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The article reports the first coordination-precipitation poly merizations for preparing chiral, magnetic
composite microspheres consisting of helical substituted polyacetylene and Fe;O, nanoparticles. The
microspheres were obtained in high yield (>85%) and characterized by XRD, FT-IR, SEM, TEM, CD and
UV-vis absorption techniques. TEM and SEM images showed that the microspheres were approx. 600 nm
in average diameter and possessed spheric morphology with rough surface. CD and UV-vis absorption
spectra demonstrated that the polyacety lene chains constructing the microspheres adopted helical
structures of predominantly one handed screw sense, which enabled the microspheres to show remarkable
optical activity. The microspheres also performed desirable magneticity. They were further used as chiral
selectors efficiently inducing enantioselective crystallization of D- and L-alanine as model chiral
enantiomers. Moreover, the microspheres can be easily restored under the assistance of an external
magnetic field. The coordination-precipitation polymerizations provide a versatile platform for preparing
advanced chiral and non-chiral, magnetic hybrid microspheres.
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spheres were successfully utilized as specific “chiral selectors”
1. Introduction for inducing enantioselective crystallization of racemates.?0?

Nonetheless, such spheres also showed an intractable

disadvantage in terms of recycling. To overcome this limitation,
so we prepared optically active, magnetic composite particles

(OAMCPs) by using suspension polymerization technique.?* The

OAMCPs could be conveniently recycled with the help of an

external magnetic  field. Unfortunately, suspension

polymerization required a large amount of stabilizer, which in
ss turn resulted in another problem, i.e. how to entirely exclude the

residual stabilizer in the produced spheres. To solve the problem

and to further enrich the types of chiral polymer spheres, we in

the present study successfully established a facile but efficient

coordination-precipitation polymerization methodology, by
eo Which pure chiral magnetic microspheres can be fabricated with
much ease.

Magnetic spheres have attracted large interest from diverse
research fields of physics, chemistry, materials, and bio-
medicine.”> Composite spheres simultaneously combining
magneticity with other interesting properties for instance
electric,? thermal,?’ catalytic,?® fluorescent®® properties currently
gather ever-growing attention. The thus-obtained composite
spheres are expected to find uses in magnetic resonance
imaging,®3! catalysis,®% separation,®® drug delivery and
70 release.®*® Chiral, magnetic composite spheres are relatively

new advanced functional materials, which judiciously combine

both magnetic property and optical activity. They have found
significant applications especially in chiral-related areas. Some
groups?*35¥7 elegantly immobilized chiral catalysts on magnetic
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Chiral helical polymers have atracted increasing attention in
polymer science because of their intriguing helical structures and
optical activity which cannot be observed in ordinary polymers.
This unique type of polymers have been extensively investigated
in significant research areas such as chiral recognition/resolution,
asymmetry catalysis, enantioselective crystallization, etc.>”
Chiral helical polymers are interesting also for the “chiral
amplification” effect.>® So far a variety of artificial helical
polymers have been elegantly designed and synthesized
accordingly.’®*®  Among the synthesized helical polymers,
substituted polyacetylenes have gathered special attention due to
their typically conjugated polymer main chains adopting helical
conformations and the pendant groups providing the desired
functionality.*”'® More recently, optically active nano- and
micro-spheres were fabricated based on helical substituted
polyacetylenes as a newly emerging class of advanced
materials.t**% The intriguing spheres can be prepared by
diverse methods, including emulsion polymerization,’® seed
emulsion polymerization,®® suspension polymerization,®® self-
assembly,?> and precipitation polymerization®® approaches.
Among the methods, precipitation polymerization shows
pronounced advantages due to the relatively facile operation,
simple polymerization system, and pure polymer spheres.
Therefore precipitation polymerization technique was particularly
established by us for preparing optically active polymer spheres
a5 constructed by helical polyacetylenes.? The as-prepared polymer
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spheres and applied them in asymmetric catalyses. More
remarkably, the spheres could be magnetically recycled and
reused for several times. Fe;0,@SiO, particles were chirally
functionalized by using chiral selectors, which were utilized in
chiral separation processes.®®*® Up to date nearly all the chiral
magnetic spheres were constructed by using chiral small
molecules or biomacromolecules.*** As mentioned above,
optically active helical polymers possess “chiral amplification”
feature.®® Accordingly, we prepared optically active, magnetic
Fe;0,-polystyrene-polyacetylene composite microspheres,®* by
integrating “macromolecular helicity-derived chirality” and
“magneticity” in one single microsphere entity. Nevertheless,
these microspheres suffer from disadvantages including tedious
preparative procedure and complex components. Thus a more
straightforward approach is still required to simplify the
preparation process, while keeping the favorable properties (in
particular both optical activity and magneticity) of the
microsp heres.

