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ABSTRACT: Here we exercise nanoscale control over the assembly of highly anisotropic silica helices using convective flow
by using the physical properties occurring during evaporation-induced self-assembly. Organizing and patterning such chi-
ral elongated objects over large surfaces in a controllable and reproducible fashion is challenging, but desirable to optimize
the performance of biomimetic structures, nano-sensors (mechanical properties of helices) or optical materials (chiral ob-
jects have asymmetric interactions with light as absorption is different for left- and right-handed polarization). The cou-
pling of evaporation forces and physicochemical solution properties induce specific helix alignment and the stick-slip phe-
nomenon produces a periodical deposition of bands with controllable and regular spacing. Helix orientation, packing den-
sity and spacing can then be tuned. We observe the effect of polymer additives, silica helix concentration, and substrate
withdrawal speed on the quality and the orientation of the helix deposition. Theoretical modeling based on capillary hy-
drodynamics is developed to describe the relationship between evaporative conditions and pitch distance, the band width
of the stick region and the helix orientation.

1. Introduction objects like nanowires and nanorods!>*5>°! or chiral biolog-
ical rod-like viruses,*??! to the best of our knowledge, the
organized assembly of synthetic chiral anisotropic objects
has not yet been reported. Nanoscale helices behave differ-
ently than nanoparticles and rods due to the excellent cou-
pling of sheer forces in liquid with helix particle motion.
Such dynamics may help or destroy the organization, a

question which we probe here.

Organizing elongated nanometric objects into an ordered
array can increase or generate properties unobserved when
these objects are individually dispersed or randomly ori-
ented. Material scientists have proposed various ap-
proaches to place and arrange complex anisotropic nano-
building blocks.[3! The self-templating process, 5 organi-
zation via organic matrices,[®7 spraying,’®*! and evapora-

tion based techniques are among the techniques available
for guiding anisotropic object assembly."¢l The formation
of lyotropic liquid crystals directly in bulk or via these
evaporation techniques represents an interesting tool.[79]
Where convective evaporation has generated beautifully
organized patterned surfaces from inorganic anisotropic

Dip-coating does not require sophisticated and
expensive equipment or a pre-treatment of substrates, and
is achieved simply by withdrawing the substrates im-
mersed in liquid with solutes or particles under controlled
speed. Pre-etching, laser imprinted designs and complex
chemical treatment processes can be added to increase the
complexity, but are typically unnecessary. Dip-coating has



been applied to many industrial fields, e.g. in the prepara-
tion of ceramics,?! films, and hybrid materials.># Since an
early study by Schunk, Hurd and Brinker 20 years ago,?s!
the mechanisms underlying this technique continue to in-
trigue researchers. During evaporation, complex interac-
tions are present between the solutes, solution and the sur-
rounding environment at the interface, as well as in the
bulk, affected by various conditions including chamber
temperature, humidity, solution concentration, surface
tension, viscosity and withdrawal speed. When this occurs
in the presence of particles, they are concentrated at the
drying line by convective transport driven by evaporation,
and then tightly packed due to interparticle capillary
forces.6281 Not only do nanoparticles become pinned to
the surface by the meniscus, but the meniscus becomes
pinned to the surface by nanoparticles. Substrate with-
drawal stretches the pinned meniscus and eventually un-
pins it, resulting in regular and compact particle-loaded
lines separated by zones of poorly covered surfaces. This
process is called the stick-slip phenomenon and can be
used to produce regular and controllably spaced linear ar-
rays of particles.[9!

