T/ EEET ) BRI TAMBOERK. RO

BN KRFERFERE TR SRAEFEER SR RRe
201770196 {58 5FH]

XT7VT 4, TI/VBOEZIILD LT EIEZOEESTRXT IV T 27T L 91T,
FHEECIIEBEN RS TH D, —FH. XTIV T AIIEEOE T I v 7 AL RBT 5,
BlzIX, U A (Si0) THERR SILD KT, NEBEIZHFLADXFF VT 0 52HFLT
BV, ENOBZRITICRAIBICES 5 2 & T INARRERIIIRET 2, 20X 5 2%7
U7 4 OFBUL, SiOZENLVT 47 a=y MIETHEBESIWICEZ Roh, 0Nk
o=y MIFERNHROR CNEEEZ S SR TONERTH D, —FH. ABHIZELN X
TN ETI v 7 ADHFIE LT, Y NN—FIEIC K H85ES Y I DOAERRICET 2815808 &
b, ZOBRMFIEIZELY , REEMS 7O B CMMBRIKIC X 0 R LTei@iET > 7 L — NE
T, YNV —FVRIGET LT, ARELEEEOVI IEEV T DI LENTED, =
NODWREES Y BiX, (5E LIoAE#S FICHE CD (M) 252+ enb, R
BFEEE D TOLIICRZD, LU, T0 OIBEY Y FREN D & HEEMITHE
KLTLEI, DFV, INHDOF TV T 4 DEFIZ, >V T ONEOMBIEL > FITIRTFE L.,
U I OFREE (Si-0-Si #EA) ITIHIEE A EAFEBBRPEE SN TRV LR D,
ZhE, I N—T U EFO#HEETE X, BROFBERTH D, —REBRF TNV U BERK
T AFRE R DT 7 b— MTT Y V—F NV ROE E R S8 2 a7 < | s R0
DIWIMUT=T X7 N7l Rl KV ER L2 Y A (T RE—F 213 ) /%L
1) BTF 7 — bOREITIH > TTMETHDORL, ZORE, 743U I ORiERE L
LTAERLIZY ViE, 7 VT 4 LIde EBROBERTH L ZENMEE 2D, Z0b Y
B, REOEWT > L — bOEICHRE LT & 2 AT, —ESER L7/ VO E IS5
TR FERPAEND Z Lid7en, EVBIIE, YV EWVWD TX IR TFRXTILT
V7 L— hRENZH - TESI - T 272310 E 5~ v 7 ABX T AEEORBLTH 5,
RO LR a TN TNVRIEEBRET S HETIE, Y I AT =X T VT
4B ET A LI THRETHY | b= I AREICTMEINDS Y V7
4 r—ary7avt AOBRBENULEATH D,

—H . HBxIZ AN A IXT VBV a Vo T UL — b REEZRIA LI T LY
U B DOERRIEEZHLL TS, ZOFETEH, RV =F LA I (PED LiEAEE (Tart)
Mo DB FREMW PEVTart) 2 Y I IRXT VYV EB—Ta BT 5F 7 Ry o
TU— MIAWS Z LT, ERMFRRMEER =y b (Si0) BEIFSN I AT 77 A
N=PELND, EBE, TOF /) 77 A RN—% I VIROF )R FICETHELTS, U D
DOHFAFIIR DRV, 20X 5 REHIE, ZHETOXF T U BEHIZBVTHIF]D
7, HOWDLTAMPEIIX T IV T A EBETELAREY M) v 7 RELTHRETSZ



LR END, £ T, AFETIE, FTAVY W ELRFRE T2REME~D (51
B | [ZOWVWTHRR5,

FIETIE, XTIV DERCEEE LT, Z2OFICACADTEERA 4 280ETT
HZLICEDBERT I RTFOERICHONWTERRD, BoNiz&RT /T OXEEEE M
“faft (CD) KROMREIM it (VCD) BIEICCRHME L7z, SBHIiZ, Thb) / &RDOE
R 7B % E 4 fiFE TEM (HAADEF-STEM) XV BIERL-, — BRI LVERT /
BT OERRITIE, X TNVEED T OREGEZFRT L0 L., BEOL Y I be&R T/
LA ~D X 7 VBB D HMEBNTEL 2V,

F2ETIE, ¥ TNV ARG TOMMMEERR Y v —DERBUTOWNTHRR S, F T /1
VYUBIHREE LT IVEREICKY, LIV ) = T VAT AT B ROMINEA R
JERET L, ZOREICTT =/ —EBHIEBRERT 5, BONTT = 7 — VRO EEME
ZEE CD ICTEMEi L7z, E6i2, FTNLT = /) —BIEOARFRHEIZOVTHRFIL
7

EIETII. F2EDIIEL LT F TNV IRIGHE TOTXFINE =T ) v—DF
PHNBEHIZOWTRRD, E=E ) ~—{Zi, ZBREEOYE= 1L~ E (DVB) &
AFLUERTZUAT IR (MBA) 2RV, BONERENEERY v —0ONFENE
% [E & CD 12 TERAf L 7=,

FEAETIZ. X TV Y B EARFRE T 5 HAmAEFE (CPL) IEEDOREBLUZ OV TR 5,
PElftart (27 > 7L — FENTRDBZFITIAVY BiE, EIILFERE - WEREL-H LD
LR MEAWIZHR CD 23| ERITIENTELIXTINFRAME LTHIET D, 7 X

My FRRAEETHIIE, TN DOEBIEFET CPL ORBENYFRFTCE D, TXINRT X
FEERIZIT, AREE. ) — FAT A FXa T AIA b, & I, BEEFE R M (AIR)

FFERWT,



Abstract

Nano-structured Chiral Silica Materials: Synthesis, Property and Application

201770196 Seiji TSUNEGA

In this work, we propose a unique method to prepare the nanofiber-based chiral silica and its potential
as a chiral source to transfer its chirality to other organic and/or inorganic materials. It was
demonstrated that linear polyethyleneimine (PEI), possessing only secondary amine units (-
CH,CH,NH-) in its backbone, can be complexed with chiral tartaric acids (tart) in water and then self-
assembled into crystalline aggregates (PEl/tart) with nano-fibrous structures. In these crystalline
aggregates, the amine (-NH-) and carboxylic (O=C-OH) groups bind as a charged pair -HNH"...-O-
C=0 to result in the chiral catalytic sites which promote the hydrolytic polycondensation of
alkoxysilanes. Thereby, the polycondensation of silane was stereochemically controlled by the surface
of chiral crystalline complexes, and hence the asymmetrically centred Si would be selectively formed
in its framework of polysilicates. By taking advantage of the peculiar chiral environment of the silica,
we propose herein the chirality transfer systems from the silica to other materials such as metallic NPs,
cross-linked polymeric materials and even photoluminescence materials through the mediation of the
silica. The topics can be classified into 4 parts and as shown below.

In part 1, a new concept of chirality transfer from chiral silica (inorganic) to metallic NPs
(inorganic) is given.

In part 2, a simple method for the synthesis of the chiral phenolic resin mediated by chiral silica
is proposed here. The polymerization of resorcinol with formaldehyde in the mediation of chiral silica
bounded to amine resides afforded the optically active phenolic resins, which directed the chiral
discrimination system towards chiral small molecules.

In part 3, in the aim of extending an asymmetric polymerization system, a conventional radical
polymerization of achiral divinyl monomers is performed on the surface of the silica.

In part 4, in order to construct circularly polarized luminescence(CPL)-active systems, termed
the “chiral host - luminescent guest” strategy whereby the inorganic silica itself is a chiral host to
encapsulate various luminescent guests is launched here.

Finally, results obtained in this work are summarized in general conclusion.
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General Introduction

Chirality is a geometrical phenomenon that comes from an object without symmetry
as like as our hands, of which the right hand is the mirror image of the left hand but they
are non-superposable. In chiral system, the pair with such mirror image relationship of our
hands are called as enantiomers. Humans tend to love symmetry so that artificial chiral
objects can be rarely seen. However, on the molecular scale, it is apparent that chirality is
present everywhere. It is well-known that all living organisms on our planet prefer
homochirality without enantiomeric counterparts, whereby chiral molecules such as L-
amino acids and D-sugars play the dominant roles in biological systems. Except for this
situation, it is common that a pair of enantiomers co-exist with equal amounts and appear
as the racemic mixture such as the racemic tartrate crystals formed on the bottom of wine
bottles. In 1848, Pasteur!'! firstly separated the D- and L-form tartrate enantiomers from
these racemic crystals and found that they rotate polarized light oppositely, which
jumpstarted the study of chirality. Later, Van’t Hoff and other chemists proposed that

asymmetric carbon tetrahedrons (shown in Scheme 1, left) can explain this optical rotation,

Cascop labeling rule in judgment asymmetry Anti-Cagcp labeling rule with Xasbut asymmetry
L PRI " (S— NH, ey .
ool —> cv Xy EZL“',) Si....,
~ "0
R v cooH & A i \o

Scheme 1. Labeling-based rules in chirality decisions.?%!

which contributed to great advances of the stereochemistry in organic chemistry.”] In
addition to the point chirality of tetrahedrons, there are other expressions of chirality
including axial-, planar-, spiral- and helical- chirality. Beyond the molecular scale, chirality
is also found in macro-and supra-molecular systems on the nano-/micro-scale. For example,
supramolecular structures can be formed by self-assemblies of amphiphilic molecules such

as surfactants, organo-gelators and block copolymers.®] And the morphologies of the
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supramolecular aggregates may be modulated by the design of molecular structures.®]
When these building blocks are chiral, those self-assembled structures can be endowed with
chiral shapes such as helical and twisted ones.[]

Although the chirality has been well studied in organic substances for a long time, the
chirality transfer from organics to inorganics has become a dynamic topic in the past two
decades. For example, the bulk metals of Au and Ag show highly symmetric crystal
structures and thus are not chiral. However, when the dimensions of bulk materials are
downsized into the nanoscale, the low-symmetry chiral structures could be obtained with
the assistance of chiral organic molecules. The origin of this field has emerged with the
first demonstration by Schaaff and Whetten!®! of chiroptical activity in gold clusters capped
with L-glutathione ligands whereby circular dichroism (CD) optical signals appeared at
electronic transitions of the inorganic gold core, even if whose crystal structure belongs to
a cubic symmetry group. The chiral ligands with thiolate groups have a great power to
cause chiral distortions on their surfaces and/or cores of inorganic NCs. Not limited to
metallic nanostructures, this asymmetric synthesis strategy using chiral molecules has been
expanded to other semiconductor nanocrystals. In this ligand molecule scenario, recent
interesting reports revealed that the chiral distortions in fact would commonly occur in
nanocrystals stabilized with achiral ligands to result in racemic mixture of asymmetric
isomers, which can be resolved into optically active enantiomer via a methodology of
enantioselective separations (Scheme 2).[¢%1 In addition, other methods have been also

Synthesis and isolation of rac-Auzg(SCH,CH,Ph),

HAuCI, NaBH,
+
L-glutathione
Left isomer Right isomer X Left isomer
Racemic Auyg(2-PET),, Ausg(2-PET),, enantiomer
(Nonactive in CD spectra) (Active in CD spectra)

Scheme 2. The enantio-selective separation of racemic Au clusters associated with achiral
ligands.[®!



developed to construct chiral metallic and semiconductor, including: 1) the fabrication of
complex shapes without symmetry such as twister, pyramid and spiral-type ramp, which
could be easily achieved by top-down preparation approach; 2) the arrangement of achiral
NPs into chiral configurations such as pyramidal and helical ones, which needed the surface
bound molecules to control types and positions of NPs bound to an organic scaffold by
assembly tactic.’! These researches above demonstrated that chirality systems likewise as
organic chemistry universally exist in inorganic chemistry.

As another important kind of inorganic materials, silica (SiO2) could also become
chiral as firstly reported by Shinkai’s group in 2000, in which right- or left-handed helical
silica were selectively prepared via the sol-gel reaction of alkoxysilanes in the presence of

chiral templates self-organized from chiral organo-gelators (Figure 1).[%1 This work evoked

Organic chiral fibers
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chiral gelators

Sol-gel polycondensation

Self-assembly =i Rl 0

Helical aggregates
(Template for sol-gel reaction)

1.0pm
Helical silica fibers

Figure 1. TEM images of a) helical and tubular fibers as organic templates, b)
chiral silica structures after calcination obtained by sol-gel polycondensation.!1!

interest in the transcription of helical morphologies (shape chirality) of organic templates
to inorganic materials by using the sol-gel procedure. Since then, considerable chiral
templates self-assembled from chiral molecules have been utilized to prepare helical-
outwarded silica with precise helical pitches controlled within 10 to 100 nm.[''6]t is noted

that the helical supramolecular templates could also be constructed from the self-
.



organization of achiral molecules. For instance, Chen’s group reported helical SiO2 with a
well-controlled pitch that was organized by an achiral cationic surfactant CTAB, although
right-handed and left-handed helical silica were randomly and simultaneously formed.[!-1#]
Apart from the helical silica, the sol-gel methods could also generate chiral cavities silica
via a molecular imprinting fashion with the employment of chiral molecules as molecular

templates.['*]

As pointed out above, the arrangement of atoms of metal NPs could be affected by the
chiral organic molecules to produce chiral distortion on the molecular scale. Whereas, the
chirality of most SiO2 nanomaterials was attributed to the outward helical shape chirality
on the length scale over 10 nm or the inward cavity, which was controlled by the chiral
organic templates in the sol-gel reaction. However, there was seldom attention paid to
whether the chirality information can be transferred to the Si-O skeleton by the chiral
organic molecules close to the molecular scale. In 1812, Biot firstly discovered that the
right- and left-hand natural a-quartz (a kind of crystalline silica) rotate the polarized light

oppositely.?’l Later, the crystallographic studies suggested that the optical activity is

L quartz

R quartz

C

a-Ls

Figure 2. Views of atomic structure of R quartz (right) and L quartz (left) along
the a* axis and the b* axis, respectively. The a* and b* axes are perpendicular to
the plane of paper. Blue and red spheres represent Si and O atoms, respectively.
Lines show the unit cell with hexagonal axes.?!!
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because of the chiral crystal structures featured with the helical arrangement of the building
blocks (tetrahedral unit of SiO4) of quartz along the c-axis (Figure 2).1*!) Depending on the
screwing motion, the helix can be right-handed and left-handed, which corresponds to the
P3,21 and P3,21 space group, respectively. Moreover, it was found that the SiO4 tetrahedral
is in fact not a regular one but with distortion in a polymeric scale.l???>! In other words, the
four Si-O bond lengths in the SiOj tetrahedral are not exactly same and the angle of O-Si-
O is neither 109°28, making it possible that the SiOs tetrahedral can exist in a pair of
enantiomeric tetrahedrons that is similar to the asymmetric carbon in organic chemistry
(Scheme 1, right).?®) As demonstrated by the energy-minimized simulation of the silica
formation,®”! it is likely that asymmetric Si center takes place during the formation of
polymeric silicate structure. Other than quartz crystals, the distortion would happen in
whole silicate materials that are composed of building blocks of SiO4, such as synthetic
zeolites and amorphous silica materials, among which some would become optically active
as long as the enantio-selective synthesis of distortion-based tetrahedrons (left- or right-
handed) can be achieved (Figure 3).126: 28311 Unfortunately, despite the fact that more than

200 years have passed since Biot discovered the quartz chirality, most of silicate materials

Figure 3. Illustration of a silica network consisting of a tetrahedral unit of SiO4 where the
chiral tetrahedra exist but with equal amounts of enantiomeric clockwise and counter-
clockwise pairs.°!



are utilized in the state of racemate and there are still few knowledges on how to control
chirality of the siliceous frame in a molecular scale.

The helical silica using traditional sol-gel methods reported above can cause an
induced circular dichroism (CD) activity on achiral compounds and/or inorganic NPs that
are physically or chemically attached on their surfaces. However, these chiroptical features
would disappear when helical outwards were broken into fragments (less than 10 nm
sols).3231 That is, the optical activity of the helical silica derived from its helical outward,
not came from its siliceous frame. This ending can be easily predictable according to the
sol-gel reaction mechanism. The procedure of typical sol-gel transcription is constructed

from two steps (Scheme 3): (1) the initial step is the “sol” formation (usually 1 ~ 50 nm

f rr
b T ﬁj + @
b g —

trisilicic acid octasilicic acid
monosilicic acid disilicic acid HgS1309 HgSlgOg9

Transcription
of helicity
Achiral Silica sols deposited on Sol Particles or Clusters
the helical template (1-50 nm)

Scheme 3. The synthetic procedure of sol-gel transcription for the helical silica.

nanoparticle) produced from the hydrolysis and condensation of alkoxysilanes, in which an
additional catalyst is needed to promote the sol formation. (2) the second step is a gelation
process, whereby sols produced by the first step are selectively deposited on the helical
templates. The problem lying here is that helical templates can only control the gelation
process but not involve in the chemical reaction of the formation of initial sols. Instead, an

achiral inorganic acid or base is complementary used to promote the polycondensation
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reaction, which will determine and dominate the architecture of the siliceous skeleton. As
a result, these sols themselves should be achiral due to the lack of the stereochemistry
control during the sol formation. Even if these sols assembled along the helical template,
chiral molecular information is never encoded anew into the silica skeleton of as-formed
gels. Therefore, to endow silica materials with chirality on the molecular scale, a new
catalytic system that can asymmetrically mediate the silicification during the sol formation
step is in demand.

On the other hand, natural living things such as diatoms and sponges elaborate nano-
structured bio-silica as a part of their bodies in an entirely different way.343¢l In
comparison with a conventional sol-gel reaction (usually accompanied with hardish
conditions including a high-bias pH value and high-temperature environments),
silicification in bio-silica can be carried out under neutral pH at room temperature without
additional catalysts. The study of this field started with the work by Morse group in
1998,1*”] who demonstrated the fibrous aggregate (filaments) of proteins (silicateins)
extracted from the needle-like sponge can smoothly generate polysilicates from silicone

alkoxides such as tetraethyl orthosilicate (TEOS) on its surface under a mild condition

g
o' oH

pentavalent
intermediate

Figure 4. (A) Silicatein filaments before the reaction. (B) Silicatein filaments
after a 12 h reaction with TEOS (1.0 ml; 4.5 mmol) plus Tris-HCI buffer.57! (C)
The proposed mechanism of silica formation around the surface of silicatein
filaments.38]



(Figure 4A,B) When considering catalytically-active site, it is proposed that two amino
acid residues of histidine (His) and serine (Ser) on the silicetains play an essential role in
catalyzing the hydrolysis of alkoxysilanes (Figure 4C).® In other words, this reaction
mechanism is exactly the same as the silicification directly mediated by the chiral surface
(His and Ser) that can function both catalyst and template. Unfortunately, they did not
mention whether the chirality was endowed with the siliceous frame. Different from the
traditional sol-gel reaction occurring in the solution phase, the bio-silica polymerization is
a solid-state reaction scenario in which the propagation of the Si-O-Si bond proceeds
around a catalytic solid phase but not in the solution phase. Although the biomimetic
approach brings meaningful hints for the design of synthetic silica, few chemists apply it
to the preparation of the chiral silica.

As mentioned above, the key for success to endow a siliceous frame with chirality is
in the design of chiral template, on which the silicification can be directiy mediated.

Inspired by a specific function of bio-silica as a catalytic template, we have established a

OH O =
Ho AN o S N@
E oH v wu@\/"% %i\/oe
i water 30 00 TMOS/water ol " o
( \/\> +* L-tart o o —— }_Z=
n ]
OoH O HO OH SiOz”’ HO  SHi=gp
PEI wo. 1l -
AR
o c‘m PEl/tart SiO,@PEI/D-tart
D-tart stalline complex Si0,@PEIl/L-tart
(Cry ) Si0,@PEI/DL-tart
b)
a)
60 OSL-Tert/Pe) 30
40 20 [\sio,@L
g 20 Si0,/sPEI/T@DL Calcination ¥ 10
° . o P
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- -20 o-10 5i0,@0L
-40 -20
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Figure 5. TOP: Schematic representation of silica deposition. Bottom: Diffuse
reflected CD spectra for (a) hybrid state of silica/PEI/Tart and (b) silica prepared
by calcination at 600 °C."*)

unique method for the synthesis of nano-fiber based chiral silica materials through a
biomimetic silicification using a chiral catalytic template self-organized from

polyethylenimine (PEI) and tartaric acid (Figure 5).°°) The bio-analogue liner
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polyethyleneimine (PEI), possessing only secondary amine units (-CH2CH2NH-) in its
backbone, is able to crystallize into nano-fibrous aggregates in water through combination
with two water molecules per unit of ethyleneimine [(CH2CH2NH)-2H20], and acts as a
catalytic template for promoting the hydrolytic condensation of tetramethoxysilane
(TMOS).[*41] Moreover, by exchanging water molecules combined with PEI with chiral
tartaric acid (Tart), we succeeded in creating nanofiber-based chiral silica by the use of
templates in the silicification process.[*”! In this system, the PEI and Tart could complex in
the one to one ratio between the amine (-NH-) and carboxylic (O=C-OH) groups to result
in fibrous crystalline aggregates (PEl/tart) through a self-organizing process. In these
crystalline aggregates, the amine and carboxylic groups combined to be a charged pair -
HNH?...-OC=0 that acts as a chiral catalytic site for the hydrolytic polycondensation of
alkoxysilane groups. The nanofiber-based silica products mediated by PEI/Tart complexes
have not helical outwards in their elementary morphology, but exhibits remarkable CD
signals with mirror-relationship in the absorption band lower than 200 nm wavelength
corresponding to Si—O bond and can make the achiral molecules adsorbed on the chiral
silica to become optically active in the CD spectra (Figure 5b). The characteristic feature
of the chiral silica is its high-temperature resistance even over 900 °C. It was assumed that

silica chirality is assigned to the siliceous frame of the Si-O-Si bond which may have

b 1 ~—D-8i0, sol

—L-Si0, sol
\\vco

2000 1800 1600 1400 1200 1000
Wavenumbers (cm™)

Figure 6. The SiO; sols transformed from the SiO, nanofibers after hydrothermal

treatment. (a) TEM image from a slightly diluted L-form of SiO, sol (inset, a high-

magnification TEM image taken from a highly diluted SiO, sol-containing

solution); (b) VCD spectra (top) and infrared (IR) spectra (bottom) for D-form

(red lines) and L-form (black lines) SiO, sols.*?]

