Chiral Colloids: Homogeneous
Suspension of Individualized SiO,
Helical and Twisted Nanoribbons

Yutaka Okazaki," Jiaji Cheng,* Dmytro Dedovets,** Gregor Kemper,* Marie-Héléne Delville,’
Marie-Christine Durrieu,* Hirotaka Ihara,” Makoto Takafuji," Emilie Pouget,** and Reiko Oda**

*Department of Applied Chemistry and Biochemistry, Kumamoto University, 2-39-1, Kurokami, Kumamoto 860-8555, Japan, ‘Institute of Chemistry & Biology of
Membranes & Nanoobjects (UMR5248 (BMN), CNRS, Université de Bordeaux, Institut Polytechnique Bordeaux, 2 rue Robert Escarpit, 33607 Pessac, France, and
SInstitut de Chimie de la Matiére Condensée de Bordeaux (UPR9048 ICM(B), CNRS, 87 avenue du Dr. A. Schweitzer, F-33608 Pessac, France

J o 0
—— - | |||[|L. =
Ultrasound n
% 2000 4000
200m

preserving the fine internal structures from several micrometers to several hundreds of nanometers in length by a sonication method previously reported

ABSTRACT Finely tuned chiral nanometric silica fibers were synthesized based -
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on sol—gel chemistry using organic self-assembly as a template. The optimization
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of the sol—gel process in acidic conditions allowed us to reduce the transcription 1 & Fvaniciouon
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time by a factor of 10. These nanohelices were successfully fragmented while

for carbon nanotubes. By carefully choosing the nature of the solvent, the sonication power, pH in the case of water, and densification of the silica walls by
freeze-drying, the homogeneous and stable colloidal suspensions of individualized chiral nanometric silica ribbons with controlled length were obtained.
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n recent years, considerable progress has

been made in the preparation of discrete

nanostructures as nanoparticles or nano-
tubes with controllable chemical composi-
tions and morphologies.' > Nanorods, tubes,
or platelets are particularly interesting due
to their anisotropic properties.*”'" Among
them, those expressing chirality at the nano-
meter scale such as twisted or helical nano-
ribbons represent a new class of objects
having an important potential in a large
panel of applications due to their mechanical
properties (helical nanoribbons can undergo
a high elastic and reversible deformation),
high specific surface area, electromagnetic
properties, or optical chirality as described
in a recent review by Wang et al.'? Depend-
ing on the chemical compositions of the
nano-objects and the nature of the functions
grafted on their surface, these chiral nano-
structures can be used in various functional
devices and are studied for several applica-
tions such as catalysis,'>'* nanosensors,'*
nanophotonics,'®'” more generally nano-
electromechanical systems.'®

Inspired by the template-directed sol—gel
science,'® ! researchers usually synthesize
inorganic chiral objects using pre-existing or-
ganic chiral structures as templates.”>~?” These
organic templates are often supramolecular
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self-assemblies based on directional interac-
tions such as hydrogen bonding or sz-stacking,
and they express the chirality with helical
(cylindrical curvature) or twisted (Gaussian
curvature) geometries with well-defined peri-
odicity, diameter, and handedness. In a major-
ity of the cases, the handedness of these
helices are directly linked with the stereochem-
istry of the components. The inorganic chiral
fibers obtained by the replication of such
structures reflect therefore the handedness of
the organic templates. Meanwhile, reports on
these nano-objects with controllable chiral
morphology are rare because of the intrinsic
difficulty encountered in the control of their
synthesis.”>*~3" Particularly, for most cases,
the fibrous organic structures show an uncon-
trolled growth resulting in materials that con-
sist of highly entangled fibers with knots, not
suited for applications in functional materials.
Indeed, for practical use, it is crucial to prepare
individualized nanostructures with controlled
length, orientation, and eventually hierarchical
organization. Because ensembles of nanopar-
ticles can have collective properties that are
different from those displayed by individual
ones or bulk samples, research activities in the
field of nanoscience are shifting from synthesis
of individual nanoparticles to the preparation
of nanoparticle assemblies."*> A number of
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works are reported on directed assemblies of spherical
nanoparticles or nanorods. In most of the cases, stable
colloidal solutions are needed as a starting point to
induce such organization. To the best of our knowl-
edge, only some chiral mesoporous silica are known to
be of colloidal size with reproducible length and none
forming stable colloidal solutions have been synthe-
sized so far.3*>* The only colloidal suspensions of chiral
rod-like objects were obtained with organic particles,
more particularly with biological structures which
show a perfect morphological control like the fd virus
or the tobacco mosaic virus.>>~3° This is why it turns
out to be a real challenge to obtain stable suspensions
of individualized chiral fibers with finely controlled
morphology.