Spheres or small aspect ratio particles can roll
more easily than non-round objects with large aspect ratio
and thus it is relatively easy to process them into dense as-
semblies. The equilibrium between the particle-substrate
or particle-particle electrostatic interaction repulsions and
van der Waals interaction forces can prevent tight particle
packing. The movement of particle suspensions with more
complex shapes are plagued by more complex interparticle
interactions and higher drag forces along the substrate, in-
creasing the difficulty of obtaining well-organized mono-
or multilayered structures. Once evaporation thins the me-
niscus to the thickness of the nano-object diameter, the
objects can no longer diffuse or freely rotate and can only
slide closer to or away from nearby objects. Also, the con-
vective vs shear gradient forces can induce nanoparticle
orientations parallel and perpendicular to the contact line
(the meniscus).?>»3293° Finally, the physical-chemical
properties of the solution (surface tension, viscosity, pH,
etc.), as well as the withdrawal speed, can all play a crucial
role in surface patterning. These forces can control the for-
mation of nematic-like phases via entropy gain in the con-
centrated and confined zones, as shown with carbon nano-
tubes, B! ZnO nanorods,®! gold nanorods™! or biological
filaments.[2>23] Because the helical particles present differ-
ent sheer forces coupling in liquid than more common
rods, their assembly should be altered but has never been
studied because of the lack of model systems at the na-
noscale. However, we expect these assemblies of helices to
open up possible applications in chiroptical devices.

In this article, we propose a complete study of the
organization of highly anisotropic silica nanohelices over
large surfaces, coupled with analytical hydrodynamic the-
ory of the observed phenomena. We produce stable colloi-
dal solutions of nanohelices in a mixture of ethanol and
isopropanol and study their organization by evaporation
during dip-coating on silicon substrates. This convective
assembly of silica helices is studied by examining the effect

of polymer additives, withdrawal speed and silica helix
concentration. These different parameters are studied and
optimized to accurately control the nanohelix deposition
density, macroscopic organization and nanometric ne-
matic order alignment. The obtained morphologies of or-
ganized helices are interpreted using theoretical modeling
based on capillary hydrodynamics, giving insight into the
physicochemical processes at work during the complex
and constantly evolving environment of drying films.

2. Results and discussions

The sol-gel transcription of self-assembled C,H,-1,2-
((CH;)n+Ci6H;;), with a tartrate counterion yields nano-
metric silica helices with controlled morphology (21 nm in
width and a pitch of 92 nm) and handedness (Figure 1).5>
34l These helices are initially long and entangled. Tip soni-
cating their suspension after transcription can fragment
them into disentangled strands, micrometers in length.[s!
These strands form stable and homogeneously dispersed
colloidal suspensions in a range of solvents, such as the
mixture of ethanol and isopropanol used in the present
study.

Evaporation-induced self-assembly is affected by
the solution properties (viscosity, colloidal stability, colloi-
dal concentration, etc.) and the evaporation rate. In this
study, polymer additives, which modify the surface tension
of the solution, the viscosity, the evaporation rate and also
the steric and/or electrostatic particle-particle interac-
tions, impact the deposition of the silica nanohelices. First,
the suspensions (Isoelectric point in water ~ 4.3, see zeta-
potential measurement in Supporting Information 1) of the
nanohelices were dip-coated onto a silicon substrate, with
and without polymer additives (Figure 1). Anionic poly-
acrylic acid (PAA) and cationic polyethyleneimine (PEI)
are the two linear polyelectrolytes used in this study, cho-
sen as they present opposite charges at neutral pH. Alt-
hough it is difficult to probe the surface charge in alcoholic
suspensions, the impact of the presence or absence of
charged polymers on the aggregation of the colloidal silica
helices in suspensions is visible using the electron micros-
copy images in Figure 1 and their different scattering prop-
erties (Supporting Information 2). The homogeneity of the
surface coating is directly influenced by the presence or ab-
sence of the polymer in the suspension: in the absence of
polyelectrolyte (Figure 1b), the deposition conditions ap-
plied here led to a sparse, disordered and inhomogeneous
helix coverage. The addition of cationic PEI increases the
surface density of silica nanohelices, compared to suspen-
sions with no polyelectrolyte, probably due to a lower
evaporation rate, allowing the more efficient pinning of the
helices on the surface. However, the helices are still inho-
mogeneously distributed and randomly oriented (Figure
1c), likely due to the attractive interaction between cationic
PEI and negatively charged silica surface. This Coulombic
attraction leads to their aggregation and PEI crosslinking
between nanohelices. On the contrary, in the presence of
the anionic PAA, the helices are well oriented parallel to
each other (Figure 1d). Perhaps the co-suspension of nega-
tively charged PAA and negatively charged nanohelices is



more stable with higher helix mobility. Additionally, PAA
decreases the evaporation rate, giving the nanohelices time
to align. PAA incorporation in the solution allows helices
to be aligned vertically or horizontally, with controlled in-
terband spacing.