Transmittance (%)




asymmetric/helical structures similar to the molecular scale configuration and
conformation with accompanying deviation of the bond of Si—O from the regular
(symmetrical) tetrahedron of orthosilicate (SiO4).1?*) For accessing to this opinion, recently,
destruction!*?) and/or pulverization**! of nanofibrous chiral silica into silica sols smaller
than 10 nm using hydrothermal or chemical pulverizing methods was performed and it was
found that the sub-10 nm silica sols with D- and L-forms showed a sharp chiroptical mirror
relationship with exciton coupling around the ~ Si—O-Si vibration regions in their vibration
circular dichroism (VCD) spectra, although the sols did not possess any specific outwards
shape (Figure 6). These evidences support our assumption that the distortion-based
tetrahedral units of SiO4 could be asymmetrically produced in the siliceous frame. This
strongly motivated us to explore the chirality transfer from silica to other solid products. In
this study, by taking advantage of the peculiar chiral environments of the silica, we have
developed the chirality transfer systems from the silica to other materials such as metallic
NPs, metal oxides, cross-linked polymeric materials, and even photoluminescent materials
through the in-situ synthesis around the chiral silica. The topics can be classified into 4
parts and as shown below.

In part 1, a new concept of chirality transfer from chiral silica (inorganic) to metallic
NPs (inorganic) is given. The metallic (Au or Ag) NPs, which were grown in the matrices
of a chiral siliceous network using a high temperature thermo-reduction procedure, were
characterized by means of circular dichroism (CD), vibration circular dichroism (VCD)
and high-angle annular dark field scanning TEM (HAADEF-TEM) in order to investigate
the chirality origins and transfer mechanism.

In part 2, a simple method for the synthesis of the chiral phenolic resin mediated by
chiral silica is proposed here. The polymerization of resorcinol with formaldehyde in the
mediation of chiral silica bounded to amine resides afforded the optically active phenolic

resins, which directed the chiral discrimination system towards chiral small molecules.
10



Structural and optical characterizations of chiral cross-linked polymers obtained here were
investigated using solid-state '3C nuclear magnetic resonance (CP/MAS-NMR) and CD
measurements.

In part 3, in the aim of extending an asymmetric polymerization system, a
conventional radical polymerization of achiral divinyl monomers is performed on the
surface of the silica. Structural and optical characterizations such as solid-state >*C NMR
and CD measurements confirmed that as-formed cross-linked polymers are optically active.

In part 4, in order to construct circularly polarized luminescence(CPL)-active systems,
termed the “chiral host - luminescent guest” strategy whereby the inorganic silica itself is
a chiral host to encapsulate various luminescent guests is launched here. The luminescent
guests used here were achiral dyes, lead-halide typed perovskites, and aggregation-induced
emission luminogens (AIEgens). Luminescent guests encapsulated in the host silica were
characterized by means of circular dichroism (CD) and circularly polarized luminescence
(CPL) spectroscopy.

Finally, results obtained in this work are summarized in general conclusion.
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Partl
Unusual chirality transfer from silica to metallic nanoparticles with

formation of distorted atomic array in crystal lattice structure

1-1 Introduction

Chiral inorganic materials have attracted considerable attention for over 15 years
because of their unique optical activity and potential applications in many fields, such as
chiral catalysis, optical separation, and chiral sensors..'8! Among them, particularly, the
preparation and application of chiral materials in relation to metallic nanoparticles (NPs)
helped to clarify the potential of the plasmonic feature of the NPs. There are several
approaches to imparting the chiroptical property to the metallic NPs. For example,
arranging achiral metallic NPs along chiral configurations such as helical structures of
DNA can originate strong chiroptical properties and display exciton coupling effects
around the plasmon absorption band although the individual metallic NPs are achiral.[’-1%
A similar method was also used in the presence of templates of helical silica (SiO,) where
achiral metallic NPs are arranged along the helical structure appearing in the silica.l''-13/In
contrast, generation of metallic NPs in the presence of chiral ligand molecules (containing
thionic groups) could give chirality on the individual. NPs with intrinsic chiral
structures.!'+11 In this ligand molecule scenario, very interesting recent reports found in the
literature revealed that achiral ligands coordinated to metals were able to promote the
growth of racemic metallic clusters with definite numbers of gold (Au) metal atoms such
as Augs, Ausg, Auy, and Au,, which can be resolved into optically active enantiomers using
a chiral column.'”-2! This means that at least the chiral domain can be easily generated on
the precisely structured metallic cluster surface as long as the organic ligands effectively
coordinate onto the growing cluster surface, whether the ligand molecules are chiral or

achiral. In other words, achiral ligands could not initiate homo-chirality but are able to
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prompt the generation of a pair of enantiomeric metals. However, up to now, there have
been no success in directly generating the intrinsic chiroptically-active metallic NPs
without the assistance of chiral organic molecules. In this research, the aim in the
construction of metal chirality is to avoid the issues from chiral ligand molecules and to
reveal that the generation of chirality on metallic NPs is not limited to the system of
organisation between organic ligands and metallic NPs.

As mentioned in the previous chapter, chiral silica mediated by PEl/tart has molecular
scale chiral domains in siliceous frames, ?*2¢! which will provide a new synthetic method
for endowing metallic NPs with chirality through the mediation of chiral silica. Looking
back at our preliminary experiments, we’ve reported the chiroptical-feature of silver NPs
encapsulated in chiral silica and its application to an organic reaction system.?” As-
prepared silica (PEI/tart@SiO,) contains PEI and tartaric acid (tart), which can act as a
scavenger for trapping and concentrating cationic Ag ions inside with chiral silica. The
calcination to remove organic components inside the chiral silica contributed to the thermo-
reduction of Ag ions, and thus giving chiral hybrids of Ag NPs and chiral silica (Ag@Si0,).
Interestingly, the enantiomeric pair of D- and L-Ag@SiO, showed remarkable circular
dichroism (CD) activity with mirror-relationship appeared in a longer wavelength
corresponding to a plasmon resonance of nano silver. Interestingly, it was found that chiral
Ag@Si0, preferentially reacted with L-Cys to give oligomeric complexes of [Ag—L-Cys]n
but achiral Ag@SiO, did not show reactivity. In comparison with achiral Ag@SiO,, our
chiral Ag@SiO, exhibited excellent catalytic activity in the [3 + 2] cycloaddition reaction
of azomethine ylides with 2’-hydroxychalcone derivatives with high yield and high regio-
selectivity .*”l However, it was not possible to elucidate whether the silver NPs themselves
showed chirality although the silver NPs encapsulated in chiral Ag@SiO, showed a strong

CD signal in their plasmon resonance.
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In this chapter, a new concept of chirality transfer from chiral silica (inorganic) to
metallic NPs (inorganic) is given. The chiral transfer was performed by simple two steps:
(1) trapping metal cations of silver (Ag) and gold (Au) in chiral silica of nanfibrous bundles
embedding poly(ethyleneimine) inside and (2) thermo-reducing the metal ions into metallic
NPs. The metallic NPs, which were grown in the matrices of a chiral siliceous network
using a high temperature thermo-reduction procedure, showed remarkable chiroptical
activity even though the supportive silica was completely removed by NaOH (aq.)
treatment. Using an atomic resolution scanning transmission protocol, it was found that the
chiral metallic NPs have a definite distortion in the atomic array in their atomic packing
lattice structures, whereas achiral metallic NPs, which were prepared using a similar
method around achiral silica bundles, showed a precisely ordered atomic line without

distortion.
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1-2 Experimental section
1-2.1 Materials
Poly 2-ethyl-2-oxazoline (average Mw ~50,000, Aldrich), ammonium solution (28 vol%,
Wako), hydrochloric acid (5 M, Wako), D-(-)-tartaric acid (D-Tart,>99.0%, TCI), L-(+)-
tartaric acid (L-Tart, > 99.0%, TCI), tetramethoxysilane (TMOS, > 99.0%, TCI), silver
acetate (Wako,> 99.9%). Hydrogen Tetrachloroaurate(III) Tetrahydrate (Wako,>99.0%).

Polyvinylpyrrolidone K90 (PVP) (Wako).

1-2.2 Characterization

The X-ray diffraction (XRD) patterns were collected on a Rigaku RINT Ultima III X-ray
diffractometer with Cu Ka radiation (A = 0.1540 nm). The scanning electron microscopy
(SEM) images were taken on a Hitachi SU8010 SEM equipped with an energy dispersive
spectrometer. The transmission electron microscopy (TEM) analysis was performed on a
Hitachi HT7700 instrument with an acceleration voltage of 200 kV. The spectra of solid-
state diffuse reflectance circular dichroism (DRCD) and ultraviolet- visible (UV-vis)
absorption of the solid products (40 wt%) dispersed in potassium chloride were recorded
simultaneously on a JASCO J-820 spectropolarimeter equipped with a DRCD - 466L
integrating unit. The thermogravimetric (TG) analysis was conducted on a Seiko
Instruments Exstar-6000 instrument. The UV -vis absorption spectra of liquid samples were
acquired on a Shimadzu UV-2500 PC spectrophotometer. The VCD spectra and infrared
(IR) spectra were obtained simultaneously on a JASCO FVS-6000 VCD spectrometer. The
suspension of SiO, debris was prepared, by homogenizing the methanol solution containing
chiral silica powder (calcined PEI/tart@SiO, at 600 °C) at for at least 2000 rpm for 2 min,
and dropping the resulting suspension onto a silicon wafer for VCD testing. The Au/SiO,
and Ag/SiO, sols were dispersed in 0.25 mL of methanol containing 0.002 g of

poly(vinylpyrrolidone) K90 (PVP). After stirring for several minutes, the solution was
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dropped onto a silicon wafer and then subjected to VCD testing. Scanning transmission
electron microscopy (STEM) images were obtained using a Jeol JEM ARM200F atomic
resolution analytical electron microscope with an operating voltage at 200 kV. A Jeol JED-
2300T X-ray energy-dispersive spectrometer was used for compositional analysis. The
samples for the STEM analysis were prepared by dropping an ethanol suspension of the
sample powders onto a commercial copper microgrid coated with a polymer film. The

samples were thoroughly dried under vacuum prior to observation.

1-2.3 Synthetic procedure
Synthesis of PEI
The synthesis of PEI was performed by hydrolyzation of poly(2-ethyl-2-oxazoline)

according to our previous work.1*®!

Synthesis of PEl/tart@SiO,

In the typical procedure for preparing PEI/tart complexes, PEI-2H,0 (0.316 g, 4.0 mmol -
NH- groups; here one unit of (NHCH,CH,) possesses two molecules of water) was
dissolved in 100 mL of water at about 80 °C. Then, 100 mL of an aqueous solution (at
approximately 80 °C) containing 0.300 g of L- or D- tartaric acid (2.0 mmol carboxyl
groups) was added to the hot PEI solution, stirred for a few minutes and allowed to cool
until it reaches room temperature. Subsequently, the pH of the mixture was adjusted to pH
4 using ammonia (NH;) and was left standing at 4 °C overnight. The crystalline complexes
of PEI/tart formed, were collected using centrifugation and then washed with water. Then,
the obtained products were re-dispersed in 40 mL of water, and to this dispersion 6 mL of
tetramethoxysilane (TMOS) as a silica source was added. The mixture was stirred for 2 h
at room temperature. Finally, the white solid was collected, washed with water and acetone,

and then air dried.
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Synthesis of ex-PEI@SiO,

The component of tartaric acid from PEI/tart@SiO, can be easily removed using
hydrochloric acid (HCI) solution. In a typical method, PEl/tart@SiO, powders (1 - 2 g)
were added into HCI (aq.) (2.5 M, 50 mL), stirred for 1 h and then the product was collected
using centrifugation. The same treatment was repeated five times. Then, the powders
obtained were washed with 0.1 M NHj (aq.) to remove the HCI associated with PEI. Finally,

the product was washed with water and acetone, and then dried at room temperature.

Synthesis of PEI/tart@SiO,@Ag and SiO,@Ag composites

An aqueous solution of silver acetate (AgOAc) was prepared by dissolving 0.20 g of
AgOAc in 35 mL of water in a 50 mL brown bottle at room temperature. Next, 0.30 g of
PEl/tart@SiO, hybrid was added into this solution and the mixture was stirred for 24 h
under ambient conditions. The color of all the dispersions turned black. The black powders
(Ag/PEl/tart@Si0,) were collected using centrifugation and washed five times with water
and acetone and then dried in ambient conditions. Then, the black powders were calcined
(thermo-reduction) at specific temperatures (500, 600, 700 or 800 °C) for 3 h in ambient
conditions to obtain metal/silica composites, namely, Ag@Si0,-500, Ag@Si0,-600,

Ag@Si0,-700 and Ag@Si0,-800.

Synthesis of ex-PEI@SiO,@Au and SiO,@Au composites

Au aqueous solution of hydrogen tetrachloroaurate(III) tetrahy- drate (HAuCl,4H,0) was
prepared by dissolving 0.10 g of HAuCl,-4H,O in 30 mL of water in a 50 mL bottle at room
temperature. Next, 0.20 g of ex-PEI@SiO, hybrid was added into this solution and the
mixture was stired for 24 h under ambient conditions. The yellow powders

(Au/PEI@Si0,) were collected using centrifugation, washed with water and acetone, and
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then dried at room temperature. Then, the yellow powders were calcined (thermo-
reduction) at specific temperatures (500, 600, 700 or 800 °C, respectively) for 3 h in
ambient conditions to obtain metal/silica composites, namely, Au@Si0,-500, Au@SiO,-

600, Au@Si0,-700 and Au@SiO,-800.

Preparation of Au/sol and Ag/sol using a hydrothermal reaction

Chiral (D-, L-) Au@Si0,-500 (50 - 80 mg) and distilled water (35 mL) were added into a
50 mL Teflon bottle. The Teflon bottle was tightly sealed up and hydrothermally treated in
a stainless- steel autoclave at 180 °C, for 5 h. After cooling, the unreacted sample was
separated by centrifugation (4000 rpm, 5 min), and the supernatants containing SiO, sol
and Au NPs were collected and subjected to CD and VCD determination. Chiral (D-, L-)
Ag/sol were prepared in the same way from Ag@Si0O,-600 and subjected to CD and VCD

determination.

Preparation of isolated chiral Au and Ag NPs from the hydrolysis of Au@SiO, and
Ag@Si0, using NaOH (aq)

A portion of Au@SiO,-500 powder (0.02 g) and 30 mL of sodium hydroxide (NaOH) (aq.)
(5 wt%) were added into a plastic bottle and stirred for at least 4 h. The silica was
completely hydrolyzed into silicate and dissolved in the solution. The free Au NPs were
collected using centrifugation (4000 rpm, 5 min) and washed with water. Then, Au NPs
were re-dispersed in water and subjected to CD determination. Chiral (D-,L-) Ag NPs were

prepared in the same way from Ag@Si0,-600 and subjected to CD and VCD determination.

Preparation of achiral cPEI@SiQO, and aAu@Si0O,-500
Using the typical procedure of preparing achiral PEI@SiO, as shown below in the next

section. PEI (0.474 g, 6.0 mmol basic secondary amino groups) was dissolved in 20 mL of
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water at about 80 °C. Then, 20 g of crushed ice was added into the hot solution of PEI and
left to stand at room temperature for 2 h to obtain a white dispersion (cPEI: crystalline
aggregates of PEI). The aggregates were collected using centrifugation and washing with
water. Then, the aggregates were re-dispersed in 40 mL of water to give white dispersions,
and then 3 mL of TMOS as a silica source was added to the dispersion. The mixture was
stirred for 2 h at room temperature. Finally, the white solid (cPEI@SiO,) was collected,
washed with water and acetone, and then air dried.

Then, the cPEI@SiO, was used for preparation of an Au/silica composite (aAu@SiO,-
500) using the following procedure. An aqueous solution of HAuCL-4H,O was prepared
by dissolving 0.10 g of HAuCl;+4H,O in 30 mL of water in a 50 mL bottle at room
temperature. Next, 0.20 g of cPEI@SiO, hybrid was added into this solution and the
mixture was stirred for 24 h under ambient conditions. The yellow powders (Au/
cPEI@Si0,) were collected using centrifugation, washed with water and acetone, and then
dried at room temperature. Then, the yellow powders were calcined at 500 °C for 3 h in

ambient conditions to obtain the inorganic composite (aAu@Si0O,-500).

Preparation of achiral aAg@Si0,-500

Similar to the method described in the previous section in the preparation of achiral
Au/silica system, the cPEI@SiO, was used for the preparation of an Ag/silica composite
(aAg@Si0,-500) using the following procedure. An aqueous solution of silver nitrate
(AgNOs) was prepared by dissolving 0.08 g of AgNO; in 10 mL of water containing 1 mL
of NH; (aq.) solution (100 mM). Next, 0.10 g of cPEI@SiO, hybrid was added into this
solution and the mixture was stirred for two days under ambient conditions. The dark
powder (Ag/cPEI@SiO,) was collected using centrifugation, washed with water and
acetone, and then dried at room temperature. Next, the powder was heated at 500 °C for 3

h in ambient conditions to obtain the inorganic composite (aAg@Si0,-500).
22



1-3 Results and discussion

Usually, templating dependent chirality transfer is carried out from chiral organic objects
to inorganic silica. But it is rare that examination of the successive chiral transfer from the
chiral silica prepared in advance to the other materials. Realization of chiral transfer relay
from organics to silica and then from silica to inorganics and/or organics is a great challenge
for under- standing the rules of chirality transfer and for developing new chiral materials.
In this research, as shown in Scheme 1-1, nanofibrous bundles of two chiral composites of
Ag@SiO, and Au@SiO, were first prepared, using a chiral transfer system started with

tartaric acid and then the Ag and Au NPs were detached and/or isolated by removing the

N ;
e P EJ ;‘J *LJ o

" Crystlization 3 Tt ‘_,j‘ .. siiifiation | 3 *gfr( Sl

+ — -'\,‘:f‘ g o e '.‘ _‘_?,:*' 1 ”: ': i

"y LA T e H

1 "(‘ o - N ‘r{' 7
HOT” " “OH . ,Q.J,,_ (e \ﬁ )‘/",
O OH ™. SI0, — CRCENaee
D- or L-tartaric acid Chiral crystalline template Fibrous nanostructured Si0,
(PEI/Turt) PEI/Tart @Si0,
MOM(-&) mum-c L .
.
ot ema (R
.......... “he
I : .. X.
] : z
! : Ag/PEl/Tart @50, Aq @Si0y<ol H Ag or Au NPs/s:o, sol
1 : =
; : -
! o
i ' - o
[l NaOM (2q.)
1 PEI/Tart@Si0; | x »a(nl ® - : e
R ettt N, (ag.) Calcinationat ® . °
MAUCL, (3g) mum-: . .
Ag or Au NPs
ex-PEI@SI0; | @PEI@SIO, Au@SiOycal

Schemel-1. Representation of the procedure of chiral SiO, and metal@SiO,
composites and two approaches for isolation of metal NPs from meatl@SiO,
composites.

silica bundles using hydrothermal treatment and/or hydrolysis of the silica frames. Firstly,
nanofibrous silica bundles were transformed into SiO, sol and then the Ag and Au NPs
encapsulated in the silica bundles were released, while in the last part of the synthesis, the
silica was completely dissolved and metallic NPs were isolated as a free-state solution. All
the samples obtained using two different approaches were analyzed using CD and VCD
and it was found that the isolated Ag and Au NPs intermediates on the chiral matrices of

D- and L-form silica showed remarkable exciton coupling chiroptical properties with
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mirror relations although there were no outward helical appearances on the metallic NPs.
As far as is known, this is first time that it has been found that the chirality information of
silica was able to be transferred directly to the metallic NPs without the assistance of chiral
organic compounds.

As shown in Scheme 1-1, a PEI containing a basic secondary amine group in the main
chain easily interacts with D- or L-tartaric acid in a 1 : 1 molar ratio of NH/COOH to form
bundles of nanofiber-based crystalline complexes (PEl/tart) (Figure 1-1a). These bundles
spontaneously catalyzed the silicification of TMOS around the bundles to give
morphology-transcribed hybridized bundles of PEI/D-tart@SiO, and PEI/L-tart@SiO,
(Figure 1-1b). SEM images of these hybrids at high-magnification state couldn’t determine

the chirality origin of the silica because its morphology seemed a just nanofiber without

PEl -Tart@SiO,

PEI/,-Tart

Figure 1-1. SEM images of the bundles of a) PEI/D-Tart complex and its
corresponding product of b) PEI/D-Tart@SiO,. SEM images at a high-
magnification state of the as-prepared hybrids bundles of ¢) PEI/D-Tart@SiO; and
d) PEI/L-Tart@SiO,.

shape chirality (Figure 1-1c,d). To directly clarify the chirality of the silica, the fibrous

bundles of silica (calcined at 600 °C) were crushed using a homogenizer and the broken
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silica pieces were analyzed using VCD. Figure 1-2a—c shows SEM images before and after
crushing. It is clearly observable that the D- and L-form silica bundles were densely
aggregated with nanofibers which have not any helical outwards and the crushed pieces
appeared as irregular forms. Interestingly, the crushed silica showed very clear VCD
activity with exciton chirality around the Si—O-Si stretches at 980-1200 cm™'. The D-form

appeared with a positive and then a negative spectral line whereas the L-form appeared

£
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Figure 1-2. SEM images of calcined silicas, (a)D-Si0,-600 and (b) L-SiO,-600.
TEM images of (c) the piece of L-SiO; crushed by homogenizing the methanol
solution containing chiral silica bundles (calcined PEI/tart@SiO,) for at least
20000 rpm for 2 min. (d) FT-IR/VCD spectra of the crushed SiO,, red lines for
the D-form, and blue lines for the L-form.

with a negative and then a positive spectral line, which just satisfied the requirements for
the non-superposable mirror image relationship with each other (Figure 1-2d). This result
was consistent with previous results for chiral silica sols prepared using a hydrothermal
reaction of silica bundles, indicating that the silica skeletons of supporting the bundles have
chirality. The hybrids of PEI/tart@SiO, themselves are effective scavengers for trapping
silver ions (AgNO;, AgOAc, and so on) via anion exchange to form complexes Ag/tart/PEI

in silica. Therefore, the precursors of Ag/PEl/tart@SiO, were synthesized by simply
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mixing PEl/tart@SiO, with AgOAc. However, the tartaric acid component was excluded
from PEI/tart@SiO, by using alternate treatment with HCI (aq.) and NH; and the ex-
PEI@SiO, obtained was mixed with an aqueous solution of HAuCl, for the preparation of
the precursor of Au/PEI@Si0,. In this process, the PEI encapsulated in silica can act as a
reductant to reduce a moderate amount of silver and gold ions to metallic NPs.?#?7281 The
two metallic precursors of Au/PEI@SiO, and Ag/PEI/ tart@SiO, were further thermo-
reduced (calcination) under an air atmosphere at a temperature above 500 °C and under
these conditions the metal ions were totally transformed into metallic NPs to form hybrids

of Au@SiO, and Ag@Si0,. Figure 1-3a—d show TEM images of D- and L-Au@SiO, and

Figure 1-3. TEM images of (a) D-, (b) L-Ag@Si0O,-500 and (c¢) D-, (d) L-
Au@Si0,-500.

