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We report the conformational control of 2D ultra-thin indium sulfide nanoribbons by tuning their
amine ligands’ alkyl chain. The initial orthorhombic InS nanoribbons bare n-octylamine ligands
and display a highly curved geometry with a characteristic figure of eight shapes. Exchanging the
native ligand by oleylamine induces their complete unfolding to yield flat board-shaped nanoribbons.
Significant strain variations in the InS crystal structure accompany this shape-shifting. By tuning
the linear alkyl chain length from 4 to 18 carbon atoms, we show using SAXS in solution and
TEM that the curvature of the nanoribbon subtly depends on the ligand-ligand interactions at the
nanoribbon’s surface. The curvature decreases gradually as the chain length increases, while carbon
unsaturation has an unexpectedly significant effect at constant chain length. These experiments
shed light on the critical role of the ligand monolayer on the curvature of ultrathin 2D crystalline
nanosheets and demonstrate that weak supramolecular forces within the organic part of colloidal
nanocrystals can dramatically impact their shape. This transduction mechanism, in which changes
in the organic monolayer impact the shape of a nanocrystal, will help devise new strategies to design
stimuli-responsive systems that take advantage of both the flexibility of organic moieties and the
physical properties of the inorganic core.
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I. INTRODUCTION

The shape of inorganic nanoparticles is thought to be
immutable. A range of post-synthesis transformations
have been thoroughly studied in the past to change
their composition [1], such as ion exchange [2] or
the Kirkendall [3] effect. Still, once they have been
synthesized, the crystalline structure can hardly be
changed unless massive rearrangements occur through
dissolution and recrystallization, generally under harsh
chemical and temperature conditions. This contrasts
with organic molecules or polymers in which the low
energy barriers between different conformations allow
for possible conversions via minor external stimuli
or changes in their chemical environments such as
temperature changes. Certain classes of nanocrystals,
such as halide perovskites [4] or magic-sized clusters [5],
are much more prone to post-synthesis transformations.
For the former, this is due to their ionic bonds, which
provide a high dynamic character to their crystalline
lattice while, for the latter, their ultra-small size eases
core reconfiguration [6]. Here, we show that ultrathin
(with thickness in the nanometer range) nanoribbons

(NR) can change their shape dramatically upon ligand
exchange, even when the pre and post-exchange ligands
bear the same attaching group. We trace this effect
to ligand-induced surface stress, which depends on the
structure of the ligand’s alkyl chain.

The fact that adsorbates induce surface stresses on
crystalline surfaces has been known for a long time[7, 8]
and was first measured on thiol-capped gold cantilever[9].
Thiol molecules impose a compressive surface stress (in
the 100 mN/m range) whose magnitude is directly pro-
portional to the thiol alkyl chain length. In semicon-
ducting nanomaterials, Meulenberg et al. showed that
compressive or tensile surface stresses could be applied
on quantum dots surface according to the electronic na-
ture of the ligand (i.e. σ-donor or π-acceptor)[10].

In the case of 2D ultrathin nanoplatelets (NPL), these
ligand-induced surface stresses can yield significant de-
formations [11]. So far, most of the examples in the
literature concern cadmium chalcogenide nanoplatelets
(NPL) [12], whose native surface ligands are exchanged
for others bearing different functional groups. For in-
stance, CdSe NPLs undergo a lateral deformation when
native carboxylates are exchanged for aliphatic thiol or
phosphonic acid, resulting in a shift up to 240 meV in
the exciton transition [13]. Growing a CdS monolayer
on tubular CdSe NPL unfolds them [14] while changes
in ligand binding groups can lead to drastic changes in
NPL shapes. For example, CdTe flat NPLs bend into
nanotubes when carboxylates are exchanged for thiolates
[15], leading to the formation of an extra CdS layer at
the surface of the CdTe NPL. A tensile strain appears in
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the CdS external layer, and a compressive strain in the
CdTe core layer is present because of the mismatch in
CdTe and CdS lattice parameters, resulting in conforma-
tion change. Dufour et al. [16] observed an unfolding of
CdSe curved NPL when exchanging native carboxylates
with halide ligands. This deformation is accompanied
by an increase in the photoluminescence quantum yield
of CdSe NPL up to 70 % along a redshift in their ab-
sorption features. These changes are interpreted by the
variation in the NPL thickness due to an extension or
contraction of the lattice induced by ligand exchange and
a delocalization of the exciton wave function. Our group
has also shown that large deformations in NPL shapes
could be obtained without a change in the ligand func-
tional group since CdSe flat NPL twist into helicoid upon
the addition of oleic acid [17] in solution. More recently,
the conformation of CdSe NPL was shown to depend on
thiol ligand chain length [18, 19] and branching [20].

The concept of principal curvature is helpful to de-
scribe how NPL bend, curl, and adopt in fine their 3D
shape. The two principal curvatures of a surface are
the maximum and minimum values of the curvature at a
given point along two orthogonal directions [21, 22]. The
product of the two principal curvatures is the Gaussian
curvature, whereas their average is the mean or Germain
[23] curvature. These two quantities help define and clas-
sify the different canonical shapes (helicoid, tube, spiral)
one can encounter with NPL [11, 20, 24]. Ligands at
the surface of NPL induce a preferred curvature due to
specific interactions between ligands and between ligands
and the surface. These interactions can be encompassed
in an effective curvature parameter whose value and the
NPL’s geometrical features dictate the NPL’s geometry
[20]. Due to the symmetry elements of the crystalline
core, the ligand-induced curvatures at the top and bot-
tom layers of the NPL can be orthogonal. This is the case
for CdSe, whose zinc-blende crystal structure contains a
4̄ symmetry axis. An interplay between geometry and
energy then dictates the shape of a thin NPL and can
be accurately described using the incompatible theory
framework [20], which has been used to describe macro-
scopic objects such as seed pods [25, 26] or surfactant
self-assemblies [26, 27].