Previously, we reported the synthesis of nanometric
helical and twisted silica ribbons with controlled hand-
edness using organic assemblies of amphiphilic mol-
ecules as templates. The amphiphiles are cationic bis-
quaternary ammonium gemini surfactants*®*' with
the following formula CoHs-1,2-((CH3)-NTCi6Hs3)a,
with a tartrate counterion, denoted hereafter 16-2-16
tartrate.**~** With - and p- tartrate counterions, they
form right and left handed helices, respectively. The
mixture of the two allowed us to continuously tune the
twist pitches of these helices, making them the first
examples of such continuous chirality variation. The
relationship between the handedness, pitch, and cir-
cular dichroism signals was studied in detail.* The
silica chiral ribbons synthesized from these organic
templates reflect the handedness of the templates,
where we could also perform the continuous control
of the twist pitch of the silica helices.*® Our study by
three-dimensional tomography also unambiguously
confirmed the handedness of these silica nanohelices;
that is, silica from 16-2-16 L-tartrate forms right-handed
helices and vice versa (Supporting Information Figure 51).
These silica structures were used as templates to
generate hybrid nanostructures such as gold nano-
particle/silica helices for SERS substrates*” or to create
extracellular matrix mimetic materials to probe the cell—
material interactions.*® For these systems, the transcrip-
tion of organic fibrous gels led to inorganic gel-like
networks of chiral fibers.

In this report, we show how to fragment these
entangled nano-objects in order to obtain individua-
lized helical or twisted ribbons with controlled length.
For this purpose, we were inspired by reports on the
scission and suspension of carbon nanotubes via
ultrasonication.*=>' This technique when applied
to an entangled metal oxide inorganic replica gave
homogeneous colloidal dispersions of individualized
helical or twisted ribbons. The impact of the sonication
power on the helices' dispersion and the stability of the
prepared suspensions studied in different solvents.
Indeed, the stability of the colloidal suspension de-
pends strongly on the balance of forces such as van der
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Figure 1. Sol—gel quick transcription of twisted and helical
ribbons from self-assemblies of 16-2-16 tartrate. (a) Chemi-
cal formula of 16-2-16 tartrate, organic self-assembled (b)
twisted ribbons and (c) helical ribbons. After the polycon-
densation of prehydrolyzed TEOS, silica (d) twisted and (e)
helical nanoribbons are obtained. At a mesoscopic level, (f)
they form an entangled 3D network, and macroscopically,
(g) gel formation is observed.

Waals forces and electrostatic forces, thus the role of
solvents is crucial. Such suspensions are extremely
promising candidates for the preparation of hierarchi-
cally organized materials for functional devices as
described above.

RESULTS AND DISCUSSION

As described in a previous paper,?? the silica helical
and twisted nanoribbons are synthesized through the
inorganic transcription of self-assembly of cationic
dimeric surfactants (gemini surfactants) with chiral
tartrate counterions (Figure 1a). It is generally agreed
in the literature that the chirality of organic helical or
twisted ribbons based on molecular assemblies is
intrinsic to the chirality of the constituent molecules.
In the present case, the chirality of supramolecular
fibers correlates to the chiral nature of the counterions.
This gives rise to a facile control over the morphology of
the organic molecular assemblies by the concentration
and stoichiometric ratio of the counterions and the aging
of the gel,* varying from flat ribbons, twisted ribbons
(Figure 1b), and helical ribbons (Figure 1¢) to nanotubes
with various diameters, pitches, and handedness. With
L-tartrate, right-handed helices are formed, whereas
with bp-tartrate, left-handed helices are observed.
Figure 1 shows the different steps of the mineralization
(transcription). First, organic helical or twisted nano-
ribbons are formed by the self-assembly of 16-2-16
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TABLE 1. Time Required To Obtain Silica Twisted and Helical Ribbons Using TEOS Prehydrolyzed at pH 6.0 and pH 3.8

prehydrolysis pH 6.0 for 12 h

organic aging transcription time

helical ribbons 21 days
twisted ribbons 5 days

tartrate, then, a solution of prehydrolyzed tetraethoxy-
silane (TEOS) is mixed with these organic chiral ribbons
where the polycondensation of silica occurs at the
surface of the nanometric helical or twisted silica
ribbons. In this paper, the term “helices” will be used
as a general term to refer to helical and twisted silica
nanoribbons at the same time.

