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8.1 Introduction

Chirality is amongst the few properties of matter that manifest themselves ubiqui-
tously from large macroscopic objects to subatomic particles. The two enantiomers
of a chiral structure (material or molecule) have almost the same properties as
individual species, but the differences become pronounced when they interact with
other chiral structures or an external field (enantioselectivity). The chiroptical prop-
erties of chiral molecules due to inherent molecular asymmetry factors are limited
by our ability to synthesize large molecules. The large majority of chiral molecules
have dissymmetry g-factor (Δ𝜀/𝜀) lower than 10−3 [1]. Promising approaches to
enhance the chiroptical signals include hierarchical or mesoscopic luminophores
such as intramolecular self-assemblies [2], liquid crystal, or polymers [3–5] with
strong cooperative effect (chiral amplification). The concept of the transmission
of chirality information, generally called chirality transfer or chirality induction,
is an interesting approach that can be observed at different levels. In the large
majority of the cases, they are observed between a part of a molecule and another
part of the same molecule (intra-molecular) or from a chiral (supra)molecule to
another (supra)molecule (inter-(supra)molecular). Where the transmission of the
chiral information is observed between the entities of similar sizes, an interesting
extension that gives access to the transmission of chiral information spanning over
different scales and functions can be observed in the cases where chiral molecule
self-assembles to form nanometric or micrometric chiral structures (chirality
amplification) and inversely from a chiral mesoscopic structure or a patterned

Chiral Luminescence: FromMolecules toMaterials andDevices, First Edition. Edited by KazuoAkagi.
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surface to achiral molecule or nanoparticles. Among various mesoscopic structures,
nanoparticles of 1–100 nm have been used in a wide range of fields, because they

AQ2

exhibit unique physical/optical properties different from solid bulk materials due
to the quantum size effect. The combination of chiral nanoparticles and chiral
molecules based on the strong interaction between plasmonic states of chiral
nanomaterials with circularly polarized photons [6–11] has therefore promising
potential as molecular markers and enantioselective detections [12, 13]. There have
been reports on asymmetric interactions between chiral gold nanoparticles (GNPs)
with chiral molecules and biomolecules [14, 15]. Such strong circularly polarized
signals show promising applications in the biomedical field as biomarkers to detect
neurodegenerative diseases [16].
We have developed unique supramolecular double template method using a soft

template with shape-controllable nano morphology to fabricate hard, helical sil-
ica outer shells containing nanometric morphological information on chiral objects
(pitch and handedness) on the order of tens to hundreds of nanometers. By densely
organizing molecules and particles on its surface, it is possible to transfer chiral
properties to the long-range aggregates of achiral molecules and particles [17]. This
method allows us to design new chiral materials in which chiral information from
nano/macroscopic platforms onto small molecules and nanoparticles resulting in
chiroptical signals on achiral entities defined as induced circular dichroism (ICD)
or induced circularly polarized luminescence (ICPL) [18, 19].
In this chapter, we will present the ensemble of examples we have demonstrated

in which a small chiral molecule is used to design nanometric chiral platforms with
a few hundred nanometer, which then were used as a matrix for the amplification of
chirality of a variety of chromophores in order to design functional nanostructures.

8.2 Molecular and Supramolecular Chirality from
Gemini-Tartrate Templates

8.2.1 Gemini-tartrate Amphiphiles – Formation of Gels with Chiral
Nanoribbon Structures

The helical supramolecular nanoplatform is prepared as previously reportedmethod
using achiral cationic gemini surfactants having the formula C2H4-1,2-((CH3)2N+

C16H33)2, denoted as gemini or 16-2-16 hereafter in the presence of chiral tartrate.
In water they form nanometrical twisted or helical ribbons as well as tubules as
observed by transmission electron microscope (TEM) (Figure 8.1) [20, 21]. The
handedness of the helices depends on the D- or L-chiral configuration of tartrate
(Right-handed ribbons are formed in the presence of L-tartrate and left-handed
ribbons are formed with D-tartrate.). The pitch and width of these helices decrease
continuously upon increasing the enantiomeric excess (ee), from flat multilayer
membranes for the racemate (infinite pitch) to the twisted ribbons (with Gaussian
curvature, Figure 8.1a) with 100 nm pitch, and to the helical ribbons (cylindrical
curvature, Figure 8.1b) with about 65 nm pitch, and the tubules (Figure 8.1c) for
the pure enantiomer [22].
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Figure 8.1 Chemical structure of 16-2-16 L-tartrate. Transmission electron microscopy
(TEM) images and schematic representations of a twisted ribbon (a), a helical ribbon (b), and
a tubule (c) and a flat ribbon of racemic 16-2-16 tartrate (d). The morphologies of the
multilayer ribbons depend on the ee of the tartrate counterion. For a pure enantiomer,
twisted ribbons form first, and transform into helical ribbons and tubules with time. This
transformation into helical ribbons or tubules subsists at an ee as low as 0.8, but only
twisted ribbons are observed below ee = 0.6. The pitch of the twist increases with
decreasing ee (e and f) up to an infinite value for ee = 0 (flat ribbon). Source: Reproduced
with permission from John Wiley & Sons, Inc., 2018.