Beyond cadmium chalcogenides, few ultrathin NPLs
have been shown to adopt various conformations.
Though reports of Gd2O3 helices [28] or indium sulfide
NR [29] prove that ultrathin 2D nanomaterials are ubiq-
uitous, means to tune their conformations beyond chang-
ing the synthesis conditions are yet to be found. In-
dium sulfide is particularly relevant since it is often con-
sidered a non-toxic and more environmentally friendly
alternative for heavy metals-based nanoparticles. For
instance, In2S3 nanoparticles are used as buffer layers
in photovoltaics[30] as well as in display devices and
photodetectors[31–35] or for water splitting[36]. InS
is envisaged for applications in photovoltaics too, as a
potential passivation layer on InP devices[37, 38], as
a compound combined with CuInS2 for binary-based

photovoltaic materials engineering[39], or for its n-type
transport properties in thin films[40]. Spectroscopic
properties are also reported for InS, such as Raman
scattering[40, 41], photoluminescence[42, 43] and non-
linear optical properties[44]. Four InS allotropic varieties
are referenced in the literature: orthorhombic, mono-
clinic, cubic, or tetragonal. Among them, the orthorhom-
bic Pnnm InS structure is the most stable[45], with an
optical band gap of 2.09 eV[44].
Here, we report the conformational control of initially

coiled n-octylamine-capped ultrathin orthorhombic InS
NR under the exchange of amino ligands. By increasing
the length of the linear carbon chain of the primary amino
ligand exchanged, we can tune the curvature of the NR.
A complete uncoiling with a flat conformation is obtained
with oleylamine. This fine control of the NR curvature is
achieved by adjusting the carbon chain length of the sur-
face ligand without any change in its anchoring group -
always a primary amine - contrary to previous reports in
the literature. Besides, this curvature control is demon-
strated on a Cd-free material, paving the way for the
conformation study, the supramolecular control, and the
design of less toxic semiconducting nanomaterials.

II. RESULTS AND DISCUSSION

InS NR are synthesized from indium acetate and sul-
fur in n-octylamine by a solvothermal method inspired by
Wang et al. [29, 46] (See experimental details in SI and
Fig S1). After purification, Transmission Electron Mi-
croscopy (TEM) and high-angle annular dark field scan-
ning TEM (HAADF-STEM) show NR with a thickness
(e) of 0.90 ± 0.04 nm, a width (w) of 9 ± 2 nm and a
length (L) of 138 ± 10 nm. In their native state, they
display several different configurations (Fig. 1). The vast
majority lie with their width perpendicular to the TEM
grid and are significantly curved. The ribbons display an
overall non-zero curvature along their length and a zero
curvature along their width. They thus show a curvature
typical of a tube with positive mean curvature and zero
Gaussian curvature (Fig.1.a.-d.). However, the curvature
along their length is not constant. If we start from an
edge at one extremity of the ribbon and progress along
the ribbon on a line parallel along its length (Fig. 1.e.,
1.f.), the curvature decreases and cancels out at around
half the length of the ribbons. After this midpoint, two
configurations are observed. In some cases, the curvature
becomes negative, but its absolute value increases (in/out
configuration, Fig. 1.e.), while in other cases, the curva-
ture increases again but remains positive. (in/in configu-
ration, Fig 1.f.). The in/out configuration is chiral, while
there is a plane of symmetry in the in/in configuration.
To quantify the curvature of the NR from TEM images,
we used an image treatment algorithm that allows the
modeling of the curve from an initialization curve created
manually by a point-click method which is then fitted to
the underlying data using an iterative minimization al-

https://doi.org/10.26434/chemrxiv-2024-h9tvm-v3 ORCID: https://orcid.org/0000-0002-1629-9671 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-h9tvm-v3
https://orcid.org/0000-0002-1629-9671
https://creativecommons.org/licenses/by-nc-nd/4.0/


3

gorithm using cubic B-splines.

The average curvature is then calculated from the fit-
ted curve (see Methods and Fig. S2). By repeating the
measurement on a statistically relevant number of NR,
we measure an average (5.6 ± 0.2) nm radius of curva-
ture for n-octylamine-capped NR and an average length
(L) of (138 ± 10) nm (Fig. 1.e. and 1.f.).

To determine the NR composition, we performed
Rutherford Backscattering Spectrometry (RBS) (Fig.
S3), which yields a ratio between indium and sulfur of
(1.04 ± 0.04), leading to an InS empirical formula. The
x-ray powder diffractogram (Fig. 3) displays three promi-
nent broad peaks at 24.7◦, 33.8◦and 44.3◦, eight others
of low intensity, and two intense and narrow peaks at
27.2◦ and 29.2◦. The widths of these peaks correspond
to crystalline domains of 83 nm and 66 nm, i.e., much
larger than all the NR dimensions, which points toward
the presence of impurities. This is confirmed by XPS
data, which indicate the presence of oxygen in the form
of oxides (see Fig. S4). We deduce that impurities in
the form of indium oxide are undoubtedly present in our
sample, as suggested by the thin peaks at 21.3 ◦, 29.2 ◦

and 35.9 ◦ which are attributed to [211], [222] and [400]
crystallographic planes of cubic indium sulfide In2O3 of
the Ia-3 space group (ICDD card n◦ 00-006-0416). Still,
EDX mapping at the nanoscale shows that the NRs are
only composed of indium and sulfur (Fig. 1.g.). Selected
area electronic diffraction (SAED) confirms that the thin
peaks in the X-ray diffraction are due to impurities since
they do not appear in the SAED pattern (Fig. S5). The
eight distances measured from SAED match the eight
distances measured from XRD and are consistent with
an orthorhombic Pnnm InS structure (ICDD card n◦ 01-
072-0551, Fig. S5).

This crystallographic structure is confirmed by high-
resolution STEM imaging, which proves the presence of
a quaternary symmetry axis in the structure when the
NRs are observed parallel or perpendicular to the thick-
ness direction. Fourier transforms of STEM images (Fig.
2.c.-d.) match with electron diffraction of modeled or-
thorhombic InS along these directions(Fig. 2.e.-f.). The
atomic disposition observed using HAADF-STEM is also
consistent with the Pnnm structure. Rows of atoms ori-
ented at approximately 45◦ from the edge are observed
for a NR lying flat on the surface (Fig. 2.c.). When
we observe the modeled NR lying on its edge (Fig. 2.d.),
the atomic arrangements are consistent with these exper-
imental observations: rows of 4 atoms or pairs of atoms
that are oriented at approximately 40◦ from the edge.
Besides, HR-STEM observations allow us to precisely de-
termine the NR thickness of 0.90 ± 0.04 nm: this corre-
sponds to the thickness of two Pnnm InS unit cells along
the b-axis (0.88 nm, Fig. 2.f.).