Quick Transcription. In our previous paper, we re-
ported that due to the competitive interaction of
prehydrolyzed TEOS and chiral tartrate anions with
the cationic surface of the fibers, the organic gels
needed to be aged (consolidated) in order to keep
the helical morphology after transcription.?? To obtain
twisted and helical silica ribbons, it took 7 and 23 days,
respectively (Table 1). However, by modifying the pH of
prehydrolysis of the TEOS with tartaric acid with the
same enantiomer as that of the gemini counterion, and
mixing it into organic helices, it is possible to consider-
ably accelerate the inorganic transcription process and
at the same time decrease the organic aging time
without disturbing the helical morphology. By adding
the tartaric acid, two phenomena take place: (i) on
the one hand, the cationic charge of the surface of
the ribbons is more screened and unfavorable for the
condensation of anionic prehydrolyzed TEOS; (ii) on
the other hand, the hydrolysis of TEOS is strongly
accelerated at this pH; the latter over-riding the
effect of the former. Here, it is important to use
tartaric acid to adjust the pH, in order to not disturb
the chiral environment at the organic helices' surface.
With this method, twisted and helical silica ribbons
(Figure 1d,e) were obtained within 1 and 3 days, respec-
tively (Table 1).

In summary, with the new method, silica helical
nanoribbons were obtained from 2 day aging instead of
21 day aging of the organic gel, and for twisted ribbons,
1—2 h aging (organic gel), instead of 5 days, was enough
followed by 7 h prehydrolysis and 15 h transcription at
pH 3.8 instead of 12 h prehydrolysis and 36 h transcription
at pH 6.0. The optimized methods presented here allowed
us to synthesize about 0.6 mg of silica helical ribbons and
1.1 mg of silica twisted ribbons from 0.36 mg of gemini
16-2-16 tartrate. It is important to note that the use of a
roller-mixer while mixing the organic fibers and prehy-
drolyzed TEOS as described in the Experimental Section is
crucial because it optimizes the contact of prehydrolyzed
TEOS and organic fibers. Using this method, 50 mg of silica
helices could be synthesized in one shot, pointing out the
possible scaling up of this process.
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timing for overall process

1.5 days 23 days
1.5 days 7 days

prehydrolysis pH 3.8 for 7 h

organic aging transcription time timing for overall process

1-3 days 15h 2—4 days
1-2h 15h 1 days

In the procedure described above, we used tartaric
acid with the same enantiomer as that of the gemini
counterion in order to decrease the pH of TEOS
suspension to accelerate their hydrolysis. In order to
separately investigate the effect of pH and of the
interfacial concentration of tartrate, we then per-
formed the complementary experiments,

(1) lowering the pH using weak achiral acid, such as

acetic acid, and

(2) prehydrolyzation of TEOS in the presence of

0.1 mM of sodium salt of tartrate, maintaining
the pH at 6.

The results were very interesting.

(1) These experiments showed that in order to reach
pH 3.8,0.8 mM acetic acid (instead of 0.1 mM tartaric acid)
was needed. This means that there is almost as much
acetate ions as tartrate ions (the counterions of 16-2-16)
when mixed with 1 mM 16-2-16 tartrate solution. In spite
of that, silica helical ribbons with the identical pitch and
diameters were obtained (Supporting Information). This
indicated that the kinetics of morphology perturbation by
the addition of an achiral acetate ion was slower than the
acceleration of prehydrolyzation of TEOS and transcription
in acidic conditions. This procedure led us to the average
0.26 mg of silica helical ribbons from 0.35 mg of gemini 16-
2-16 tartrate.

(2) Surprisingly, we also obtained silica helices with
the same pitch and diameter at pH 6 in the presence of
tartrate (0.1 mM) after the fast fabrication procedure!
Although the prehydrolysis of TEOS is slow at this pH,
the presence of tartrate at the interfacial region of
organic helix “protects” the chiral environment, thus
the young gels (short aging time, i.e., 2 days) remains
helical during the transcription. This procedure led us
to the average 0.34 mg of silica helical ribbons from
0.36 mg of gemini 16-2-16 tartrate.

These results show that the use of tartaric acid has
both the effect of lowering pH (acceleration of TEOS
prehydration) and the presence of tartrate (increase of
interfacial tartrate concentration). While our results
show that keeping only one of the two conditions
seems sufficient for obtaining silica helical ribbons with
a fast transcription procedure, the yields were less
compared to when we used tartaric acid (about half,
compared to 0.6 mg).