Detailed study by small-angle and wide-angle X-ray scattering (SAXS and WAXS)
associated with molecular modeling revealed that the ribbons formed with 16-2-16
tartrate follow well-defined and crystalline molecular organization [23]. They are
made of stacked heterochiral bilayers comprised of homochiralmonolayers, and this
organization is conserved through large morphology transitions from racemic (i.e.
flat multilayered ribbons) to helical ribbons or tubules for the pure enantiomer. The
chirality of mono/bilayers are defined not only by the molecular chirality of tartrate
(D- or L-) but through the propagation of hydrogen bonds between tartrates and crys-
talline water molecules, and by the dications that are intrinsically achiral but adopt
two mirror-image conformations of their headgroups, i.e. through the formation of
strong ion pair with dianion tartrate. The contact domain between adjacent bilayers
is homochiral: both gemini headgroups and tartrate of the symmetrical leaflet have
the same chirality.
Along with detailed circular dichroism (CD) studies reported previously [24, 25],

the XRD analysis described above gives us a global view on this simple but beautiful
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system. Chiral counterions and nonchiral gemini surfactants form crystalline
bilayers with well-defined chiral organization with a long-range hydrogen-bonded
network, leading to the formation of chiral ribbons. Thus chiral information is
transmitted from tartrate to gemini molecules, which leads to the chiral assemblies
(with chiral conformation) expressing the chirality at mesoscopic level.

8.2.2 Organic–Inorganic Nanohelices

The structural diversity of the nanometric chiral nanoribbons based on the
self-assembled gemini-tartrate as described above inspired us to exploit them
as templates for inorganic chiral nanostructures fabrication with controlled
pitch and handedness by sol–gel reaction of tetraethoxysilane (TEOS) [26, 27].
After transcription, calcination was performed by heating the silica–amphiphilic
molecules hybrid nanoribbons at 600∘C for two hours under air (Figure 8.2a). After
the calcination process, both twisted and helical morphologies were maintained
(Figures 8.2b,c, right), but they shrank in all the three dimensions (thickness of sil-
ica wall, pitch, and width of the ribbons as defined in Figure 8.2d) by about 16–17%
[28, 29].

8.2.3 Chirality of Siloxane Network of the Silica Nanohelices

If the chiral shape of the helical and twisted silica nanoribbons is evident from
the TEM observations, the chirality at the interatomic level inside the silica walls
is not obvious. Infrared (IR) measurements of these silica nanoribbons exhibit
specific vibrational signals of silica in the 900–1250 cm−1 spectral range [28]. The
band located at 1090 cm−1 and its shoulder at 1240 cm−1 are associated with the
transverse optic (TO) and longitudinal optic (LO) modes of the Si–O–Si asymmetric
stretching vibration (𝜈aSi–O–Si), respectively. The band at 960 cm−1 is assigned
to the Si–OH stretching vibration of free silanol groups. Surprisingly, vibrational
CD (VCD) measurements clearly demonstrated Cotton effect both for the LO and
TO modes. The VCD spectra of L-silica–gemini hybrid twisted nanoribbons (L-tw)
presented a strong negative–positive (from long to short wavenumbers) Cotton
effect for the TO mode at 1090 cm−1 and a much weaker negative Cotton effect for
the LO mode. Opposite spectra were obtained for D-silica-gemini hybrid twisted
nanoribbons (D-tw). The two components of the 1090 cm−1 band are probably due
to the coupling of the different 𝜈aSi–O–Si vibrators, which are distributed in a chiral
arrangement within the silica network. Similar phenomenon was observed with the
𝜈aCH2 vibration of 16-2-16 alkyl chains confined in the organic–inorganic hybrid
helices. These results unambiguously indicate that chiral information on organic
template was transcribed to the silica nanoribbons. Although a few VCD spectra
of siloxane-based materials have been reported in the literature for ladder-like
silsesquioxane polymers [30] and for micrometric chiral mesoporous silica particles
[31], no such strong VCD signals of silica chiral nanostructures with clear opposite
signals for two enantiomers have been reported before, which enable quantitative
evaluation of the chiral information on silica nanoribbons. After the calcination at
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Figure 8.2 (a) Schematic illustrations of cross-sectional surfaces of nanoribbons (left),
silica–gemini hybrid nanoribbons before (middle) and after (right) calcination. TEM images
of twisted (b) nanoribbons prepared by one hour aging or helical (c) nanoribbons after three
days aging of 16-2-16 L-tartrate (1mM) aqueous solution at 20∘C (left). The same samples
after sol–gel reaction of TEOS (middle) and after calcination at 600∘C for two hours (right).
Source: Reproduced with permission from John Wiley & Sons, Inc., 2018.