D- and L-Ag@SiO,. It is obvious that the fibrous nano-silica remained unchanged after
thermo-reduction for both Ag and Au, and the metallic NPs smaller than 50 nm were
distributed around the silica bundles. The powders were analyzed before and after thermo-
reduction (calcination) using DRCD spectroscopy and the results of this were compared

with their CD spectra. As shown in Figure 1-4, the precursors of the D- and L-form of
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Ag/PEI/tart@SiO, as-prepared at room temperature showed strong CD activity at the
plasmon resonances at longer wavelengths of over 600 nm. However, the powders of D-
and L-Ag@SiO, after thermo-reduction exhibited CD at plasmon resonances below 600

nm. For the gold NP system, the precursor of D- and L-Au/PEI@SiO, prepared at room

10 150 - 10
a o [—AoPEiTan@so, b [ 5-Ag@5i0,-500
1o [ AGPEILTan@sio, s 1004 | -Ag@Si0,500 s
— —~ 504
§' 504 Lo 9 L6
3. '8 .3
a ol - -
o -100 4 2 © 2
r -1004 r
o e — L~
200 ¥ T T T T 0 150 T T T T '/ 0
200 300 400 500 600 700 800 200 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)
60 6 120 : 6
C ) —— D-AUPEI@SIO, d —— D-Au@Si0,500
g ——L-Au/PEI@SIO, |5 ® —— L-Au@Si0,-500 [ 5
= o] L4 =5 40 \/'\ L4
g - § .
£ 3 -g £ 04 3 0
- 40 < - 2
9 w P 9 0 7 Nl
-80 4
1 80 Pt 3
_100‘,___—‘\—__4 /___\
120 . . . y - 0 -120 . 0
200 300 400 500 600 700 800 200 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 1-4. DRCD and UV-vis spectra of (a) Ag/PEl/tart@SiO;, (b) Ag@SiO,-
500, (c) Au/PEI@SiO; and (d) Au@Si0,-500, red lines for D-form and blue lines
for L-form.

temperature, had a yellow color indicating that a large amount of Au was trapped, as the
anionic form of AuCly, on the silica hybrids because of the binding to the protonated PEI
but showed chiroptical mirror relationship CD lines corresponding to the absorption band
below 400 nm. In comparison, the samples of D- and L-Au@SiO, obtained after thermo-
reduction at 500 °C appeared as wine-red color and their plasmon resonance appeared in
the longer visible wavelength region. Corresponding to the characteristic electronic
absorbance around 500 — 800 nm, the samples of D- and L-Au@SiO, showed chiroptical

2

mirror relationship CD lines like a lying “ [ ” shape which were tugged by the
accompanying strong CD signals within 200 — 500 nm.

To clarify the effects of the thermo-reduction temperature on the features of the

metallic NPs, the as-prepared samples of Ag/PEl/tart@SiO, and Au/PEI@SiO, were
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treated at different temperatures of 600, 700 or 800 °C and the crystallite size, morphology
and CD activities of the resulting metallic NPs were compared using XRD, TEM and
DRCD. According to the XRD results, the Ag NPs had a fcc lattice crystalline structure
and their averaged crystallite sizes trended to increase from 20 nm to near 40 nm as the
temperature increased from 600 °C to 800 °C. In parallel, the sizes of the AgNPs observed
from the TEM images became larger (most of them up to 100 nm; individual NPs) with the
spherical morphology remaining as the temperature increased (Figure 1-5). Nevertheless,
the fibrous silica structure remained intact in this thermo-reduction (calcination) process.

These results indicated that the Ag NPs can easily gather and merge together under a higher

2) §00°4C

Figure 1-5. TEM images of L-form SiO,@Ag samples prepared by different
calcination temperature at 500 (a), 600 (b), 700 (c) and 800 °C (d), respectively.

temperature environment. Unexpectedly, the size alteration of the Ag NPs caused dramatic
changes in the DRCD spectral lines (Figure 1-6). Compared to the as-prepared Ag/PEI/D-
tart@SiO,, which showed a negative Cotton effect in the plasmon resonance region of the
Ag NPs, the Cotton effect of the composites D-Ag@Si0,-800 became completely positive

via a stepwise sign inversion of bisignate CD signals exhibited from minus to plus
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accompanying a blue shift in the course of increasing temperature. Such a phenomenon
was also the same for the L-form samples with an opposite signature to form chiroptical

mirror relationships to the D-forms.
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Figure 1-6. DRCD and UV-Vis spectra of a), ¢c) D- and b), d) L- form of
Ag/PEl/Tart@SiO; (black line) and those of calcined samples at 600 °C (red line),
700 °C (orange line) and 800 °C (blue line).

Slightly different to the Ag system, the Au/SiO, samples obtained using thermo-
reduction at 500, 600, 700 or 800 °C did not change their crystallites sizes which altered
around 35 — 45 nm. The absorption spectra based on the plasmon resonance were also
similar to each other for the D- and L-forms obtained at different temperatures and the
corresponding DRCD spectra did not show CD line inversion (Figure 1-7). However,
around longer wavelengths over 550 nm, the CD lines seems to be changed somewhat with
the appearance of bisignate CD signals for the samples Au@Si0,-800 after treatment of
Au/PEI@SiO, at 800 °C. However, it is not known what causes the strong and broad CD
lines ranged within 200 — 500 nm for the samples of Au@SiO,. It is well known that the
Au NPs should have plasmon resonance at a visible wavelength region larger than 450 nm,
and thus, the CD line below 450 nm did not relate to Au NPs. In some ways, the CD line

shape below 450 nm should be attributed to side-products transformed from PEI. Possibly,
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the side-products are of relevance with Au ions and/or NPs which act as catalysts to
promote the formation of a few carbonaceous products that have an electronic absorption
property in the range of 200 — 500 nm. A similar phenomenon was also observed in recent

work when a precursor of PEI/SiO,/terbium was sintered at high temperature®! (but this is
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Figure 1-7. DRCD and UV-Vis spectra of SiO,@Au-600 (a,c), SiO>@ Au-700
(b,e) and SiO,@Au-800 (c.f).

As has been mentioned previously, it is thought that the hybrids of PEI/SiO, are
effective matrices to prepare metallic NPs on SiO, and the formed metallic NPs behave as
if they have chirality. The interest here is to make clear whether the metallic NPs
themselves have chirality. For this purpose, two approaches were introduced to detach or
isolate the metallic NPs from the SiO , silica bundles: one is detachment of Ag and/or Au
from the silica bundles using a hydrothermal treatment of the powders of Ag@SiO,-600
and Au@Si0,-500, and another is isolation of Ag and/or Au from the silica bundles using
complete hydrolysis of the SiO, frame into sodium silicate (Na,SiOs) using NaOH (aq).
These two approaches could detach or isolate the metallic NPs from the SiO, bundles and
they then form metallic NPs dispersed aqueous solutions in which the former one (Ag +
sol and Au + sol) was a mixture of metallic NPs and silica sols that was still chiroptically
active whereas the latter one (Ag and Au) was free metallic NPs without a SiO, component.
The hydro- thermal reaction was performed by heating the mixture of chiral SiO,@metal
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composites and distilled water at 180 °C. This reaction produced colored transparent
aqueous solutions (Figure 1-8al and bl) containing free metallic NPs and SiO, sol (M/ sol)
indicating that the SiO, bundles were broken into SiO, sol and metallic NPs which were
well dispersed in water. Subjecting the Ag/sol and Au/sol (Figure 1-8al, a2 and b1, b2) to
TEM visualization, spherical and/or elliptical metallic nanoparticles smaller than 50 nm for

Au and Ag were observed. In addition, silica sols smaller than 10 nm were also observed
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Figure 1-8. Aqueous solution of L-Au/sol (al) and L-Ag/sol (b1). TEM images
at different magnifications of L-Au/sol (a2 and a3) and L-Ag/sol (b2 and b3)
(taken from a highly diluted solution containing Au/sol or Ag/sol). CD and UV-
vis spectra of Au/sol (c) and Ag/sol (d) (both samples were diluted from their
stock solutions), red lines for the D-form and blue lines for the L-form.

from these solutions. To determine the chiroptical properties of these aqueous solutions,
their CD and electronic absorption spectra were investigated. Interestingly, both Au and
Ag showed bisignates in the wavelengths of their plasmon absorption regions (Figure 1-8c

and d, Ag/sol and Au/sol). D-Form Au NPs showed the CD line from negative to positive
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whereas the L-form Au NPs just appeared in the opposite order, exhibiting a well-paired
mirror relationship to each other. Similarly, the D- and L-form Ag NPs also showed
bisignates but with a different sign order compared to the Au samples. Previously, it was
reported that the chiral silica sols with an average size of 7 nm, obtained using a
hydrothermal reaction of the chiral silica bundles, exhibited remarkable VCD activity.!®!
Therefore, there would be a question about whether the chiral SiO, sols cause the induced
chirality of the Ag NPs or Au NPs.

To elucidate the chirality originating from the metallic NPs, the optical properties of
Au/sol and Ag/sol were further investigated using VCD by introducing a labelling probe
for the metallic NPs. From previous work on chiral Si NPs in which it was learned that the
adsorbed PVP was made active in VCD spectra because of the induced effect from Si
although the silica sol could not cause such an effect. It is well known that PVP interacts
effectively with the surface of the metallic NPs because of the strong capping power of the
amide groups on the metallic NPs, and thus, it is often used as a stabilizing agent for the
dispersion of metallic NPs in organic/aqueous/liquid ionic media.**!! For this reason, in
this research, PVP was used as a convenient probe in VCD to determine the chiroptical
features of the metallic NPs. First of all, casting films were prepared on a silicon wafer
using a mixture of PVP/Au/sol and PVP/Ag/sol and then they were analyzed using VCD
measurements (Figure 1-9). In this case, two chiral factors, which would be derived from
metallic NPs and SiO, sol, can be considered. If the chiral domain exists in the metallic
NPs, PVP should exhibit the induced VCD signals in the region of PVP absorption. As
shown in Figure 1-9c and d, FT-IR spectra of PVP/Au/sol and PVP/Ag/sol showed
vibration signals of PVP in the range of 1000 — 1800 cm' (the bands located at 1658, 1427
and 1287 cm! were assigned to C=O stretching, CH, bending and C-N vibration,
respectively). As was expected, the VCD spectra indicated the Cotton effects

corresponding to the vibrations of PVP, particularly to the stretching vibration of the C=0O
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group with a remarkable chiroptical mirror relationship (see Figure 1-9a and b) both for
D/L-Au and D/L-Ag systems. This strongly suggests that the metallic NPs have sufficient
chiral structures to interact with the amide groups of PVP, thus causing the induced VCD
activity from the achiral polymer. In comparison, PVP adsorbed achiral Ag and Au NPs
did not show VCD signals although they have strong stretching peaks around 1660 cm!

because of the C=0 group.
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Figure 1-9. VCD and IR spectra of (a), (c) PVP/Au/sol and (b), (d) PVP/Ag/sol
(the Au/sol and Ag/sol were dispersed in 0.25 mL of methanol containing 0.002
g of PVP K90), after stirring for several minutes, the solution was dropped onto
the silicon wafer and then subjected to VCD testing.

From the above results, it is conclusive that Au and Ag NPs formed using thermo-
reduction in chiral silica have chirality. However, it is still needed to further evaluate the
behaviors of the isolated metallic NPs via destroying and removing the silica. For this
purpose, the hydrolysis of silica from Au@SiO,-500 and Ag@Si0,-600 was performed by
use of NaOH (aq.) and all the water-soluble Na,SiO; was removed using centrifugal
washing with water (twice). The Au NPs precipitated were re-dispersed in water before the
characterizations. According to the FT-IR spectra of samples after the NaOH treatment, the
strong stretching vibration around 980 - 1150 cm! from the Si-O-Si bond had completely

disappeared from the isolated samples, which means that the SiO, component was
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completely removed. In addition, the isolated D- and L-Au still had the same shape - either
a spherical and/or elliptical shape smaller than 50 nm (Figure 1-10a). For Ag NPs, however,
some fused nanoparticles were observed in the TEM image (Figure 1-10b) indicating that
the Ag NPs were less stable than the Au NPs. The solution containing the isolated Au NPs
was examined using CD and UV-vis spectroscopies. As shown in Figure 1-10c,
surprisingly, the D- and L-Au NPs showed remarkable bisignate CD signals with mirror
relationships in the plasmon resonance region around 480 - 806 nm. These spectral lines
were identical to those shown for Au/sol shown in Figure 1-8c, that is, both chiral signs
from isolated Au and detached Au/sol were attributed to the Au NPs themselves. However,
the Ag NPs obtained in the same way also showed CD activity (Figure 1-10d), but the
bisignate CD lines were insufficient to satisfy a clear mirror relationship unlike the Au NPs,
and this was probably because of lower chemical durability of Ag NPs towards the NaOH

(aq.) treatment.
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Figure 1-10. TEM images a) L-Au and b) L-Ag NPs obtained from hydrolysis of
1-Au@8Si0,-500 and L-Ag@SiO,-600 by NaOH(aq.) treatment. CD and UV-vis
spectra of (c) chiral Au NPs and (d) Ag NPs dispersed in water obtained from the
hydrolysis (by using 5 wt% NaOH) of chiral Au@SiO,-500 and Ag@SiO,-600.
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The previous results unambiguously indicated that the silica with chiral domains in
the siliceous frames was capable of transferring chiral information through space to
metallic NPs grown in the siliceous matrices. This is the first time that inorganic based
chiral transfer systems from silica (inorganics) to nano-metals (inorganics) has been

achieved. The metallic NPs generated from chiral siliceous matrices were less than 30 nm
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Figure 1-11. STEM analysis and crystal models (insets) for chiral (a) and achiral (b) Au NPs. (al
and bl) Low magnification HAADF-STEM images of chiral D-Au@SiO,-500 and achiral
aAu@Si0,-500. (a2 and b2) The atomic resolution HAADF-STEM images of Au NPs of green
square regions in (al) and (bl), respectively, viewed along the direction of {111} for chiral and
achiral Au NPs. Insets: model for the atomic arrangement of the fcc structure viewed along the
{111} direction for chiral and achiral Au NPs; the incident: {110} for (a2) and {112} for (b2)
with the unit cells (gray regions). (a3) Enlarged image of (a2) for visualization of the non-straight
arrangement of the atomic array.

with almost spherical morphology so that there was no doubt that there was no shape
chirality. Therefore, it was expected that the chiral domain of the metallic NPs might be
derived from defects or distortions of crystalline structure including point, line and plane,

which would lead to the asymmetric arrangement of metal atoms.*>34 That is, in this
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system, chirality might originate at the atomic scale through crystalline structures. To
support this hypothesis, effort was concentrated on determining the fine crystalline
structure from the metallic NP-loaded silica samples using high-angle annular dark-field
(HAADF)-STEM. Fortunately, clear nanocrystal lattices were visualized with atomic
orientation along the {111} direction of fcc from samples of D-SiO,@Au-500 (Figure 1-
I1al and a2). Surprisingly, the atomic arrangement line, which was magnified from the

edge (region in the square in Figure 11al) of a nearly 30 nm Au particle, distorted exactly

Figure 1-12. STEM analysis and crystal models (insets) for chiral (a) and achiral (b) Ag NPs. (al
and b1) Low magnification TEM images of chiral D-Ag@SiO»-500 and achiral aAg@SiO,-500.
(a2 and b2) Low magnification HAADF-STEM images of one Ag particle from the green marked
regions in (al) and (bl), respectively. (a3 and b3) The atomic resolution HAADF-STEM images
of Ag NPs from the red marked regions in (a2) and (b2), respectively, viewed along the direction
of {111} for chiral and achiral Au NPs. Insets: model for the atomic arrangement of the fcc
structure viewed along the {111} direction for chiral and achiral Ag NPs; the incident: {110} for
(a3) and (b3) with the unit cells (gray regions).

through several nanometer lengths in which atoms do not occupy the straight line. This was
an uncommon phenomenon in Au NPs. To address the novelty of such distortion, achiral
Au NPs were prepared on the matrix of achiral nanofibrous bundles of cPEI@SiO, using a
500 °C thermo-reduction process similar to the chiral system and the two types of AU NPs

were compared. Then, this achiral aAu@SiO,-500 sample was subjected to HAADF-
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STEM to compare it with the chiral D- Au@SiO,-500. As can be seen in Figure. 1-11b, in
this nanocrystal lattice surface, no distortions of atomic array along the {111} direction
were observable. All the atoms on the edge (square region in Figure 1-11b) of a nearly 20
nm sized Au NP occupying a straight orientation. Quite obviously, there are definite
differences between chiral and achiral Au NPs when viewed in the same direction of {111}
fcc nanocrystal lattice surface although their preparation process is the same. In the chiral
Au nanocrystal, the atoms tend to pack in a distorted fashion whereas in achiral one, the
atoms pack in a precisely ordered form. Such distinct differences of atomic arrangement
also vividly appeared between chiral Ag@SiO,-500 and achiral aAg@SiO, (see Figure 1-
12). The atoms packing along the {111} direction seemed disordered in chiral D-Ag@SiO,
whereas it was precisely ordered in the achiral aAg@SiO,. Therefore, it was thought that
the atomic distortion would be the reason why the chiral D-Ag@SiOz showed a high
catalytic activity and high regio-selectivity in the [3 + 2] cycloaddition reaction of
azomethine ylides with 2'-hydroxychalcone derivatives unlike that of achiral Ag@Si0,.1*"!
From these comparative atomic lattice results, it was believed that the origin of chirality in
the metallic NPs was in the atomic packing distortion in their nanocrystal- line structure.
However, the relationship between the atomic distortion and the chirality is not clear at

present, and it needs to be solved in the future.
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1-4 Conclusions

The chiral silica with nanofibrous bundles templated using crystalline complexes of
PEI/tart has molecular scale chiral domains throughout its siliceous frame and is able to
transfer their chiral information through restricted space to the metallic nanoparticles
grown around the silica matrices. Notably, the interior of the as-prepared chiral silica
retaining PEI in the silica wall is a favorable place to self-capture Au* and Ag* ions. This
is an ideal ground to allow the captured metal ions to be reduced and grew along a relay-
like chiral track given and ruled by the silica. So, the chiroptically-active metallic NPs in
SiO? can easily be prepared, and thus, dual chirality composites consisted of chiral silica
and chiral nanometals. Such a chemical reduction process without assistance of asymmetric
organic molecules is a new method for endowing metallic NPs with chirality, although
using physical processing, for example, a so- called glancing angle deposition technique, it
is possible to prepare helical nanometals without the assistance of molecules.*> In
particular, the Au NPs and Ag NPs exhibited intrinsic CD signals with exciton chirality in
the plasmonic resonance of nano Ag and Au indicating the existence of the distorted atomic
orientation in their crystalline structures. It is expected that the chiral metallic NPs with
irregular lattice structures will be able to be used in developing and designing thermo-

resistant plasmonic metallic materials and catalysts.

38



1-5 References

(1]

(2]

[3]

[4]

[5]

(6]

[7]

[8]

B)

[10]

[11]

[12]

[13]

[14]

[15]

T. Mallat, E. Orglmeister and A. Baiker, Chem. Rev.,2007,107,4863-4890.

Y. Wang,J. Xu, Y. Wang and H. Chen, Chem. Soc. Rev.,2013,42,2930-2962.

G. Mark, J. G. Gibbs, T.-C. Lee and P. Fischer, Nat. Mater.,2013,12, 802-807.

Y. Okazaki, T. Buffeteau, E. Siurdyban, D. Talaga, N. Ryu, R. Yagi, E. Pouget, M.
Takafuji, H. Ihara and R. Oda, Nano Lett.,2016, 16,6411-6415.

M. V. Mukhina, V. G. Maslov, A. V. Baranov, A. V. Fedorov, A. O. Orlova, F. Purcell-
Milton, J. Govan and Y. K. Gunko Nano Lett.,2015, 15, 2844-2851.

A .Gabashvili, D. D. Medina, A. Gedanken and Y. Mastai, J. Phys. Chem. B, 2007,111,
1110-11110.

J. Mastroianni, S. A. Claridge and A. P. Alivisatos, J. Am. Chem. Soc., 2009, 131, 845-
8459.

Guerrero-Martinez, B. Auguie, J. L. Alonso-Gomez,Z. Dzolic, S. Gmez-Graa, M. Zinic,
M. M. Cid and L. M. Liz-Marzn, Angew. Chem., Int. Ed.,2011 50, 5499-5503.
Kuzyk,R. Schreiber, Z. F:;m, G. Pardatscher, E.-M. Roller, A. Hogele, F. C. Simmel, A.
O. Govorov and T. Liedl, Nature, 2012, 483,311-314.

