Colloidal Synthesis of Nanohelices via Bilayer Lattice Misfit
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ABSTRACT: Helical structures are ubiquitous in natural and synthetic materials across multiple length scales. Excellent and some-
times unusual chiral optical, mechanical and sensing properties have been previously demonstrated in such symmetry-breaking shape,
yet a general principle to realize helical structures at sub-100 nm scale via colloidal synthesis remains underexplored. In this work,
we describe the wet-chemical synthesis of monodisperse nanohelices based on gadolinium oxide (Gd203). Aberration-corrected elec-
tron microscopy revealed that individual nanohelices consist of a bilayer structure with the outer and inner layers derived from the
{111} and the {100} planes of bulk Gd.Os, respectively. Distinct from existing inorganic nanocoils with flexible bending geometries,
the built-in lattice misfit between two adjacent crystal planes induces continuous helical growth yielding three-dimensional rigid
nanohelices. Furthermore, the presence of water in the reaction was found to suppress the formation of nanohelices, producing nano-
plates expressing predominantly {111} planes. Our study not only provides a bottom-up synthetic route and mechanistic understand-
ing of nanohelices formation, but may also open up new possibilities for creating chiral plasmonic nanostructures, luminescent bio-

logical labels and nanoscale transducers.

INTRODUCTION

Helical structures that have fascinated scientists for centuries
commonly exist in natural materials spanning multiple length
scales. Examples include DNA molecules, plant tendrils, and
seed pods.!? Over the past decades, synthetic helical and spiral
structures have demonstrated their potential in a variety of ap-
plications ranging from sensing and actuation, microrobotics,
drug delivery to optoelectronics.>® Sophisticated strain engi-
neering techniques have been developed to create microscale
and nanoscale helices using a large set of inorganic and organic
materials such as lattice-mismatched semiconductor bilayers,
pre-stressed membranes, hydrogels and so on.”!3 The charac-
teristic dimension of helical structures fabricated through state-
of-the-art strain engineering approach usually exceeds 100 nm,
which is limited mainly by the resolution of top-down litho-
graphic methods.” '*'* Growth of helical structures has also
been demonstrated in vapor-phase synthesis driven by electro-
static energy minimization or screw dislocation.* '!® Parallel-
ing these advances there has been considerable development of
solution-phase methods for the synthesis of colloidal nanocrys-
tals in a rich variety of sizes and shapes.!*?” Notably, the inter-
action anisotropy between nanocrystal building blocks induced
by external stimuli has been harnessed to construct helical su-
perstructures via self-assembly.?®? In recent years, colloidal
two-dimensional (2D) colloidal nanocoils with flexible bending
geometries and three-dimensional nanotubes have been realized
in several materials systems including gadolinium oxide, in-
dium sulfide and chalcogenide misfit compounds.’®** However,
one-step colloidal synthesis of 3D rigid nanohelices with high
yield has not yet been reported.

Here, we report the solution-phase synthesis of highly uni-
form gadolinium oxide-based nanohelices. Aberration-cor-
rected transmission electron microscopy (TEM) imaging re-
vealed that individual nanohelices are composed of bilayer
structures derived from the {100} and the {111} planes of cu-
bic-phase Gd20s. The continuum elasticity theory of strained

bilayers is invoked to account for the resulting diameter of na-
nohelices, which highlights the crucial role of lattice misfit in
driving continuous helical growth. By carefully drying the re-
action precursors and conducting control experiments with
small amounts of water intentionally added to the reaction, we
elucidate the vital role of water in dictating the crystal habits of
gadolinium oxide nanocrystals. Furthermore, we demonstrate
that these nanohelices can be assembled into extended 2D and
3D superstructures exhibiting high positional and orientational
order.

EXPERIMENTAL SECTION

Chemicals. Gadolinium(III) 2,4-pentanedionate hydrate,
(Gd(acac)s, 99.9%) and anhydrous lithium hydroxide (LiOH,
98%) were purchased from Alfa Aesar. Oleic acid (OA, 90%),
1-octadecene (ODE, 90%), and oleylamine (OAm, 70%), and
ethylene glycol (EG, >99%) were purchased from Sigma Al-
drich. Several reagents were dried under vacuum (below 0.06
Torr) at elevated temperatures (110 °C for OA, 100 °C for OAm
and 95 °C for ODE) for at least four hours and stored in a nitro-
gen-filled glovebox for future use. Other chemicals were used
as received without further purification.