— b

Figure 1. Effect of surface functionalization on helix as-
sembly. (a) Transmission electron microscopy (TEM) image
of individual silica helices. (b-d) Scanning electron micro-
scope (SEM) images for the assemblies of silica helices with
(b) no polyelectrolyte, (c) PEI and (d) PAA. The withdrawal
speed is 5 pm/s and the helix concentration is 0.4 mg/mL.

2.1. Withdrawal speed: evidence of two evaporative
regimes

Numerous reports show that during dip-coating the with-
drawal speed is closely related to the drag forces and the
evaporation conditions strongly affect film thickness.3637
We studied the effect of the withdrawal speed between 2.5
and 30,000 pm/s on the deposited film formed by the silica
helices (Figure 2). The deposition density is defined as the
percentage of the surface covered by helices divided by the
total surface. In the presence of multilayers of helices in
some regions, this percentage is multiplied by the number

of layers (estimated by AFM characterization), giving num-
bers that can exceed 100% deposition density (See detailed
image treatment in Supporting Information 3).

As observed in Figure 2, the density of helices
covering the surface is high at the slowest withdrawal rates
and decreases with increasing withdrawal speed until poor
coverage occurs at withdrawal rates between 100-1000
um/s. This density remains low until it increases again at
the withdrawal speed of ~10000 pm/s, although it does not
reach the high values observed at the slowest speeds. From
the previous studies, these two regions of higher particle
deposition density are explained by the presence of two
physical regimes, governed by evaporative transport and
by advective transport, respectively.3¢ The regime at slow
withdrawal rate corresponds to the evaporative transport
regime (in blue in Figure 2), where film thickness decreases
with increasing withdrawal speed. The regime at fast
withdrawal rate corresponds to the advection regime (in
violet in Figure 2), where the film thickness increases with
withdrawal speed. In both regimes, well-organized bands
appear on the substrate: horizontal ones in the evaporative
transport regime due to the stick-slip phenomenon
(periodic helix-rich bands, the stick regions, alternate with
helix-poor areas, the slip regions); vertical ones in the
advection regime (Figure 3). The orientation of the helices
in the bands is analyzed by Image-J as shown in the color
scheme in Figure 3g. Light blue indicates an orientation of
0°, the horizontal direction, where red indicates +90°, the
vertical direction, from which the order parameter S can be
extracted (see Experimental section and Supporting
Information 4). A high order parameter S between 0.85-
0.95 in the horizontal orientation happens for the stick
regions for the evaporative transport regime. The SEM
image in Figure 3b details the border of a slip and stick
region, confirming the horizontal orientation of the helices
in the stick bands. At an intermediate speed (30-1000
pum/s), the order parameter is low (0.2-0.3), indicating a
mostly random orientation (Figure 2c) with a slight
alignment preference for 9o°, suggesting that helices are
subjected to higher shear, but without enough time to fully
align. At a withdrawal speed ranging from 5000 to 30000
pum/s, the deposition density increases with a preferential
alignment of go° (parallel to the withdrawal shear) with an
average order parameter S of 0.75 (Figures 2d and 2e).
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Figure 2. Helix deposition vs withdrawal speed. (a-e) SEM images at various withdrawal speeds between 2.5-30 000
pm/s. The SiO,:PAA ratio is 1:10, the silica concentration is 0.4 mg/mL. The dotted line indicates the theoretically predicted
dependence of particle deposition density (pp) as a function of the withdrawal rate. Scale bars (a, b, d and e) represent 100

pm, and (c) 1 pm.