T ONH
. Monomer
0=8=0 SA (RorS) Precipitation Go )
\ 0 polymerization o Q
) n-heptane/butanone &
o 0A @ Rh-cat %O
0 0o @ Chiral, magnetic
i microspheres
Fes0,NPs  OA-Fe,0, NPs (CMMSs)

Scheme 1 Schematic illustration of preparing chiral, magnetic
microspheres (CMMSs) by coordination-precipitation polymerization.

In the above context, we in the present study designed and
successfully prepared a novel class of chiral, magnetic
microspheres (abbreviated as CMM Ss) by using a straightforward
one-pot coordination-precipitation polymerization approach
(Scheme 1). The major objectives include: (1) To establish a new,
straightforward, and effective technique, i.e. precipitation
polymerization of substituted acetylene monomer in the presence
FesO, nanoparticles (NPs), for preparing pure chiral magnetic
microspheres (CMMSs). (2) To use the obtained CMMSs as
chiral additive to accomplish enantioselective crystallization.

2. Experimental Section
2.1 Measurements

Fourier transform infrared (FT-IR) spectra were performed on a
Nicolet NEXUS 670 spectrophotometer (KBr tablet). Powder X-
ray diffraction (XRD) patterns were obtained using a D/max2500
VB2+/PC X-ray diffractometer (Rigaku) using Cu K radiation.
Transmission electron microscopy (TEM) images were observed
usinga JEM-2100 (JEOL) transmission electron microscope at an
accelerating voltage of 200 kV. The structure and morphology of
the microspheres were observed on a Zeiss SUPRA 55 scanning
electron microscope (SEM) equipped with an energy -dispersive
X-ray (EDX) detector. Circular dichroism (CD) and UV-vis
absorption spectra were recorded using a JASCO J-810
spectropolarimeter. Specific rotations were measured on a
JASCO P-1020 digital polarimeter with a sodium lamp as the
light source at room temperature. Thermogravimetric analysis

(TGA) was carried out with a Q50 TGA a a scanning rate of
10 <T/min in air. Magnetic property was measured using a

so vibrating sample magnetometer (VSM, Lake Shore 7410 VSM)
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at room temperature. *H NMR spectra were recorded on a Bruker
AV 400 spectrometer. The molecular weights and molecular
weight polydispersities were determined by GPC (Waters 515-
2410 system) calibrated by using polystyrenes, with THF as
eluent. Raman spectra were obtained with a microscopic confocal
Raman spectrometer spectrophotometer (Renishaw).

2.2 Materials

FeCl; 6H,0, FeSO, 7H,0, NH3 H,0 (28%), anhydrous ethanol,
chloroform (CHCIy), tetrahydrofuran (THF), butanone, n-heptane,
ethyl acetate, anhydrous MgSO,, hydrochloric acid (HCI), and
oleic acid (OA) (all analytic grade) were purchased from Beijing
Chemical Reagents Company (China) and used as received.
Propargy lamine, isobutyl chloroformate, 4-methylmorpholine,
1S-(+)- and 1R-(-)-camphorsulfony| chloride were brought from
Alfa Aesar and used without further purification.
(nbd)Rh*B~(C¢Hs), was prepared in the way reported earlier.*?
Substituted acetylene monomers (SA monomers including both
R- and S-SA, structurally presented in Scheme 1) were
synthesized according to the previous study.*® D- and L-alanine
were purchased from Aladdin Reagent Co. (Shanghai, China).
They were used without additional purification. Freshly deionized
water was used in the whole study.