We performed ligand exchange to explore the effect of
surface ligands on the NR conformation (see SI for ex-
perimental details and Fig. S6). A significant excess
of oleylamine coupled with the high reaction tempera-
ture ensures complete ligand exchange. TEM images of

the purified product display completely uncoiled InS NR
(Fig. 2.a.b.). To check that the high-temperature treat-
ment did not cause the uncoiling, a control sample of
InS NR in toluene (i.e., without adding oleylamine) was
heated in the same experimental conditions. This con-
trol sample presented only coiled NR, similar to the ones
observed before heating, with the same radius of curva-
ture (5.6 ± 0.1) nm, confirming that the heating does
not affect the conformation of the nano-object and just
kinetically favors the ligand exchange. The uncoiling is
thus due to the exchange of native n-octylamine with
oleylamine, which changes the stress at the ligand/NR
interface and induces their uncoiling.

To prove and quantify the extent of the exchange, ther-
mogravimetric analyses (TGA) and Fourier-transform in-
frared (FT-IR) spectroscopy were performed on R-NH2-
capped (R = n-octyl or oleyl) InS NR. FT-IR spec-
troscopy shows for both samples characteristic stretch-
ing frequencies of the amine function (νN−H , 3000 -
3500 cm−1)[47]. In the case of the oleylamine-capped
sample, an additional stretching band characteristic of
the alkene vibration (ν=C−H , 3006 cm−1) is observed.
According to TGA results, initial n-octylamine-capped
NR have a ligand density of 4.3 nm−2 (Fig. S9). Af-
ter ligand exchange and assuming only one type of
amine bound to the nanocrystal, we found an oleylamine
ligand density of 3.1 nm−2 (Fig. S10.c.d.). 1D 1H
NMR and diffusion-ordered spectroscopy (DOSY) anal-
yses were performed on oleylamine-capped sample (Fig.
S11 and S12). The results support our assumption that
oleylamine is effectively bound to nanocrystals. Indeed,
two overlapping broad resonances are clearly visible in
the alkene region (see insert in Fig. S12), characteristic
of bound molecules. The same conclusion can be drawn
from the DOSY experiment, which gives a lower diffusion
coefficient for bound oleylamine (see SI section ”Surface
characterization by NMR spectroscopy”).

To assess ligand-induced strain, we compare XRD pat-
terns of coiled and uncoiled NR (Fig. 3). The two
diffractograms display the same peaks corresponding to
the Pnnm InS structure, but with their positions shifted
(see Table I and red lines in Fig. 3). The strain δcoiled
applied along a specific [hkl] direction of coiled InS NR
is defined as δcoiled = (dcoiled − dbulk)/dbulk, with dcoiled
the distance between two successive (hkl) atomic planes
in the coiled NR crystallographic structure and dbulk this
distance in the bulk material.

Oleylamine and n-octylamine both exert compressive
stresses in [101], [004], and [008] directions (negative
strains values, see Table I) and a tensile stress in the [200]
and [204] directions (positive strains values, see Table I).
From a mechanical point of view, as the (200) plane is
perpendicular to the (004) (or (008)) plane, tensile stress
on the former has to engender compressive stress in the
latter, hence the opposite sign of the strain imposed on
these plans.

To better understand the role of the ligand alkyl chain
in the uncoiling of the NR, we performed exchange exper-
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FIG. 1. TEM image of coiled InS NR lying edge-on (a.) and flat (b.) HR-STEM image of a coiled InS NR lying edge-on
(c.) and flat (d.). Insert in (c.) is the enlargement of the yellow box – TEM images of InS NR in an in/out (e.) or an
in/in (f.) conformation with their modeling according to Archimedean spirals (see SI for details). The notation w, e, and L
correspond to the width (9 ± 2 nm), thickness (0.90 ± 0.4 nm), and length (138 ± 10 nm) measured by TEM, respectively. (g.)
Elemental mapping of a coiled NR sample by Energy Dispersive X-ray spectroscopy (EDX). From left to right: HAADF-STEM
image showing the area of the sample selected for EDX elemental mapping, indium and sulfur elemental mapping, and oxygen
mapping.

iments with primary amines bearing different linear sat-
urated alkyl chains with increasing ligand chain lengths
from n-butylamine to n-octadecylamine. The experi-
mental procedure is identical to the one described for
oleylamine, which is described in the experimental sec-
tion. The resulting NR were then characterized by TEM
(Fig. 4, S7 and S8), from which the average curvature

radii were measured as explained before (Fig.4.i.) and
are compared with the ones of a control sample of octy-
lamine (C8)-capped InS NR in toluene, heated 20 hours
in a toluene solution of octylamine at 1.2M.
The nanoribbon’s curvature is correlated to the length

of the carbon chain of the amine ligand. A shorter
carbon chain amine (i.e., n-butylamine (C4)) induces a
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FIG. 2. (a-c.) TEM and HAADF-STEM images and their Fast Fourier Transform (FFT) of uncoiled InS NR lying flat at
different magnifications. The indexation of the FFT spots corresponds to the InS orthorhombic structure. (d.) HAADF-STEM
image of an uncoiled InS NR lying on its edge and its FFT. (e.) View of a modeled orthorhombic InS NR along the [010] and
[001] zone axis. (f.) Scheme of an orthorhombic Pnnm InS conventional cell, from ICDD card n◦01-072-0551.

Diffraction peak [101] [004] [200] [204] [008]

2θ Bulk InS (◦) 24.1 33.7 46.0 58.2 70.8

2θ(◦) Coiled NR 24.7 33.8 44.3 56.4 70.9

2θ (◦) Uncoiled NR 24.3 34.7 43.8 55.1 72.9

Strain (%) Coiled NR -2.5 -0.4 3.7 3.0 -0.2

Strain (%) Uncoiled NR -1.0 -3.0 4.8 5.2 -2.5

TABLE I. Shifts of diffraction peaks between coiled octylamine-capped NR and uncoiled oleylamine-capped NR and associated
strains.

smaller curvature radius than in the control sample (i.e.,
with octylamine (C8), see Fig. 4) while octadecylamine
(C18) leads to the highest InS NR radius of curvature ra-
dius measured. On the other hand, oleylamine, its non-
saturated counterpart, leads systematically to a complete
unfolding and flattening of the NR, i.e., infinite radius of
curvature (Fig. 2, 4 and S8).