While the morphology of the final silica fibers
(helical or twisted ribbons) is very well-controlled
in terms of diameter, pitch, and handedness, these
chiral fibers form knots and are entangled (Figure 1f),
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resulting in a gel formation (Figure 1g). This causes
problems for most of the potential applications which
call for individualized chiral inorganic fibers. To achieve
suspensions of such fibers, they have to be dis-
entangled and fragmented in a controlled way.

A number of reports have shown how carbon
nanotubes can be fragmented and suspended in solu-
tion when submitted to a strong sonication. It was
observed that the effect of sonication on the dispersion
and debundling of the carbon nanotubes strongly
depended on the physical properties of the solvent,
including viscosity, surface tension, density, molecular
weight, and vapor pressure.>® Inspired by these stud-
ies, we have developed a process to fragment and
disperse the silica helical and twisted ribbons in differ-
ent solvents. We optimized various parameters, in
particular, the nature of the solvent, the sonication
power, and the concentration of the suspension.

Effect of Solvents. The previous studies concerning
the sonication effect on carbon nanotubes have shown
that the nature of the solvent played an important role
on their scission and dispersibility.>® The high energy
applied to the suspension during the sonication in-
duces the formation, growth, and collapse of bubbles
which create a depression, leading to the cavitation
effect.***° While imploding, the bubble can produce a
shock wave able to break or disentangle the silica
structures. The efficiency of the cavitation process is
then closely correlated to solvent parameters such as
vapor pressure, viscosity, and surface tension. More-
over, the stabilization of the suspension is also directly
linked to the nature of the solvents. Therefore, we
performed a systematic study of the scission and
stabilization of the silica helices and ribbons in various
solvents. For this study, parameters such as the silica
fibers concentration (1 mg/mL), the volume (2 mL),
sonication time (15 min), and power (130 W) were fixed
and only the solvents in which the helices were
sonicated were varied from ethanol by centrifugation
and redispersion. We will refer to this method as “wet
method” since the silica ribbons remain in solvents.
Figure 2 shows the images of twisted nanoribbons
after sonication in solvents which are miscible with
water (ethanol, dimethyl sulfoxide (DMSO), dimethyl-
formamide (DMF), acetonitrile, pyridine) and others
which are not miscible with water (hexane and toluene).

The analysis of the TEM pictures shows that the
nature of the solvent indeed plays a crucial role in the
sonication process. In water (Figure 2a), the silica fibers
are not fragmented or disentangled, but rather the
high energy delivered when the cavitation bubbles
implode induces the damage of the fine structure of
the helices or twisted ribbons as is observed in the
higher-resolution image (Figure 23, inset). The damage
is less pronounced in ethanol, but a strong aggregation
is still observed (Figure 2b). On the other hand, in other
solvents such as DMSO, DMF, or pyridine (Figure 2c—e)
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Figure 2. TEM images of silica twisted ribbons submitted to
sonication in various solvents: (a) water, water-miscible
solvents such as (b) ethanol, (c) DMSO, (d) DMF, (e) pyridine,
and (f) acetonitrile, and water-immiscible solvent such as (g)
hexane and (h) toluene. Bars in insets: 50 nm.

or in trifluoroethanol (TFE) (see Figure 3), much more
clearly fragmented silica fibers with well-preserved
chiral fine structure are dispersed in suspension. Inter-
estingly, the fibers were relatively disentangled in
acetonitrile (decreased density of knots) but not frag-
mented (Figure 2f). This is probably due to the low
viscosity of acetonitrile as it will be developed later in
this article. In solvents which are not miscible with
water such as hexane or toluene, silica fibers form
aggregates with close-packed bundles. With this method,
based on centrifugation and redispersion, there are still
water molecules adsorbed on the silica surface which
cannot be totally removed. This water layer seems to act
as a glue between the fibers, leading to the oriented
aggregation in bundles.

Effect of Sonication Power. We then evaluated the
effect of sonication power, at fixed silica fiber concen-
tration (1 mg/mL), volume (2 mL), and sonication time
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Figure 3. (a) Size distribution of more than 150 helical
ribbons sonicated in TFE as a function of the power of the
sonication. TEM images of helices after the sonication at (b)
130 W and (c) 26 W. Insets are the low-magnification images,
and another inset at high magnification for 130 W. (d)
Distribution of helices' length is fitted with a log-normal
law and analyzed by Kolmagorov—Smirnov algorithm
showing the decrease in the mean, mode, and variance
values with increasing sonication power.