2.3 Preparation of oleic acid (OA) modified FezO4
nanoparticles (NPs)

The oleic acid modified Fe;04 (OA-Fes04) NPs were prepared
according to the method reported in literature.** The procedure
includes two major steps, as briefly described below. Firstly,
FesO, NPs were prepared by co-precipitation method. 2.35 g
FeSO, 7H,0 and 4.1 g FeCl; 6H,0 were dissolved in 100 mL
deionized water.  After stirring for 20 minutes under N,,
ammonium hydroxide (25 mL) was quickly injected into the
reaction mixture at room temperature. Magnetic NPs was
immediately formed as black precipitate. Then the reaction
temperature was heated to 80 <C. Secondly, oleic acid (1 mL)
was slowly added into the above solution within 1 hour. The
whole process was performed under N, protection. The reaction
continued for another 1 hour. After cooling to room temperature,
0.5 g NaCl was added in the mixture solution. Then the OA-
Fe;0, NPs were extracted from the above solution by using
toluene, obtaining OA-Fe;O, NPs dispersion. The toluene in the
OA-Fe;0,4 NPs dispersion was evaporated and the OA-Fe;04 NPs
were re-dispersed in n-heptane (20 mg/mL) for the subsequent
uses.

2.4 Fabrication of chiral magnetic composite microspheres
(CMMSs)

The composite microspheres were prepared by precipitation
polymerization method, referring to the precipitation
polymerization approach established by us earlier.® A typical
preparative process is briefly introduced below. One of the SA
monomers (R- or S-SA, Scheme 1) was added in a glass tube
equipped with a three-way stopcock under nitrogen, while Rh
catalyst was charged in another tube. The two tubes were
separately degassed with N,. Then, 0.5 mL of butanone was
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added into each tube to dissolve the monomer and catalyst.
Afterwards, the Rh catalyst solution was transferred into the
monomer solution, and then 9 mL of the OA-Fe;04/n-heptane
dispersion prepared above was immediately added into the
solution. The whole process was performed under N,. The
polymerization was performed at 30 <C for 3 h. After the
comp letion of polymerization, CMM Ss were formed. We totally
prepared four groups of CMMSSs, for which the main parameters
are illustrated in Table 1.

Table 1 Parameters for preparing CMMSs-1~CMMSs-4.

o

CMMSs Monomer  [Rh1{M] OA-F&sOs*  Yield®
(mmol) (mol/mol) (Wt%) (Wt%)
CMMSs-1  (5)-SA,0.5 1/100 10 90.5
CMMSs-2  (R)-SA,0.5 1/100 10 91.3
CMMSs-3  (5)-SA,0.5 1/100 20 85.5
CMMSs-4  (5)-SA05 1/100 30 89.7

 The weight ratio of OA-Fe;O4 NP'sto monomer.
® The yield of CMMSs.

o

o

o

a

2.5 Enantioselective crystallization

Enantioselective crystallization with D- and L-alanine as chiral
enantiomers was performed as briefly stated below, according to
the studies by Mastai®**® and us?® All the crystallization
processes were carried out from supersaturated solutions of
racemic alanine in deionized water. 270 mg of D- and L-alanine
were added in deionized water (approx. 3 mL) and the solution
was heated to 35 € and stirred till complete dissolution. A
predetermined amount of the CMM Ss was charged in the racemic
D,L-alanine supersaturated aqueous solution and then stirred for
about 15 min. The solution was cooled spontaneously to approx.
25 €, during which crystals appeared. The crystals were filtrated
after crystallization lasting for about 72 hours. Induced alanine
crystals and residual alanine solution were separated by
filtration.The dried crystals were subjected to SEM, XRD and CD
spectroscopy measurements. More detailed crystallization
processes were described in our previous studies.?%4’

The samples for CD spectroscopy measurements were
prepared as follows: the induced alanine crystals were added in
deionized water (approx. 3 mL). Residual alanine solution and
the CMMSs were separated by a magnet. 270 mg of D- or L-
alanine was added in deionized water (approx. 3 mL) to obtain
pure alanine enantiomers solution. For the CMMSSs, 0.269 mg of
the microspheres were added in ethanol (approx. 10 mL).