K. W. Smith, ACS Nano, 2016, 10, 6180-6188.

H. Q1, K. E. Shopsowitz, W. Y. Hamad and M. J. MacLachlan, J. Am. Chem. Soc.,2011,
133,3728-3731.

J. Xie, Y. Duan and S. Che, Adv. Funct. Mater.,2012,22,3784-3792.

J.Cheng, G. L. Saux, J. Gao, T. Buffeteau, Y. Battie, P. Barois, V. Ponsinet, M. Delville,
O. Ersen, E. Pouget and R. Oda, ACS Nano, 2017, 11, 380-3818.

A. Ben-Moshe et al.,Chem. Soc. Rev.,2013, 42, 7028-7041.

F.Lu, Y. Tian, M. Liu, D. Su, H. Zhang, A. O. Govorov and O. Gang, Nano Lett.,2013,

13,3145-3151.

39



[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

T. Hu, B. P. Isaacoff, J. H. Bahng, C. Hao, Y. Zhou, J. Zhu, X. Li, Z. Wang, S. Liu, C.
Xu, J. S. Biteen and N. A. Kotov, Nano Lett.,2014, 14, 679-6810.

G. Cyrille and B. Thomas, J. Am. Chem. Soc., 2008, 130, 707-7084.

H.-E.Lee,H.-Y. Ahn,J. Mun, Y. Lee, M. Kim, N. Cho, K. Chang, W. Kim, J. Rho and
K. Nam, Nature,2018, 556, 360-365.

J. M. Slocik, A. O. Govorov and R. R. Naik, Nano Lett.,2011,11,701-705.

Dolamic, S. Knoppe, A. Dass and T. Burgi, Nat. Commun., 2012 3, 798.

S. Knoppe, I. Dolamic, A. Dass and T. Burgi, Angew. Chem., Int. Ed., 2012, 51, 758-
7591.

S. Knoppe, O. A. Wong, S. Malola, H. Hakkinen, T. Burgi, T. Verbiest and C. J.
Ackerson, J. Am. Chem. Soc.,2014,136,4129-4132.

C.Zeng, T. Li, A. Das, N. L. Rosi and R. Jin, J. Am. Chem. Soc., 2013, 135, 10011-
10013.

H. Matsukizono and R.-H. Jin, Angew. Chem., Int. Ed., 2012, 51, 5862-5865.
X.-L.Liu, S. Tsunega and R.-H. Jin, Nanoscale Horiz.,2017,2, 147-155.

X.-L.Liu, S. Tsunega and R.-H. Jin, ACS Omega, 2017, 2, 1431-1440.

D.-D. Yao, H. Murata, S. Tsunega and R.-H. Jin, Chem. Eur. J., 2015, 21, 1566-
15675.

J.-J. Yuan, P.-X. Zhu, N. Fukazawa and R.-H. Jin, Adv. Funct. Mater., 2006, 16,
2205-2212.

M. Sugimoto, X.-L. Liu, S. Tsunega, E. Nakajima, S. Abe, T. Nakashima, T. Kawai
and R.-H. Jin Chem. Eur. J., 2018, 24, 6519-6524.

Pastoriza-Santos and L. M. Liz-Marzan, Langmuir, 2002, 18, 2888 — 289.

M. Koczkur, S. Mourdikoudis, L. Polavarapu and S. E. Skrabalak, Dalton Trans.,
2015, 44, 17883-17905.

S.Jin, M. J. Bierman and S. A. Morin, J. Phys. Chem. Lett.,2010, 1, 1472-1480.
40



(33]

[34]

[35]

[36]

[37]

Y.K.A.La,D.J. Chernak, M. J. Bierman and S. Jin, J. Am. Chem. Soc.,2009, 131,
16461-16471.

R. S. Wagner, M. J. Bierman, Y. K. Lau, A. V. Kvit, A. L. Schmitt and S. Jin,
Science, 2008, 320, 1060-1063.

Liu, Y. Lin, H. Zhang, J. Wang and Z. Huang, Small,2017,13, 1701112.

J.-J. Yuan, R.-H. Jin, Langmuir 2005, 21, 3136.

S. Madhavana and S. Okamoto, ChemCatChem, 2018, 10,2014-2018.

41



Part I1
Chiroptical phenolic resins grown on chiral silica-bonded amine

residues

2-1 Introduction

In the field of advanced materials, the exploration of chiroptical inorganic matter has
attracted much attention because of the importance of chirality in the origin of life and the
great potential of chirality in photonic applications.!!? In natural systems, mineral materials
such as quartz (Si0,), cinnabar (HgS) and retgersite (NiSO4-6H,0), gypsum (CaSO,2H,0)
etc., can be classified into chiral inorganics with intrinsically chiral crystalline structures
and/or asymmetric surfaces.3-% Different to these crystalline minerals with chiral surfaces,
synthetic inorganics such as silica and titania are endowed with shape chirality in their outer
helices, which is transferred from helical templates self-organized from chiral molecules
of gelators and surfactants.[’#! There are also chiral nanoscale inorganic materials such as
plasmonic metals (e.g., Au, and Ag),*!% and semiconducting quantum dots (e.g., CdS, and
CdTe)!'12l mediated in the presence of coordinative chiral organic compounds. Many such
examples have revealed that organic molecules with chirality have great power and
potential to transfer their chiral information to inorganics, endowing them with remarkable
chiroptical features in circular dichroism spectroscopy. Indeed, the methodology of the
chirality transfer from organics to inorganics has been established in material science. Such
achievement invokes naturally the question of whether a reverse course of chiral transfer
from inorganics to organics is available in chemical synthesis. Although there are few
examples in relation to this issue, it has been demonstrated that some natural and synthetic
inorganics can be directly applied to the enantioselective separation and synthesis of chiral
organic small molecules without any assistance of chiral organic moieties.!'*-'®! Expanding

this approach would not only open a new avenue for chirality transfer from inorganics to
42



organics, but also bring us meaningful hints and insights to understand the mechanism of
the origin of chirality.

It is well-known that the synthetic strategies for optically- active polymers have
matured over the last several decades, and can be categorized into two groups: (1) the
enantio- selective polymerization of prochiral or racemic monomers or polymerization of
optically active monomers;!'"-2!l and (2) the molecular imprinting technique, which creates
highly selective chiral recognition sites inside a densely cross-linked polymer gel.>?! In
these cases, to impart the chirality to the target products, chiral monomers, chiral catalysts
and chiral auxiliaries are often used as chirality sources, which are obtained from
organics.?*-281 However, chiral inorganic materials are rarely employed for the synthesis of
chiral polymers. Our strategy in this article is the development of a chirality transfer system
from inorganics to organics by employing silica as a chirality source to synthesize chiral
phenolic resins. Over the past few decades, synthetic phenolic resins have attracted
considerable attention because of their morphological structures, which can be divergently
controlled, and are adaptable to fit specific applications.?*! They are typically synthesized
via a polycondensation reaction between phenols and aldehydes in the presence of acidic
or basic compounds, which is analogous to the sol-gel reaction mechanism for inorganic
oxides.’!! Therefore, the physical and/or chemical properties of phenolic resins are
sensitive to various synthesis and processing conditions, because the final structured-gels
are affected by the flocculation process of the initially produced sols. In such a case, the
use of soft or hard-templates during the polymerization can make them exclusively
assemble and result in morphology-controlled phenolic resins.2-37! For instance, synthetic
nano-structured silicas (mesoporous silica, and colloidal silica) are often used as templates
in the polymerization of resorcinol with formaldehyde in the presence of acid or alkali
catalysts, by which nano-structured carbon materials templated by silica are afforded via

calcination and treatment with HF (aq.).1*3353¢! A chiral architecture of phenolic resins could
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also be accessed using chiral templates such as helical aggregates self-organized from
chiral organogelators®® and/or chiral nematic aggregates organized from cellulose
nanocrystals.® These phenolic resins showed remarkable circular dichroism (CD)
activities in a wide UV-Vis range due to m-electron conjugation and r—m interactions
between the aromatic rings. Nevertheless, most of the organic and/or inorganic supports
are not chiral, and there is no report on a synthetic route for chiral phenolic resins by using
chiral silica materials, which can act as both the catalyst and template in the polymerization
of resorcinol with formaldehyde.

Recently, we successfully extended silica nanofibers templated by polyethyleneimine
to phenolic resins, with controlled-morphology and inducing chirality.[“*#3 The bio-
analogue polyethyleneimine (PEI), possessing only secondary amine units (-CH,CH,NH-)
in its backbone, is able to crystallize into nano-fibrous aggregates in water through
combination with two water molecules per unit of ethyleneimine [(CH,CH,NH)-2H,0],
and acts as a catalytic template for promoting the hydrolytic condensation of
tetramethoxysilane (TMOS).* It was demonstrated that the PEI component enclosed in a
fibrous hybrid of SiO,@PEI can act as a catalyst to promote the polymerization of
resorcinol (R) with formaldehyde (F) to give RF resin-coated silica (SiO,@PEI@REF).
Carbonization of the RF moiety followed by removal of silica by HF (aq.) from
RF@SiO,@PEI could effectively result in carbon nanotubes.*!! Moreover, we also
prepared chiral catalytic templates (tart/PEI) by exchanging water molecules combined
with PEI with chiral tartaric acid (tart) and succeeded in creating nanofiber-based chiral
silica by the use of templates in the silicification process.*” Removal of tartrate residues
from the hybrid of chiral SiO,@tart/PEI could result in a hybrid form of chiral SiO,@PEI,
which was used as a catalytic matrix in the polymerization of R and F for examination of
the transfer of chirality from silica to the RF polymer."*3! In this case, PEI is a catalyst but

is achiral, while silica acts as a chiral matrix. It was determined that the polymerization of
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R with F exclusively occurred on the silica surface to give RF resin- coated chiral silica.
Although the fibrous morphologies could not remain after the removal of the silica and PEI
components from the hybrids by using HF (aq.), the resultant RF resins, interestingly,
prepared from D- and L-SiO,@PEI showed remarkable mirror-imaged CD signals in the
absorption band of the phenolic resin even after the silica was eliminated. This finding
indicated unambiguously the chirality transfer from the silica to the phenolic resin and
offered a new concept for the asymmetric synthesis of organic polymers using chiral silica
as a chiral medium, although the catalyst of PEI enclosed physically in the chiral SiO, is
achiral. To understand more exactly the chiral information transfer from silica to phenolic
resins, herein, we tried another method in which the physically enclosed PEI components
are removed from the chiral silica, but amine residues are introduced onto the silica through
covalent bonds, and then the chemically modified silica was used as a catalytic template in
the polymerization of resorcinol and formaldehyde. The typical procedure is shown in
Scheme 2-1. D-Type and L-type silicas were prepared using PEl/tart complexes in the
silicification process and the obtained silica hybrids (SiO,@PEl/tart) were calcined at
600 °C to get inorganic silica. By using basic-type silane coupling agents (SCAs) with
primary, secondary and tertiary amino groups or an imidazole group, we prepared surface-
modified chiral silica bonded basic residues (namely, 1°P-SiO,, 2°P-Si0O,, 3°P-SiO, and
Im-SiO, corresponding to NH,—, NHMe—, NMe,~ and imidazole groups on the silica,
respectively). Interestingly, these SCA-SiO, materials acted as good catalytic matrixes to
cause the polymerization of R and F exclusively along the SiO, nanofibres to give chiral
RF resins. We found that the chiral origin of the phenolic resins is caused by the distortion
of specific cyclic structures similar to calixarenes and that these chiral domains could

recognize chiral guest molecules of mandelic acid.
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2-2 Experimental section

2-2.1 Materials

Poly 2-ethyl-2-oxazoline (average Mw ~50,000, Aldrich), ammonium solution (28 vol%,
Wako), hydrochloric acid (5 M, Wako), D-(-)-tartaric acid (D-Tart,> 99.0%, TCI), L-(+)-
tartaric acid (L-Tart, > 99.0%, TCI), tetramethoxysilane (TMOS, > 99.0%, TCI),
formaldehyde solution (F, 36.0 ~ 38.0%, Wako), resorcinol (R, >99.0%, Wako),
acetaldehyde (88.0 ~ 92.0 wt%, Wako), toluene (> 99.5%, TCI), hydrofluoric acid (46 wt%,
Wako), DL-Mandelic acid (> 99.0%, TCI), 3-Aminopropyltrimethoxysilane (> 96.0%,
TCI), [3-(N,N-Dimethylamino)propyl]trimethoxyslane (> 96.0%, TCI), Trimethoxy[3-
(methylamino)propyl]silane (> 95.0%, TCI), N-(3-triethoxysilylpropyl)-4,5-

dihydroimidazole (Gelest) were used as purchased.

2-2.2 Characterization

FTIR spectra were recorded on a NICOLET 380 Thermo ELECTRON FT-IR spectrometer,
with KBr as a reference. Elemental analysis was conducted on a Vario MICRO-cube
instrument (Elementar Inc.). The TG-DTA analysis was con- ducted on an Exstar 6000
instrument (Elementar Japan K K.). The method to calculate the RF amounts in a hybrid-
state of SCA-SiO,@REF is as follows: RF(wt%) = 100 — {SCA(wt%) + SiO, (Wt%)}. The
amount of SiO, (wt%) was calculated from the TGA curves of SCA-SiO,@RF. The amount
of SCA (wt%) in a hybrid-state of SCA-SiO,@RF was determined from the content ratio
of SiO, to SCA that was calculated from the mass ratio in the sample of SCA-SiO, in the
TGA curves. The solid and liquid *C-NMR spectra were recorded on a JEOL-ECX 40011
and JEOL-ECAG600 instrument, respectively. The SEM images were taken on a HITACHI
SU8010 scanning electron micro- scope (SEM) equipped with an energy dispersive
spectrometer (EDS). The TEM observation was performed on a JEOL JEM-2010

instrument with an acceleration voltage of 200 kV. The solid-state diffuse reflectance
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circular dichroism (DRCD) spectra and UV-Vis absorption of the powder samples (15
wt%) dispersed in KCl were simultaneously recorded on a JASCO J-820
spectropolarimeter equipped with a DRCD-466L unit. Vibrational circular dichroism
(VCD) spectra and infrared (IR) spectra were simultaneously obtained on a JASCO FVS-
6000 VCD spectrometer. The obtained silica sol dispersed in water was cast onto a silicon

wafer, and then it was subjected to VCD spectroscopy.

2-2.3 Synthetic procedure
Synthesis of polyethyleneimine (PEI)
The synthesis of PEI was performed by the hydrolyzation of poly(2-ethyl-2-oxazoline)

according to our previous work .10

Preparation of tart/PEI and SiO,@tart/PEI

In the typical procedure for preparing PEl/tart complexes, PEI (0.474 g, 6.0 mmol -NH-
groups; here one unit of (NHCH,CH,) possesses two molecules of water) was dissolved in
100 mL of water at about 80 °C. Then, 100 mL of an aqueous solution (ca. 80 °C)
containing 0.45 g of L- or D-tartaric acid (3.0 mmol carboxyl groups) was added to the hot
aqueous solution of PEI. The solution was stirred for a few minutes and then placed under
ambient conditions until it cooled down to room temperature. Subsequently, the pH of the
mixture solution was adjusted to 4 by using ammonia (NHj3, aq.) and the solution was left
it in a refrigerator at 4 °C overnight. The formed crystalline complexes of PEI/tart were
collected by centrifugation and washed with water. Then, the obtained products were re-
dispersed in 40 mL of water, and to this dispersion, 6 mL of TMOS was added. The mixture
was stirred for 2 h at room temperature. Finally, the white solid (SiO,@tart/PEI) was

collected, washed with water and acetone, and air-dried. Yield: 1.6 g (63.2%).
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Synthesis of surface modified chiral silica with basic residues (SCA-SiO,: 1°P-SiO,,
2°P-Si0,, 3°P-Si0; and Im-SiO,)

The silica hybrid (D- and L-forms of SiO,@tart/PEI) was calcined at 600 °C to remove the
organic components. Then, the obtained D- and L-SiO,-cal (125 mg) and 0.7 mL of the
basic- type silane coupling agents (SCAs) {3-(trimethoxysilyl)propyla- mine (1°P); N-
methyl-3-(trimethoxysilyl)propylamine (2°P); N,N-dimethyl-3-(trimethoxysilyl)-
propylamine (3°P); N-(3- triethoxysilylpropyl)-4,5-dihydroimidazole, (Im)} were added
into 20 mL of dehydrated toluene and the mixture was stirred at 85 °C for 90 min. The
products obtained were collected by filtration and washed with methanol, water and
acetone. We used four types of silane coupling agents bearing primary, sec- ondary and
tertiary amino groups or an imidazole group for the modification of the silica surface, and
the corresponding products were abbreviated in the D- and L-forms of 1°P-SiO,, 2°P-SiO,,
3°P-Si0, and Im-Si0,, respectively. The introduction contents of the silane coupling agents

are summarized in Table 2-1.

Synthesis of phenolic resin (RF) on SCA-SiO, (1°P-SiO,, 2°P-Si0;, 3°P-SiO; and Im-
Si0,)

Powders of the L-forms of SCA-SiO, (0.10 g) were mixed with 0.22 g of resorcinol (R) in
10 mL of H,O by stirring for 30 minutes, followed by the addition of 0.32 mL of formal-
dehyde solution (36-38 wt%). Then, the above mixture was heated in an oil bath at 60 °C
for 5 h. The color of the suspension changed from white to orange in 5 h. After cooling
down to room temperature, the orange powders were collected by centrifugation. The as-
separated orange powders were further washed with water and acetone, and finally dried
naturally to form SCA-SiO,@RF. In accordance with the above procedure, the L-forms of
the chiral hybrids marked with the notations of 1°P-SiO,@RF, 2°P-SiO,@RF, 3°P-

Si0,@RF and Im-SiO,@RF were prepared. Yield: 1.3 g (L-1°P-SiO,@RF); 1.5 g (L-2° P-
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SiO,@RF); 2.2 g (L-3°P-SiO,@RF) and 1.2 g (L-Im-SiO,@RF). The D-forms of SCA-

SiO,@RF were also prepared using the same method.

Isolation of chiral RFs from the SCA-SiO,@RF hybrids

Powders of the L-form SCA-SiO,@RF hybrids (0.1 g) (1° P-SiO,@RF, 2°P-SiO,@RF,
3°P-Si0,@RF and Im-SiO,@RF) were immersed into 15 ml of HF solution (~3 wt%) for
4 h under stirring. Then, the suspension was subjected to centrifu- gation, and the collected
SCA@REF (1°P@REF, 2°P@RF, 3°P@RF and In@RF) powders Wege washed with 0.1 mM
NH; (aq.), water and acetone, and finally dried in ambient conditions. Yields of recovered
L-forms of RF resin: 20 mg (L-1°P@RF), 35 mg (L-2°P@RF), 50 mg (L-3°P@RF) and 10

mg (L-Im@RF).

Synthesis of C-tetramethylcalix[4]resorcinarene (R4)

The synthesis of R4 was performed according to ref. 44. First, 5.06 g (0.046 mol) of
resorcinol, 2.03 g (0.046 mol) of acetaldehyde and 50 mL of ethanol/water (v/v = 70/30)
were mixed in a two-necked flask fitted with a reflux condenser and stirrer. Then, 36 wt%
of HC1 (0.3 mL) was added to the homogenized solution. The mixture was heated to 75 °C
under stirring for 24 h. Then, the resulting mixture was cooled to room temperature. The
precipitate formed was filtered and recrystallized from methanol/water (v/v = 50/50)
solution. Yield: 1.35 g. 'H NMR (ppm in DMSO): 6 = 8.55 (br, 8 H, hydroxyl groups on
the aromatic ring), 6.77 (s, 4 H, on the aromatic ring), 6.14 (s, 4 H, on the aromatic ring),
448443 (q,J =7.2 Hz, 4 H, methine group on the ring), 1.32 - 1.28 ppm (d, J = 7.2 Hz,

12 H, methyl group).
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Synthesis of 1°P-SiO,@R4F and 1°P@R4F

The calixarene R4 (40 mg) and 100 mg of L-1°P-SiO, were added into 10 mL of methanol
and the mixture was stirred for 30 min; then, the methanol was removed by evaporation to
make R4 adsorb efficiently on the silica surface. The remaining silica powders with loaded
R4 were dispersed in 10 mL of water, followed by addition of 0.32 mL of formaldehyde
solution (36 - 38 wt%). Then, the above mixture was heated in an oil bath at 60 °C for 24
h. The orange powders were recovered by filtration and washed with water and acetone,
and finally dried under ambient conditions (Yield of L-1°P-SiO,@R4F: 0.14 g) The
removal of silica from 1°P-SiO,@R4F was conducted in the same way as described above,
by which a polymer of cross- linked calixarene (L-1°P@R4F) was obtained. Yield: 30 mg.

D-Forms were also prepared in the same manner.

Examination of the optical discrimination ability of 1°P-SiO,@R4F towards mandelic
acid

To a racemic solution of mandelic acid (0.2 mM, 4 mL), powders of D- or L-1°P-
SiO,@RA4F (10 mg) were added and the mixture was stirred for 24 hours. The supernatant

was collected by centrifugation and subjected to CD spectroscopy.
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2-3 Results and discussion

Preparation of nano-fiber based chiral silica and its chiroptical activity

In the templated sol-gel transcription, two approaches are available to make silica become
chiral 4546l The first way is to generate a chiral cavity inside the silica gel via a molecular
imprinting method using chiral small molecules as a template.’4! The other way is to
make helical outer silica templated by molecular aggregates with helical morphologies. "
In general, chiral templates themselves do not have catalytic activity to promote hydrolytic
polycondensation of alkoxysilane groups, which is why achiral acid or base compounds are
used as a catalyst for the formation of silica sols (nanoparticles, clusters). However, these

sols do not have chirality because the sols were individually formed in the presence of an
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Scheme 1-1. The chirality transfer process from silica to phenolic resin via the
polycondensation of resorcinol with formaldehyde promoted by achiral amine residues
bonded covalently to chiral silica.

achiral catalyst. And thus, achiral silica sols flocculated around the templates while keeping
the chiral information of the helices in the silica gels. Therefore, it is easily predictable that
such chirality dominantly arises from the chiral outward shape and/ or chirality-imprinted
cavities but it is difficult to expect that the chirality is definitely encoded in the siliceous

frame, which would be similar to molecular scale chirality (Si-O-Si bonds). That is, the
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aforesaid methods going through a conventional sol-gel reaction are not focused on
controlling the initial process of the formation of sol chirality in the hydrolysis and
condensation of alkoxysilanes in generating oligomeric silica structures, which would
determine and dominate the architecture of the resulting silica skeleton.