600 ∘C, the intensity of the Si–OH stretching band at 960 cm−1 reduced in agreement
with the Si–O–Si bond formation (silanol condensation reaction) during calcina-
tion. An important increase in VCD signal for the bands at 1100 and 1240 cm−1 was
observed upon calcination, and the dimensionless dissymmetric factor g = ΔA/A
of calcinated silica twisted or helical nanoribbons (gtw-calc or ghel-calc) is about 1.7 or
1.9 times larger than that of uncalcinated silica–gemini hybrid twisted or helical
nanoribbons (gtw or ghel), respectively. This is likely related to the global shrinkage
of nanoribbons and stronger silica network constraint after calcination as described
above. Therefore, chirality probably originates from the siloxane network distortion
and the resulting chirality enhancement through shrinkage of the network and
decrease in pitch. This study demonstrated, for the first time, strong VCD signals
of siloxane network forming right-handed versus left-handed twisted and helical
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ribbon-like nanostructures. It was demonstrated that the small structural changes
due to dehydration upon calcination induces the large enhancement of VCD signals,
which reveal that the observed silica chirality originates from a chirally arranged
siloxane network expressed from chiral organization of Si—O—Si bonds.
Using such silica nanohelices, we then demonstrated that it is possible to dope

inorganic ions such as lanthanide ions directly in the mesoporous silica network
of helices without any organic mediates [32]. After the transcription from organic
nanohelix to silica helices and washing away the organic template, the obtained sil-
ica nanohelices were immersed in terbium(III) acetate aqueous solution (20 mM,
30 ml) for 18 hours and thoroughly washed with water (typically six times washing)
until unadsorbed terbium(III) acetatewas almost completely removed as checked by
the ultraviolet (UV) absorption spectra. The washed hybrids were freeze dried and
then calcined at 600–1200 ∘C for four hours in air (Figure 8.3a). When the calcina-
tion temperature ranges between 600 and 1000 ∘C, Tb3+-doped nanohelices main-
tained the helical shape. When the calcination temperature reached 1100 ∘C, the
helical shape started to disintegrate while keeping the fibrous structure. No defined
structure was observed anymore when the calcination temperature increased up to
1200 ∘C (Figure 8.3b). Energy dispersive X-ray (EDX) spectroscopy detected signals
ascribed to terbium, which showed that the Tb3+ concentrations in the nanosili-
cas calcined at 600–1200 ∘Cwere estimated to be around 0.31 at% (2.4wt%, standard
deviation, 0.02 at% and 0.1wt%).
Figure 8.3c (i) and (ii) show the solid-state excitation and emission spectra,

respectively, of L-SiO2:Tb3+ calcined at different temperatures. Emission spectra of
L-SiO2:Tb3+ (Figure 8.3c (ii)) showed four sharp emission peaks at 489, 544, 586, and
621 nm, which correspond to the transition from the 5D4 state to the 7FJ (J = 6, 5, 4,
and 3) states of Tb3+, respectively [33–36]. In the excitation spectra of L-SiO2:Tb3+
monitored at 544 nm (Figure 8.3c (i)), excitation bands were observed at around
230 nm (Figure 8.3c) (i), which were attributed to the 4f8 – 4f75d transition of Tb3+
[37–39]. The emission intensity increased with increasing calcination temperature
up to 900 ∘C. This is probably due to the decrease in OH groups of nanosilica with
increasing calcination temperature and the resulting reinforced interaction of Tb3+
with (Si–O)n [17]. Over 1000 ∘C, the emission intensity decreased drastically, prob-
ably due to the transformation of individually dispersed Tb3+ into nanoparticles, as
terbium oxide, for which only the Tb atoms in the outer surface can be emissive.
We then performed electronic circular dichroism (ECD) spectral measurement
using a diffuse reflectance method and circularly polarized luminescence (CPL)
spectral measurement of SiO2:Tb3+. The principal question here was to know if
such bare Tb3+ ions doped in the amorphous helical siloxane network without
any organic mediates “feel” the morphological chirality of the surrounding silica
helices. For the calcined SiO2:Tb3+ beyond 600 ∘C, the clear ECD signals specific
to Tb3+ ions were observed centered at around 230 nm (Figure 8.3c) (iii)) close to
the absorption and excitation 4f8 − 4f75d transition band of Tb3+. The ECD signals
slightly decreased with increasing calcination temperature. These results suggest
that the chiral coordination of Tb3+ with Si–O(H) decreased with the increasing
calcination temperature, even though their helical shapes were maintained. When