3. Results and discussion
3.1 The strategy for preparing CMMSs

The procedure for preparing chiral magnetic composite
microspheres (CMM Ss) is schematically presented in Scheme 1.
The typical procedure comprises two steps: (1) FesO4 NPs were
prepared by co-precipitation approach and then modified with
oleic acid as earlier reported.?* (2) The CMMSs were prepared
via coordination-precipitation polymerization of acetylene
monomer (SA) by using (nbd)Rh*B™(CgHs), as catalyst in the
presence of OA-FesO; NPs. The process is detailed in
Experimental section. The as-prepared CMMSs possessed
simultaneously both magnetic responsivity and optical activity,
respectively resulting from Fe;O0, NPs and helical polymer chains
so with predominantly one-handed helicity. Herein it should be

o

o

pointed out that oleophilic OA-Fe;04 NPs can be homogeneously
dispersed in n-heptane, by which we could prepare the designed
chiral magnetic microspheres. When pure Fe;O, NPs were used
instead of OA-Fe304 NPs, regular microspheres could not be
formed due to the easy aggregation of the Fe;0, NPs. To acquire
deeper insights into the novel CMM Ss, we also prepared CMM Ss
with varied magnetic content (OA-Fe;O, NPs), as presented in
Table 1.

3.2 Primary characterizations of CMMSs

Fe;04 magnetic nanoparticles (Fes04 NPs) can be prepared by
diverse approaches, including thermo-decomposition,*® chemical
co-precipitation,®® solvothermal method,* etc. In our study, we
took the relatively simple chemical co-precipitation way to
prepare OA-Fe;0,4 NPs. The as-prepared OA-Fe;O4 NPs could be
well dispersed in organic solvent, as shown in Figure 1A. The
average diameter of the OA-Fe;0, NPs was ca. 13 nm according
to TEM image.

Fig. 1 Typical TEM images of OA-Fe;Os NPs (A) and CMMSs (B)
(taking CMMSs-1 in Table 1 as example).

In the preceding study, we prepared optically active spheres
derived from helical substituted polyacetylene by using
coordination-precipitation polymerization.?> We found that
suitable solvent mixture played key roles in performing
precipitation polymerization of substituted acetylene monomers.
A mixture solvent of butanone/n-heptane with the ratio of 1/9
(viv) favorably provided microspheres consisting of optically
active helical substituted polyacetylene. Herein by taking the
mixture solvent of butanone/n-heptane (1/9, viv; The former
serves as good solvent, while the latter as poor solvent.), we
further successfully prepared the anticipated CMM Ss. A typical
TEM image of the CMMSs is presented in Figure 1B, taking
CMMSs-1 as example (see Table 1). From the TEM image,
spherical microspheres were fabricated with an average diameter
of ca. 600 nm. In addition, the OA-Fe;04 NPs (the dark parts) can
also be clearly observed in the CMMSs (Figure 1B). The
obtained CMM Ss were further observed by SEM, as presented in
Figure 2. The microspheres exhibited rough surfaces due to the
presence of Fe3O4 NPs.

I rvesem w0 - 2 Wortom B mon e

Fig. 2 Typical SEM images of CMMSs-1 (Table 1). The scale bar in (A)
1 pm and(B) 200 nm.

This journal is © The Royal Society of Chemistry [year]
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Both the TEM (Figure 1) and SEM (Figure 2) images
definitely demonstrate the successful formation of the expected
CMM Ss. To further explore the structure and composition of the
CMM Ss, they were subsequently characterized by FT-IR, XRD,

s and TG techniques. The recorded FT-IR spectra of the OA-Fe;04
NPs and the CMMSs are illustrated in Figure 3. Figure 3A
presents the FT-IR spectrum of the OA-Fe;04 NPs, in which the
peaks at 2925 and 2856 cm™ correspond with the C—H stretching
vibrations of the alkyl group of oleic acid, evidently confirming

10 that the magnetic NPs were successfully modified by oleic acid.
The characteristic peak at 588 cm™ can also be found, which is
ascribed to Fe-O stretching vibration of Fe;O, NPs. A typical
FT-IR spectrum of the CMMSs (CMMSs-1) is illustrated in
Figure 3B, in which new peaks appeared at 3288, 1740, and 1051

1s cm’t, corresponding to N—H stretching band, C=0 stretching
vibration of lactone, and camphor group, respectively.?*** The
Fe-O stretching vibration of Fe;O4, NPs can be observed in the
FT-IR spectrum. The FT-IR spectra further supports the
conclusion that the microspheres were fabricated as expected.