(15 min). For this study, TFE was chosen as the solvent
in which nanoribbons were sonicated because it was
identified as one of the best solvents in the previous
section. The sonication power was varied from 0 to
100% of the maximum power (130 W). The size dis-
tribution of silica nanohelices submitted to various
sonication powers was analyzed by transmission elec-
tron microscopy (TEM) as shown in Figure 3. The low-
magnification TEM pictures (Figure 3b,c insets) show
that, at 26 W, the helices are still strongly aggregated,
whereas at 130 W, the helices are well-dispersed and
no aggregation is observed. At a higher magpnification,
we see that the helices are much shorter at 130 W than
at 26 W while preserving the well-defined helical
morphology (Figure 3b,c). This indicates that in TFE it
is possible to induce a scission of the silica helices and
to disperse them in solvent without damaging the
chiral structure.

To quantify this effect, we measured the silica
helices' length as a function of the sonication power.
Only the dispersed helices were taken into account as it
is not possible to measure the length of the entangled
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ones. The length of more than 150 helices was mea-
sured for each sonication sample to obtain a length
distribution with a sufficient precision (Figure 3a). We
can clearly see that the higher the sonication power,
the lower the maximum length, narrower the length
distribution, and lower the mode value (most frequent
value) of the distribution of the resulting helices. At 26 W,
we observed helices with the length ranging from
200 to 2500 nm, whereas at 65 W, most of the helices
were shorter than 1100 nm. At 104 W, most of the
helices had lengths between 200 and 800 nm with the
most frequently observed length of 400 nm.For 130 W,
all the measured helices were shorter than 1000 nm,
whereas their overall length distribution was similar to
the one observed for 104 W. The data were treated by
Kolmagorov—Smirnov algorithm using a log-normal
distribution, and a clear decrease in the mean, mode,
and variance values with increasing sonication power
was observed (Figure 3d). The variance decreases from
more than 500 nm for the helices submitted to 26 W
sonication to less than 200 nm for those submitted to
130 W sonication. The mode value was also decreased
from 900 to 400 nm.

These results show that the sonication power is very
important for disentanglment, fragmentation, and sus-
pension of silica fibers in solvents. The higher the sonica-
tion power, the lower is the polydispersity of the resulting
fibers. In terms of morphologies and sizes of the helices,
such as helical pitches and ribbon widths, they do not
show notable variation before and after the fragmenta-
tion. When combined with the results of solvent variation
in the previous section, it is interesting to note that
the effect of sonication is observed (i) on the length
(fragmentation) while their shapes are not affected and
(ii) on their shapes “destroyed” while the length does not
change depending on the solvent and sonication power.

Effect of Drying and pH. With the increasing demand
for the integration of Green Chemistry, the production
of materials with limited use of hazardous substances,
more benign to the environment, has become one of
the priorities. In this context, water, being environmen-
tally sustainable, is an attractive alternative to organic
solvents. Meanwhile, as shown above, the direct frag-
mentation of silica helices in water does not work well
since the cavitation effect in water drastically damages
the chiral structures. In order to make them more
robust against the cavitation effect during the sonica-
tion in water, we have developed a procedure called
“dry method” as opposed to the previous wet one,
including a freeze-drying pretreatment, in order to
obtain silica walls with more consolidated structures.
Freeze-drying reinforces the silica wall as it induces the
dehydration and reorganization of the silica and leads
to more dense structures,>® without causing the col-
lapse of the network. Concretely, the silica helical and
twisted nanoribbons are washed thoroughly with
ethanol just after the synthesis to remove the unreacted
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TEOS and organic templates and are then washed
with water and freeze-dried. The white powder ob-
tained can then be dispersed in different solvents
and treated by sonication. The sonication of the sus-
pension in water resulted in fragmented silica helices
which are well-calibrated in length with a well-pre-
served structure (Figure 4). The local chiral structures
of helices obtained with this method were well-
conserved regardless of the solvents, compared to
the “wet method” with which helices were destroyed
after sonication in some of the solvents such as water
or ethanol. This process also shows the advantage over
the wet method because it allows easy quantification
of silica before dispersing them in the solvent by
weighing the powder when dry. As also observed for
the wet method, the dispersibility of these dried
helices also depended strongly on the nature of the
solvents. In some solvents, they were well-dispersed
and the suspension was transparent, whereas in
others, they were strongly aggregated, which led to
precipitation. The “good” solvents were mostly the
same as they were for wet method (i.e,, DMSO, pyr-
idine, DMF, and TFE). An important difference was
observed between the two methods for water and
ethanol. With the wet method, the helices were de-
formed and aggregated in ethanol, whereas with the
dry method, a good dispersion of helices with pre-
served morphology (helical or twisted ribbons) could
be obtained. The aggregation fraction (AF) as calcu-
lated and described in the Experimental Section was
plotted as a function of solvent parameters such as
viscosity, density, molecular weight, and dielectric
constants for all the solvents studied (Supporting
Information). The results on AF show a good agree-
ment with previous report by Cheng et al.>* on a single-
wall carbon nanotube (SWNT); that is, the aggregation
fraction decreases with increasing viscosity, density, as
well as molecular weight, suggesting that the mechan-
isms of scission of both fibers are similar as that
reported for SWNTs. As they have described, it can be
suggested that it requires a higher force and sonication
intensity to create cavitation in more viscous liquids;
once the cavitation bubbles are created, the tempera-
ture and pressure effect resulting from the bubble
collapse will be greater, with more efficient fragmenta-
tion of the helices.