Trim Size: 170mm x 244mm Single Column Loose Akagi5180-0 c08.tex V1 - 12/22/2023 2:50pm Page 7�

� �

�

Color Fig: 8.3

C
O

O
–

–
O

O
C

H
O

O
H

N
+

N
+ C

1
6
H

3
3

C
1
6
H

3
3

1
6
-2

-1
6
 L

-t
a
rt

ra
te

A
s
s
e
m

b
lin

g

O
rg

a
n
ic

 n
a
n
o
h
e
lix

S
ili

c
a
 n

a
n
o
h
e
lix

A
d
s
o
rp

ti
o
n
 o

f
la

n
th

a
n
id

e
 i
o
n
s

C
a
lc

in
a
ti
o
n

L
a
n
th

a
n
id

e
 i
o
n
-d

o
p
e
d

s
ili

c
a
 n

a
n
o
h
e
lix

(a
)

S
ili

c
a
 h

e
lic

e
s
 b

e
fo

re
 c

a
lc

in
a
ti
o
n

L
-S

iO
2
:T

b
3
+
 c

a
lc

in
e

d
 a

t 
9

0
0

 °
C

L
-S

iO
2
:T

b
3
+
 c

a
lc

in
e

d
 a

t 
1
1
0
0
 °

C
L
-S

iO
2
:T

b
3
+
 c

a
lc

in
e

d
 a

t 
1

2
0

0
 °

C

1
0

0
 n

m
1

0
0

 n
m

1
0

0
 n

m
1

0
0

 n
m

W
a
v
e
le

n
g
th

 (
n
m

)
W

a
v
e
le

n
g
th

 (
n
m

)
W

a
v
e
le

n
g
th

 (
n
m

)
W

a
v
e
le

n
g
th

 (
n
m

)

2
0
0

2
5
0

3
0
0

4
0
0

3
5
0

Intensity (a.u.)

0

1
0

2
0

3
0

4
0

5
0

6
0

7
0

6
0
0

7
0
0

8
0
0

9
0
0

1
0
0
0

1
1
0
0

1
2
0
0

C
a
lc

in
a
ti
o
n

te
m

p
e
ra

tu
re

 (
°C

)
C

a
lc

in
a
ti
o
n

te
m

p
e
ra

tu
re

 (
°C

)
C

a
lc

in
a
ti
o
n

te
m

p
e
ra

tu
re

 (
°C

)
C

a
lc

in
a
ti
o
n

te
m

p
e
ra

tu
re

 (
°C

)

Ellipticity (mdeg)

–
40

1
0 6

–
1
4

–
88

–
6

–
1
024

–
2

–
1
2 2

0
0

2
5
0

3
0
0

4
0
0

3
5
0

6
0
0

7
0
0

8
0
0

9
0
0

1
0
0
0

1
1
0
0

1
2
0
0

ΔI × 103

5
2
0

5
3
0

5
4
0

5
7
0

–
0
.2

0
.2

1
.2

0
.8

–
1
.2

–
0
.6

1
.0

–
0
.4

–
0
.8

0
.4

0
.6 0

–
1
.0

5
5
0

5
6
0

9
0
0

Intensity (a.u.)

4
5
0

5
0
0

5
5
0

6
0
0

6
5
0

0

1
0

2
0

3
0

4
0

5
0

6
0

7
0

6
0

0

7
0

0

8
0

0

9
0

0

1
0

0
0

1
1

0
0

1
2

0
0

(b
)

(c
)

(i
ii)

(i
i)

(i
)

(iv
)