To further confirm the gradual uncoiling of the NR
in solution with the ligand chain length, we performed
Small-Angle X-ray Scattering (SAXS) measurements
on these dispersions. This technique is adapted to get
structural information on nanomaterials averaged over

many nanoparticles and, more specifically, to assess
the curvature of 2D nanoparticles [48–50]. Drying
artifacts and interactions between the substrate and
the nanoparticles, which can plague electron microscopy
experiments, are also absent in SAXS since the mea-
surement occurs in solution. SAXS patterns for the
same nanoribbons coated with different alkylamine are
shown in Fig. 4.j. At small wave vectors q, the intensity
follows a q−2 power law consistent with the slenderness
of the objects. At larger q, the intensity oscillates for
the shorter chains (C4 to C14) while the q−2 scaling is
conserved for the oleylamine case. For C16 and C18, the
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FIG. 3. X-Ray diffractograms of coiled octylamine-capped
InS NR (top) and uncoiled oleylamine-capped InS NR (bot-
tom). InS NR peaks that shift are highlighted in red. Peak
shifting as regards bulk orthorhombic Pnnm InS (ICDD card
n◦ 01-072-0551) diffraction peak positions are highlighted by
red lines and arrows.

oscillations are much less marked than for the shorter
chains. The oscillations appear at q values between
0.05 and 0.1 Å−1, corresponding to distances between
6 and 12 nm in real space. As already shown for CdSe
NPL [14], they are fingerprints of the curvature of
nanoplates with a typical radius of curvature on this
length scale. More details of these features can be seen
in the Kratky plot (Iq2 vs q) in Fig. 4.k. We note that
for each sample, oscillation positions shift depending
on the ligand chain length. Hence, we can classify our
samples into three categories depending on their SAXS
patterns. For n-butylamine (C4)-, n-hexylamine (C6)-
and n-octylamine (C8)-capped samples, the maximum
of the oscillations appears between 0.6 and 0.8 Å−1

while they shift at smaller q for C12 and C14. The
oscillations get weaker for n-hexadecylamine (C16)- and
n-octadecylamine (C18)-capped samples and disappear
for oleylamine (OLAM)-capped sample, which displays
a constant Kratky plot indicating a flat object with an
infinite radius of curvature. Hence, the SAXS patterns
are consistent with gradually uncoiling the ribbons
as the ligand chain length increases. To go beyond
this qualitative picture, we simulated SAXS patterns
of Archimedean spirals, which are idealized shapes of
the InS NR (see SI for details). The theoretical SAXS
patterns share common features with the experimental
ones, such as a q−2 regime at small angles and a large
oscillation whose position depends on the curvature.
We find a direct relation between the Kratky plot’s
oscillation maximum and the NR’s curvature radius
(Fig. S15). By applying this model to our experimental
data, we extract a radius of curvature by SAXS between
5 and 7.5 nm for chain lengths between 4 and 8 in
quantitative agreement with TEM. We note, however,
that the increase in curvature radius between C4 and C8
observed by TEM is not visible in the SAXS data. For

C14 and C16, the oscillation position is more difficult
to assess with certainty since the patterns are noisier
and featureless. It is also likely that the Archimedean
spiral model does not describe the shape of the ribbon
due to its larger uncoiling. Overall, these SAXS ex-
periments and their modeling give a direct insight into
the conformation of the NR in solution, which is in
semi-quantitative agreement with TEM.

We now examine the possible physical origin of this
trend in the framework of incompatible elasticity theory,
which is relevant for ribbons covered with a monolayer
of surfactants [20]. We showed that ribbons display an
effective curvature given by:

κ̄ = Ψκ0
Φ3

1 + Φ3
, (1)

where κ0 is the curvature at the NPL/ligand inter-
face, Ψ = Ylig/Ybulk is the ratio between the interfacial
and bulk Young’s moduli, and Φ = e/t is the ratio be-
tween the effective thickness of the surfactant layer and
the NPL thickness. Here, we observe a decrease in the
ribbon’s curvature as the ligand chain length increases
for linear alkyl chains. A similar trend was observed pre-
viously for CdSe in experiments [19] and simulation [20].
This physical parameter impacts all the terms in equa-
tion 1 directly or indirectly. First, it appears through

the Φ3

1+Φ3 term via the thickness of the surfactant mono-
layer e. However, this term increases with e at constant
ribbon thickness. Hence, if it predominated, we would
observe an increasing curvature with increasing ligand’s
chain length and not a decrease as we do. The ligand
chain length also impacts Ψ via Ylig. The bending rigid-
ity of a monolayer is known to increase with the surfac-
tant tail length [51]. Here again, the dependence does
not correspond to our experimental findings but the lig-
and tail length can also play a role in variations of κ0.
The spontaneous curvature of a monolayer results from
an interplay between the repulsion of the headgroup and
the attraction between the chains. The so-called packing
parameter p is often used for surfactants at air/water and
water/oil interfaces to get insight on the preferred cur-
vature adopted by monolayers [52]: p = v

a0ℓc
, where v is

the volume occupied by the surfactant tail, a0 is the area
per surfactant head and ℓc the length of the alkyl length.
The ratio v

ℓc
is almost constant with chain length for lin-

ear alkyl chains [53] while the area per ligand depends
mostly on the headgroup. In our case, it is reasonable to
assume that this parameter is constant over amine lig-
and exchange but Anderson et al. recently shown that
surface ligand surface densities depend strongly on the
ligand structure beyond their polar heads [54]. Thus,
the ligand chain length could impact the packing pa-
rameter through variations of surface densities over lig-
and exchange. The dramatic change in curvature ob-
served between oleyl and octadecyl chains could also be
explained by such differences in ligand surface density.
Furthermore, unsaturation has been shown to decrease
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FIG. 4. Effect of amine chain length on NR curvature (a-h.) TEM images of InS NR capped with n-butylamine
(C4), n-hexylamine (C6), n-octylamine (C8), n-dodecylamine (C12), n-tetradecylamine (C14), n-hexadecylamine (C16), n-
octadecylamine (C18), and oleylamine (OLAM) showing the gradual uncoiling of the NR with the increase in the carbon chain
length of the amine ligand. (i.) Mean radius of curvature as a function of the carbon chain length between n-butylamine and
n-octadecylamine as measured by TEM. (j.) SAXS pattern and (k.) Kratky plot (Iq2 vs q) of the SAXS intensity for the same
InS nanoribbons with different n-alkylamines.

lipid bilayers’ bending modulus significantly. Hence, go-
ing from octadecyl to oleyl chain would induce a decrease
in Ψ and thus a decrease in curvature in line with exper-
iments. More efforts towards a molecular description of
the nanocrystal/ligand interface are needed to disentan-
gle these different effects and quantify them.