Synthesis of Gd20s Nanohelices. All syntheses were per-
formed by using standard Schlenk line techniques under nitro-
gen atmosphere. In a typical reaction, 0.75 mmol of Gd(acac)s,
2 mmol LiOH, 1 mL of OA, 4.5 mL of OAm, and 7.5 mL of
ODE were loaded into a 50 mL three-neck flask inside a nitro-
gen-filled glovebox. The flask was then removed from the
glovebox and connected to a Schlenk line in a fume hood. The
reaction mixture was heated with a 3 °C/min ramp to 110 °C
and kept at this temperature under vacuum (below 0.1 Torr) for
eight hours. After refilling with nitrogen, the reaction mixture
was heated at a ramp of 18 °C/min to 290 °C. The reaction was
allowed to proceed at 290 °C for one hour before being air-
cooled to room temperature. The nanocrystal products were iso-
lated by ethanol precipitation and centrifugation at 4000 rpm for



2 minutes. The precipitates were redispersed in 10 mL of tolu-
ene and 7.5 mL of ethanol was added. A second round of cen-
trifugation was carried out 4000 rpm for 2 minutes to remove
excess ligands and impurities such as lithium oleate (LiOL).
The nanocrystals were finally dispersed in 20 mL of toluene.

Purification of Gd:0; Nanohelices. Crude reaction prod-
ucts often include minor fractions of square and triangular/trip-
odal nanoplates. To separate nanohelices from other shape im-
purities, crude nanocrystal products dissolved in 20 mL of tol-
uene were centrifuged at 2000 rpm for 2 minutes (i.e., without
nonsolvent). Afterwards, the pellet was mainly composed of na-
noplates and the supernatant solution enriched with nanohelices
was carefully decanted into a glass vial for storage.

Self-Assembly of Nanohelices into Superlattices. Nano-
crystal superlattices were formed by drying dispersed nanohel-
ices on top of the immiscible EG liquid subphase.?>*¢ In a typi-
cal process, 10 pL toluene solution (5 mg/mL) of nanohelices
was drop-cast onto the surface of EG in a Teflon well (1.5 x 1.5
x 1.5 cm?). The well was subsequently covered with a glass
slide to slow down solvent evaporation. After four hours, the
superlattice film was transferred onto a carbon-coated Cu TEM
grid, which was further dried in a vacuum oven to remove re-
sidual EG.

Characterization. Low-magnification TEM images were
acquired on a JEOL JEM 1400 plus microscope equipped with
a LaBs filament operating at 120 kV. High-angle annular dark-
field scanning TEM (HAADF-STEM) images and STEM en-
ergy-dispersive X-ray spectroscopy (STEM-EDS) maps were
collected on a 300-kV JEOL JEM 3200FS TEM. Aberration
corrected STEM (AC-STEM) images and AC-STEM-EDX
maps were recorded on a 200-kV JEOL JEM-ARM200F STEM
equipped with spherical aberration correctors. Proton nuclear
magnetic resonance (‘H-NMR) measurements were performed
on a Varian Inova 600 MHz spectrometer. NMR samples were
prepared by mixing 20 pL analyte with 600 pL deuterated chlo-
roform. The chemical shifts were referenced to the residual
chloroform signal at 7.26 ppm.

RESULTS AND DISCUSSION

Gd20s nanohelices were synthesized via thermal decomposi-
tion of gadolinium acetylacetonate precursor in mixed solvents
of OA, OAm and ODE at 290 °C for 1 h. Low-magnification
TEM images reveal that as-synthesized nanohelices are highly
uniform and appear rigid (Figures 1a and S1), which is distinct
from previously reported gadolinium oxide-based nanocoils or
nanoscrolls exhibiting flexible bending geometries.?®3>37 Con-
trast variation at different positions of individual nanohelices as
seen in the HAADF-STEM image further confirms the helical
morphology (Figure 1b). STEM-EDS elemental mapping re-
sults indicate that gadolinium species are distributed homoge-
neously throughout the entire nanohelices (Figures 1c and S2).
The diameter d and width b of the helices are 10.4 + 0.4 nm and
3.0 £ 0.3 nm, respectively (Figure 1d-f). The helical pitch, p is
measured to be 4.8 + 0.4 nm (Figure 1d, f), resulting in a helical
angle a of ~8.4° (Figure S3).!* The population ratio between
left-handed and right-handed nanohelices is nearly 1:1 (156:154
from examination of 310 nanohelices as shown in Figure 1f),
suggesting that there is no stereoselective preference during the
formation of these nanohelices.
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Flgure 1. (a) Representative TEM image, (b) HAADF-STEM im-
age and (c) Gd elemental map of Gd203 nanohelices. (d,e) Sche-
matic illustration of a single nanohelix: (d) side view, (e) top view.
(f) Statistical analysis of morphological characteristics of nanohel-
ices. The frequency distribution histograms are plotted for nano-
helix width, pitch, diameter, number of turns and helicity. Scale
bars: 30 nm.
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Aberration-corrected electron microscopy imaging was em-
ployed to probe the detailed atomic structure of individual na-
nohelices. Top-view AC-STEM images show that each nanohe-
lix is composed of two distinct groups of lattice planes along its
radial direction (Figures 2a and S4). Moreover, the lattice
planes of the inner layer appear to point toward the center of the
helix, whereas those in the outer layer are tilted away from the
radial direction by about 19 degrees (Figure 2b). A visible gap
of 1.2 A separating the inner and outer layers was observed
from the top-view of a single-turn nanocoil (Figure 2a,c) or the
perspective view of a multi-turn nanohelix (Figure 2d). It
should be noted that these single-turn nanocoils are not closed
nanorings but rather underdeveloped helical structures, as man-
ifested by the overlapping coil ends seen from the AC-HAADF-
STEM image (Figure 2a). Notably, side-view AC-STEM image
of a single nanohelix reveals clear lattice structures when im-
aged along the radial direction (Figure 2¢). This observation
suggests that the outer and inner layers are likely made up of
low-index crystal planes.