Fi
gu
re
8.
3

(a
)S
ch
em
at
ic
ill
us
tr
at
io
n
of
th
e
pr
ep
ar
at
io
n
pr
oc
ed
ur
e
of
la
nt
ha
ni
de
io
n-
do
pe
d
si
lic
a
na
no
he
lic
es
.(
b)
ST
EM

im
ag
es
of
si
lic
a
na
no
he
lic
es

pr
ep
ar
ed
fr
om

16
-2
-1
6
L-
ta
rt
ra
te
w
ith
ou
tc
al
ci
na
tio
n
an
d
L-
Si
O
2
:T
b3

+
ca
lc
in
ed
at
90
0,
11
00
,a
nd
12
00

∘ C
.(
c)
(i)
Ex
ci
ta
tio
n
(e
m
is
si
on
w
av
el
en
gt
h
54
4
nm
),

(ii
)e
m
is
si
on
(e
xc
ita
tio
n
w
av
el
en
gt
h:
23
0
nm
),
(ii
i)
EC
D
an
d
(iv
)C
PL
sp
ec
tr
a
of
Si
O
2
:T
b3

+
ca
lc
in
ed
at
di
ff
er
en
tt
em
pe
ra
tu
re
s
(6
00
–
12
00

∘ C
);
m
ea
su
re
m
en
t

te
m
pe
ra
tu
re
:2
5
∘ C
.T
he
sp
ec
tr
a
of

L-
an
d
D
-S
iO
2
:T
b3

+
ar
e
de
no
te
d
by
so
lid
an
d
da
sh
ed
lin
es
,r
es
pe
ct
iv
el
y.
In
se
ts
in
(ii
)s
ho
w
pi
ct
ur
es
of

L-
Si
O
2
:T
b3

+

ca
lc
in
ed
at
60
0,
90
0,
an
d
12
00

∘ C
in
da
yl
ig
ht
(le
ft
)a
nd
un
de
r2
54
nm

U
V
lig
ht
in
th
e
da
rk
(r
ig
ht
).
Th
e
CP
L
sp
ec
tr
a
w
er
e
no
rm
al
iz
ed
to
1
V
of
th
e
m
ax
im
um

di
re
ct
cu
rr
en
tv
ol
ta
ge
.S
ou
rc
e:
Re
pr
od
uc
ed
w
ith
pe
rm
is
si
on
fr
om

H
ar
ad
a
[3
2]
,F
ig
ur
e
1-
3/
Ro
ya
lS
oc
ie
ty
of
ch
em
is
tr
y



Trim Size: 170mm x 244mm Single Column Loose Akagi5180-0 c08.tex V1 - 12/22/2023 2:50pm Page 8�

� �

�

8 8 Nanometrical Helical Structures as Platform

the calcination temperature surpassed 1000 ∘C, the ellipticity decreased showing
a strong correlation between the nanohelical morphology and the ECD signal,
which allows us to conclude that the chiral property of Tb3+ comes from the helical
silica with a chirally arranged siloxane network surrounding Tb3+, although the
ensemble of the silica network is amorphous. We suggest that the 4f orbital of
Tb3+ is chirally distorted by the effect of the interaction of the chirally arranged
Si–O to Tb3+. Such inorganic ions entrapped in the silica nanohelices also showed
CPL signals as shown in Figure 8.3c (iv). SiO2:Tb3+ calcined at 900 ∘C, which were
mounted in a 0.01 cm path length quartz cell showed the mirror image CPL signals
at around 545 nmwhen irradiated at 230 nm. The dissymmetry factor was estimated
to be |1 × 10−3|.
The silica nanohelices immersed in the solution of inorganic ions and then cal-

cined show induced chiroptical properties such as ECD and CPL demonstrating
direct chirality induction to inorganic ions (Tb3+). This induction was observed at
very low atomic concentration such as 0.3 at% and was still clearly observable. We
suggest that the inorganic silica acts as a chiral ligand for Tb3+. This, in turn, shows
that the lanthanide ions doped in the silica network can play a role to probe the
degree of the chiral order of Si–O–Si network.

8.3 Silica Nanohelices as Platforms to Organize
Nonchiral Objects

These inorganic or hybrid nanoobjectswithmorphologically controlled chirality can
be used as templates to induce chirality to achiral functionalmolecules or nanoparti-
cles. Two approacheswere chosen. One is to use the purely silica helices as platforms
for grafting molecules or nanoparticles where helices serve as purely morphological
support and the other is to use the hybrid organic assemblies–silica, in which case,
chiral crystalline organization of gemini surfactants protected by silica wall serve as
molecular recognition sites during the ion exchange and chirality induction. In the
following, several examples of both the cases are described.