The density data vs withdrawal rate in Figure 2 can be de-
scribed by a theoretical model. The two competing particle
transport mechanisms, can be quantified as follows:

Qu~chV (1)
Q.= clV, (2)

Here @, is the nanohelix transport rate towards the liquid
meniscus due to particle advection into the Landau-Levich
film driven by substrate motion. This advective transport
rate increases with the withdrawal speed V and is propor-
tional to the particle concentration ¢ and to the thickness
of the Landau-Levich film h. Q, is the nanohelix transport
rate towards the meniscus due to evaporation, and V, is the
evaporation speed. The typical length over which evapora-
tion contributes to particle deposition scales with the ca-
pillary length [, the typical size of the meniscus, as this will
be the typical size of the flow recirculation region. The
number of particles deposited per unit surface of the plate,
which is denoted pp, can be estimated by:

2
pP:%zclcCa2/3+clc%=clc[(%) Py %] €))
where pj is the particle deposition density, Q, is the advec-
tive transport rate, Q, is the evaporative transport rate and
V is the withdrawal rate of the substrate. Variable c is the
particle concentration in solution, [, is the capillary length
or typical size of the meniscus, and C,, is the capillary num-
ber. C, = uV/y; where u =103 Pa.s is the dynamic viscosity
of ethanol and y = 20 mN/m' is the surface tension coeffi-
cient of ethanol. With a density p = 8oo kg/m3, the capillary
length of ethanol at 25 °C is estimated to be [, =~ 1.6 mm.
The evaporation rate of ethanol at 25 °C is estimated from
published dataB® to be the order of V, = 0.2 um/s. This
model reproduces the experimental observation in Figure

2. The fit, plotted as a dashed line, has the predicted pp
scaled by a proportionality constant to fit the data. At low
withdrawal speeds, evaporation at the meniscus creates
the dominant flux of suspended particles. For V < 50 um/s,
particle deposition is inversely proportional to V, as it is
dominated by liquid evaporation. As the plate is with-
drawn faster, the plate spends less time in contact with the
meniscus, where evaporation-driven deposition occurs.
Thus, particle deposition density decreases dramatically
from 700% at a withdrawal speed of 2.5 um/s to 13% at a
speed of 30 pm/s. For V > 1000 um/s, the dominant depo-
sition mechanism becomes advection, where particle
transport is driven by the motion of the substrate. Advec-
tion increases with the thickness of the Landau-Levich
film, pp =~ V2/3. In the intermediate regime, 50 < V < 1000
um/s, both evaporation-induced transport and advection
are weak, and particle deposition density reaches its mini-
mum.

As described in previous studies, 394! there is a
transition occurring from evaporative to advective
transport which corresponds to the condition Q, = Q,. By
balancing Equations (1) and (2) and by considering the cur-
rent experimental conditions, we obtain a critical speed:
Vorie = V,2/° = 300 um/s. This result is consistent with the
recorded data presented in Figure 2.

2.2. Evaporative transport regime: controlled stick-
slip phenomenon

At low withdrawal speeds, in the evaporative transport re-
gime, a clear stick-slip phenomenon appears where peri-
odic helix-rich bands, the stick regions, alternate with he-
lix-poor areas, the slip regions (Figures 2a and 2b). Because
of the low withdrawal speed used here, the meniscus be-
comes stretched as the drying line slowly moves farther



Figure 3. Controlling orientation through withdrawal
speed. (a-c) The horizontal and (d-f) the vertical alignment
(a,d) scheme, (b,e) SEM image, and (c,f) orientation analysis.
The colloidal solution is silica:PAA=1:10, the silica
concentration is 0.4 mg/mL and the withdrawal speed is either
(a-c) 10 pm/s or (d-f) 3000 pm/s. (g) is the legend for the
colors shown in (c) and (f), with respect to various angles.
Scale bars represent 1 pm.