Different to the conventional sol-gel process, we have successfully established a
unique process of preparation of nano-fiber-based chiral silica via an asymmetric solid-
phase polymerization method using chiral crystalline complexes of PEl/tart as a chiral
catalytic template.“s! In this system, the chiral template itself can act as a catalyst to
promote the hydrolysis and condensa tion of alkoxysilanes without any additional catalysts,
and hence make silica form exclusively on the surface of the template. As shown in Scheme
2-1, the PEI containing a basic secondary amine unit in the main chain easily interacts with
D- or L-tartaric acid in a 1 : 1 molar ratio of NH/COOH to form bundles of nanofiber-based
crystalline complexes. These bundles can act as catalytic templates for the hydrolysis and
polycondensation of tetramethoxysilane (TMOS) to give morphology-transcribed
hybridized bundles of SiO,@D-tart/PEI and SiO,@L-tart/PEI.

The detailed features of the D- and L-forms of SiO,@tart/PEI characterized by FT-IR,
SEM, TG-differential thermal analysis (DTA), and CD spectra were already discussed in
previous chapters. To directly clarify the chirality of the silica (calcined at 600 °C) before
using it as a chirality source, the fibrous bundles of silica (Figure 2-1a and b) were
downsized into nanoscale silica sols. The treatment of the D- and L-chiral silica bundles
under hydro- thermal reaction conditions at 180 °C for 5 h resulted in a transparent sol
solution (the detailed procedure is described in our previous report).>!! As seen in the TEM
observation (Figure 2-1c), the average size of the silica sols was approximately 7 nm, and
these nanoparticles showed remarkable optical activity in the vibration circular dichroism
(VCD) spectra with a mirror relationship in the Si-O stretching vibration range of 1000 -

1200 cm-! (Figure 2-1d). More interestingly, in the vibration range of Si-O stretching, the
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VCD signals appeared in an exciton coupling line shape from positive to negative for L-
SiO,, but from negative to positive for D-SiO,, indicating at least the presence of twisted

oscillated structures between asymmetric Si centres.*!

00004 |—— D-SI0, e
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Figure 2-1. SEM images of (a)D- and (b) L-SiO»-cal. (c) A TEM image from a
slightly diluted L-form of SiO; sol. (d) VCD spectra (top) and infrared (IR) spectra
(bottom) from D-form (red lines) and L-form (blue lines) SiO; sols.

Surface modification of chiral SiO; by using silane coupling agents

The surface-modified chiral silicas possessing amino residues (1°P-SiO,, 2°P-SiO,, 3°P-
SiO, and Im-SiO,) were prepared by reactions between the above SiO, (calcined at 600 °C)
and amino-type silane coupling agents in toluene at 85 °C for 1.5 h. The products obtained
were characterized by elemental analysis, TG-DTA, SEM and DRCD spectroscopy. We
estimated the nitrogen content by weight in the SCA-SiO, series using elemental analysis
and the TG-DTA curves, and the results are summarized in Table 2-1. According to the
elemental analysis, the amino residues incorporated into D- and L-SiO,-cal were in the
range from 1.8 to 3.0 (10-° mol g-!). Among them, D- and L-1°P-SiO, and Im-SiO, showed
higher values of nitrogen content than 2°P-SiO, and 3°P-SiO,. The nitrogen contents of all

of the samples were also supported by the weight loss of organic components determined
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by the TGA curves shown in Table 2-1. These results indicate that the modification of silica

by SCA is sufficient.

Table 2-1 Nitrogen contents of SCA-SiO: estimated from TGA and elemental analysis

TGA analysis (only L-form) Elemental analysis
SCA-SiO; Weight loss Nitrogen content |  Nitrogen content (10'6 mol/g)
(%) (10” mol/g) D L
1°P- SiO; 16.4 2.77 2.89 2.89
2°P- SiO, 13.7 1.87 1.88 2.28
3°P- SiO, 14.2 1.63 1.95 1.95
Im- SiO> 21.1 3.76 3.68 3.76

The morphologies of all of the SCA-modified SiO, samples were also subjected to
SEM observation. As shown in Figure 2-2, all of the samples showed fibrous
nanostructures with ca. 20 nm diameters and were rarely different compared to the SiO,-
cal before modification; the fibers seemed to adhere somewhat to each other to form a
warped sheet-like structure. Furthermore, we examined the optical activities of these
samples by solid- state CD spectroscopy. As can be seen in Figure 2-3, all of the D- and L-
SCA-SiO, samples showed remarkable inductive CD signals with mirror-imaged
relationships in the absorption range of each amino residue, although these residues them-
selves are not chiral, suggesting the spread of chiral information from the silica to the amino
residues.

Chiral phenolic resins prompted by achiral amine residues covalently bonded to
chiral silica

As shown in Scheme 2-1, a procedure with two steps was used for the preparation of chiral
RF resins. At first, the enantiomer of SCA-SiO, was added to an aqueous solution of
resorcinol and the dispersion was stirred for 30 min to ensure that resorcinol was adsorbed
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sufficiently onto the silica. Then, formaldehyde was added into the dispersion. After that,
the mixture was allowed to stir for 5 h at a certain temperature until the color changed from
white to orange. The orange-colored powders of hybrids consisting of SiO, and RF resin

(1° P-SiO,@RF, 2°P-SiO,@RF, 3°P-SiO,@RF and Im-SiO,@RF) were collected by

i b) 2°P-Si0,

Figure 2-2. SEM images of a) 1°P-SiO,, b) 2°P-SiO,, ¢) 3°P-SiO; and d)
Im-SiO; (all the samples were L-form).
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Figure 2-3. DRCD and UV-Vis spectra of a) 1°P-SiO,, b) 2°P-SiO,, ¢) 3°P-
SiO; and im-SiOy: red line for D-form while blue line for L-form.
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ition and washed with water and acetone. To investigate the details of the products

all of these samples were subjected to TG-DTA, FT-IR, SEM, TEM and DRCD

aents.

sle 2-2 Mass ratios in SCA- SiO2@RF estimated by TGA analysis

SCA- SiO;:@RF Mass ratio (%)

(L-form) SiO, RF SCA
1°P-SiO:@RF 57.1 31.7 112
2°P- SiO:@RF 51.5 40.3 8.2
3°P- SiO@RF 35.2 59.0 5.8
Im- SiO@RF 53.4 323 14.3

mass ratios of organic components in SCA-SiO,@RF, calculated from the weight
e temperature ra nge from 180 - 800 °C, are listed in Table 2-2. In all cases, an
t of the organic components was evident compared with the catalytic templates of
). In comparison, the amount of RF resins generated on the 3°P-SiO, template is
an that on the others, suggesting that the tertiary amine bound to the chiral silica
y promoted the polymerization between R and F, even though the lowest value of
content was observed in 3°P-SiO, (Table 2-1).

1 images of the SCA-SiO,@RF products are shown in Figure 2-4. In the case of
1ed silica, D- and L-SiO, appeared as nano-fibrous structures with 20 nm diameters
ze (as shown in Figure 2-1a and b). However, the resin-coated samples look nano-
but became thicker; their diameter increased by nearly 30 nm (Figure 2-4),

g that the polymerization of resorcinol and formaldehyde exclusively occurred on

surface of SiO..

56



In order to investigate the optical properties of all of the SCA-SiO,@RF samples, we
subjected them to solid-state CD spectroscopy. As shown in Figure 2-5, all of the D- and
L-samples obtained exhibited a pair of mirror-imaged CD signals. That is, each of the L-
type samples showed positive CD signals, while the D-type samples exhibited the opposite
negative CD signals in the absorption range from 300 - 800 nm, which is assigned to -

electron conjugation and si— interaction of the phenolic resins. This tendency of positive

a) 1°P-Si0, @RF il

¥ i

Figure 2-4. SEM images of a) 1°P-SiO,@RF, b) 2°P-SiO,@RF, c)
3°P-SiO,@RF and d) Im-SiO,@RF (all the samples were L-form).
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Figure 2-5. DRCD and UV-Vis spectra of a) 1°P-SiO,@RF, b) 2°P-
SiO,@RF, c) 3°P-SiO,@RF and d) Im-SiO,@RF: red line for D-
form while blue line for L-form.
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for L-type and negative for D-type remained unchanged regardless of the kind of amine
residue. However, the pair of D- and L-3°P-SiO,@RF showed the strongest CD signals
compared to the other three pairs, which may be related to the increased content of chiral
RF on 3°P-Si0,. Perhaps the strength of the basic property determines the catalytic activity
for the polymerization of R and F, such that a more basic amine is more active in the
deposition of chiral phenolic resins. In any case, the RFs in the hybrid-state satisfactorily
showed remarkable CD signals.

Chiral origin of RFs and optical discrimination

Our interest here is whether the chiral information of SiO, was indeed transferred to the
phenolic resins. We remove d SiO, from the hybrid samples by using 3 wt% of HF (aq.),
and then the RF resins (1°P@RF, 2°P@RF, 3°P@RF and Im@RF) obtained from the four
matrices were subjected to FT-IR, TG-DTA, SEM and DRCD measurement. The FT-IR
spectra of RF resins indicated that the specific peaks around 1100 cm™' regarding the
stretching vibration of siloxane bonds (Si—O) disappeared after HF (aq.) treatment. The
mass ratio of the residual components in the products was calculated from the TGA curves

and the results are summarized in Table 2-3. The weight loss was nearly complete for

Table 2-3 Mass ratio in SCA@RFs estimated from TGA analysis

SCA@RF Mass ratio %
(L-form) Inorganics Organics
1’P@RF 5.5 94.5
2’P@RF 4.2 95.8
3°P@RF 3.7 96.3
Im@RF 8.8 91.2

2°P@RF and 3°P@RF with residues below 5% even after heated to 800 °C. These results

suggested that the removal of SiO, was efficient. The SEM images of the L-RF series are
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shown in Figure 2-6. It seems that the fibrous m orphology could not be maintained in the
final RF resins after being isolated from the hybridized products by removal of the
components of silica with HF (aq.). The CD spectra of RF resins prepared from the four
b) 2°P@RF}
w.ami N

b

[

Figure 2-6. SEM images of a) 1°P@RF, b) 2°P@RF, c¢) 3°P@RF and d) In@RF
(all the samples were L-form).

types of silica matrices are shown in Figure 2-7. Though the CD intensities of the RFs
decreased compared to that before the removal of silica, the isolated RFs still showed
remarkable mirror-imaged CD signals in the absorption wavelength range from 300 to 800
nm. This suggested unambiguously that the chirality of SiO, is exactly transferred to the
phenolic resins. These results were almost the same as our previous reports on chiral
phenolic resins promoted by SiO,/PEL.**!

A further important aspect is the mechanism of chirality transfer from SiO, to phenolic
resin. It is certainly the case that the RF resins have no asymmetric carbon in their chemical
structures, but they do possess several cyclic residues resembling calixarene derivatives in
their network backbone. The origin of chirality in the RF resins may be related to the cyclic
residues, which are distorted by the influence of the non-equivalent substitution in the

periphery of the cyclic residues to cause axial asymmetry. To support this assumption, we
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synthesized a resorcinarene-based resin (R4F resin) on the surface of chiral silica for the
examination of the chirality transfer from SiO, to the R4F resin. An achiral resorcinarene

(R4), which was synthesized from a condensation reaction between resorcinol and
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Figure 2-7. DRCD and UV-Vis spectra of a) 1°P@RF, b) 2°P@RF, c) 3°P@RF
and d) In@RF: red line for D-form while blue line for L-form.
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acetaldehyde under acidic conditions, was adsorbed on 1°P-SiO, in methanol (indicated as
1°P-SiO,@R4), and then cross-linking between the aromatic rings was conducted in water
by the addition of formaldehyde to get 1°P-SiO2@RA4F. Finally, silica was removed from
the composites by HF (aq.) treatment.

As shown in the solid state *C NMR spectrum of R4 (see Figure 2-8), five main peaks
were confirmed within the chemical shifts from 20 to 160 ppm, which were assigned to
methyl/ methine carbons (20 and 27 ppm) and aromatic carbons (104, 124, and 152 ppm).
It should be noted here that only the ortho-position (104 ppm) of aromatic carbons
sandwiched between hydroxyl groups is an active site to react with formaldehyde, and
hence a methylene linker between ortho-positions will form when formaldehyde is added.

In the solid-state 3C NMR spectrum of 1°P-SiO,@RA4F, the peaks for the ortho-position

60



a) 1°P'5i02
b) 1°P-SiO,@R4F
P v
c)R4
L 4
200 150 100 50 0
5/ ppm

Figure 2-8. The solid-state 13C NMR spectra of a) 1°P-SiO», b) 1°P-SiO,@R4F
and c) 1°P@R4F, and d) the schematic illustration of cross-linked reaction
between R4 and formaldehyde. The peaks marked by blue diamond were
attributed to the ortho-position of benzene rings while the peak marked by red
inverted triangle was attributed to a new carbon on methylene linker after cross-

linked reaction.

around 104 ppm became evidently weak compared to R4, while new peaks appeared around
50 ppm due to the formation of the methylene linker, indicating that the condensation
reaction between R4 and formaldehyde took place well. The solid-state CD spectra of 1°P-
SiO,@RA4F and 1°P@R4F are shown in Figure 2-9. The D- and L-1°P-Si0,@R4F showed
positive and negative CD signals with a mirror-imaged relationship in the range from 250
to 700 nm, which is similar to the cases of SCA-SiO,@RF. After the removal of silica,

although the CD intensities became very weak due to its vulnerable network, the chiro-
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Figure 2-9. DRCD and UV-Vis spectra of a) 1°P-SiO,@R4F, b) after HF (aq.) treated sample
(1°P@RA4F: red line for D-form, blue line for L-form.
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active signs due to D- and L-1°P@ RA4F still remained as a mirror-relationship in the CD
lines, verifying that an axial asymmetry on the ring of resorcinarene was sturdily fixed in
the 1°P@RAF resin. This result of resorcinarene-based chiroptical appearance supports our
hypothesis of asymmetry from the distortion-based cyclic structure and suggests that the
chirality that appeared in the RF resins can also be attributed to the same reason.

We are aware that the mechanism of the chirality transfer in this system is not simple.
But, it is expected to be triggered by the cooperation between the catalytic site (amine
residues) and chiral support (silica) in the polymerization of resorcinol and formaldehyde.
Very recently, we argued that the chirality on the silica mediated by PEl/tart complexes
arises from the formation of asymmetric tetrahedral SiO,;“®! that is, the silica frame
consisting of asymmetric tetrahedral Si O, is a chiral inorganic polymer possessing a lot of
chiral centers of Si atoms. In the case of SCA-Si0,, the amine residues bonded chemically
on the silica can interact with the chiral sites of Si*~OH with the formation of hydrogen

bonds to form loop-like domains through the silica surface (see Scheme 2-2). Therefore,

H

H,
N(o H. Rt
H ’N
(i w””HO ““df HO
s ' ) NEN AW
c ’n\ H . 0 \ Ha
HO ‘ i i \,31,0 o "1 OH
e -Si=0% lo o‘ O'S"o oW "0 % ‘ "o ‘u
D e C’ B0 3
AT q 0&\0 O’S' 0.2
P {0 TR

Scheme 2-2. The polycondensation reaction of resorcinol with formaldehyde promoted by the
amine residues bounded chemically on the chiral silica surface.

the loops would be potentially chiral and thus the catalytic sites of amine residues are able
to share chiral information with the substrates of resorcinol accessed through the amine
residues. Although the reaction positions of 2, 4 and 6 of the resorcinol ring with
formaldehyde could not produce any asymmetric carbon, it might cause certain regularity

in the polymer growth and induce axial asymmetry of cyclic residues sturdily fixed in the

RF resins.
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To determine the potential of the phenolic resin-coated chiral silica, we attempted the
optical resolution of DL-mandelic acid (MA) using L- and D-1°P-SiO,@R4F as chiral
adsorbents. For instance, an enantiomer of 1°P-SiO,@R4F was added into a solution of
racemic DL-MA and then placed at room temperature for 24 h. The supernatants were
collected by centrifugation and subjected to CD spectroscopy. As shown in Figure 2-10,
the racemic solution indicated no CD signals in the absorption band of mandelic acid, while
the supernatants mediated by D- and L-1°P-SiO,@RA4F exhibited oppositely signed CD in
the absorption bands of mandelic acid, respectively. The D-type silica favored the
adsorption of D-MA, while the L-type silica favored the adsorption of L-MA. This
preliminary experiment is indicative of the utilization of the organically-modified chiral

silica in the optical resolution of racemic compounds and the related work is in progress.
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Figure 2-10. CD spectra of supernatants prepared by a) DL-
mandelic acid with chiral adsorbents and 24 h stirring: blue line, DL-
mandelic acid with L-NH,-Si0,@C,F; red line, D-NH,-Si0,@C4F;
black line, DL-mandelic acid without adsorbent.
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2-4 Conclusions

In summary, nano-fibrous chiral silicas with covalently bonded amine residues (SCA-
Si0,) can act as catalytic templates to promote the polymerization of R and F with
acompanying chirality transfer to the resultant RF resins. In this case, the amine residues
themselves are achiral but catalytic sites, while the silica supporting the amine residues is
chiral. It was demonstrated that the polymerization of R with F exclusively occurred on the
silica surface to give RF resin-coated chiral silica, but the fibrous morphologies could not
remain after the removal of the silica components and amine residues from the hybrids by
using HF (aq.). Interestingly, the resultant RF resins prepared from D- and L-SiO, showed
remarkable mirror- imaged CD signals in the absorption band of the phenolic resin, even
after the silica was eliminated. These findings offered a new concept for the asymmetric
synthesis of organic polymers using chiral silica as a chiral medium. We are now
investigating the further application of dual chiral materials composed of chiral silica and

chiral RF resins for a chiral discrimination system.
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Part 111
Asymmetric synthesis of chiral polymers through radical

polymerization mediated by chiral silica

3-1 Introduction

Chirality is always found within living systems and of great importance in the origin
of life. It remains a mystery why almost living things prefer one enantiomer from chiral
sugars or amino acids to make biomacromolecules such as DNA and protein derivatives
adapt chiral conformations that permits the development of special functions in a biological
system. Understanding this homochirality in life is still unclear.!'? On the other hand, some
natural inorganics (including quartz, calcite crystals, etc.) would be chiral due to their
inherently chiral crystalline structure or surface, but less attention has been paid to them
compared to chiral organics.?*>! Interestingly, these chiral crystals could be applied as
enantioselective absorbents or catalyst in asymmetric synthesis.[!% For more than 80 years,
considerable research have focused on the symmetry breaking on a mineral surface which
is considered to be closely related with the homochirality signature of life. In this aspect,
one challenge is to reveal the underlying mechanisms for the asymmetric selection,
concentration and polymerization of molecules from racemic mixture or achiral monomers.
Siliceous minerals are abundant on earth, and the bio-silica are produced with large yield
through the biosilicification involved with various biomolecules.''2 It is highly
appreciated to study on the chirality transfer and the asymmetric polymerization processes
on the intrinsically chiral SiO, surfaces to offer valuable perspectives on the origin of life
from the viewpoint of synthetic chemistry.

Chiral polymers have received much attention due to its unique stereochemistry, and
many efforts have been devoted to the extension of their synthetic ways and applications.!"*

151 The feasible way for the synthesis of chiral polymers involves the polymerization of
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optically active monomers.!'s'% However, this is not attractive from the viewpoints of
stereochemically-controlled polymerization, and neither convenient due to the tedious
synthesis of optically active monomers. The asymmetric polymerization, which directly
produced chiral polymers starting from prochiral (achiral) monomers, is much more
fascinating to design a variety of chiral polymers for the last several decades. Interestingly,
achiral monomers can be also used to prepare chiral polymers with the assistance of chiral
reagents or catalysts. For instance, helix-sense-selective polymerization can afford chiral
polymers with stable helical conformations via polymerization of achiral monomers having
a large steric hindrance, in which the direction of the helicity could be entirely controlled
by chiral catalysts,?*?? initiators 324 solvents,?>?” and additives./?-*% Besides that, chiral
molecular imprinting is the technique of creating chiral recognition holes inside polymeric
matrixes, which are complementary to the template of chiral molecules.!-3¥ Other than the
use of molecular-level assistances as chiral sources, the utilization of chiral nematic phase
as a polymerization solvent is thought to be one of the effective methods to achieve
helical organization on the resulting conjugated polymers.3+*! As described above, the
asymmetric synthesis of chiral polymers has been remarkably advanced with the
development of chiral reagents or catalysts, which play an essential role in the control of
asymmetric configurations or conformations of polymer chains. However, the chirality of
polymer-specific agents or catalysts has been ruled by organic systems in spite of the
existence of chiral inorganics. Although there are great achievements in the study of both
syntheses and properties of chiral inorganic materials *”-41], the potential of chiral inorganics
as a chirality source in the synthesis of chiral polymers has been rarely explored.