The interplanar spacing of the outer and inner layers are
measured to be about 3.1 and 2.7 A, respectively (indicated by
dashed arrows on Figure 2b). These values are well matched to
the interplanar distance of (222) and (400) crystal planes of cu-
bic-phase Gd20; (space group: Ia3; lattice constant: 10.8 A). An
angle of 70.5° was measured between the (222) planes and the
tangential direction in the outer layer, suggesting that the outer
layer surface corresponds to the (222) plane of Gd20s (Figures
2b,f). On the other hand, the (400) planes of the inner layer is
found to be perpendicular to the tangential direction, from
which the inner layer surface can be indexed to the (004) plane



“ﬁt,'

AW
o_ute’rla‘yert
W N

! inner layer

///////// ......

JIGSA 2592 A=57.6 A=2n(rR . - R,

EEEN - B

2.7 A

top-view

[100] »I 27A |-

Figure 2. (a) Representative top-view AC-HAADF-STEM image of a single-turn nanohelix. The red-dashed box highlights vertically offset
ends that appear to be partially overlapping when viewed along helical axis. (b) AC-HAADF-STEM image showing a magnified view of the
bilayer structure. The dashed arrows highlight the inner and outer layer crystal planes. (c-e) AC-HAADF-STEM images of (c) a single-turn
nanocoil and (d,e) multi-turn nanohelices (d: perspective view; e: side view). (f-g) Crystal structure model for the radial bilayer of Gd203
nanohelices. The oxygen atoms have been omitted for clarity. (h) Schematic illustration of the relative orientation between the outer and
inner layers. The zone axes in (f) and (g) are orthogonal to each other. (i-j) [llustration of (i) the lattice misfit between the {222}-bound outer
layer and the {400}-bound inner layer and (j) growth directions of nanohelices. Scale bars: (a) 2 nm, (b) 5 A, (c-¢) 2 nm.

of Gd20; (Figures 2b,f). Taken together, structural characteri-
zation of the bilayer at sub-nanometer scale provide compelling
evidence that individual nanohelices consist of a symmetry-
breaking bilayer structure along their thickness (or radial) di-

rection. The outer layer is oriented with the [110] direction
along the helical axis and its surface derived from {222} planes,
whereas the inner layer is aligned with the [010] direction along
the helical axis and its surface stabilized with {400} planes
(Figures 2f-h and S5-7)

The crude reaction products of current synthesis often con-
tain small fractions of impurity shapes (below 30 % in terms of
particle number percentage), notably tripodal and square nano-
plates (Figures 3a). AC-HAADF-STEM imaging reveals that
the tripodal plates are bounded by {111}-type crystal planes
while the basal planes of square plates are {100}-type (Figures
3b-e). These structural results are consistent with examples of
different rare-earth oxide nanoplates previously reported by
other researchers.3®*? Importantly, they also indicate that nano-
helices likely form under conditions whereby both {111}- and
{100} -type surface facets are favored. Previous works on col-
loidal Gd20s nanoparticles have shown that lithium oleate
(LiOL) may promote the growth of {111}-terminated nano-
plates.3® *2 Moreover, density functional theory (DFT) calcula-
tions indicated that water molecules coordinate preferentially
with the cation-rich {100} planes of Gd.03.%