away from the bulk solution as the substrate is withdrawn.
As long as the meniscus is pinned to the drying line, more
helices can accumulate in the drying zone, leading to a
higher concentration of particles than that of the bulk so-
lution. At some point, the meniscus is so stretched that it
overcomes the particle pinning forces and quickly jumps to
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L
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its resting position, where it is pinned again by a fresh set
of deposited particles. This periodic pinning and break-up
of the meniscus is well-known in the evaporative transport
regime as the stick-slip phenomenon.# The fact that nano-
helices accumulate at the meniscus instead of entering into
the wetting film crucially depends on the ratio between
particle size and film thickness, as has been demonstrated
for spherical particles through numerical simulation.[]
For nanohelices, we must additionally consider that their
trajectories follow what is called a Jeffery orbiti3! as they
are transported through solution. The Jeffery orbit has
been first studied for the motion of rigid elliptical particles
in shear flow, which rotate periodically. At slow withdrawal
rates, the wetting film is too thin for helices to enter via a
Jeffery orbit and so the helices become trapped in the me-
niscus. Helix deposition is then driven by evaporative
transport in this meniscus, by a similar mechanism as that
described for spherical particles.4445! In the presence of
helices, the meniscus becomes pinned (Figure 4b). Starting
from the initial meniscus position (Figure 4a), the distance
between the pinning point and the substrate’s surface is
denoted h,. This distance h, increases with time, as a result
of helix deposition. The slower the withdrawal rate, the
more helices are deposited and the larger is the helix stick
region. The motion of the substrate as it is withdrawn
stretches the meniscus. Due to capillary-induced curva-
ture, the meniscus eventually touches the surface of the
substrate and breaks up (Figure 4c). The two resulting me-
nisci rapidly retract to recover their static shape with a con-
tact angle 6. (Figure 4d). The upper and lower meniscus
continue to retract over time due to evaporation. The mo-
tion of the receding contact line during evaporation will
tend to align the nanohelices in the direction of the hori-
zontal band, showing nematic-like phase organization.

In order to further control the patterning of surfaces, the
effect of the mass ratio of SiO,:PAA on the helix assembly
and stick-slip morphologies was investigated from 1:0 to
1:20 for a withdrawal speed of 5 pm/s and a silica nanohelix
concentration of 0.4 mg/mL (Figure 5). Increasing the PAA
concentration enhances the width of the stick region and
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Figure 4. Conceptualization of the horizontal strip formation. (a) The start of the stick zone deposition. (b) Intermediate
stage. (c¢) The meniscus touches the substrate, breaks-up and ends deposition in the current stick zone. (d) After meniscus break-
up, rapid retraction occurs, which contributes to the pitch between stick zones.



the helix concentration in these zones, because the helix
transport rate increases with concentration for a given
evaporation rate. We also note that higher concentration
of PAA may additionally lower the evaporation rate. The
orientation of the helices inside the stick regions is also in-
fluenced by the polymer additive: S increases from 0.02 in
the absence of PAA to a maximum of 0.86 for a mass ratio
of SiO,:PAA of 1:10, confirming the importance of the pres-
ence of the negatively charged polymer to the free rota-
tional motion of the helices.

a Ratio=1:5

Ratio=1:20

Figure 5. Dependence of order on SiO,:PAA ratio. SEM im-
ages of the dip-coated samples with a SiO,:PAA ratio of (a) 1:5,
(b) 1:10 and (c) 1:20. The images (d-f) show higher magnifica-
tion of the stick regions of (a-c). The withdrawal speed was 5
pm/s, the helix concentration was 0.4 mg/mL. Scale bars rep-
resent 100 pm for (a-c) and 1 pm for (d-f).

The stick-slip phenomenon gives controlled surface pat-
terning and can be tuned via the silica concentration of the
nanohelix suspensions. Figure 6 shows the evolution of this
patterning from o.1 to 1 mg/mL silica helix solutions with a
ratio SiO,:PAA of 1:10 and a withdrawal speed of 5 um/s.
The samples observed by polarized optical microscopy in
the reflection mode show a black background correspond-
ing to the slip regions and light lines corresponding to the
stick regions.

0.1 mg/mL 0.2 mgimL

d 0.4 mg/mL

0.67 mgimL

¢ 03mgmL |
SRz sgans

Figure 6. Dependence of pitch on silica concentration. (a-
f) Reflection mode polarized optical microscopy images of
substrates prepared using a silica concentration ranging from
0.1 to 1 mg/mL. The SiO,:PAA ratio used was 110, the
withdrawal speed was 10 pm/s. Scale bars represent 100 pm.