8.3.1 Silica Helices as Platforms for Grafting Molecules

In the first example, chiral induction to smallmolecules such as pyrene and perylene
derivatives is demonstrated when they are covalently grafted onto nanometric silica
helices [40, 41] (Figure 8.4). The grafted chromophores are found to exhibit induced
chiroptical signals despite the absence of asymmetric atoms. The observed chiral
induction is attributed to supramolecular chiral organization of the chromophores
on the helical silica surface, as evidenced by the variation of the ICD signal with
increasing surface density of the achiral chromophore [40]. The magnitude of the
induced chiroptical signals increases exponentially with the grafting density of the
chromophores, suggesting that chiral induction occurs cooperatively.
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These results demonstrate the possibility to induce chiroptical properties onto
achiral molecular chromophores using inorganic mesoscopic chiral platforms hav-
ing no chiral molecules, molecular prints, or ligands but purely morphological chi-
rality at tens of nanometers scale (left- or right-handed silica helix).
We have also studied the grafting of diketopyrrolopyrroles and perylenemonoimi-

dodiesters, and the effect of substitution of benzoic acid in the ortho,meta, and para
positions were compared (Figure 8.4b) [41]. Again, the chirality at the mesoscopic
level induced chiroptical properties to these achiral molecular chromophores. We
found that all six achiral benzoic acid-based on DPP and PMIDE cores, (o-DPP,
m-DPP, p-DPP, o-PMIDE,m-PMIDE, and p-PMIDE) exhibit excimer emission upon
grafting to silica helices. Their grafting density 𝜂 is directly determined by the point
of attachment, with 𝜂(para)>𝜂(meta)>𝜂(ortho) for both theDPP and PMIDE series
on either ribbons or helices. Although in general excimer emission is expected to be
dependent on grafting density (as in the DPP series), the contrary is true for the
PMIDE series. Here, the o-PMIDE derivative with the lowest grafting density shows
the highest excimer contribution. This can be rationalized on the basis of the propen-
sity for the perylene chromophore to form excimers, given sufficient conformational
mobility. The higher grafting densities of them and p-PMIDE derivatives may result
in less conformational freedom leading to lower excimer formation yields from the
localized excited state. For both the series of chromophores, the results indicate that
the density of chromophores on the surface of the silica nanostructures is directly
correlated with the value of gabs. The lowest values of grafting density were obtained
for the derivatives substituted in the ortho-position, resulting in low gabs values.
The grafted structures are weakly (diketopyrrolopyrroles) or strongly (perylen-

emonoimidodiesters) emissive, exhibiting both locally excited state emission and
a broad, structureless emission assigned to excimers. The dissymmetry factors
obtained using CD highlight optimized supramolecular organization between the
chromophores for enhancing the chiroptical properties of the system. In the ortho-
derivatives, poor organization due to steric hindrance is reflected in a low density
of chromophores on walls of the silica-nanostructures (<0.1 vs. >0.3 and up to
0.6molecules/nm2 for the ortho and meta or para derivatives, respectively) and
lower gabs values than in the other derivatives (gabs < 2× 10−5 vs. 6× 10−5 for the
ortho and para derivatives, respectively). The para derivatives presented a better
organization and increased values of gabs. The lowest values of grafting density
were obtained for the derivatives substituted in the ortho-position, resulting in
low gabs values. From previous results, we conclude that insomuch as excimer
emission can be related to surface density, it provides an indirect correlation to the
induced chiroptical properties. However, this relationship is tenuous since systems
in which conformational motion is needed to favor excimer formation (e.g. bulky
chromophores) will show the reverse relationship. This is the case for the PMIDE
series in which chiroptical induction and excimer emission intensity are negatively
correlated.
Such silica templates provide highly robust and versatile chiral nanostructures

with good tolerance toward variations in temperature and solvent. Not only the size
and pitch but also the handedness of the silica helices can be tailored as needed,
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making them good potential candidates for the design of robust and tunable chiral
surfaces onwhich achiral dyes can be assembled to obtain chiroptical materials. The
correlation between the observed dissymmetry factor and the graftedmolecular den-
sity suggests that the difference in scale between molecules and nanometric objects
is such that individual surface-bound dyemolecules grafted on themuch larger silica
surface do not exhibit chiroptical properties. However, upon forming surface-bound
supramolecular aggregates, chiroptical properties are observed due to chiral induc-
tion from the template. Such assembly-induced chirality induction from the surface
of chiral templates may be quite general.