As mentioned in previous chapters, chiral silica promoted by PEI/tart has a great
power to transfer its chirality to other materials via an in-situ synthetic way around the
chiral silica.*%1 As one example, the surface modified silica bearing amine residues

asymmetrically mediated the polycondensation reaction between resorcinol and
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formaldehyde, and hence, the phenolic resin selectively deposited on the chiral silica
surface.**4! Surprisingly, the phenolic resins showed optical activity in its circular
dichroism (CD) spectra even after the silica was completely removed by using HF solution.
It is envisaged that this chiral transcription will direct to not only polycondensation reaction
but also radical polymerization of divinyl monomers to result in optically-active cross-
linked polymers. Herein, we propose a unique method to prepare optically active cross-
linked polymers via radical polymerization of achiral divinyl monomers through the
mediation of the chiral silica. In this system, divinylbenzene (DVB) and N,N'-
methylenebisacrylamide (MBA) were selected as achiral divinyl monomers. The synthetic
route was composed of two steps: (1) the divinyl monomers were adsorbed on the chiral
silica; and (2) the monomers adsorbed on the chiral silica were polymerized using radical
azo-initiators. Interestingly, a pair of cross-linked polymers in-situ synthesized around D-
or L-silica showed mirror-imaged CD signs in their absorption bands even after the removal
of the silica. More interestingly, these polymers could be directly used as a chiral matrix
by which encapsulated achiral guests were forced to become optically-active in the CD
spectra. These findings offered a new concept for asymmetric synthesis of chiral polymers

through the mediation of the chiral silica.
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3-2 Experimental section
3-2.1 Materials

Poly 2-ethyl-2-oxazoline (average Mw ~50,000, Aldrich), ammonium solution (28 vol%,
Wako), sodium Hydroxide (NaOH, > 93.0%, Wako), hydrochloric acid (5 M, Wako), D-
(-)-tartaric acid (D-Tart, > 99.0 %, TCI), L-(+)-tartaric acid (L-Tart, > 99.0%, TCI),
tetramethoxysilane (TMOS, > 99.0%, TCI), toluene (> 99.5%,Wako), divinylbenzene
(DVB, m- and p- mixture, stabilized with TBC, > 50.0%, TCI), N,N'-
methylenebisacrylamide (MBA, > 98.0%, TCI), 4,4'-bis(chloromethyl)biphenyl (Bp, >
95.0%, TCI), 4-(Chloromethyl)styrene (Vb, stabilized with TBC, > 95.0%, TCI), 2,2'-
azobisisobutyronitrile (AIBN, > 98.0%, TCI), 22'-azobis(2-methylpropionamidine)

dihydrochloride (AAPH, > 97.0%, Wako)

3-2.2 Characterization

FTIR spectra were recorded on a NICOLET 380 Thermo ELECTRON FT-IR spectrometer,
with KBr as a reference. Elemental analysis was conducted on a Vario MICRO-cube
instrument (Elementar Inc.). The TG-DTA analysis was con- ducted on an Exstar-6000
instrument (Elementar Japan K K.). The solid and liquid *C-NMR spectra were recorded
on a JEOL-ECX 40011 and JEOL-ECA600 instrument, respectively. The SEM images were
taken on a HITACHI SU8010 scanning electron micro- scope (SEM) equipped with an
energy dispersive spectrometer (EDS). The TEM observation was performed on a JEOL
JEM-2010 instrument with an acceleration voltage of 200 kV. The solid-state diffuse
reflectance circular dichroism (DRCD) spectra and UV-Vis absorption of the powder
samples (15 wt%) dispersed in KCl were simultaneously recorded on a JASCO J-820
spectropolarimeter equipped with a DRCD-466L unit. Vibrational circular dichroism
(VCD) spectra and infrared (IR) spectra were simultaneously obtained on a JASCO FVS-

6000 VCD spectrometer.
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3-2.3 Synthetic procedure
Synthesis of PEI
The synthesis of PEI was performed by hydrolyzation of poly(2-ethyl-2-oxazoline)

according to our previous work 46!

Preparation of PEI/tart and PEl/tart@SiO,

In the typical procedure for preparing PEI/tart complexes, PEI (0.474 g, 6.0 mmol -NH-
groups; here one unit of (NHCH,CH,) possesses two molecules of water) was dissolved in
100 mL of water at about 80 °C. Then, 100 mL of an aqueous solution (ca. 80 °C) containing
0.45 g of L- or D-tartaric acid (3.0 mmol carboxyl groups) was added to the hot PEI solution,
stirred for a few minutes and allowed to cool until it becomes room temperature.
Subsequently, the pH of the mixture solution was adjusted to 4 by using ammonia (NH3,
aq) and left it standing at 4 °C overnight. The formed crystalline complexes of PEl/tart were
collected by centrifugation and washed with water. Then, obtained products were re-
dispersed in 40 mL of water, and to this dispersion 6 mL of TMOS was added. The mixture
was stirred for 2 h at room temperature. Finally, the white solid (PEI/tart@SiO,) was

collected, washed with water and acetone, and air-dried. Both yields: 1.6 g.

Preparation of PEI/SiO,

The component of tartaric acid from PEl/tart@SiO, can be easily removed using
hydrochloric acid (HCI) solution. In a typical method, D- or L-form PEI/tart@SiO, powder
(2 g) was added into 2.5 M of HCl aq. (50 mL), stirred for 1 h and then the product was

collected using centrifugation. The same treatment was repeated five times. Then, the
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powders obtained were washed with 0.1 M NH; (aq) to remove the HCI associated with

PEI Finally, the products obtained were washed with water and acetone, and then dried at

room temperature. Both yields: 1.4 g.

Preparation of Bp-El/SiO,

0.1 g of D- or L-PEI/SiO,, which contains 2.5x10- mol of amines [-NH-], was added to the
80 mL of methanol solution containing K,CO; (6.0x10* mol) and 44'-
bis(chloromethyl)biphenyl (2.4x10* mol), and then, the mixture was stirred for 24 h at 70
°C for 24 h. Finally, the white solid (D- or L-Bp-EI/SiO,) was collected, washed with water

and acetone, and vacuum-dried. Both yields: 0.51 g.

Preparation of Vb-EI/SiO,

1.0 g of D- or L-PEI/SiO,, which contains 2.5x10+ mol of amines [-NH-], was added to the
40 mL of methanol solution containing K,COs (2.1x10 mol) and 4-Vinylbenzyl Chloride
(0.3 mL, 2.1x1073) and then, the mixture was stirred at 70 °C for 24 h. Finally, the white
solid (D- or L-Vb-EI/SiO,) was collected, washed with THF, water and acetone, and

vacuum-dried. Both yields: 1.1 g.

Preparation of DVB@Bp-EI/SiO, and PDVB@Bp-EI/SiO..

The powder of D- or L-Bp-EI/SiO, (0.3 g) was mixed with undiluted solution of DVB (3
mL) and stirred at room temperature for 2 h. Then, the mixture was conducted with suction
filter and the retained powders were dried under vacuum condition to give D- or L-
DVB@Bp-EI/SiO,. Both yields: 0.45 g. Afterwards, the polymerization of DVB adsorbed
on the silica was carried out in water using a radical initiator. Three components of D- or

L-DVB@Bp-EI/SiO, (0.3 g), 2.2'-Azobis(2-methylpropionamidine) Dihydrochloride
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(0.031 g), and water (5 mL) were added to a two-necked flask and stirred for 20 h under N,
atomsphere at 80 °C. Then, the samples after polymerization (D- or L-PDVB@Bp-EI/SiO,)
were collected by centrifugation, washed with THF, methanol and acetone, and vacuum-

dried. Both yields: 0.3 g.

Preparation of MBA @Vb-El/SiO, and PMBA @ Vb-EI/SiO,

The powders of D- or L-Vb-EI/SiO, (0.3 g) was mixed with 2 mL of 3.2 mM solution of
N,N’-methylene-bis-acrylamide (MBA) in methanol for 2 h Then, the mixture was
conducted with suction filter and the retained powders were dried under vacuum condition
to give D- or L-MBA@Vb-EI/Si0,. both yields: 0.65 g. Afterwards, the polymerization of
MBA adsorbed on the silica was carried out in water using a radical initiator. Three
components of D- or L-MBA@Vb-EI/SiO, (0.3 g), azobisisobutyronitrile (0.031 g), and
Toluene (5 mL) were added to a two-necked flask and stirred for 20 h under N, atomsphere
at 80 °C. Then, the sample after polymerization (D- or L-PMBA@Vb-EI/SiO,) was
collected by centrifugation, washed with water, methanol and acetone, and vacuum-dried.

Yield: 0.3 g.

Synthesis of PDVB and PMBA

Powders of the L-formed PDVB @Bp-EI/SiO, or PMBA @ Vb-EI/SiO, hybrids (0.1 g) were
immersed into 15 ml of NaOH solution (5 wt%) for 4 h under stirring. Then, the suspension
was subjected to centrifugation, and the collected PDVB or PMBA powders were washed
with water and acetone, and finally dried in ambient conditions. Yields of recovered L-

forms of isolated polymers: 35 mg (PDVB), and 50 mg (PMBA).
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Synthesis of TCPP@PDVB and TCPP@PMBA

The procedure for encapsulation of 5,10,15,20-tetrakis(p-carboxyphenyl)porphyrin
(TCPP) into chiral silica is as follows: 10 mg of polymers (PDVB or PMBA) was added
into methanol solution of TCPP (0.2 mM, 4 mL) and the mixture was stirred at r.t. for 2
hours. The wine-red powders were collected by centrifugation, washed with methanol and
dried at r.t. Yields of recovered L-forms of hybrids: 10 mg (TCPP@PDVB), and 10 mg

(TCPP@PMBA).
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3-3 Results and discussion

As shown in Scheme 3-1, we firstly prepared chiral silica according to our established
method using the crystalline complexes of PEl/tart as chiral catalytic templates for
silicification. In the aim of the synthesis of polymers around the silica, the key is to modify

the chiral silica with functional groups which may enhance the interactions between the

» Preparation of chiral silica
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Functionalized Chiral hybrids Cross-linked Polymers
Chiral Si0,

Scheme 3-1. The preparation of chiral cross-linked polymers via in-site radical
polymerization of divinyl monomers around chiral silica.

silica and monomers. It is important to note that the as-prepared silica (PEl/tart@SiO,)
contains tartaric acid and PEI residues (see figure 3-1a and b), whereas the tartaric acid can
be removed by washing with HCI (aq.) to result in the hybrids of PEI/SiO, with retaining
the former fibrous morphology (see Figure 3-1c and d). The alkali halide [R-X, X =
halogen] groups can easily react with amine units of PEI residues inside the chiral silica,
which makes a variety of functional groups integrated with chiral silica. In this work,
divinylbenzene (DVB) and N,N’-methylene-bis-acrylamide (MBA) were chosen as achiral
divinyl monomers to synthesize two kinds of cross-linked polymers, and the resultant
polymer were abbreviated to PDVB and PMBA, respectively. First of all, we discuss the
polymerization of DVB around the silica. In that case, the surface property of the silica

should be changed from hydrophilic to hydrophobic to become a pocket for DVB
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monomers. For that reason, 4,4'-bis(chloromethyl)biphenyl (Bp) was introduced into

PEI/SiO; to give the chiral silica-bearing the biphenyl groups (Bp-EI/SiO;), which offers

cozy scaffold to DVB monomers. In the insertion of Bp residues into PEI/SiO,, the charge

-

Figure 3-1. SEM images of a) PEI/D-tart@SiO,, b) PEI/L-tart@SiO,, c) D-
PEI/SiO;, and L-PEI/SiOs.

amount of Bp was determined in order for a molar ratio between chloromethyl group and
ethyleneimine unit inside the chiral silica {[R-Cl]/[-NH-]} to be one to one ratio.
Subsequently, the DVB physically adsorbed on the chiral silica (DVB@Bp-EI/Si0O,) was
polymerized in water using water-soluble azo-initiator (AAPH), giving the PDVB
deposited on the chiral silica (PDVB@Bp-EI/Si0,). Finally, in order to confirm whether
the chirality can transfer from silica to cross-linked polymer, the silica was removed by 5
wt% of NaOH (aq.) to obtain isolated PDVB.

To understand the details of products obtained, structural characterizations were
performed with TG-DTA, FT-IR, and *C NMR on the D-form products. According to the
mass loss in the temperature range of 200 - 800 °C on the TG- DTA curves (Figure 3-2a),

the organic mass ratio in Bp-EI/SiO, (15.9%) is higher than that of PEI/SiO, (10.4%),
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suggesting the biphenyl groups was successfully introduced into chiral silica. It can be seen
that 42.9% of the weight loss in the TGA curve of PDVB@Bp-EI/SiO, was assigned to
total organics including the PDVB and Bp-EI residues, in which the PDVB accounts for
32.1% out of the total weight loss. After NaOH (aq.) treatment towards this sample, the
TGA curve of isolated PDVB indicated the sample entirely burned out without residues,
suggesting that the inorganic part of the silica was completely removed. (Figure 3-2a). The
FT-IR spectra of isolated PDVB also supported this evidence, on which the peaks around
1100 cm™ corresponding to siloxane bonds disappeared (see Figure 3-2b). We further

investigated the structural information of these samples using solid-state *C NMR
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Figure 3-2. a) TGA curves of D-formed PEI/SiO, (black line), Bp-EI/SiO; (red line),
PDVB@Bp-EI/SiO; (green line), and isolated PDVB (blue line). b) FT-IR spectra of D-formed
PDVB@Bp-EI/SiO;, (red line) and isolated PDVB (blue line).

spectroscopy. As shown in Figure 3-3, the *C NMR spectrum of Bp-EI/SiO, also supported
the integration of the biphenyl groups with the inside silica, that is, the peak around 73 ppm
and the two set of conspicuous peaks at 128 ppm and 139 ppm were assigned to the
methylene (-CH,) group and aromatic carbons on the biphenyl residue, respectively. The
sample carrying DVB (DVB@Bp-EI/SiO,) showed new peaks at 113 ppm and 136 ppm in
the *C NMR spectra due to the vinyl group on the DVB monomer. After its polymerization
and the removal of the silica, the isolated PDVB of the *C NMR spectrum indicated the
new three peaks in the high magnetic field, which were corresponding to the methyl groups

(15 ppm) on the initiator (AAPH) covalently bonded to the end of the polymer and
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methylene groups (29 ppm and 40 ppm) on the polymeric main chain of PDVB, whereas
the peaks at 113 ppm and 136 ppm were due to the unreacted vinyl groups of monomers.
On the other hand, the peak around 73 ppm for -CH,- groups on biphenyl residues
disappeared, indicating that the polymer finally remained was purely composed from the
PDVB.

The SEM images of the only D-form series are shown in Figure 3-4. As mentioned

Bp-El/SiO2

180 160 140 120 100 80 60 40 20 O
8/ ppm
Figure 3-3. Solid-state 3C NMR spectra of L-formed Bp-EI/SiO; (black line),

DVB@@Bp-EI@SiO, (blue line), and isolated PDVB (red line). Structural
information from a peak assignment is given in each spectrum.

above, the silicification using PEI/tart complexes gave the nano-fiber based hybrids
(PEI/tart@Si0,) with the ca. 20 nm of the diameter on average (see Figure 3-1). Besides
that, the procedure of both the removal of tartaric acid via the HCI treatment and even
modification with Bp groups did little damage the nano-fiber structures as seen in the SEM images
of PEI/SiO, and Bp-EI/SiO: (See Figure 3-1 and Figure 3-4a). From the SEM images of Figure 3-

4a and Figure 3-4b, the difference is distinguishable that the fibrous network is less in empty for
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DVB@Bp-EI/SiO, than Bp-EI/SiO;. It is natural that the monomer of DVB is not soluble in
water; thereby, the DVB monomer on the sample of DVB@Bp-EI/SiO, which was dispersed in
water could not desorbed from the silica so that the polymerization can selectively occur on the
surface of the silica. As we expected, the diameter of fibers became a little thicker, suggesting
the radical polymerization of DVB exclusively occurred in the vicinity of the silica-fiber.
However, after the NaOH treatment towards this composite, as seen in Figure 3-4d, the
fibrous morphology was broken apart into some fragments due to the removal of the
supportive hard silica.

In order to investigate the chiroptical-features of these product, all the samples were
subjected to DRCD (diffuse reflection circular dichroism) spectroscopy. As indicated in

-

Figure 3-5a, as-prepared silica (PEl/tart@SiO,) had adsorption bands ranging from 200 nm

Bp-E1/Si0;

e

& Sy ¢ s
PDVB@Bp-EI/SiO; Y * ' 500 nm

Figure 3-4. SEM images of D-formed a) Bp-PEI@SiO,, b) DVB@Bp-
PEI@Si0,, ¢) PDVB@Bp-PEI@SiO; and d) isolated PDVB.

to 250 nm, and the corresponding CD spectra showed the mirror-imaged signals in the same
absorption region due to the existence of PEI/tart complexes. After the removal of tartaric
acids using HCI (aq), PEI/SiO, showed the weak induced CD signals derived from PEI

residues physically adsorbed on the chiral silica (see Figure 3-5b). Interestingly, the
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insertion of biphenyl groups into the chiral silica remarkably changed the CD waves
compared to before ones. As shown in Figure 3-5c, the CD spectra of D-formed Bp-EI/SiO,
showed the strong CD sign in the absorption region from 220 nm to 280 nm which are
assigned to the m-m* transition of biphenyl-groups while the corresponding L-form

exhibited the opposite signal in the same absorption. This means that the CD activity due
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Figure 3-5. UV-Vis and DRCD spectra of enantiomeric pairs of a)
PEI/tart@SiO,, b) PEI/SiO,, c) Bp-EI@SiO,, d) DVB@Bp-EI@SiO,, e)
PDVB@Bp-EI@SiO; and f) isolated PDVB; blue line for L-form while red line

for D-form.

to Bp group was practically induced by the chirality of the silica. Such a hydrophobic
domain is thought to play an important role in pulling DVBs in the neighborhood of the
silica, which would assist the chirality transcription from silica to guest compounds. As
indicated in Figure 3-5d, the pair of D- and L-DVB@Bp-EI@SiO, showed new peaks

around 300 nm with a band tailing over to 400 nm in UV-vis spectra due to the existence
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of the m-m stacking between the residues of Bp and DVB. DRCD spectra showed the mirror
imaged CD signs in the same absorption bands around 300 nm, which were assigned to
induced DVB influenced by the chiral environment of the silica. Even if DVB was
polymerized into the cross-linked polymer, CD lines and its intensity stayed almost
unchanged, suggesting the chiral information of the silica might be steadily fixed in
polymeric structures (Figure 3-5¢). The most important thing is whether the chirality can
be transferred from the silica to the PDVB. Very interestingly, the enantiomeric pair of
isolated PDVBs exhibited pairs of antipodal CD signals in its absorption band ranging from
250 nm to 350 nm even though the chiral source of the silica was completely removed
(Figure 3-5f). These results suggested that the chiral information of the silica was exactly
transferred from the silica to the cross-linked PDVB by the radical polymerization of DVBs
around the chiral silica.

Another important aspect is the mechanism of the chirality transfer and its origin of
chirality. It is undoubtedly that chiral domains of the polymer did not derive from a shape
chirality including twisted or helical outward morphologies according to their SEM
observations (Figure 3-4). Therefore, it can be deduced that the chiral domains might hide
in a molecular scale of the polymeric structure. As a similar example, very recently, we
reported on the preparation of optically-active phenolic resins by the polycondensation of
resorcinol with formaldehyde in the mediation of chiral silica bounded to amine residues.
Very interestingly, although there are no chiral centers of asymmetric carbon in its
molecular structure, the enantiomeric pair of phenolic resins showed oppositely CD signs
in their absorption bands even after the removal of the silica. As known, the
polycondensation of resorcinol with formaldehyde definitely gives a cross-linked structure
with several cyclic residues resembling calixarene derivatives. We found that the origin of
chirality in the phenolic resins could be related to the cyclic residues, which were distorted

by the influence of the non-equivalent substitution in the periphery of the cyclic residues
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to cause axially chirality. The chirality that appeared in cross-linked PDVB could be
explained by a similar reason. It is important to note that the PDVB preferably grew on the
neighborhood of the chiral silica except if the monomer detaches from the silica during the
polymerization. This polymerization reaction is analogous to the mechanism of solid-phase
polymerization. Perhaps, a peculiar orientation of monomers directed by the chiral
environment of the silica could deflect the cross-linking reaction between vinyl groups
from equivalently connecting each other. Thus, it had an influence on the encircling manner
to result in distortion-based cyclic structures, by which the absence of either a plane of
symmetry or an inversion center could be caused with an enantiomeric excess. However,
these issues above mentioned are still left unresolved and needed to further investigation. We
believe that this power of the silica to asymmetrically mediate the polymerization could direct not
only the DVB system but also diverse monomers to result in chiral cross-linked polymers.

In any way, this is the first report on a simple access to the synthesis of chiral polymers
in the mediation of the chiral silica. We believe that this power of the silica to
asymmetrically mediate the polymerization could direct not only the DVB system but also
diverse monomers to result in chiral cross-linked polymers. Then, we further tried to use
N,N’-methylene-bis-acrylamide (MBA) as an achiral monomer candidate. The procedure
in this case is also simple. First of all, a functional group of vinyl resides was integrated
with the chiral silica through the reaction between PEI/SiO, and 4-Vinylbenzyl Chloride
(Vb) to result in Vb-EI/SiO,. The vinyl residues hanging from the PEI would play as a
polymeric cross-linking agent which covalently involves the radical polymerization.
Subsequently, the polymerization of MBA physically adsorbed on Vb-EI/SiO, was
conducted in toluene using a radical initiator of AIBN, thus giving the cross-linked PMBA
on the silica (PMBA@Vb-EI/SiO,). In the end, the chiral template of the silica was
removed using NaOH (aq.) to confirm an inherent chirality coming from the isolated

PMBA (PMBA).
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The basic characterizations including SEM, TGA and FT-IR of the products obtained
were shown below. The SEM images of the D-form series are shown in Figure 3-6. It can
be seen that the fibrous structure was still intact even after the insertion of vinyl groups to

PEI/SiO, according to the SEM image of Vb-EI/SiO, (Figure 3-6a). As shown in the SEM

s

Vb-EI/SiO,

Figure 3-6. SEM images of D-formed a) Vb-EI@SiO,, b) MBA@Vb-EI@SiO,,
¢) PMBA@ Vb-EI@SiO; and d) isolated PMBA.

image of MBA @Vb-EI/SiO, (Figure 3-6b), gaps between tightly packed nano-fibers were
mostly filled with monomers after the deposition of MBA on Vb-EI/SiO,. On the other
hand, there are no significant changes in their morphology after the polymerization in
toluene (PMBA @ Vb-EI/Si0,), suggesting the polymer was formed nearby the entangled
silica-nanofibers (Figure 3-6¢). The monomer of MBA is not soluble in toluene, which
contributed to the selective deposition of polymers on the silica. The weight loss in the
TGA curve of PMBA @ Vb-EI/SiO, ranging from 200 °C — 800 °C indicated the mass in

total PMBA is 66.9%, in which content of Vb-PE (covalently involved in PMBA) is about 6.5%
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Figure 3-7. a) TGA curves of D-formed PEI/SiO, (black line), Vb-EI/SiO; (red line),
PMBA@Vb-EI/SiO; (green line), and isolated PMBA (blue line). b) FT-IR spectra of D-formed
PMBA@Vb-EI/SiO; (red line) and isolated PMBA (blue line).

