © The Royal Society of Chemistry 2019
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Fig. 7 The gCD values at the first Cotton band of PF8Azo/PSi-S and
PF8Azo/PSi -R hetero-aggregates as a function of Mn of PF8Azo in
CHCl3–MeOH cosolvent (2.0/1.0, (v/v)). [PSi-S or PSi-R]0 ¼ [PF8Azo]0
¼ 1.0 � 10�5 M.
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and PF8Azo/PSi-R hetero-aggregates underwent trans–cis pho-
toisomerization by alternating irradiations at 405 nm and
546 nm.
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