| 2890
32'.88 ...2-959 H E
1332 114678

1000

1746

3000 2000
Wavenumbers(cm™)

4000

20
Fig. 3 FT-IR sectra of (A) OA-FesOs NPsand (B) CMMSs-1 (KBr
tablet).

Since the CMM Ss were not cross-linked, the polymer chains
forming them could be further characterized. GPC measurements
25 indicate that molecular weight (Mn) of the polyacetlene chains
constructing the microspheres (take CMM Ss-1 as example) was
3700 and the polydispersity (MwMn) was 1.73. 'H NMR
spectrum of the polymer chains is shown in Figure S1 in
Supporting Information (more details are presented therein). In
s0 addition to characterizing the structure, '"H NMR spectroscopy is
also highly effective for determining the stereoregularity of
substituted polyacetylenes. Referring to a method described
previously %! the cis content of the polymer chains was 91%.
Furthermore, Raman spectrum was also recorded for the polymer
35 chains, as illustrated in Figure S2 in Supporting Information.
Based on the integration ratio between the cis C=C and C-C
peaks and the trans C=C and C—C peaks in the polymer main
chains,® the cis content was determined to be 93%, which is
consistent with the value calculated from *H NMR spectroscopy
a0 (as discussed above). Accordingly, we conclude that the polymer
chains forming the CMM Ss possessed high cis content and high
stereoregularity, which is favorable for the polymer chains to
form helical structures, as reported below.
XRD patterns of OA-Fe;04 NPs and CMM Ss (taking CMM Ss-

45 1 as representative) were recorded, as illustrated in Figure 4.
Diffraction peaks (111), (200), (311), (222), (400), (422), (511),
and (440) can be clearly observed in Figure 4A. These diffraction
peaks can be indexed as face centered cubic FezO4 (The Joint
Committee on Powder Diffraction Standards (JCPDS) reference
(No. 19-0629)). All the diffraction peaks above can be found in
the XRD patern of CMMSs-1 (Figure 4B) except for the
diffraction peak (111). The peak (111) is overlapped by the wide
peak at 20 =14.8 deg. in Figure 4B. The wide peak (20 =14.80
deg.) originated in amorphous polyacetylene.>® The XRD patterns
ss Offer a further support for our conclusion. The compaositions of
the CMM Ss were specifically identified by Energy-dispersive X-
ray (EDX) spectra (Figure S3, Supporting Information). EDX
analysis of the illuminating electron beams on the surface of the
OAMCPs reveals the presence of Fe, C, O, N, and S elements,
which indirectly conformed that the microspheres were composed
of OA-Fe;0, NPs and substituted polyacety lene.
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B:CMMSs-1

Intensity [a.u.]

A:Fe;0, MPs 33
220 51149
422

400

10 20 30 40 50 60 70
20 [deg.]

Fig. 4 XRD pattems of (A) OA-FesOs NPs and (B) FesOs-PSA
microgpheres (CMMSs-1 asrepresentative).
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For magnetic composite microspheres, the magnetic content is
one of the key properties of interest. Next we took CMM Ss-1 as
representative and characterized them by TGA. The TGA curves
of OA-Fe;0, NPs and CMM Ss-1 are presented in Figure 5.

Weight (%)

CMMSs-1

0 T T T T T
100 200 300 400 500 600 700
Temperature (°C)

70 Fig. 5 TGA curves of (A) OA-Fe;sOs NPsand (B) CMMSs-1. Both T GA
curves were measured at a scanningrate of 10 <C/min in air.

The TGA curve of oleic acid modified Fe;O0, NPs showed a

4 | Journal Name, [year], [vol], 00-00

This journal is © The Royal Society of Chemistry [year]

Page 4 of 9



Page 5 0of 9

1

1

2

2

3

4

3}

15}

5

o

a

@

o

RSC Advances

weight loss of 13.3%. The weight loss was caused by the oleic
acid and the transformation from Fe;O, NPs to y-Fe,05 NPs.%
CMM Ss-1 showed two pronounced weight loss platforms. The
first weight loss occurring at 200-300 <C was caused by oleic
acid, polyacetylenes with low molecular weight, and the
transformation from Fe;O, NPs to y-Fe,O; NPs. The second
weight loss (400-500 <C) was caused by the polyacetylenes with
high molecular weight. The total weight loss is 88.3% when
temperature increased from 100 to 700 <C. The magnetic content
of the microspheres can be calculated as approx. 12 wt% by the
residual y-Fe,O3. This value is accordant with the theoretical one
(Table 1).