To unravel the potentially vital roles of water in the crystal
habit control of Gd20s3 nanocrystals, we performed a series of

experiments while controlling the amount of water present in
the reaction. Vacuum degassing at 90-120 °C has been used
routinely in colloidal nanocrystal synthesis to remove oxygen
and moisture and to increase reproducibility and sample quality,
although a short evacuation time (less than one hour) could lead
to incomplete removal of water especially when the liquid rea-
gents are not pre-dried or the reaction mixture is slowly produc-
ing water. Experimentally it was found that synthesis of Gd20;
nanohelices becomes highly reproducible when the liquid rea-
gents (i.e., OA, OAm and ODE) are pre-dried and the reaction
mixture subjected to prolonged evacuation at 110 °C. In con-
trast, the nanohelices were barely formed when a shorter evac-
uation time was employed (Figure S8a). NMR spectrum of pre-
dried liquid reagents shows no change in its chemical structure
(Figure S9). These results water may have a deleterious impact
on the formation of nanohelices. Next, we carried out syntheses
by drying the reaction mixture and then deliberately adding con-
trolled amounts of water back to the reaction. When water was
introduced at the level of 0.08% (v/v), the formation of nano-
helices was significantly suppressed and reaction products were
mostly irregularly shaped nanoplates (Figure S8b). As more
water was added, a higher fraction of {111}-bound triangular
nanoplates resulted with a concomitant decrease in {100}-
bound nanoplates. At the level of 2.31% (v/v) of added water,
well-faceted triangular nanoplates were found to be the major
product (Figure 3f). Collectively, these results demonstrate that
a trace amount of water is sufficient to suppress the growth of



{100} planes of Gd203, which is in line with insights from DFT
calculations.*’
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Figure 3. (a,f) Representative TEM image of crude reaction prod-
ucts synthesized (a) under typical reaction conditions for nanoheli-

ces, and (f) with intentionally added water at the level of 2.3% (v/v).

Insets: Scheme showing the impact of water on the crystal growth
habits of Gd20s. (b-e) AC-HAADF-STEM images and correspond-
ing fast Fourier transform (FFT) patterns of reaction byproducts,
namely (b-c) square and (d-e) tripodal nanoplates highlighted in
(a). Scale bars: (a) 50 nm, (b) 5 nm, (c) 1 nm, (d) 5 nm, (¢) 1 nm (f)
50 nm.

Based on the structural model shown in Figure 2f; it is con-
ceivable that formation of Gd20Os3 nanohelices would require a
delicate balance between the growth rate of {111} and {100}
crystal planes. In fact, both the ramp rate and the reaction tem-
perature have a drastic influence on the reaction outcome. The
yield of nanohelices becomes vanishingly small when reaction
ramp rate was set to be 10 °C/min or less (Figure S11). On the
other hand, single- and half-turn nanohelices were found to be
the major products when the ramp rate exceeded 25 °C/min
(Figure S11). Furthermore, the high-yield of nanohelices was
maintained when lowing the reaction temperature from 290 °C
to 270 °C, whereas {100}-bound nanoplates predominate when
the reaction was run at 310 °C (Figure S11).

We now discuss the physical mechanism underlying the for-
mation of Gd20;3 nanohelices. The lattice misfit (2.7 A vs. 3.3
A, £ = 18%) induces elastic strains within the bilayer structure.
Considering that the entire bilayer is only 1.3 £ 0.1 nm thick,
there is a strong tendency for the compressively-strained outer
layer and the tensile-strained inner layer to bend such that the
misfit strain could be partially relaxed. The growth and bending
of ribbon-like bilayer can take place concurrently so that relax-
ation of misfit strain occurs as it builds up along the helical
growth path (Movie S1). This mechanistic picture is reinforced
further by the fact that nanocoils formed at shorter reaction
times share the same bilayer structure as those multi-turn nano-
helices (Figures 2¢ and S10). The difference in perimeter be-
tween the inner and outer layers measured from dozen of nano-
helices turns out to be about 57.6 A. This translates into 96
atomic planes around the circumference of each nanohelix
based on the lattice misfit of 0.6A (Figure 2i) and matches well
with the value retrieved from direct counting on AC-HAADF-
STEM images (Figure S4). Further, the misfit strain within the

bilayer establishes a preferred bending direction, and therefore
formation of spaghetti-like random nanocoils is strongly disfa-
vored (Figure 2j). Indeed, we did not observe any coexisting
flexible nanocoils in our nanohelix samples. This finding is in
stark contrast with previous reports of self-adjustable gadolin-
ium oxide and indium sulfide nanocoils.>*-*