(see Figure 3-7a). The SEM images of isolated PMBA is shown in Figure 3-6d. It is obvious
that PMBA isolated become into aggregates of nanoparticles without free-standing feature after
removal of the silica component by NaOH (aq) treatment. The FT-IR spectrum and the TGA curve
of the isolated PMBA support that the aggregates of PMBA did not contain silica (Figure 3-7).
That is, the weight-loss in TGA curve almost reached 0% at a high temperature (Figure 3-7a)

and the stretching vibration of siloxane bonds (Si-O) in the IR spectra disappeared (Figure

3-7b).
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Figure 3-8. Solid-state CD spectra of chiral a) Vb-PEI@SiO,, b) MBA@Vb-
EI@SiO,,c) PMBA@Vb-PEI@SiO; and d) isolated PMBA (blue line for L-form
while red line for D-form).
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To confirm the transcription of chirality from silica to these products, likewise, they
were subjected to the DRCD spectroscopy. As can be seen the CD spectra of Vb-EI/SiO,
(Figure 3-8a), the Vb residues left in the chiral silica became CD-active at a maximum peak
around 290 nm, which was practically induced by the chirality of the silica. After the
physical deposition of monomers on it, the absorption band of MBA spread over up to 300
nm, whereas the corresponding DRCD spectra showed mirror-imaged CD signs (plus for
L-form while minus for D-form) in the same absorption region (Figure 3-8b). Meanwhile,
the DRCD spectra of PMBA @ Vb-EI/SiO, indicated the oppositely CD signs around 300
nm even after the polymerization (Figure 3-8c). Very interestingly, though the silica was
completely removed via NaOH treatment, the isolated D- and L-PMBA still showed
antipodal CD signs that appeared in the absorption bands of cross-linked PMBA around
290 nm (Figure 3-8d), suggesting the chirality transfer from silica to PMBA.

Chiral polymers of both PDVB and PMBA may have a molecular-scale chiral domain
throughout polymer framework, which would have a potential to be utilized for a chirality
source in a variety of fields including asymmetric synthesis, optical resolution, and even
chiral host matrix of circularly polarized luminescence (CPL). To investigate the chirality
of these polymers, a porphyrin derivative of Tetrakis(4-carboxyphenyl)porphyrin (TCPP)
was chosen as an achiral probe molecule. For instance, the chiral PDVBs were added to the
methanol solution containing TCPP, by which TCPP was trapped in polymers through
physical interactions to give D- and L-TCPP@PDVB. Likewise, we prepared D- and L-
TCPP@PMBA in the same way as well. Their UV-Vis and CD spectra were shown in
Figure 3-9. It is obvious that the TCPPs displayed the characteristic absorbance at UV
and/or Visible light region (Soret and Q-bands). Interestingly, just at these absorption bands,
CD spectra for each enantiomeric pair of TCPP@PDVB and TCPP@PMA exhibited
remarkable cotton signs with very well mirror-relationships even though the TCPP itself is

not inherently chiral. Although there are many reports on a molecularly imprinted chiral
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polymers, such a capability of inducing a chiroptical activity in an achiral compound has
never been found in that systems. This preliminary experiment is indicative of the existence
of the molecular-like chirality throughout its polymeric network, and it may provide a new

insight in the field of chiral materials.
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Figure 3-9. Solid-state CD spectra of chiral a) TCPP@PDVB and b) TCPP@PMBA (blue
line for L-form while red line for D-form).

87



3-4 Conclusion

In summary, we established a unique method for the synthesis of chiral cross-linked
polymers through the radical polymerization of achiral divinyl monomers employing the
chiral silica as a chiral source. In this system, it could be accessed without chiral monomers
and even asymmetric assistances from organic compounds, but the inorganic silica which
has asymmetrical tetrahedrons of SiO, throughout its siliceous frame could act as an
asymmetric mediation to impart the chirality to the target polymers. In that case, the key is
to modify the silica with functional groups to become the pocket for achiral monomers.
Interestingly, the resultant cross-linked polymers, prepared through the in-situ
polymerization of DVB or MBA around D- and L-SiO,, showed remarkable CD signs with
mirror-relationships in their absorption bands even after the silica was eliminated. More
importantly, achiral probe of TCPP are capable of exhibiting induced CD signs when they
are associated with chiral cross-linked polymers. These findings offered a new concept for
the asymmetric synthesis of chiral polymers in the radical polymerization in the mediation
of the chiral silica. We are investigating now the further application of these chiral
polymers, especially in the field of optical resolution, chiral sensor, and asymmetric

synthesis.
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Part IV
Transfer of Chiral Information from Silica Host to Achiral
Luminescent Guests: A Simple Approach to Accessing Circularly

Polarized Luminescent Systems

4-1 Introduction

Recently, the development of circularly polarized luminescence (CPL)-active materials,
which can produce left- or right-handed circularly polarized light in their luminescent
transition process, has been drawing attention due to its potential application in display
techniques,!-*! optical devices,*” probing and sensor materials,®!! and even catalysts for
asymmetric synthesis.!'>!*! In comparison with the physical method which uses a linear
polarizer and quarter-wave plates, circularly polarized light could be directly generated by
chiral luminescent materials without a mass of energy loss during the conversion process.
In order to achieve CPL-active materials, many efforts have concentrated on designing both
chirality and luminescent centers and can be classified into two strategies. The first way is
designing a chiral moiety covalently bonded to a luminophore. Thus, the CPL-property
could be found in the chiral organic dyes!'*!5] polymers,'¢!”! metal complexes, '8! and
supramolecular systems.[??) However, such a case sometimes needs a tediously long
synthesis process, and the CPL-property of the obtained chiral luminophores is
unpredictable. The second way is the guest-host systems in which the luminescent centers
(guests) often are achiral. However, after encapsulation or in site formation of the guest in
a certain chiral host, the guest can be activated to be chiroptical due to induced effect and
hence become CPL active. In comparison to the first way, the second way is very handy to
construct the CPL systems with a wide color gamut and adjustable intensities as a choice
from the diverse combinations of both luminescent guests and chiral hosts. The recent

works demonstrated that supramolecular assemblies based on chiral organo-gelators could
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be promising chiral hosts to bestow the CPL-feature to the achiral guest luminophores.?>
251 For instance, Liu and co-workers reported that the glutamic acid-based lipids could form
chiral nanotube in the presence of various luminophores such as luminescent dyes,?
aggregation-induced emission luminogens (AIEgens),”” and semiconductors (quantum
dots, lead halide perovskites).”#?) Consequently, the supramolecular chirality was
transferred to the encapsulated guest luminophores, which could enable them to be CPL-
active. In addition to this, chiral capping agents!®3! and solvents,*? protein nanocages,®*
and liquid crystals®-¢! have been investigated as a candidate of chiral host to induce CPL-
activity from guest luminophores. Although there are lots of reports on organic and/or
inorganic achiral luminophores with an outstanding luminescent property, chiral host
materials for the CPL-active system mostly come from chiral organics. In the field of chiral
materials, although there are great achievements in the development of inorganic chiral
materials, 3749 its potential to a chiral source for the CPL system has been rarely explored.
Herein, we propose a new concept for the architecture of solid-state CPL-active materials
based on host-guest systems employing the inorganic chiral silica as a chiral host, which
can force diverse achiral luminophores (guests) to become CPL-active. In this system, it is
not necessary to utilize asymmetric assistances of chiral organics, but tailoring the chiral
silica surface by the chemical or physical modification is implemented to encapsulate or
attach guest luminophores into chiral silica.

In the aim of constructing CPL active materials by a host-guest strategy, a chiral
density of host materials will be decisive for making luminescent guests become
chiroptically-active with CPL-features. For instance, helical silicas prepared via a
conventional sol-gel reaction often became a candidate as a chiral host for achiral
luminescent guest materials.*!#2 Although encapsulated guests can show the induced
circular dichroism (CD) activity and fluorescent property in a hybrid-state, a CPL-feature

has been rarly endowed with guest materials by the helical silica due to a low chiral density
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of its siliceous frame. This means a conventional sol-gel reaction is not suitable for the
architecture of chiral silica materials. On the other hands, our established method using
PEI/tart complexes as a chiral catalytic template for silicification can endow a molecular
scale chirality (a high chiral density) in the siliceous frame *344 which has a great power to
transfer its chirality to other materials such as metallic NPs ! metal oxides,'*! and even
cross-linked polymeric materials'4’#® through the in-situ synthesis around the chiral silica.
As one example, very recently, we reported on the CPL-active lanthanide oxides
encapsulated in the chiral silica.*! Luminescent sub-10 nm lanthanide oxides (Eu,Os; or
Tb,0;) nanoparticles (guest) were in-situ formed in the chiral SiO, nanofibers (host)
through high-temperature calcination (900 °C) of chiral SiO, hybrid nanofibers trapping
Eu* (or Tb**) ions. Interestingly, these lanthanide oxides not only displayed optical activity
in the solid-state CD spectra but also showed CPL signals around their emission bands.
This is the first report on inorganic-based CPL-active systems by host-guest strategy
employing the silica as a chiral host. This motivated us to expand the chiral silica-based
CPL systems to not only lanthanoid oxides but also diverse achiral luminophores. In such
a case, the key is the surface modification of the silica by which the surroundings of silica
support binding pockets to enclose the guest luminophores. Based on these perspectives,
this work can be categorized into three sections to construct chiral silica-based CPL-active
systems : In the first, carboxylic type porphyrin, pyrene, and fluorescein were complexed
with chiral silica whose surface was physically or chemically modified by amine residues;
In the second, the luminescent lead halide perovskite nano-crystal consisted of
methylammonium and lead-bromide components was in-situ formed in the chiral silica
bearing the primary amine groups; In the third, AIEgens of tetraphenylethylene (TPE)
aggregates were formed in the hydrophobized silica covered with phenyl groups.
Surprisingly, all the luminescent guests embed in chiral silica exhibited CD and CPL

activities in the range of its absorption and emission bands, respectively, even though they
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were not inherently chiral. These findings suggest that the chiral silica promoted by
Tart/PEI complexes is an effective chiral host to generate CPL activity from diverse achiral

luminescent guests.
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4-2 Experimental Section

4-2.1 Materials

Poly 2-ethyl-2-oxazoline (average Mw ~50,000, Aldrich), ammonium solution (28 vol%,
Wako), hydrochloric acid (5 M, Wako), D-(-)-tartaric acid (D-Tart,> 99.0%, TCI), L-(+)-
tartaric acid (L-Tart, > 99.0%, TCI), tetramethoxysilane (TMOS, > 99.0%, TCI), toluene
(>99.5%, TCI), 3-aminopropyltrimethoxysilane (> 96.0%, TCI), [3-(N,N-dimethylamino)-
propyl]trimethoxyslane (> 96.0%, TCI), trimethoxy[3-(methylamino)propyl]silane (>
95.0%, TCI), N-(3-triethoxysilylpropyl)-4,5-dihydroimidazole (Gelest) methylamine
solution (> 33 wt% in absolute ethanol, Sigma-Aldrich), hydrobromic acid (> 47.0 wt%,
TCI), lead(Il) bromide (>99.999%, Sigma-Aldrich), phenyltrimethoxysilane (> 98.0%,
TCI), tetraphenylethylene (> 98.0%, TCI), 5,10,15,20-tetrakis(p-carboxyphenyl)porphyrin
(TCPP) (TCI), 1-pyrenecarboxyl acid (PyC), (TCI), and fluorescein (TCI) were used as

purchased.

4-2.2 Characterizations

FTIR spectra were recorded on the NICOLET 380 Thermo ELECTRON FT-IR
spectrometer, with KBr as a reference. Elemental analysis was conducted by vario MICRO-
cube instrument (Elementar Inc.). The TG-DTA analysis was conducted on an Exstar 6000
instrument (Elementar Japan K.K.). The SEM images were taken on a HITACHI SU8010
scanning electromicroscope (SEM) equipped with energy dispersive spectrometer (EDS).
The TEM observation was performed on a JEOL JEM-2100 instrument with acceleration
voltage of 200 kV equipped with energy dispersive spectrometer (EDS). The spectra of
solid-state diffuse reflectance circular dichroism (DRCD) and UV-Vis absorption of the
samples of powders dispersed in KCl were simultaneously recorded on a JASCO J-820
spectropolarimeter equipped with a DRCD-466L unit. The X-ray diffraction (XRD)

patterns were collected on a Rigaku RINT Ultima III X-ray diffractometer with Cu Ka
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radiation (A = 0.1540 nm). Circular polarized luminescence (CPL) spectra were measured
using a home-made CPL spectroscopy system, which is applicable to solid-state
measurements of opaque samples (see in H. Tsumatori, T. Nakashima, T. Kawai, Org. Lett.
2010, 12, 2362-2365). A UV diode lasef (375 nm) was used for the excitation and the
emission of the solid powder samples was collected from the same side via an objective
lens. The retardation of the emitted light was controlled by a photo-elastic modulator
(Hinds, PEM-90) that is modulated with the frequency of 50 kHz. The circularly polarized
component was converted to the linearly polarized light and detected by a photomultiplier
tube (PMT, Hamamatsu, H7732-10) after passing through the linearly polarized cubic
prism (200,000:1). The AC component of the PMT output with frequency of 50 kHz was
analyzed by a lock-in amplifier (EG&G, Model 7265), which can be modulated by the
reference frequency signal from the PEM. The emission intensity and the CPL dissymmetry
were evaluated by the DC component and ratio of AC and DC components, respectively,

as a function of wavelength.

4-2.3 Synthetic procedure
Synthesis of PEI
The synthesis of PEI was performed by hydrolyzation of poly(2-ethyl-2-oxazoline)

according to our previous work .5

Preparation of PEI/tart and PEI/tart@SiO,

In the typical procedure for preparing PEI/tart complexes, PEI (0.474 g, 6.0 mmol -NH-
groups; here one unit of (NHCH,CH,) possesses two molecules of water) was dissolved in
100 mL of water at about 80 °C. Then, 100 mL of an aqueous solution (ca. 80 °C) containing
0.45 g of L- or D-tartaric acid (3.0 mmol carboxyl groups) was added to the hot PEI solution,

stirred for a few minutes and allowed to cool until it becomes room temperature.
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Subsequently, the pH of the mixture solution was adjusted to 4 by using ammonia (NH3,
aq) and left it standing at 4 °C overnight. The formed crystalline complexes of PEI/tart were
collected by centrifugation and washed with water. Then, obtained products were re-
dispersed in 40 mL of water, and to this dispersion 6 mL of TMOS was added. The mixture
was stirred for 2 h at room temperature. Finally, the white solid (PEI/tart@SiO,) was

collected, washed with water and acetone, and air-dried. Yield: 1.6 g.

Preparation of PEL/SiO,

The PEI/tart@SiO, powders were calcined at 600 °C for 3 h under air to remove the PEI
and tart components. Then, 0.1 g calcined SiO, was mixed with 0.05 g PEI in 4 mL
methanol by stirring for 12 h at room temperature. After that, PEI-adsorbed SiO, (PEI/SiO,)

was collected by centrifugation and dried at room temperature. Yield: 0.11 g.

Synthesis of surface modified chiral silica with basic residues (SCA-SiO,: 1°P-SiO,,
2°P-Si0;, 3°P-Si0,)

The silica hybrid (PEl/tart@SiO,) was calcined at 600 °C to remove the organic
components. Then, the obtained SiO,-cal (125 mg) and 0.7 mL of basic-type silane
coupling agencies (SCA) {3-(trimethoxysilyl)propylamine (1°P); N-methyl-3-
(trimethoxysilyl)-propylamine (2°P) and N,N-dimethyl-3-(trimethoxysilyl)-propylamine
(3°P) were added into 20 mL of dehydrated toluene and the mixture was stirred at 85 °C for
90 min. The products obtained were collected by filtration and washed with methanol,
water and acetone. We used the three types of silane coupling agencies bearing primary,
secondary and tertiary amino groups for the modification of silica surface, and the
corresponding products were abbreviated in 1°P-SiO,, 2°P-SiO,, and 3°P-SiO,, respectively.

Yield: 0.152 g of 1°P-SiO»; 0.151 g of 2°P-SiO, and 0.143 g of 3°P-SiO,.
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Synthesis of hydrophobized chiral silica covered with phenyl groups (Ph-SiOz)

The powders of PEl/tart@SiO, were calcined at 600 °C to remove the organic residues of
PEI and tartaric acid. Then, the calcined SiO, (160 mg) and 2 mL of phenyltrimethoxysilane
(Ph) were added into 8 mL of dehydrated toluene and the mixture was stirred at 90 °C under
a nitrogen atmosphere for 18 hours. The products obtained were collected by filtration and

washed with methanol and acetone and then dried at room temperature. Yield: 1.7 g.

Encapsulation of TCPP in chiral silica bearing amino residues

The preparation of complexes of 5,10,15,20-tetrakis(p-carboxyphenyl)porphyrin (TCPP)
and chiral silica is as follows: 80 mg of the chiral silica bearing amino residues (PEI/SiO,,
1°P-Si0,, 2°P-Si0,, or 3°P-Si0,) was added into methanol solution of TCPP (0.2 mM, 20
mL) and the mixture was stirred at r.t. for 2 hours. The wine-red powders were collected
by centrifugation, washed with methanol and dried at r.t. The corresponding products were
abbreviated in TCPP@PEI/SiO,, TCPP@1°P-Si0O,, TCPP@2°P-Si0O,, and TCPP@3°P-
Si0,, respectively. Yield: 75 mg of TCPP@PEL/SiO,; 76 mg of TCPP@1°P-SiO,; 78 mg

of TCPP@2°P-SiO,; and 74 mg of TCPP@3°P-SiO,.

Encapsulation of 1-pyrenecarboxyl acid in chiral silica bearing amino residue

The preparation of complexes of 1-pyrenecarboxyl acid (PyC) and chiral silica is as
follows: 80 mg of 1°P-SiO, was added into ethanol solution of PyC (0.8 mM, 20 mL) and
the mixture was stirred at r.t. for 2 hours. The white powders were collected by
centrifugation, washed with methanol and dried at r.t. The corresponding products were

abbreviated in PyC@ 1°P-SiO,. Yield: 78 mg.
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Encapsulation of fluorescein in chiral silica bearing amino residues

The preparation of complexes of fluorescein (FR) and chiral silica is as follows: 80 mg of
1°P-SiO, was added into methanol solution of FL (0.8 mM, 20 mL) and the mixture was
stirred at r.t. for 2 hours. The orange powders were collected by centrifugation, washed
with methanol and dried at r.t. The corresponding products were abbreviated in FR@ 1°P-

SiO,. Yield: 76 mg.

Synthesis of methylammonium bromide (MABr)

Methylamine solution (24 mL of 33 wt%) in absolute ethanol were added to 100 mL of
ethanol (pre-cooled to 0 °C). Then 8.6 mL of hydrobromic acid were added and the
resulting mixture was stirred under Ar atmosphere for 1 hour. Then, water and ethanol were
removed by rotary evaporation at 40 °C. The product was dissolved in ethanol,

recrystallized in diethyl ether, and dried under vacuum at 40 °C for 24 hours. Yield: 18 g.