In the solvents nonmiscible with water such as
hexane or toluene, silica fibers were totally aggregated
as expected from their lipophobic and hydrophilic
nature and due to strong hydrogen bonds which
reinforce the cohesion between the silica surfaces in
these solvents.

Attempts of dispersion in Milli-Q water at pH 5.5
(typical pH when silica helices are dispersed in Milli-Q
water after solvent exchange) led to a strong aggrega-
tion. It however is revealed to be strongly dependent
on the pH of water. Indeed, because the silica surface
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Figure 4. (a) Twisted and (b) helical ribbons made by dry
method and redispersed in water at pH 8.5 with concentra-
tion of 5 mg/mL for twisted ribbons and 1.25 mg/mL for
helical ones. The morphologies of the ribbons are well-
preserved, and they are fully dispersed without aggrega-
tion. Size distribution of (c) twisted and (d) helical ribbons
made by the dry method (on more than 200 helices). (e)
Aggregation fraction of the sonicated twisted ribbons in
water as a function of pH. (f) Silica helices dispersed in water
with various pH values.

charge varies with the pH, the dispersion of the silica
colloids is strongly modified accordingly; that is, the
decrease of the pH induces protonation of the nega-
tively charged surface oxygen and the conversion to
OH. As a consequence, there is a strong decrease of the
overall surface charge and an increase of affinity of the
helices with their neighbors due to the hydrogen
bonding and the van der Waals interactions, leading
to their aggregation.

To evaluate the dispersibility of silica helices in
water, we adjusted the pH to different values from
5.5 to 9 with sodium hydroxide 0.1 N solution and
proceeded with the sonication at 130 W, for 15 min
(Figure 4).

As it is well-illustrated in Figure 4a,b,e,f, no aggre-
gation is observed for pH higher than 8 after the
sonication. The negative charge of the silica surface
in this pH range stabilizes the colloidal suspension by
electrostatic repulsions. For pH below 8, the helices
show strong aggregation. Again, the optimization of
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the choice of the parameters is of great importance. We
observed that the optimal concentration of the twisted
ribbons for the sonication process is 5 mg/mL, whereas
for the helical ribbons, the best results were obtained
for 1.25 mg/mL. For higher concentration of helical
ribbons, the helices are indeed very short but some of
them are broken into small pieces which induce ag-
gregation (Supporting Information). The size distribu-
tion of both twisted and helical ribbons cut in the
optimal conditions were analyzed and are shown in
Figures 4c,d. The results obtained with the helical
ribbons are similar to those obtained with the wet
method as the diagram shows a mode value of 380 nm
and a long tail showing that some helices remain very
long (variance is 880 nm). On the contrary, the sonica-
tion of the twisted ribbons induces short ribbons as the
mode value is 120 nm, and the length shows a real
monodispersity with a variance of 68 nm. This mono-
dispersity is crucial for potential applications such as
the hierarchical organization of the fibers as alignment
or compact stacking.

CONCLUSION

We have optimized a process of quick transcription
of silica fibers with controlled chirality (helical or
twisted ribbons) based on sol—gel chemistry using
organic self-assembly as a template. By acidifying the
TEOS solution from pH 6.0 to 3.8 using chiral acid,
tartaric acid, which allows the control at the same time
of the supramolecular chirality of the template, the
prehydrolysis was strongly accelerated, and it was
possible to obtain helical silica nanoribbons within 3 days
instead of 23 days. Twisted silica nanoribbons were
obtained after 1 day instead of 7 days compared to our
previous report.