As plotted in Figure 7b, the pitch between two stick regions
increases with increasing silica concentration. Due to the
higher helix concentration in solution, more helices are de-
posited during drying. Due to the more significant quantity
of helices at the drying line, the meniscus is pinned at a
larger distance from the substrate hj, resulting in a bigger
jump to its static equilibrium position upon unpinning
(Figure 4). Theoretical calculations of pitch (L,) as a func-
tion of helix concentration have been performed; details of
the theoretical modeling can be found in the Experimental
section. The theoretical model shows a good fit to the ex-
perimental data (Figure 7). The pitch increases with con-
centration rapidly at low concentrations and more slowly
at higher concentrations. In parallel, atomic force micros-
copy was used to accurately measure the height of the na-
nohelix stacking (width) and the thickness of the stick re-
gions (Figure 7c). The width and thickness of the stick re-
gion increase with silica concentration. Moreover, experi-
mental data in Figure 7b shows that the width is propor-
tional to the thickness. This suggests that the shape of the
helix deposition may be determined by the evaporation of
the remnant solution after the stick-slip occurs. The evap-
orating drop of liquid has a constant contact angle that is
independent of particle concentration. The tangent of this
contact angle may thus set a constant ratio between the
height and the thickness of the deposit.
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Figure 7. Theoretical modelling of experimental stick-slip
variations. (a) Stick-slip pitch vs helix concentration, meas-
ured from the optical microscopy images in Figure 6. (b) Stick
thickness vs stick width measured using AFM for all the stud-
ied concentrations. (c) Side view of AFM image one stick line
for assilica concentration of 0.4 mg/mL, showing the definition
of width and thickness of the stick regions. In (a) and (b), the
dotted line shows the theoretical predictions of the evapora-
tive transport model.

2.3. Advection regime: the unexpected vertical bands

In the advection regime, no particle accumulation due to
evaporation occurs; the concentration of helices in the lig-
uid film is equivalent to that of the bulk solution. Moreo-
ver, in the advection regime, the meniscus is thicker than
the length of the helices. Thus, helices are aspirated into
the meniscus via advection, spinning in a Jeffery orbit
(Supporting Information 7). Once inside the drying film,
advection velocity dominates over rotational diffusion and
so the helices will tend to align with the flow, ¢ referred to
as shear flow. Although this explains the vertical alignment

of the nanohelices (Figure 3 d-f), it does not explain their
organization into bands of nanohelices (Figure 2 d,e). Few
examples are known of such bands forming in the draining
regime because of shear force.[7481 Two factors seem to be
the origin of the band formation: the elongated shape of
the nanohelices and the presence of PAA. As shown in the
Supporting Information 5, if the same experiment is per-
formed with spherical silica nanoparticles of similar diam-
eter and in the presence PAA, no bands form, but a homo-
geneous deposition is observed. And if the same experi-
ment is performed with silica helices, but without the pres-
ence of PAA, helices are randomly deposited without any
obvious organization. Moreover, in a film containing the
helices and PAA, a hexagonal organization is observed if
the substrate dries horizontally (Supporting Information
6), showing that helices still align relative to each other.
This confirms that the shear forces induced by gravity
driven draining alone are not enough to cause the align-
ment of the helices, but the presence of the polymer acting
as a lubricant is required. Furthermore, the vertical band
formation seems to be a consequence of these shear forces
during the final evaporation stage after substrate with-
drawal, as the bands only appear when the sample is dried
vertically. Such vertical band formation is reminiscent of
experiments performed by Huang and collaborators, 4!
where stripes of nanoparticles formed perpendicular to a
dewetting front. The gravity effect in our experiments ap-
pears necessary to drive the propagation of the dewetting
front. The mechanism leading to the formation of bands
perpendicular to a drying front remains unknown, alt-
hough a relation to a fingering instability is possible.[5*5!