III. CONCLUSION

We have shown that control of the coiling of InS NR
is easily achieved by choosing an appropriate surface lig-
and. Ligand exchanges were realized between native n-

octylamine and primary amines, which differ only in their
saturated linear carbon chain length. TEM radius cur-
vature measurements and SAXS allow monitoring of the
NR’s conformation depending on the amine chain length.
Short carbon chains lead to the highest curvatures, and
oleylamine entirely unfolds the initially coiled NR. While
the folding or unfolding of NPL has been achieved up to
now through the grafting of different functional groups at
their surface, our work shows that curvature control can
be achieved by choosing the ligand chain length and sat-
uration. This demonstrates that alkyl chain interactions
within the ligand monolayer play a significant role in sur-
face stress, which controls NPL conformation. The fact
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that the shape of ultrathin nanoparticles can be tuned to
such an extent by low energy interactions at their surface
paves the way toward supramolecular control of nanopar-
ticle conformation.
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MATERIALS AND METHODS

IV. EXPERIMENTAL METHODS

A. Starting Materials and chemicals

Indium (III) acetate (anhydrous, 99.9%), n-octylamine
(99+%), and oleylamine (approximate C18-content 80-
90%) were purchased from Fisher-Acros Organics. Sul-
fur (powder, 99.998%), n-hexadecylamine (98%), and n-
dodecylamine (98%) were purchased from Sigma-Aldrich.
n-Tetradecylamine (≥96%) was purchased from TCI
Europe. n-Butylamine (99%) and n-octadecylamine
(97%) were purchased from Fisher-Alfa Aesar. Abso-
lute ethanol and toluene (∼99.5%) were purchased from
VWR.

B. Instrumentation

Transmission Electron microscopy (TEM).
TEM images were acquired on a JEOL JEM-1400 (accel-
erating voltage of 120 kV) at CIQLE Lyon. The samples
are prepared by drop-casting InS NR suspensions in
toluene onto 200 carbon-coated copper grids. To avoid
aggregation of NR on the TEM grids, the suspension
of NR can be diluted to minima by a factor of ten and
sonicated for 2 minutes in a bath. InS ultra-thin NR
are electron beam sensitive and may deteriorate in a

few seconds. Part of HR-STEM pictures have been
acquired using a Jeol Neoarm operating at 200 kV at
the Centre Électronique de Microscopie Stéphanois,
in Saint-Étienne (France). STEM observations were
made on a Titan Themis 200 microscope (FEI/ Thermo
Fischer Scientific) equipped with a geometric aberration
corrector on the probe at the center of nanosciences
and nanotechnologies of Palaiseau. The microscope was
also equipped with the “Super-X” systems for EDX
analysis with a detection angle of 0.9 steradian. The
observations were made at 200 kV with a probe current
of about 50 pA and a half-angle of convergence of 17
mrad. HAADF-STEM images were acquired with a
camera length of 110 mm (inner/outer collection angles
were 69 and 200 mm, respectively). The HRTEM
images and selected area electron diffraction patterns
(SAED) were acquired on a Ceta 16M camera. The cam-
era length for the electron diffraction was 100 cm with
a spot size of 5 to minimize the irradiation of the sample.

Powder X-Ray Diffraction (XRD). XRD data
were acquired using a PANalytical Empyrean X-ray
diffractometer equipped with a 1.8 kW Cu Kα ceramic
tube, operating at 45 kV and 40 mA and a PIXcel3D
2×2 area detector.

Small Angle X-ray Scattering (SAXS). SAXS
experiments were performed on a Xenocs XEUSS 3.0
apparatus using an X-ray energy of 8 keV with a sample-
to-detector distance of 350 mm. InS NR dispersions
were loaded in glass capillaries.

Rutherford backscattering spectrometry
(RBS).. RBS was used to measure the mean atomic
composition [S]/[In]. For this purpose, the sample, ini-
tially in powder form, was deposited on carbon adhesive
tape. The analysis was performed with 4He+ ions of
2 MeV energy delivered by the 4 MV Van de Graaff
accelerator of the “ANAFIRE” platform located at the
Institut de Physique des 2 Infinis (IP2I) Laboratory of
Lyon. The backscattered particles were detected with a
15 keV resolution implanted junction set at an angle of
169◦ with respect to the beam axis. The experimental
data were fitted with the help of the SIMNRA simulation
code [55].

X-ray Photoelectron Spectroscopy (XPS).
XPS spectra were recorded on a THERMO K-alpha+
spectrometer with the Al Kα line used as the excitation
source at the Laboratoire Science et Surface of Ecully
(Serma Technologies).

Fourier-Transform Infrared Spectroscopy (FT-
IR). FT-IR analyses were carried out on Perkin-Elmer
Spectrum 65 spectrometer in transmission mode and us-
ing Specac Omnicell equipped with two KBr windows.
Samples were dispersed in tetrachloroethylene to perform
the solution-phase measurements.

https://doi.org/10.26434/chemrxiv-2024-h9tvm-v3 ORCID: https://orcid.org/0000-0002-1629-9671 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-h9tvm-v3
https://orcid.org/0000-0002-1629-9671
https://creativecommons.org/licenses/by-nc-nd/4.0/


9

Nuclear Magnetic Resonance (NMR). NMR
analyses were carried out on Bruker Advanced 400MHz
spectrometer equipped with a 5 mm Prodigy probe. 1H
spectra were calibrated using TMS standard and chemi-
cal shift values are provided in ppm. Deuterated solvents
were dried over CaH2 and distilled.

C. Solvothermal synthesis of indium sulfide NR

0.0511 g of anhydrous indium (III) acetate (0.175
mmol, 1 eq.), 0.0056 g of sulfur powder (0.175 mmol,
1 eq.), 12.25 mL of 1-n-octylamine and 1.75 mL of
absolute ethanol are introduced in a 20 mL Teflon-lined
autoclave. The reaction mixture is ultrasonicated for 10
minutes to get a homogeneous solution. The autoclave
is sealed and heated at 220°C for 12h in an oven. Once
it is cooled to room temperature, the yellow-cloudy
resulting solution is centrifuged for 5 minutes at 6153×g.
The product is redispersed in 5 mL of absolute ethanol
before being centrifuged for 5 minutes at 6153×g. This
procedure is reproduced twice in a mixture of 5 mL
of toluene and 3 mL of ethanol and twice in 5 mL of
toluene. The final yellow product is redispersed in 20
mL of toluene. The typical mass concentration at this
stage is 1.3 g/L.

D. Unfolding of indium sulfide NR by ligand
exchange

A typical procedure to unfold completely as-
synthesized n-octylamine-capped InS nanoribbons
is to add 355 µL of oleylamine (final concentration in so-
lution of 1.2 M) to 150 µL of the above solution of folded
NR (final concentration in solution of 0.22 mg/mL) and
395 µL of toluene in a vial. The mixture is then soni-
cated for 10 minutes before being heated for 21h under
agitation (150 rpm) at 95°C in an oil bath. 500 µL of
absolute ethanol is added, and the mixture is centrifuged
for 5 minutes at 6153×g: the residue of unfoldedInS
NR is then redispersed in 1 mL of toluene. This last
step can be repeated twice to get rid of oleylamine traces.