For the purpose of application, it is crucial to control
not only the local chiral structures of these fibers
(diameter, pitch) but also their length in order to obtain
homogeneous suspension of these colloidal nano-
objects. We demonstrated that the sonication method
inspired by the report on the carbon nanotubes can be

EXPERIMENTAL SECTION

Gemini Tartrate. The procedure for bromide to tartrate ion
exchange for the synthesis of 16-2-16 tartrate was optimized
from the procedure described previously** to achieve exact
stoichiometry. First, 16-2-16 acetate was synthesized from 16-2-
16 Br by ion exchange reaction with silver acetate as previously
reported.>® Then the acetate was replaced with tartrate by
mixing the solution of 16-2-16 acetate in (typically 100 mg)
with the solution of 2 equiv of corresponding tartaric acid (both
10 mL of MeOH/acetone (1:9) mixture). As tartaric acid solution
was added to the solution of 16-2-16 Ac under stirring, a white
precipitate of 16-2-16 tartrate was formed. It was filtered and
washed with several portions of acetone. The excess of tartaric
acid was washed away with cold water (1 °C).

Organic Gels. The 16-2-16 tartrate is solubilized in Milli-Q
water (typically, 3.6 mg of 16-2-16 L-tartrate powder is dissolved
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extended to inorganic metal oxide structures such as
silica fiber systems to disentangle, fragment them, and
get helical and twisted silica ribbons with well-
preserved nanometric morphologies of several hun-
dreds of nanometers in length. We have shown that
the power of sonication is an important parameter: for
a maximum power of 130 W, the higher the power of
the sonication, the narrower the distribution of the
fragmented helices, and the better the dispersion. The
nature of the solvent is also a crucial parameter.
Solvents with high viscosity, high molecular weight,
high density, and low dielectric constant such as TFE,
DMSO, pyridine, or DMF turned out to be the best ones
for obtaining good dispersion of well-fragmented
helices with retained chiral morphology. The good
agreement between these results with the previous
report on carbon nanotubes indicates that this ap-
proach reported on SWNTs can be extended to metal
oxide nanostructures, that the mechanism of fragmen-
tation and dispersion of the nano-objects follows the
similar rule, and the debundling and scission result
from the cavitation collapse which is more efficient in
viscous liquid than in less viscous liquid.

Freeze-drying of the helices clearly consolidated the
Si—0O—Si bonds. The sonication of helices in water orin
ethanol directly after the transcription destroyed the
local chiral structures, whereas the helices which were
freeze-dried first and then dispersed in these solvents
preserved their local chiral structure after sonication. In
the case of water, the pH has a crucial effect on the
dispersibility, and homogeneous dispersions of helices
were obtained only for pH above 8. The application of
sonication on the nanometric chiral fibrous structures
for which the local structures are consolidated by
freeze-drying showed homogeneous colloidal suspen-
sion of individualized and size-controlled chiral nano-
metric silica fibers. This study describes for the first
time scaled-up synthesis and formation of stable chiral
colloidal homogeneous suspensions, based on self-
organized chiral elongated structures, extremely pro-
mising for numerous applications.

into 5 mL of Milli-Q water, for a concentration of 1 mM 16-2-16
tartrate), and the solution is heated at 60 °C (above the Krafft
temperature which is 43 °C). At the concentration of 1 mM,
twisted ribbons were observed after 1 h at 20 °C and helical
ribbons were observed after 1 day. The morphology of self-
assembly was monitored with TEM.

Inorganic Transcription. TEOS (500 L) was added to the 10 mL
of 0.1 mM aqueous solution of L-tartaric acid (pH 3.8) and
prehydrolyzed at 20 °C by stirring on the roller-mixer for 7 h.
In parallel, a solution of 1 mM 16-2-16 gemini surfactant with
L-tartrate counterion is aged between 2 h and 2 days for the
formation of twisted or helical nanoribbons, respectively. Equal
volumes of prehydrolyzed TEOS in 0.1 mM aqueous solution of
L-tartaric acid and organic gels are mixed (typically, 2 mL of
each) and stirred at 20 °C with a roller-mixer overnight. The use
of roller-mixer is crucial because it optimizes the contact of
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prehydrolyzed TEOS and organic fibers. Once the transcription
is completed, the mixture is washed thoroughly with ethanol to
eliminate the excess of TEOS (washing four times with absolute
ethanol by centrifugation (5 min, 2000g) and redispersing in
ethanol). Finally, the suspension of silica fibers is stored in pure
ethanol. With this procedure, we obtained on average 0.6 mg of
silica helical ribbons and 1.1 mg of silica twisted ribbons from
0.36 mg of gemini.