8.3.2 Silica Helices as Platforms for Grafting Nanoparticles

These nanometric silica helices are also used as chiral templates in order to organize
GNPs to prepare a collection of helical GNPs superstructures (called Gold helices
hereafter). These nanoobjects exhibit well-defined arrangement of GNPs (with
diameters varying between 4 and 10 nm) following the helicity of the silica template.
Strong chiroptical activity is evidenced by ECD spectroscopy at the wavelength
of the surface plasmon resonance (SPR) of the GNPs with a dissymmetry factor
(g-factor) of the order of 10−4 [8, 9]. Our study clearly showed that these optical
activities depend both on the size and the organization of the GNPs on the surface
of the helical silica template that are closely correlated with the surface chemistry
of both the GNPs and the silica helices (Figure 8.5). The CD signals of these GNP
systems were simulated according to coupled-dipole method (CDM), and the effect
of particles’ size, disorder, grafting density, and the polydispersity were evaluated.
The simulations qualitatively reproduced very well the observed CD signals in
terms of the spectra shape. The g-factor of these systems increased with the GNP
size. However, the simulated g-factor is 1–2 orders of magnitude higher than the
experimental value. This discrepancy is likely due to the GNP disorder, the variation
in the GNP density, the polydispersity of GNPs, and silica helices. The simulations
based on the positions of GNPs estimated by TEM led to the g-factor close to the
measured one Figure 8.5d).AQ3
This approachwas expanded to other nanoparticles such as quantumdots [42, 43].

Indeed these nanoparticles are perfect candidates to design chiroptical nanoobjects,
as they both exhibit excellent absorption and luminescent properties. Perovskite
CsPbBr3 nanocrystals (PNCs) are grafted on the surface of silica nanohelices by
a ligand exchange method. Grazing incidence X-ray scattering, tomography and
cryoelectron microscopy (EM) have shown closely and helically packed PNCs on
the silica helices, PNCs are much more closely organized on dried helices than in
suspension (Figure 8.6). Interestingly, they do not show any detectable chiroptical
properties when suspended in solvent, suggesting that ligands collapse and a
higher interaction occurs between the both when dried, which may induce higher
self-organization with a three-dimensional spiral arrangement of the PNCs along
with the inorganic chiral silica nanohelices. In contrast, in a dried film state, they
show large CD andCPL signals with dissymmetric factor up to 6× 10−3 (Figure 8.6b)
Simulations based on the CDM demonstrate that the CD comes from the dipolar
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Figure 8.5 Silica nanohelices synthesized from sol–gel condensation of TEOS on
self-assembled organic nanostructures are used as a matrix to prepare helical GNPs
superstructures (Gold helix) with tunable and well-defined handedness. (a) Scheme of
fabrication of GNPs@ SiO2 helix. (b) Corresponding electronic CD spectra of the Gold
helices for four different diameters. Dashed lines represent left-handed Gold helix, and
solid lines represent right-handed Gold helix. (c) Influence of the GNP radius on the CD/N
spectra simulated by considering perfectly aligned (crystalline organization) and
monodisperse GNPs forming right-handed helical organization. (d) Measured CD signal
obtained for 5.7 nm GNPs (black solid line) is compared with the simulated CD signal
obtained for perfect crystalline organization (𝜎 = 0, blue dotted line) as well as the CD
signal simulated for the real position of the GNPs (3D tomography, red dashed line).
Source: Reproduced with permission from American Chemical Society, 2018.

interaction between PNC assembled into a chiral structure (Figure 8.6c,d). For the
adjacent particles to “feel” the chirality, the interparticle distances need to be very
close to each other with good alignment, which is likely why solvated samples with
larger particle distances with much less ordered organization do not show any
detectable CD. These films show an excellent photostability in their absorbance
and CD properties; however, they strongly lose their emissivity upon heating up to
80 ∘C.

8.3.3 Coassembly of Chiral Self-assembly and Achiral Dyes

Another method to induce chirality to achiral entities is to use the hybrid organic
assemblies-silica. In the first example, we demonstrated ICD from monoatomic
anions such as fluoride, bromide, and iodide. This was detected using helically
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and CD spectra and (c) DC and CPL spectra of PNCs-right handed-silica nanohelices (black)
and PNCs-left handed-silica nanohelices film (red) dried at 4 ∘C. The inset picture in
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light. The inset picture in (c) shows the drop-cast films from right-handed and left-handed
samples irradiated under a UV lamp at 365 nm. The mean values of data measured at 0∘ and
90∘ are shown in order to eliminate the contribution of linear dichroism. The dissymmetric
factors for PNCs-L/R-silica helices are gabs (abs367.5 nm) ∼6.2×10−3/−6.4× 10−3 and glum
(em517.5 nm) ∼6.9× 10−3/−5.7× 10−3. (The names, emblems, and logotypes as shown here
credit to University of Bordeaux and Kyoto University, respectively.). (d) Schematic
representation of helically ordered PNCs. All simulations are performed by considering a
NPCs size of 9 nm. Two rows of PNCs are perfectly aligned around the helix; the radius of
the helix is 34 nm and the pitch is 65 nm (e) Simulated CD of a PNC-silica helix for several
amount of randomly removed NPCs. In inset of (e), the evolution of the g-factor at a 516 nm
wavelength with the interparticle distance (1–10 nm) is simulated by removing 30% of
NPCs (which gives the g-factor as observed experimentally in dried sample). Source:
Reproduced with permission from American Chemical Society, 2020.