The same procedure above is then applied, using
different amino ligands instead of oleylamine (used for
complete unfolding): n-butylamine (maximal coiling),
n-dodecylamine, n-tetradecylamine, n-hexadecylamine,
n-octadecylamine (unfolding) with a 1.2 M final amino
ligand concentration in the solution. Oleylamine-capped
InS nanoribbon samples are colloidally stable, contrary
to other amine-capped InS nanoribbon samples, which
precipitate within a few hours.

E. TEM curvature measurements

To quantify the coiling inside a sample, we use a semi-
automatic image treatment algorithm (ImageJ plugin
Kappa, https://github.com/fiji/Kappa) [56] which
detects the contour of the NR, measures the curvature
along its length and computes the mean curvature and
thus the average curvature radius of the NR. The Fiji
plugin Kappa allows modeling the curve adopted by an
NR viewed along its side on TEM images from an initial-
ization curve created manually by a point-click method
(see Figure S2). The initialization curve is then fit by
the software to the underlying data using an iterative
minimization algorithm that uses cubic B-splines (i.e.,
parametric piecewise 3rd-degree Bézier curves Consider-
ing one NR and for each point on the line is then calcu-
lated the curve length, the curvature κ and so the radius
of curvature ρ which is defined as the inverse of κ. This
radius of curvature is then averaged for the whole mod-
eled NR. By repeating this procedure to a hundred NRs
of the sample, we can give an averaged and global radius
of curvature of the NR inside the sample. The associ-
ated uncertainty U of this global curvature (or of the
radius of curvature) is calculated as follows: U = 2σ/

√
n

with σ the square deviation of the statistical series and n
the number of measurements (i.e., the number of NR of
the sample for which we measure the curvature, about a
hundred). As regards uncertainties, we consider only A-
type uncertainty for curvature measurements, as B-type
uncertainties are evaluated as much smaller than A-type
uncertainty (This is not the case for the measurement of
the dimensions of flat NR, where A-type uncertainty UA

and B-type uncertainties UB have both to be taken into
account).

[1] L. Manna, J. Cheon, and R. E. Schaak, Why Do We Care
about Studying Transformations in Inorganic Nanocrys-
tals?, Accounts of Chemical Research 54, 1543 (2021).

[2] L. De Trizio and L. Manna, Forging Colloidal Nanostruc-
tures via Cation Exchange Reactions, Chemical Reviews
116, 10852 (2016).

[3] Y. Yin, R. M. Rioux, C. K. Erdonmez, S. Hughes, G. A.
Somorjai, and A. P. Alivisatos, Formation of Hollow
Nanocrystals Through the Nanoscale Kirkendall Effect,
Science 304, 711 (2004).

[4] N. Pradhan, Alkylammonium Halides for Facet Recon-
struction and Shape Modulation in Lead Halide Per-
ovskite Nanocrystals, Accounts of Chemical Research 54,
1200 (2021).

[5] C. B. Williamson, D. R. Nevers, A. Nelson, I. Hadar,
U. Banin, T. Hanrath, and R. D. Robinson, Chemi-
cally reversible isomerization of inorganic clusters, Sci-
ence 363, 731 (2019).

[6] H. Han, Y. Yao, and R. D. Robinson, Interplay be-
tween Chemical Transformations and Atomic Structure

https://doi.org/10.26434/chemrxiv-2024-h9tvm-v3 ORCID: https://orcid.org/0000-0002-1629-9671 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://github.com/fiji/Kappa
https://doi.org/10.1021/acs.accounts.1c00123
https://doi.org/10.1021/acs.chemrev.5b00739
https://doi.org/10.1021/acs.chemrev.5b00739
https://doi.org/10.1126/science.1096566
https://doi.org/10.1021/acs.accounts.0c00708
https://doi.org/10.1021/acs.accounts.0c00708
https://doi.org/10.1126/science.aau9464
https://doi.org/10.1126/science.aau9464
https://doi.org/10.26434/chemrxiv-2024-h9tvm-v3
https://orcid.org/0000-0002-1629-9671
https://creativecommons.org/licenses/by-nc-nd/4.0/


10

in Nanocrystals and Nanoclusters, Accounts of Chemical
Research 54, 509 (2021).

[7] H. Ibach, Adsorbate-induced surface stress, J. Vac. Sci.
Technol. A 12, 2240 (1994).

[8] R. C. Cammarata, Surface and interface stress effects in
thin films, Prog. Surf. Sci. 46, 1 (1994).

[9] R. Berger, E. Delamarche, H. P. Lang, C. Gerber, J. K.
Gimzewski, E. Meyer, and H.-J. Güntherodt, Surface
stress in the self-assembly of alkanethiols on gold, Sci-
ence 276, 2021 (1997).

[10] R. W. Meulenberg, T. Jennings, and G. F. Strouse, Com-
pressive and tensile stress in colloidal CdSe semiconduc-
tor quantum dots, Phys. Rev. B 70, 235311 (2004).

[11] L. Guillemeney, L. Lermusiaux, G. Landaburu,
B. Wagnon, and B. Abécassis, Curvature and self-
assembly of semi-conducting nanoplatelets, Commun.
Chem. 5, 1 (2022).

[12] S. Ithurria, M. D. Tessier, B. Mahler, R. P. S. M. Lobo,
B. Dubertret, and A. L. Efros, Colloidal nanoplatelets
with two-dimensional electronic structure, Nat. Mater.
10, 936 (2011).

[13] A. Antanovich, A. W. Achtstein, A. Matsukovich,
A. Prudnikau, P. Bhaskar, V. Gurin, M. Molinari, and
M. Artemyev, A strain-induced exciton transition energy
shift in CdSe nanoplatelets: The impact of an organic
ligand shell, Nanoscale 9, 18042 (2017).

[14] C. Bouet, B. Mahler, B. Nadal, B. Abécassis,
M. D. Tessier, S. Ithurria, X. Xu, and B. Dubertret,
Two-dimensional growth of CdSe nanocrystals, from
nanoplatelets to nanosheets, Chem. Mater. 25, 639
(2013).