3.3 Effects of Fe30,4 NPs on the morphology of CMMSs

In this study we established a novel, facile, and effective,
technique for preparing chiral, magnetic microspheres on the
basis of acetylenic monomer and Fe;O4 NPs. In the course of
precipitation polymerization for forming microspheres, magnetic
Fe;0,4 NPs were found to exert large influence. The content of the
magnetic NPs had a great effect on the morphology and property
of the resulting microspheres. With the other conditions keeping
unchanged, we prepared three sets of CMMSs with varied
magnetic contents (Table 1, CMM Ss-1, 10 wt%; CMM Ss-3, 20
wt%; CMM Ss-4, 30 wt% OA-Fe;O, NPs). The SEM images of
the three groups of microspheres are displayed in Figure 6.
According to the SEM images, the morphology of the CMM Ss
became unsatisfactory with increasing the content of OA-Fe;04
NPs. Fortunately regular microspheres can be obtained at an
appropriate magnetic content (10 wt%, CMM Ss-1).

Fig. 6 SEM images of CMMSs: (A) CMMSs-1, 10 wt% OA-Fe;O4, (B)
CMMSs-3, 20 wt% OA-FesOs; (C) CMMSs-4, 30 wt% OA-FesO4. The
scale bar: 1 pm.

The influence of the OA-Fe;O, NPs on the formation of
microspheres can be understood as follows. At the beginning of
polymerization, OA-Fe;0, NPs were homogeneously dispersed
in the polymerization media. With the polymerization of SA
monomer starting and continuing, polymer chains of SA grew
longer to a certain length, and then the polymer chains began to
precipitate out from the media due to the poor solubility.Z In this
course, the OA-Fe;0, NPs most likely acted as nucleation sites
for subsequently forming the composite microspheres, and
promoted the formation of microspheres. However, too much
OA-Fe;04 NPs seems to be not favorable for the formation of

45 regular microspheres.

70 dealing with optically active nano- and microspheres.

3.4 Optical activity of the CMMSs

Chiral helical polyacetylenes were used to construct the CMM Ss
under investigation. Our previous studies'®?* showed that helical
substituted polyacety lenes possessed optical activity, according to

so circular dichroism (CD) and UV-vis absorption spectroscopies.

The optical activity of helical polymer-derived nano- and micro-
spheres was also convincingly characterized by CD and U V-vis
spectra analyses in our earlier studies.'”*?° Therefore the present
CMMSs were next subjected to CD and UV-vis spectra

s5 measurements in dispersion state (dispersed in ethanol), and the

obtained spectra are displayed in Figure 7.

207 27
CMMSs-1

10

2 d
50 2 1
a ' CMMSs-1
o

10

CMMSs-2
CMMSs-2
20 : 0 ; y
200 300 400 500 200 300 400 500
Wavelength (nm) Wavelength (nm)
40 0.3
c CMMSs-1 D

20
_ _03
3 3
5 8
] e CMMSs-1

011 cumss-
20
CMMSs-2
-40 v 0 v y
250 350 450 550 250 350 450 550

Wavelength (nm) Wavelength (nm)

Fig. 7 CD and UV-vis absorption spectra of CMMSs-1 and CMMSs-2 in

60 dispersion (A,B) with ethanol as solvent and solution (C, D) with CHCl3

as solvent. The spectra were measured at room temperature.

For CMM Ss-1 (derived from S-SA, see Table 1), positive CD
signals were found around 300 nm, while for CMM Ss-2 (derived
from R-SA, see Table 1), CD signals with opposite sign were

65 found also around 300 nm (Figure 7A). Corresponding U V-vis

absorption occurred at 250-350 nm (Figure 7B). The results
demonstrated that the substituted polyacetylene chains
constructing the CMMSs adopted helical structures of
predominant helicity, according to our earlier intensive studies
19-23
According to the investigations and analyses above, we know
that the CMM Ss possessed optical activity in dispersion state. In
order to further elucidate the helical structures of the acetylenic
polymer chains and the optical activity of the microspheres, both