arranged molecular assemblies of nonchiral cationic gemini surfactants [16-2-16]
stabilizedwith silica coating. Helical and twisted ribbons of gemini (16-2-16 tartrate)
surfactant–silica composites were prepared; then tartrate anions in the composites
are replaced by achiral anions (Figure 8.7 top). ICD signal was observed for the
monoatomic anions, which originates from their coassembly with memorized
chiral organization of 16-2-16 surfactants.
This approach was further extended for other molecular anions, and we have

demonstrated the generality of this methodology to induce chiroptical properties to
a large range of anions. Indeed, when the 16-2-16 Cl2-silica composite dispersions
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Color Fig: 8.10
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Figure 8.10 CPL and fluorescence spectra of (a) PSA (ex 340 nm), (b) PTCTK (ex 430 nm),
and (c) TPPS (ex 410 nm) in the presence of RH- (red line) or LH- (blue line) handed hybrid
helices. Source: Reproduced with permission from Scalabre et al. [44]/John Wiley & Sons.

were mixed with the aqueous solution of various achiral molecular anions, the ion
exchange between the chloride and other anions occurred on most of the time, and
we have clearly demonstrated the emergence of chiroptical properties from the
latter. These anions include [1] inorganic molecular anions with different shapes
such as trigonal planar nitrate (NO3

−), linear thiocyanate (SCN−), tetrahedral
orthotungstate(VI) (WO4

2−), chromate(VI) (CrO4
2−), and permanganate(VII)

(MnO4
−); and [2] anionic polyaromatic chromophores such as biphenyle, pyrene,

perylene, and porphyrin derivatives [44] (Figures 8.8 and 8.9).
For luminescent anions, we could observed ICPL from the confined achi-

ral anionic fluorophores, in particular for pyrene sulfonic acid; the ICPL was
observed from intermolecular excimer through excimer formation, which is a rare
observation to date for achiral molecules (Figure 8.10).
These results indicate that nonchiral cationic surfactant gemini paired with chiral

counterion, tartrate that forms helical self-assembly can keep their chiral assembly
with chiral arrangement when it is confined inside helical silica nanomatrices even
after the tartrate is exchanged by other achiral anions, inducing chiroptical proper-
ties to these anions.

8.4 Conclusion

This chapter shows howhelical nanosilica platform can be used to create chiral envi-
ronment at nano-scale, and induce chiroptical signals from a large range of achiral
molecules and nanoparticles.
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First, the chirality of a dianionic molecule (L- or D-tartrate) ion paired with
achiral dicationic n-2-n gemini surfactant self-organize together into right- or
left-handed chiral nanostructures. The chiral arrangement both of tartrate and
n-2-n molecules were clearly evidenced by VCD and XRD. These chiral molecular
assemblies with controllable chirality were used to synthesize chiral inorganic or
hybrid nanohelices, which were then used as the template to induce chirality in
achiral functional molecules, nanoparticles, or monoatomic ions. Two approaches
were presented. In the first one, the surfaces of these silica nanohelices were
functionalized for the grafting of achiral dyes or nanoparticles, leading to their
chiral organization evidenced by ECD and CPL signals. In the second method,
various types of achiral anions are used to replace the original tartrate anions
confined in the chiral silica matrices along with gemini surfactant. These anions
are then co-organized forming chiral assembly, and, again, chiroptical signals are
observed.
The silica helices@chromophores systems presented in this chapter are much

more robust than previously reported organic-based chiroptical nanostructures.
And the unprecedented multistep transfer mechanism of chiral information from
molecules to molecular assemblies, from organic to inorganic templates, then
to other achiral molecules, particles, or monoatomic ions (as summarized in
the scheme Figure 8.11) is a very interesting example of how to achieve finely
controllable chirality from versatile ensembles of emissive entities. Therefore, our
approach can lead to very promising applications in the field of light management
such as circular polarizers, chiral metamaterials or chiral sensing, 3D displays,
and more globally for the data storage, the security, and the communication in the
visible range.
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