[15] R. B. Vasiliev, E. P. Lazareva, D. A. Karlova, A. V. Gar-
shev, Y. Yao, T. Kuroda, A. M. Gaskov, and K. Sakoda,
Spontaneous folding of CdTe nanosheets induced by lig-
and exchange, Chem. Mater. 30, 1710 (2018).

[16] M. Dufour, J. Qu, C. Greboval, C. Méthivier, E. Lhuil-
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SUPPLEMENTARY MATERIAL

A. Supplementary Figures

FIG. S1. A. Scheme of the experimental conditions - B. Top: Nanoribbons in the powder form, Bottom: Colloidal solution of
nanoribbons dispersed in toluene.

FIG. S2. (a.) HAADF-STEM images of n-octylamine-capped coiled InS NR lying on edge, highlighting these nano-objects
high degree of curvature. - (b.) Screenshot of Kappa plugin interface: in purple is represented the fit curve obtained from an
initialization curve created by a point-click method, which follow the observed curve of the NR.

B. Thermogravimetric analysis (TGA) and FT-IR experiments

TG analyses on amine-capped InS NR are used to calculate the surface ligand density of amines. From the mass
fraction of ligands obtained using TGA, the surface coverage is expressed through equation 1:

ωl =
1

1 +
X

Σ

(2)

where X =
NAVNRρNR

ANRMl
, NA is the Avogadro constant, ANR, VNR and ρNR are the surface area, the volume and

the density (4.92 g.cm−3) of the InS NR, respectively. Ml is the molecular weight of the ligand considered. We found
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FIG. S3. RBS spectrum for NR: the experimental data are fitted in order to obtain the chemical composition of the sample,
written below the spectrum.

FIG. S4. XPS analyses: (a.) XPS survey patterns InS nanoribbons, proving the atomic presence of In(16.3%), S(14.7%),
O(18.9%), C(45.3%), N(4.8%) - High-resolution XPS spectra highlighting the presence of: (b.) In in the form of sulfide and/or
oxide ; (c.) O in the form of oxide (∼50%) and ligand (∼50%) ; (d.) S mainly in the form of sulfide (peak at 162 eV). Some is
founded to be in a sulfate or sulfonate form ((≤ 10%, peak at 169 eV)
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FIG. S5. Left: Interplanar distances measured from SAED (top) compared to interplanar distances calculated from X-ray
diffraction (XRD, bottom). From SAED, we were able to select the peaks in the X-ray diffractogram that really correspond to
InS NR. We made the attribution according to orthorhombic Pnnm InS crystallographic structure (ICDD card n◦01-072-0551).
Peak in red are those who are shifted after ligand-exchange (see main text). Right: Selected-Area Electron Diffraction (SAED)
pattern of InS NR.

FIG. S6. Representation of the ligand exchange process.

values X values of 4.5 and 9.3 for oleylamine and n-octylamine, respectively. Assuming only one species is bound to
the surface of InS NR, TGA results yield surface coverages of 3.5 nm−2 and 3.1 nm−2 for n-octylamine and oleylamine
after ligand exchange and purification, respectively (Fig. S10). Initial n-octylamine-capped NR have a ligand density
of 4.3 nm−2 (Fig. S9). The lower values of post-exchange ligand densities are explained by purification steps with
ethanol after the exchange experiments, which strip off ligands from the NR surface.
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FIG. S7. TEM images of indium sulfide NR TEM capped with : (a.) n-butylamine - (b.) n-hexylamine - (c.) n-octylamine -
(d.) n-dodecylamine.

C. Surface characterization by NMR spectroscopy

In order to ensure oleylamine is present on the surface of the NR, we performed 1D 1H NMR and diffusion-ordered
spectroscopy analyses. First, on samples washed once with absolute ethanol (2/1 vEtOH/v). As shown on Fig. S11,
characteristic resonances of oleylamine are detected. However, diffusion experiment gave a diffusion coefficient of
1.07.10−9 m2/s which is close to the value of free oleylamine (D = 1.16.10−9 m2/s), meaning that the detected signal
stems mainly from the remaining free oleylamine.

Unfortunately, when the sample is washed twice with absolute ethanol the NR cannot be resuspended in any of
the tested solvent. To overcome this issue, we washed twice the sample using acetone instead of ethanol. As shown
on Fig. S12, this sample displays two overlapping signals of oleylamine which could be ascribe to tightly and loosely
associated oleylamine.

In this last case, diffusion-ordered spectroscopy analysis in the case of the terminal -CH3 signal gave a much lower
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FIG. S8. TEM images of indium sulfide NR TEM capped with : (a.) n-tetradecylamine – (b.) n-hexadecylamine - (c.)
n-octadecylamine – (d.) oleylamine.

diffusion coefficient of 8.10−10 m2/s than for free oleylamine (D = 1.16.10−9 m2/s). Values obtained for the alkene
resonance were too dispersed to be fitted accurately: this might be due to the bivalent nature of this resonance. The
low intensity of the alkene resonance can also be attributed to the low amount of materials available for this analysis.
Nonetheless, we can conclude that the oleylamine is effectively bound to the InS surface.
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FIG. S9. (a) Thermogravimetric analysis and (b) FT-IR spectrum of InS NR prior to any ligand exchange.

FIG. S10. (a, c) FT-IR spectra of n-octylamine and n-octylamine-capped InS NR (a), oleylamine and oleylamine-capped InS
NR (c). (b, d) Thermogravimetric analysis of n-octylamine (b) and oleylamine-capped (d) InS NR, respectively.
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FIG. S11. 1H NMR spectrum of one-time washed InS-Oleyl-NH2 NR in d8-toluene.

D. SAXS modeling

As discussed before, TEM images show that ligand-coated NRs roll up to adopt different conformations (see Fig.
1), mainly double spiral-like shapes where the turns are either in the same direction or opposite direction, the latter
forming figure-of-eight-like shapes. In addition, numerous partially rolled-up shapes can also be seen, significantly
adding to the polydispersity of shapes. Visual inspection clearly shows that the radius of curvature is not constant;
rather, it progressively increases or decreases along the ribbon contour. Here, we develop a workflow to extract the
average radius of curvature from scattering curves by assuming NRs to form a monodisperse suspension of idealized
spirals of a specific type. We calculated the form factors P (q) for four different types of spiral shapes – (i) Archimedean
spiral, (ii) Fermat spiral, (iii) logarithmic spiral, and (iv) Cornu’s spiral (or clothoid). Out of these four, an analytical
expression for P (q) is available in the literature only for logarithmic spirals[50]. Furthermore, visual inspection of
rolled-up NRs indicates that their shapes are similar to thin sheets of constant width wrapping around a cylinder.
This observation supports the hypothesis that NRs can be suitably modeled as Archimedean spirals, and the other
three kinds are not pertinent to our system. We aim to determine whether any distinctive features exist in the form
factor that will allow us to determine the parameters of an Archimedean spiral and subsequently calculate its radius
of curvature.