Preparation of perovskite NC and chiral silica composites (MAPbBr;@1°P-SiO,)

The powders of 1°P-SiO, (40 mg) were mixed with 0.8 mL of 0.3 M solution of
methylammonium lead-bromide (containing 0.24 mmol of MABr and PbBr,) in DMF for
10 minutes. Then the mixture was conducted with suction filter. The retained powders
placed in a petri dish were heated at 100 °C in a vacuum condition for 40 min. Afterwards,
the powders were allowed to cool to room temperature under vacuum condition. Finally,
the dried sample was washed with toluene and the yellow powders were recovered by

suction filtration. Yield: 38 mg.
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Preparation of tetraphenylethylene (TPE) and chiral silica composites (TPE@Ph-
SiO;)

The powders of Ph-SiO, (30 mg) were mixed with 0.6 mL of 0.05 M solution of
tetraphenylethylene (TPE) in THF for 1 h. Then, the mixture was conducted with suction
filter and the retained powders were dried at r.t. Afterwards, the sample was washed with
water and the white powders were recovered by suction filtration. The product obtained

was dried at 60 °C. Yield: 25 mg
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4-3 Results and Discussion

Complexation of Achiral Dyes with Chiral Silica Possessing Amino Residues

As shown in Scheme 4-1, we firstly prepared chiral silica according to our established
method*3#4 using the crystalline complexes of PEl/tart as chiral catalytic template and the
resulted hybrids of PEl/Tart@SiO, were sintered at 600 °C to obtain chiral silica.
Intriguingly, the SiO, after calcined showed the CD and VCD (vibrational circular
dichroism) activities on its absorption band which indicates that the chirality is involved in
Si-O bond. That is, a tetrahedron-based asymmetrically-centered Si atoms would be

selectively formed in the framework of polysilicates.*Y Subsequently, the primary amine
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Scheme 4-1. The preparation of the chiral silica and its application to chiral host
materials to endow achiral luminophores with CPL-feature.

aminopropyltrimethoxysilane in toluene, which resulted in 1°P-SiO, covered by the basic
surface. It can be seen from SEM image (Figure 4-1a) that the morphology of sintered SiO,
templated by D-PEI/tart aggregates is based on sub-micro scale bundles consisted of a lot

of nanofibers. After reacted with 3-aminopropyltrimethoxysilane, the resulting D-
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1°P-Si0, also showed the same morphology but the nanofibers became thicker due to the
introduction of 3-aminopropylsilyl groups on the silica surface (see Figure 4-1b). To
determine the introduction amount of 3-aminopropyl on the silica, we conducted the D-
and L-1°P-SiO, to TGA measurement. As shown in Figure 4-1c, the weight-loss ranging
from 200 - 800 °C is about 9.3 wt% for both D- and L-1°P-SiO, corresponding to 1.6 mmol

of —-NH, group in per gram of silica. Although the silica itself has no absorption in the
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Figure 4-1. SEM images of calcined a) D-SiO, and b) D-1°P-SiO.. ¢) TGA curves

and d) DRCD spectra of D- and L-1°P-SiO,. The solid-state CD spectra of D- and

L-1°P-SiO; (Red line for D-form while blue line for L-form).

wavelengths over 200 nm, the 1°P-SiO, bearing aminopropyl-group showed apparent
absorption in the wavelength ranged 200 ~ 300 nm. Interestingly, in this absorption region,
the D- and L-1°P-SiO, exhibited remarkable CD activity with opposite spectral lines with
mirror-relationship though the aminopropyl-group is achiral. This means that the CD
activity due to aminopropyl-group is practically induced by the chirality of silica (see
Figure 4-1d). Since the 1°P-SiO, covered by amino group is able effectively to capture
acidic organic compounds, we selected three acidic fluorophores of TCPP, PyC and FR
and prepared the corresponding D- and L-type TCPP@1°P-SiO,, PyC@1°P-SiO, and

FR@1°P-SiO, by binding physically the fluorophores onto 1°P-SiO, in methanol. To
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prove the chirality information transfer from the silica to the fluorophores, the three pairs

were subjected to solid-state CD spectroscopy. In Figure 4-2a-c, UV-Vis and the
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Figure 4-2. Solid-state UV-vis and CD spectra of a) TCPP@ 1°P-SiO,, b) Py@ 1°P-SiO,, and ¢)
FR@ 1°P-SiO,.

corresponding CD spectra were recorded. It is clear that TCPP@1°P-SiO,,
PyC@1°P-SiO, and FL@1°P-SiO, displayed the characteristic light absorption at UV
and/or visible light regions contributed from each residue of TCPP (Soret and Q-bands),
PyC (below 400 nm) and FR (above 400 nm). Interestingly, as responses to these
absorption bands, CD spectra for each pair of TCPP@1°P-SiO,, PyC@1°P-SiO, and
FR@1°P-SiO, exhibited very well mirror-relationships in which L-type showed positive

cotton effect while D-type did negative one (see Figure 4-2a-c). These results indicate that
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Figure 4-3. Solid-state CD/UV-vis spectra of TCPP encapsulated in
sintered chiral SiO,, blue line for L-form while red line for D-from.

the chiral information of silica could transfer to the guests of the physically adsorbed
luminophores, and consequently the chiral silica is capable of directing the guests of
luminophores to play as chiral component even if the guests of luminophores themselves

have not chirality in their chemical structure. We think that the power of silica to transfer
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the chiral information to the guest is very strong as long as the guests are trapped on silica
within quasi inter-molecular interaction regime. Here, just the interactions between amino
group in silica side and carboxyl group in luminophores side tie the two sides together to
form an acid-base couple. When the chiral silica has not amino group, the silica could form
only a mixture with TCPP without special interactions, thus the mixture did not show
meaningful CD activity in the Soret band of TCPP (see Figure 4-3). In order to imply the
role of amino group in chirality transfer from silica to luminophores, we also used the CD
active chiral silica chemically binding secondary/tertiary amine groups or physically

binding PEI residues (see Figure 4-4a-c) in the preparation of a series of acid-base (TCPP
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Figure 4-4. Solid-state CD/UV-vis spectra of a) PEI-SiO,, b) 2°P-SiO; and c) 3°P-
SiO. Solid-state CD/UV-vis spectra of a) PEI-SiO,@TCPP, b) 2°P-SiO.@TCPP
and c) 3°P-SiO,@TCPP.

and basic silica) coupled complexes such as D- and L-TCPP@PEI/SiO,, D- and L-
TCPP@2°P-Si0,, D- and L-TCPP@3°P-SiO, (see Figure 4-4d-f). Their UV-Vis and CD
spectra were shown in Figure 4-4. As expected, all the three pairs of D- and L- form
exhibited chiroptical activity with opposite CD signs to form mirror relationship on the
Soret and Q-bands of porphyrin residue. These results suggest that all the chiral silica with
basic sites could capture acidic TCPP and endow the TCPP with chirality. Chiral
performance of the above acidic luminophores captured by chiral silica could be used as
CPL-active candidates because the luminophores has intricate luminescent property under
certain excitation. We subjected all the samples of TCPP-associated chiral silica to
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fluorescence and CPL spectroscopies. As shown in Figure 4-5a, photoluminescence (PL)
spectra of TCPP@1°P-SiO, showed two emission peaks appeared ranging from 670 nm to
720 nm, which were attributed to the S1—S0 transitions. Similarly, PyC@ 1°P-SiO, and
FR@1°P-Si0, also showed their emission under irradiation at 282 nm (Figure 4-5b and c).

Interestingly, as shown in Figure 4-5d, the enantiomeric pair of TCPP@ 1°P-Si0O, featured
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Figure 4-5. Solid-state fluorescent spectra of a) 1°P-SiO,@TCPP b) 1°P-
SiO,@Py and c) 1°P-SiO,@F, and corresponding CPL spectra of d) 1°P-
SiO,@TCPP e) 1°P-SiO,@Py and f) 1°P-SiO,@F.

photoluminescence exhibited oppositely signed CPL lines around at 650 nm due to TCPP,
showing plus for L-form while minus for D-form, although the TCPP itself is achiral. The
luminescence dissymmetry factor (glum) was 5.0x10-3, which is calculated from gum =
2x(I.-Ir)/(I.+Ig), where I} and Iy refer to the intensity of left- and right-handed CPL,
respectively. This indicates two issues here: one is the TCPP residue interacts strongly with
the amine residues bonded on the silica, and the other one is the chiral information in the
silica is effectively transferred to the TCPP to cause the induced CD and CPL. It seems that
in this event, the amines groups bonded to the silica with covalent or non-covalent play an
important role to mediate the interactions between the host of silica and the guest of TCPP.
Surprisingly, pairs of antipodal CPL signs with plus for L-forms while minus for D-forms,
could be detected from each enantiomeric pair of all the samples of the TCPP associated

silica, TCPP@2°P-Si0O,, TCPP@3°P-SiO,, and TCPP@PEI/SiO, with the average gum
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values were about 2.0x10-3 — 5.0x10-3 (Figure 4-6). From the D- and L-SiO,@TCPP

without amine mediation, we could not find CPL feature. This result further indicates that
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Figure 4-6. Solid-state CPL spectra of a) TCPP@PEL/SiO,, b) TCPP@ 2°P-SiO, and c)
TCPP@3°P-SiO,.

the amine residues are indispensable in pulling TCPP around the neighbor of the silica via
acid-base interaction and thus inducing the chirality. Similar to the TCPP system, the
prepared chiral hybrids of PyC@1°P-SiO, and FR@ 1°P-SiO,, also exhibited remarkable
mirror-imaged CPL activity in their emission bands with g;,, values 5.0x10-3 and 2.0x10-3,
respectively, when excited under UV diode laser (375 nm) irradiation, suggesting the
chirality transfer from silica to guest molecules through the interaction between the carboxy
groups and amine residues (Figure 4-5e and f).

Preparation of MAPbBr; and Chiral Silica Composites

As discussed above, molecular dyes are capable of exhibiting CPL feature when they are
associated as guests to the host of chiral silica. In order to confirm the power of the chiral
silica to cause CPL from the non-molecular state of photoluminescent materials, we further
tried a nanocrystal of lead-halide perovskite (LHP) nanocrystals (NCs) as
photoluminescent candidate. The LHP NCs including organic-inorganic CH;NH;PbX; NCs
(often denoted as MAPbX;, MA=methylammonium cation) have recently been receiving a
lot of attention due to their outstanding photoluminescent properties such as bright
photoluminescence within a wide color gamut.[*! Since the luminescent property of LHPs
has a correlation with the crystallinity, LHPs are typically fabricated by the colloidal

synthetic way using capping ligand reagents in order to control its crystal growth process.
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The chiral capping ligands were occasionally used as a chiral source to aim at endowing
the chirality with LHPs, but the report on chiral LHPs is still limited.’*5!1 As the same is
true of whole emissive semiconductors, capping chiral molecules do not always make them
become CPL-active though they can behave optically-active in the CD spectra. So, the
selection of chiral capping ligands is vitally important.’?! On the other hand, there is no
report on the chirality induction LHPs by employing the inorganic chiral materials as a
chiral source.

The sample of 1°P-SiO, impregnated with highly concentrated solutions of the
precursor salt (CH;NH;Br and PbBr,) was heated under reduced pressure to induce the

formation of MAPbBr; NCs on the silica. Finally, the products obtained were washed with
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Figure 4-7. TEM images of a) individual MAPbBr; NPs from 1°P-
SiO,@MAPbBr; and b) its corresponding FFT analyses. ¢) The energy dispersive
X-ray (EDX) spectra of 1°P-SiO,@MAPbBr3. d) XRD patterns of before and after
washed 1°P-SiO,@ MAPbBT;.

toluene to remove the excess NCs which formed outside the silica, giving
MAPDBr;@1°P-Si0,. A structural analysis of the product obtained was presented in
Figure 4-7. Transmission electron microscopy (TEM) images of MAPbBr;@1°P-SiO,

showed entangled silica nanofibers with about 20 nm diameter at low magnification-state,

108



while about 5 nm of MAPbBr; NCs distributed along to the fibrous structures were
observed at a high magnification-state (Figure 4-7a and b). According to the elemental
mapping by area-selective energy-dispersive X-ray spectroscopy (EDXS), the main peaks
of Pb and Br elements were detected, suggesting the MAPbBr; NCs were successfully
encapsulated in the chiral silica (Figure 4-7c). However, the exposure to the electron beam
often caused the collapse of the NCs. The X-ray diffraction (XRD) pattern of
MAPDBr; @ 1°P-SiO, is shown in Figure 4-7d. The one broad halo peak at 20 =10° — 25°
was corresponding to its amorphous structure of the silica. The sample encapsulating the
perovskites showed the unique XRD pattern similar to a cubic phase structure with a lattice
constant=5.9361 A, which is well-agreement with a cubic organic-inorganic perovskite
structure (space group =Pm3m, a = 5.9334 A).53 However, the peaks are significantly
broadened and split due to the finite grain size restricted by amine residues binding chiral
silica. Figure 4-7b showed the TEM image of the one nanoparticle and its Fast Fourier
Transform (FFT) pattern, indicating the interplanar distance of 2.97 A corresponding to the
(200) crystals facet was well-consistent with XRD results. Both MAPbBr; NCs enclosed
in D- and L-silica showed the PL emission in a narrow range around 520 nm under
excitation at 370 nm (Figure 4-8a and b). Our interest here is whether the MAPbBr; NCs
enclosed in chiral silica can show CPL-activity. The solid-state CD spectra of D- and L-
MAPbBBr;@1°P-SiO, exhibited the mirror image CD signals in the wide range from 200
nm to 400 nm, which were corresponding to the absorption of the amine residues and
MAPbBBr; NCs (Figure 4-8c). Surprisingly, the plus CPL signal for L-form was observed
in the emission wavelength of the MAPbBr; NCs while the oppositely CPL sign in the case
of D-form with g, of 2.0x10-* (Figure4-8d). However, when the MAPbBr; NCs formed

on the sintered chiral SiO, (composed of pure SiO,) in a similar way, it could show
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remarkable CD signs while no CPL signs were detected. Therefore, the amine residue
bonding chiral silica is crucial to the CPL-induction of MAPbBr; NC. We are aware that
the induction mechanism of the CPL-activity in this system is not simple. We understood

the optical activities from MAPbBr; NCs were not dependent on the shape chirality or
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chiral arrangement of the NCs on the silica, which was supported by the SEM and TEM
observation. During the crystal growing process, it is needed to note that the primary
amines bonding to chiral silica can strongly coordinate with lead ions, which provide the
scaffold of crystal seeds in the initial stage. Therefore, the perovskites were epitaxially
grown on the silica as the evaporation of the organic solvent while they were strongly
susceptible to the chirality of the silica. As a result, it might cause the chiral distortion of
their surface and/or interior crystalline structure with inducing the CPL-feature from an
inherently asymmetric crystalline structure. However, it is hard to reveal the atomic
arrangement of unstable MAPbBr; NCs by TEM observation because the exposure to the
electron beam changed the initial crystalline structure of perovskites. Further experiments

and measurements are still necessary to clearly understand the CPL-induction mechanism.
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Preparation of Tetraphenylethylene (TPE) and Chiral Silica Composites

Generally, most of m-conjugated molecules emit intensively in the dilute solution but
become weak- or even non-emission in the aggregation or solid-state, due to the
aggregation-caused quenching (ACQ) effect. On the other hand, AIE-active luminogens
(AIEgens), such as silole, tetraphenylethene (TPE), and their derivatives, show the reverse
phenomenon, that is, AIEgens are non-emissive in a good solvent, but become highly
luminescent upon the aggregation.’* Herein, we tried to construct the CPL-active AIE
system in the combination with chiral silica, in which the chiral scaffold induces the CD
and CPL from an AIEgen of tetraphenylethene (TPE). The procedure for the preparation
of chiral silica and TPE hybrids can be accessed by two steps. In the first, the surface
property of the sintered silica needed to be modified with phenyl groups for providing the
interaction site with the guest of TPE. Then, the products obtained (Ph—SiO,) was
immersed in TPE solution (dissolved in THF), and then the impregnated samples were
sandwiched with two sheets of filter paper to remove the excess solution, which yielded

the hybrids of chiral silica and TPE aggregate (abbreviated as TPE@Ph-SiO,).
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Figure 4-9. a) FT-IR spectra of L-Ph-SiO,. b) TGA curves of L-Ph-SiO, (blue line) and L-Ph-
SiO,; @TPE (red line).

The insertion of phenyl groups into chiral silica was confirmed by FT-IR and TGA
measurements shown in Figure 4-9. In the FT-IR spectra of L-Ph-SiO,, the peaks around
2990 cm! related to the stretching vibration of (C—C) ring and deformation vibration of
(C-H) ring due to the presence of phenyl group (Figure 4-9a). The weight loss from TGA-
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curve in the temperature range from 200 to 800 °C was assigned to the organic components
of phenyl groups (Figure 4-9b). After the formation of TPE aggregates on the SiO,, the
ratio of organics toward inorganics calculated from TGA curves of L-Ph—SiO,@TPE got
increased from 8.8 to 19.9 %, in which the TPE aggregates accounted for 12.2 % out of
total organics of 19.9 %. The optical properties of these samples were shown in Figure 4-
10. The solid-state CD-spectra of D- and L-Ph—SiO, showed remarkable CD signs with
mirror relation within the UV absorption band (200-280 nm), which arose from the r-7t*
transition of phenyl groups (Figure 4-10a). After the formation of TPE aggregates on the
chiral silica, a new absorbance appeared within a wide area from 200 - 400 nm wavelength
corresponding to TPE molecules, and the induced CD signals derived from TPE were also

observed in the same absorbance region (Figure 4-10b). TPE molecule itself is not chiral,
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Figure 4-10. Solid-state CD/UV-vis spectra of a) Ph-SiO, and b) Ph-SiO,@TPE.
¢) Photoluminescence spectra of Ph-SiO,@TPE under excitation at 365 nm. d)
Solid-state CPL spectra of Ph-SiO,@TPE.

but the non-covalent interaction between TPEs and phenyl groups binding to chiral silica
could induce the chirality from TPE molecules and/or their aggregates. This motivated us
to investigate whether the CPL-feature can be detected from TPE confined in chiral silica.

As shown in Figure 4-10c, both enantiomers of TPE@Ph-SiO, displayed strong
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photoluminescence at emission wavelength around 460 nm owing to the AIE property of
TPE. Amazingly, TPE@Ph-SiO, exhibited remarkable CPL signs at the emission
maximum at 476 nm with different handedness, positive sign for L-type while negative
sign for D-type (Figure 4-10d). This is the very simple method for endowing the CPL-

feature with AIEgen, in which design of the AIE molecules with covalently bonded chiral

moieties is not necessary.>”!
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4-4 Conclusion

In conclusion, nanofiber-based chiral silica, which has molecular scale chiral domains
through its siliceous frame, were employed as chiral host to construct the inorganics-based
CPL-active systems to endow various luminescent achiral guests with CPL-feature. It is
worth noting that the chiral source came from inorganics, which is different from the
present researches on CPL-active systems based on organics. More importantly, this CPL-
active system can be easily accessible without tedious synthesis and applied to the diverse
guests from molecular species to molecular packing entities including achiral dyes,
perovskite NC, and AIEgen. In this system, the key is the surface modification of the silica
to fulfill the non-covalent interactions between the host silica and luminescent guests. The
robustness and tolerance of the silica as a chiral host will provide diverse combinations
with luminescent guest materials regardless of organics and inorganics. We believe that
this concept will provide an idea for the future design and application of optical materials

using chiral inorganics such as sensors and solid-state optical devices.
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General conclusion

Bio-analogous silicification mediated by chiral complexes of PEI and Tart offered
optically-active silica nanofibers, whose chirality derived from its siliceous frame that is
composed from an asymmetric tetrahedral unit of SiO4. By using this peculiar chiral
environment of the silica, novel and effective methods for the synthesis of chiral organic
and/or inorganic materials could be achieved via chirality transfer systems, whereby the
silica can act as an asymmetric source for endowing different species in-situ formed around
the silica with chirality. Hereinbelow, the contents were briefly summarized as follows.

In the first, a new chirality transfer system to metallic NPs from chiral silica was
proposed and demonstrated. The metallic NPs of Au and Ag grown around a silica frame,
using a thermo-reduction (calcination) process, showed a spherical shape with a size of
about 30 nm. Interestingly, the metallic NPs detached or isolated from the silica via
crushing and/or hydrolysis of the silica showed remarkable circular dichroism activity in
their plasmon absorption band with an exciton coupling feature. Using an atomic resolution
scanning transmission protocol, it was found that the chiral metallic NPs have a definite
distortion in the atomic array in their crystal lattice structures. In comparison, achiral
metallic NPs, which were prepared using a similar method around achiral silica bundles,
showed a precisely ordered atomic line without distortion. In this respect, it is still
necessary to examine whether the distortion in the atomic array involves the chiral origin
of metallic NPs.

The chirality transfer employing the chiral silica is not only available for the synthesis
of chiral inorganic NPs but also the chiral cross-linked polymeric materials. That is, in the
sécond, asymmetric synthesis of chiral phenolic resins (RF) could be accessed by
employing the chiral silica bonded covalently with amine residues as an asymmetric

medium to asymmetrically mediate the polymerization of resorcinol (R) with formaldehyde
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(F). The resultant composites, consisting of RF resins and SiO., showed chiroptical signals
with a mirror relationship that appeared remarkably in their circular dichroism (CD) spectra
around the adsorption bands of the RF resins. More importantly, the RF resins still retained
CD activities even after the removal of the chiral silica using HF (aq.), suggesting efficient
chirality transfer from the chiral silica to the phenolic resins. The origin of the chirality in
the RF resins is thought to be the appearance of axial asymmetry due to the formation of
distorted calixarene-like cyclic structures, which is supported by the emergence of chirality
from the reaction of C-tetramethylcalix[4]resorcinarene and formaldehyde catalyzed by
chiral silica-bonded amine residues. Interestingly, these chiral phenolic resins in a hybrid-
state with the silica showed the chiral recognition towards mandelic acids when being
placed in the racemic solution.

Different from the above-mentioned way, in the third part, chiral cross-linked
polymers could be synthesized from the radical polymerization of achiral divinyl
monomers in the mediation of the chiral silica. In this system, divinylbenzene (DVB) and
N,N'-methylenebisacrylamide (MBA) were selected as achiral divinyl monomers. The key
is to modify the chiral silica surface with functional groups to become a pocket for achiral
monomers. Thus, a pair of cross-linked polymers of PDVB and PMBA in-situ synthesized
around D- or L-silica showed mirror-imaged CD signs in their absorption bands even after
the removal of the silica. More interestingly, these polymers could be directly used as a
chiral matrix whereby an encapsulated achiral prove was forced to become optically active
in the CD spectra.

In the fourth part, inorganic-based CPL-active systems were constructed by the “chiral
host-luminescent guest” strategy, in which silica acts as a chiral host to endow various
luminescent guests with CPL. The chiral silica was modified by silane coupling with amino
or phenyl groups to allow interaction with luminescent guests, and then used in

combination with acidic achiral dyes, lead-halide type perovskites, and aggregation-
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induced emission luminogens (AIEgens). Interestingly, when these achiral guests were
noncovalently confined in surface-modified chiral silica, the guests showed chiroptical
behavior in the circular dichroism (CD) spectra, and thus became CPL active, even though
they are not inherently chiral. The surface functional groups on the silica play very
important roles in transferring the chiral information from the silica to the guests. This work
provides a new concept for constructing CPL-active systems using inorganic materials as
a chiral source.

The above has been a demonstration that chiral silica promoted by PEI/tart has a great
power to transfer its chiral information to metallic NPs, organic cross-linked materials, and
even photoluminescent materials. Such an ability to transfer its chirality to other species
might be due to the existence of a distortion-based asymmetrical tetrahedron of SiO, thaf
is hidden in the siliceous frame. Although the transfer mechanism and those chiral origins
are still unclear, we believe that the use of chiral silica for the asymmetric synthesis of
organic ‘andlor inorganic materials will bring meaningful hints not only materials science

but also the central problem of the origin of life.
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