75 CMMSs-1 and CMM Ss-2 were dissolved in CHCI; and then

subjected to CD and UV-vis spectra measurements. Since the
microspheres were not crosslinked, they could be easily dissolved
in appropriate solvent (e.g. CHCI3). As expected, the polymer
chains forming the microspheres were dissolved, while the FezO,

so NPs were just dispersed in the media. The CD and UV-vis spectra

of the solutions are presented in Figure 7(C,D). The helical
polyacetylenes (derived from S-SA and R-SA) showed opposite
CD signals at 425 nm. Compared to the CD signals (300 nm) in

This journal is © The Royal Society of Chemistry [year]
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dispersion state (Figure 7A), the microspheres in dissolved state
performed considerable red shift. Similar phenomena were
observed in our earlier spheres.}”?® The red/blue shifts were
caused by the helical polyacetylenes at varied state. In
microspheres stae, helical polyacetylene chains were condensed,
leading to shortened effective conjugation length along the
polymer chains. In dissolved state, helical polyacetylene chains
extended and their screw pitch increased accordingly.
Accordingly, red shift was observed in the dissolved state, as
observed in Figure 7C. For UV-vis absorption spectra (Figure
7D), further useful information could not be acquired due to the
comp lex situation of the samples.

3.5 Magnetic property of the CMMSs

3}

1

15}

The currently investigated CMM Ss were also expected to show
magneticity. The magnetic properties of the OA-Fe;0, NPs and
CMM Ss were investigated by using a VSM, and the results are
shown in Figure 8, taking CMMSs-1 as representative. Figure
8A shows the hysteresis loop of the OA-Fe;04 NPs, indicating
that the maximum saturation magnetization (MSM) was 69.8
emu/g. The hysteresis loop of CMM Ss-1 is displayed in Figure
8B. The MSM reduced to 7.1 emu/g (CMMSs-1, 10 wt% OA-
Fes0,). Compared to OA-Fes0, NPs, the MSM of CMM Ss-1
drastically decreased because of the presence of non-magnetic
polyacetylene. Nonetheless, the low MSM still enabled the
25 microspheres to be responsive to external magnetic field.
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Fig. 8 Hyseresis loops of (A) OA-Fe;Os NPsand (B) CMMSs-1 at room
temperature.

30 The magnetic responsivity of CMMSs-1 was further
experimentally verified by utilizing a magnet, as can be seen in

Figure 9. Figure 9 shows that the time from dispersion state (A)

to aggregation state (B) was completed within 15 seconds.
Furthermore, state (B) returned to state (A) again when the

35 magnet was taken away. This remarkable magnetic responsivity

rendered the CMMSs with recycling ability, which is especially
desirable for practical applications.

Fig. 9 The responsivity of CMMSs-1 to extemal magnetic field. The
40 dispersion date (A)transited to aggregation state (B) within 15 seconds.

3.6 Enantioselective crystallization with CMMSs

In previous studies, we prepared chiral polymer nanospheres?®
and even chiral nanospheres with two-layered hollow structures?
based on helical substituted polyacety lenes. Both the two types of

45 chiral spheres efficiently induced enantioselective crystallization.
To further improve the dispersibility of the chiral nanospheres,
they were immobilized covalently on oxide graph (GO) to
fabricate a novel category of chiralized GO derivatives,*” which
also effectively induced enantioselective crystallization.

so Nonetheless, all the processes above showed an intractable
problem, i.e. the tedious and troublesome process for isolating the
chiral spheres from the crystals and the residual racemic solution.
To further overcome the problem, we in the present study
designed and prepared chiral, magnetic nanospheres, aiming to

ss simplify the recycling of the nanospheres by taking advantage of
the magneticity.

2]

D-alanine uy'é@é )

VoM
induced by GMMSs™2

.

L-alanine crystals
induced by CMMSs-1

Fig. 10 SEM images of D-alanine crystals by using CMMSs-2 ((R)-PSA
60 microgpheres) (A, ee 79%) and L-alanine crystals by using CMMSs-1
((S)-P SA microspheres) (B, ee 62%).