3. Conclusion

In this study, we have shown that we can orientate these
chiral elongated nano-objects in a chosen direction and or-
ganize them in periodic structures in arrays of adjustable
density. Indeed, large surfaces can be covered with orga-
nized silica nanohelices of controlled patterns, deposition
density and object orientation. The effect of various pa-
rameters (polymer additives, nano-object concentration
and withdrawal speed) on the organization was investi-
gated to understand the formation mechanism. Thick
bands can be obtained perpendicular to the withdrawal di-
rection with a controlled periodicity and a nematic align-
ment of nanohelices within each band when working in the
evaporative transport mode (slow withdrawal). Less dense
bands can be obtained parallel to the withdrawal direction
in the advection mode (rapid withdrawal), also showing a
good nematic order. The reason for orientation can be ex-
plained by theoretical considerations based on fluid me-
chanics, where capillary contraction orients the helices
parallel to the contact line at low velocity, and shear forces
orient the helices perpendicularly at high velocities. Using
a theoretical model based on capillary hydrodynamics, we
were able to predict the observed pitch width and distance.
Thus, the model predicts the morphologies that should be
obtained by varying the different experimental parameters.
It would be particularly interesting to then extend this
work to objects with unique chiroptical properties, such as



gold-based helices.[55%1 The organization of these elon-
gated and chiral nano-objects is of great interest for appli-
cations that are presently being developed in our labora-
tory, such as nano-sensors and model systems for cell dif-
ferentiation to generate new biological tissues.

4. Experimental Section

Silica nanohelix colloidal solutions: The solutions were pre-
pared following three steps: synthesis of the organic tem-
plate, silica transcription and helix dispersion; each of
which has been described by Okazaki, et al.s!

Step 1: the synthesis of organic surfactant template C,H,-
1,2-((CH;).N*C,¢H;;), with a tartrate counterion, also
named 16-2-16 Gemini L-tartrate, was optimized in a previ-
ous work.B3? First, 16-2-16 Gemini bromide was obtained
from the reaction of N,N,N’,N’-tetramethylethylenedia-
mine with 1-bromohexadecane. Then, silver acetate was
used to replace the bromide in 16-2-16 Gemini bromide,
giving the product 16-2-16 Gemini acetate. Finally, L-tar-
taric acid was chosen for the ion exchange of the acetate,
to give the 16-2-16 Gemini L-tartrate. The complex self-as-
sembles in water to form helices. 1 mM 16-2-16 L-tartrate
aqueous solution was heated to 60°C for 15 min, then the
solution was cooled to 20°C for 2 h.

Step 2: TEOS (500pL) was added to 10 mL of 0.1 mM aque-
ous solution of L-tartaric acid (pH 3.8) and prehydrolyzed
at 20 °C by stirring on a roller-mixer for 7 h. Then equal
volumes of prehydrolyzed TEOS and organic gels contain-
ing the helices are mixed (typically, 4 mL of each) and
stirred at 20°C with a roller-mixer overnight. The excess
TEOS and organic template were washed away by isopro-
panol and ethanol using a centrifuge.

Step 3: A high intensity ultrasonic processor (Vibra cell
75186) equipped with a 2 mm microtip with variable power
was used (maximum power, 130W). A 20 kHz pulse mode
was used for the dispersion and fragmentation of silica na-
nohelices. 2 mg of silica nanohelices were mixed with 2 mL
of a 1:1 mixture of ethanol:isopropanol and sonicated for 15
min with pulses of 15, separated by 1 s pauses. Samples were
cooled in an ice bath during the sonication process in order
to avoid solvent evaporation and an increase of the sample
temperature, which could influence the fragmentation
process.

Finally, PEI and PAA were dissolved in ethanol to a con-
centration of 20 mg/mL. The polymer solutions and silica
suspensions were mixed and then sonicated for 10 min in
an ultrasound bath to produce homogenous suspensions.
Both PEI and PAA are linear polymers: PEI was purchased
from Polysciences, Inc. with a molecular weight of
100,000g/mol. PAA was purchased from Sigma Aldrich
with a molecular weight of 450,000g/mol.

Dip-coating: Dip coating experiments were performed on
an ACEdip 2.0 dip-coater from SolGelWay. The withdrawal
speed, and the chamber temperature were controlled using
the software ACEdip 2.0 SOLGELWAY. All experiments

were conducted using a chamber temperature of 25°C. Bo-
ron-doped prime CZ silicon wafers with (100) orientation
were obtained from Sil'tronix. The wafers were cleaned,
rinsed with absolute ethanol and wiped dry with a Kim-
wipe paper, before use as the substrate for helix self-assem-

bly.