Our approach is purely numerical – first, we arranged a set of atoms, which act as idealized point scatterers, in the
shape of a ribbon with width 10 nm and a spiral contour of a fixed length L. Then we calculated the orientationally-
averaged scattering intensity I(q) from the atomic positions as a function of q and normalized it to obtain P (q) =
I(q)/I(0). The atoms were arranged with a uniform spacing of 0.5 nm along both the width and the contour. SAXS
being a low-resolution technique, the precise positions of the atoms do not influence the overall scattering patterns.
The calculations were performed using the software package Debyer (https://github.com/wojdyr/debyer), which

https://doi.org/10.26434/chemrxiv-2024-h9tvm-v3 ORCID: https://orcid.org/0000-0002-1629-9671 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://github.com/wojdyr/debyer
https://doi.org/10.26434/chemrxiv-2024-h9tvm-v3
https://orcid.org/0000-0002-1629-9671
https://creativecommons.org/licenses/by-nc-nd/4.0/


19

FIG. S12. 1H NMR spectrum of InS-Oleyl-NH2 NR purified two-times with acetone in d8-toluene. Signals from toluene (∗)
and acetone (⋆) are also visible. Insert: zoom in on the alkene region.
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FIG. S13. (a) Graph of an Archimedean spiral indicating all geometric parameters. The arc length s is measured outward
along the direction of positive θ. 3D renderings of a single (b) and double spiral with in/in (c) and in/out (d) conformations.
(e) Radius of curvature of single spirals as a function of arc length for different values of the parameter b. In panels (b) – (e)
rmin = 0.
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incorporates a computationally efficient implementation of the Debye scattering formula:

I(q) =

N∑
i

N∑
j

fifj
sin(qrij)

qrij
, (3)

where fi is the scattering factor for atom i and rij is the distance between atoms i and j. In our calculations, we
have assumed fi = fj = 1.
An Archimedean spiral is defined by the polar equation r = bθ, where r is the radius, θ is the polar angle, and b is

a parameter (see Fig. S13 (a)). At a fixed θ, the distance between two successive turns δr = 2πb is constant. The arc
length for θ1 ≤ θ ≤ θ2 is

s =
b

2

[
θ +

√
1 + θ2 + sinh−1 θ

]θ2
θ1
. (4)

In addition, another parameter rmin can be introduced which marks the radius at which the curve commences. The
primary purpose of rmin is to shift the initial value of θ. Analysis of isolated conformations from the TEM images gives
us an estimate of rmin = 3.62 nm and b = 0.47 nm, though the precise values vary between different conformations.
Two spirals can be joined to form double spirals, where the two curvatures can have the same sign (in/in confor-

mation) or opposite sign (in/out conformation), as shown in Fig. S13 (c, d). For the in/in case, a kink appears in
the middle where the two spirals meet. While it is possible to remove the kink, it calls for additional parameters. In
Fig. S13(c,d), we have slightly ameliorated the kink by forcing the curvature to linearly attain a value of zero over a
small length at the end of each spiral, though the discontinuity in the derivative of curvature still remains. However,
for our purposes, the kink turns out to be a minor detail and does not affect our conclusions. The unsigned radius of
curvature (for a single spiral) increases with increase in θ following the relation

ρ = b
(θ2 + 1)3/2

θ2 + 2
. (5)

Substituting θ with s, the dependence of ρ on the arc length is shown in Fig. S13(e). The radius of curvature is
minimum (curvature is maximum) at the inner edge and increases monotonically toward the outer edge, where the
curvature is minimum.

Fig. S14(a) shows the form factors of single spirals of the same contour length but different values of b. A Kratky
plot for the same data is shown in Fig. S14(b). The latter exhibits clearly discernable oscillations whose locations vary
with b and which are diagnostic of structural features in the scattering objects. For simplicity, we will be concerned
only with the locations of the primary oscillation, marked by q∗. For comparison, in Fig. S14(c, d), we present P (q)
data for single and double spirals (both in/in and in/out) of the same contour length at b = 0.47 nm. Single spirals
show a lower value of q∗, followed by double in/in spirals and then by double in/out spirals.
In order to compare with measurements of radii of curvature obtained from TEM images, we calculated an average

radius of curvature r̃ as the mean of the pointwise radius of curvature along the contour of a spiral. Fig. S15 shows
r̃ as a function of q∗ for different values of rmin.

https://doi.org/10.26434/chemrxiv-2024-h9tvm-v3 ORCID: https://orcid.org/0000-0002-1629-9671 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-h9tvm-v3
https://orcid.org/0000-0002-1629-9671
https://creativecommons.org/licenses/by-nc-nd/4.0/


21

(a) (b)
<latexit sha1_base64="zUI3pl6him4iznTbReVb25zhQO8="></latexit>

q⇤

(c) (d)

10�1 100

q (nm�1)

10�3

10�2

10�1

100
P

(q
)

b = 0:4

b = 0:6

b = 0:8

b = 1

b = 1:2

0:0 0:2 0:4 0:6 0:8 1:0 1:2

q (nm�1)

0

5

10

15

20

25

q
2
P

(q
)
⇥

10
3

b = 0:4

b = 0:6

b = 0:8

b = 1

b = 1:2

10�1 100

q (nm�1)

10�4

10�3

10�2

10�1

100

P
(q

)

single
double (in/in)
double (in/out)

0:0 0:2 0:4 0:6 0:8 1:0 1:2 1:4

q (nm�1)

0

2

4

6

8

10

12

14

16

q
2
P

(q
)
⇥

10
3

single
double (in/in)
double (in/out)

<latexit sha1_base64="zUI3pl6him4iznTbReVb25zhQO8="></latexit>

q⇤

FIG. S14. Form factor (a) and Kratky plot (b) for single spirals with L = 50 nm and rmin = 3.62 nm for different values of
b. The first peak in the Kratky plot for each curve is denoted as q∗. (c) and (d) show corresponding plots at b = 0.47 nm for
single and double spirals (both in/in and in/out conformations) with L = 100 nm.
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FIG. S15. Average radius of curvature r̃ of single Archimedean sprials as a function of the position of the first peak in Kratky
plot q∗ for different values of rmin. The contour length is 50 nm for all cases.
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