Sonication. A high intensity ultrasonic processor (Vibra cell
75186) equipped with 6 mm microtip with variable power was
used (maximum power, 130 W). A 20 kHz pulse mode was used
for the dispersion and fragmentation of silica nanohelices and
twisted nanoribbons. For the study of the effect of the sonica-
tion power and nature of the solvent on the efficiency of
scission and dispersion of the silica nano-objects with the wet
method, the rest of the experimental parameters were kept
constant: sample concentration (1 mg/mL), volume (2 mL),
sonication time (15 min with pulses of 1 s separated by 1 s
pauses). Samples were cooled in an ice bath during the sonica-
tion process in order to avoid solvent evaporation and increas-
ing of the sample temperature which could influence the
sonication effect. Two groups of solvents were used in this
study: (1) water-miscible solvents: water, ethanol, TFE, DMSO,
DMF, acetonitrile, pyridine; (2) water-immiscible solvents: hex-
ane and toluene. Sonication after freeze-drying pretreatment
dry method: the silica helices' dispersion in ethanol was washed
four times with Milli-Q water using centrifugation. The residue
was freeze-dried for 1 day to give a white powder (temperature
and vacuum) because they influence the final result of con-
solidation. Two milliliters of Milli-Q water was added to x
milligrams of the silica powder (x = 10 for twisted ribbons and
2.5 for helical ribbons), and this mixture was sonicated for
15 min in the ice bath. The pH of this mixture was adjusted
with 0.1 N agueous NaOH and sonicated for another 15 min in
the ice bath.

Aggregation Fraction. One milliliter of the pH-adjusted mixture
(conc = 5 mg/mL for twisted ribbons) was separated into the
precipitate part and supernatant part by centrifugation at
1000 rpm (192g) for 2 min, and the supernatant was removed.
Then the pellet and the supernatant were freeze-dried. Weights
of the supernatant (Wsupematant) and the precipitate (Wprecipitate)
were measured, and the aggregation fractions were calculated
according to eq 1.

. . aggregation part
aggregation fraction = aggregation part
total weight

_ Wprecipitate (1 )

Wprecipitate + Wsupernatant

Characterization of Silica Nanohelices. After each step of the
synthesis, samples were characterized by TEM. The 400 mesh
carbon-coated copper grids were used for the TEM. For the
observation of the samples prepared in water, hydrophilic
grids were prepared. For this, carbon-coated copper grids were
treated in BioForce Nanosciences UV/ozone ProCleaner 220 for
10 min. For the sample preparation, 5 uL of the silica suspension
was drop-casted onto the grid and blotted after 1 min. Samples
were dried in air.

TEM observations were performed using a Philips EM 120
electron microscope operating at 120 kV, and the images were
collected by 2k x 2k Gatan ssCCD camera.

The measurement of the ribbon length was done with the
ImageJ software, and the analysis of the length distribution was
performed using a log-normal low and confirmed with the
Kolmagorov—Smirnov algorithm. From the histograms of the
silica fiber length after the sonication, we assumed log-normal
distribution of this value. If some value X is log-normally
distributed, then Y = In(X) has a normal distribution. Therefore,
we calculated natural logarithm of the silica fiber lengths and
subjected obtained data to the normality test using Kolmagor-
ov—Smirnov algorithm in OriginPro 9 software. With the sig-
nificance level of 0.05, the test confirms the normal distribution
of the natural logarithm of the silica fiber lengths and so the log-
normal distribution of the lengths themselves. Mean value (x)
and standard deviation (o) of normal distribution were obtained
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as parameters from the normality test. These parameters were
used to calculate the mean and mode values as well as variation
of the silica fibers length distribution (log-normal) according to
the follow equations:

U — 0?

mode = ¢

mean = et/

o 2 2
variance = (7 — 1)+

Typically, the square root of the variance is used to describe how
far a set of values is spread out. The method described above
was applied to the data obtained for various sonication powers.
The values of mode, mean, and square root of variance showed
power-law dependence on the sonication power.
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