Calculation of the order parameter, S: The distribution of
the acute angles (8) between the principal axis and each
nanohelix orientation was determined using the binary im-
ages extracted from the SEM images (Supporting Infor-
mation 5). The Orientation-] pluggin developed for Image]
corresponding to the structure tensor in a local neighbor-
hood was used.5>53! A 2D nematic order parameter S can
be calculated from this angular distribution:

S = (2cos*0—1)

where 0 is the angle between the helices and the primary
orientation. S = o corresponds to a random distribution
and S =1 corresponds to a perfectly parallel alignment.

Scanning electron microscopy (SEM): Before the prepara-
tion of the SEM samples, the slides are treated with oxygen
plasma for 6 min in order to evaporate the polymer layers
embedding the aligned helices. To show the initial distri-
bution of PAA relative to silica helices, typical SEM images
of samples with and without this plasma treatment are
shown in SI-8. Then, the silicon slides are fixed with double
face carbon tape on a classical SEM stub and covered with
a Au/Pt layer a few nm in thickness, deposited by plasma
sputtering. Two FESEM have been used for the observa-
tion: JSM 6700F JEOL, and SEM-FEG Hitachi SU-7o0.

Atomic Force Microscopy (AFM): AFM analysis of the to-
pology of the dip-coated films was performed on a Dimen-
sion Icon ScanAsyst from Bruker. The thickness and width
of the stick region was measured precisely using an AFM
with a silicon nitride probe. The parameters for measure-
ment were a PeakForce” frequency of 2 kHz and a scan tip
rate of 0.125 Hz. The probe used has a tip radius of 5.0 nm
and a constant stiffness of 0.4 N/m.

Polarized Optical Microscopy: Silicon wafers with a depos-
ited pattern were observed in the reflection mode. A Nikon
DXM 1200 camera and Lucia G software with an objective
magnification of x10 were used to collect optical micros-
copy images.

Theoretical modelling of pitch: Because the capillary num-
ber €, < 1, the meniscus evolution is quasi-static. Thus, at
any given instant the meniscus adopts its static shape, as
shown in Figure 5a. We non-dimensionalize all lengths by
the capillary length [.. Thus, we define the non-dimen-
sional variables: z = z/l., = y/l., L = L/l,, as well as a
nondimensional time £ = ¢V /l,. Unless otherwise noted, in
the following equations we use non-dimensional variables,
even if the tildes are omitted to simplify the writing. The
equation describing this shape is:(54]



_2\1/2
y=C+arccosh(LZTz)—2(1—(L4z)) (4)
where C is an integration constant obtained from the
boundary condition y =0 at z = o:

c=2(1- %)1/2 — arc cosh G) (5)

Meniscus break-up occurs when the minimum value of y
equals the height of the particle deposit, h,, (Figure 5b). The
location of the minimum value of y corresponds to dy/dz
= o with y defined by Equation (4). If L < 2, the location of
the minimum is z,,;, = L — V2. The corresponding value of
V= Vmin 18:

Vimin = 2 (1 - %)1/2 — arc cosh G) + arc cosh(V2) =2
(6)

The break-up condition is y,,;, = —hp. We suppose that
the height of the deposit is proportional to the amount of
particles deposited in the meniscus by evaporative
transport. In dimensional terms,

hp=kcl,t (7)

where k is a constant relating the height of the deposit with
its total particle mass. Rewriting Equation(10) in non-di-
mensional terms and combining it with equation (9) yields

1/2

kc%(Lb—Lo)z—[Z( —%) —arccosh(i)+

arc cosh(v2) — \/E] (8)

Equation (8) allows calculating the meniscus height at
breakup, Ls, as a function of V and c. Here L, is the initial
height of the meniscus, corresponding to h, = 0. It is given
by the equation

(-1
Lo [4-L3

The value of the contact angle 6. is related to the width-to-
thickness ratio r of the final drop that sets the shape of the
nanohelix deposit. The relationship is:

= tanf, (9)

_ 1-cos(6c/2)
T sin(ee/2) € (10)

By fitting the experimental data in Figure 7(b), we deduce
0. = 1°, for which Equation (9) yields L, = 1.40, which is the
value used to obtain the theoretical prediction in Figure
7(a).
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