The resulting chiral magnetic microspheres were subsequently
used as specific chiral selectors toward enantioselective
crystallization. Taking alanine as example, the induced crystals

65 are presented in Figure 10, by using CMM Ss-1 (derived from S-
SA) and CMMSs-2 (derived from R-SA) as specific chiral
selectors. SEM images showed two kinds of crystals, needle-like
(Figure 10A) and octahedral (Figure 10B) crystals. To further
elucidate the crystals, we measured their CD spectra, together

6 | Journal Name, [year], [vol], 00-00
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with the pure alanine enantiomers. In this study, we employed
two monomers (S- and R-SA, Scheme 1 and Table 1) to fabricate
the two kinds of chiral magnetic microspheres, i.e. CMMSs-1
((S)-PSA-based microspheres) and CMMSs-2 ((R)-PSA-based

s microspheres) (see Table 1). Apart from the induced alanine

1

1

2

2

0

o

S}

a

crystals, pure alanine enantiomers, the CMMSs, and the
corresponding residual alanine solutions after crystallization were
all characterized by CD spectroscopy. All the recorded CD
spectra are illustrated in Figure 11.

50 A
25 4
— 0 1 —
-
© , .
— 25 1. pure D-alanine
8 2. D-alanine crystals induced
-50 T by CMMSs-2
- 3. CMMSs-2
i 4. residual alanine solution
-100 T " T ‘ ‘
200 250 300 350
Wavelength (nm)
125 51
100 A 1. pure L-alanine
2. L-alanine crystals induced
75 7 by CMMSs-1
S 50 2 3. CMMSs-1
S 1 4. residual alanine solution
O 257
5) |
0 | 3
-25 1
4
-50 T T T
200 250 300 350

Wavelength (nm)

Fig. 11 CD sectra ofthe induced alanine crystals by using (A) CMMSs-
2 and (B) CMMSs-1. All the spectrawere recorded at roomtemperature.
For CD gectra measurement, CMMSs-1 and CMMSs-2 were dispersed

in ethanol; the other samples were dissolved in deionized water.

In Figure 11, all the alanine solutions showed intense CD
signal around 200 nm, while the CMMSs showed the expected
CD signal around 300 nm, just like Figure 7A. A combination of
the SEM images of the crystals (Figure 10) and the CD spectra
(Figure 11) reveals that CMMSs-2, ie. (R)-PSA-based
microspheres, majorly induced D-alanine to form needle-like
crystals with ee (enantiomeric excess) of 79% (Figure 10A). For
CMMSs-1, ie. (S)-PSA-based microspheres, they primarily
induced L-alanine to form octahedral crystals (Figure 10B) with
ee of 62%. To acquire more evidence of the assumption, we
further characterized the induced crystals by XRD technique, as
shown in Figure S4 (Supporting Information) by taking L-

3

o

3

@

4

o

4

@

5

=]

5

o

60

65

7

o

75

80

alanine as representative. The XRD patterns provide further
evidence for our conclusion. The aforementioned results are in
well agreement with our earlier studies by using chiral PSA-
derived nanoparticles®® and chiral composite nanoparticles.?® It
further reveals that for inducing enantioselective crystallization of
alanine enantiomers, PSA (R- and S-PSA) played essential roles
by acting as chiral seeds to promoting a certain alanine
enantiomer to crystal preferably.

The last point to be highlighted is that the chiral magnetic
microspheres could be easily isolated by just using an external
magnet. This feature makes the microspheres under investigation
advantageous over the non-magnetic counterparts. It also enables
the microspheres to be readily recycled. We are currently
continuing investigations along this significant direction.

Conclusions

We successfully established a facile and effective approach for
preparing chiral, magnetic composite microspheres by
performing  coordination-precipitation  polymerization  of
acetylenic monomer in the presence of Fe;O,4 nanoparticles. The
microspheres were obtained in high yield (>86 wt%) with regular
morphology and high uniformity in size. The composite
microspheres possessed both optical activity originated in chiral
helical substituted polyacetylene and rapid magnetic responsivity
derived from magnetic Fe;O, nanoparticles. The novel
microspheres further acted as specific chiral selectors for
enantioselective crystallization by using D- and L-alanine as
model enantiomers. The coordination-precipitation
polymerization is a versatile platform for subsequently preparing
novel advanced functional polymer spheres derived from
acetylenics, especially for establishing unique composite
microspheres.
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