For a strained bilayer, its bending diameter is principally de-
termined by the layer thickness and lattice mismatch due to the
interplay between stretching and bending energies. Upon bend-
ing of a bilayer structure, the stretching energy associated with
lattice misfit is lowered at the expense of increasing bending
energy. Considering that stretching energy scales linearly with
layer thickness while bending energy scales with the cube of its
thickness, it is anticipated that thinner strained bilayers have
greater tendency to curve compared to thicker ones. In order to
predict the diameter of the helix resulting from a strained bi-
layer, the following equation derived from continuum elasticity
theory can be used:
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where d;,, and d,,,; are the inner and outer layer thickness, &
is the lattice misfit, y is Young’s modulus ratio between two
layers, and v is Poisson’s ratio.'* #-** To quantitatively assess
the role of misfit strain in directing the formation of Gd20s na-
nohelices, we calculate the helix inner diameter using Equation
1. As detailed in Table S1, theoretical D" values fall in the
range of 6.9 to 7.6 nm, which is in good agreement with the 7.5
+ 0.4 nm inner diameter of Gd2O3 nanohelices measured from
HAADF-STEM images.

The narrow range of nanohelix diameters predicted by con-
tinuum elasticity theory further indicates that formation of pla-
nar multi-turn Gd2Os spirals is energetically highly unfavorable.
Considering a hypothetical 2D multi-turn nanospiral built on
the same Gd20s bilayer, the diameter of the second turn would
have increased by nearly 6 nm (sum of twice the bilayer thick-
ness and alkyl ligand lengths), which far exceeds the optimal
diameters for strain relaxation. Indeed, we observed that nano-
coils having a contour length slightly larger than that required
to complete one full turn exhibit a clear tendency to continue
growing into 3D nanohelices rather than 2D nanospirals (Fig-
ures 2a and S4). The width of the bilayer is another important
parameter that controls the formation of helical structure. The
minimum helical angle is set by the ratio between the width of
bilayer (3.0 £ 0.3 nm) and the average inner perimeter of the
helix (32.7 nm), and is calculated to be 5.2° by using the for-

mula 8 = tan™?! DZI'/“ET)' This value is slightly smaller than the
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experimentally determined helical angle of 8.4° for Gd20; na-
nohelices (Figure S3).!4

Monodisperse colloidal nanohelices represent a new family
of nanocrystal building blocks that can be assembled into long-
range-ordered superstructures with prescribed lattice symme-
tries.3® Figures 4a and 4b show TEM and HAADF-STEM im-
ages of 2D hexagonal superlattices of single-turn nanohelices.
The average distance between nearest neighbor nanohelices
was measured to be 2.3 £+ 0.2 nm, which indicates the presence
of alkyl ligands. Moreover, the bending diameter of individual
nanohelices in the closed-packed array remain essentially un-
changed, further confirming their structural rigidity. Notably,
superlattices assembled from multi-turn nanohelices exhibit
preferred orientations depending on particle solution concentra-
tion. At relatively low concentrations (5 mg/mL), 2D hexagonal



lattice comprised of vertically standing nanohelices was ob-
tained (Figure 4c¢). At higher concentrations (10 mg/mL), dense
multilayers form with individual nanohelices aligned horizon-
tally (Figure 4d). The periodic stripe-like contrast is believed to
arise from superimposed rims of adjacent nanohelices (Figures
4c¢ and S12).

= e

Figure 4. (a) TEM and (b) HAADF-STEM images of 2D hexago-
nal superlattices self-assembled from single-turn nanohelices. (c,d)
TEM images of superlattices self-assembled from multi-turn nano-
helices at different particle solution concentrations. The bottom in-
sets of (a) and (c) show the corresponding FFT pattern. Inset of (b):
Gd elemental map. The upper right insets of (c) and (d) show the
structural model of superlattices. The bottom inset of (d) shows a
TEM image acquired near the edge of superlattices. Scale bars: (a-
d) 50 nm, inset of (d): 20 nm.

CONCLUSION

In conclusion, we have developed a new synthetic route for
monodisperse colloidal Gd20s nanohelices. Aberration-cor-
rected electron microscopy imaging indicate that individual na-
nohelices are characterized as a bilayer structure with the outer
and inner layers derived from the {111} and the {100} planes
of cubic-phase Gd20s, respectively. The built-in lattice misfit
between the two layers drives helical crystal growth at elevated
temperatures producing 3D rigid nanohelices. Continuum elas-
ticity theory of strained bilayers is found to accurately predict
the diameter of nanohelices, which provides compelling evi-
dence that lattice misfit plays a central role in the growth of na-
nohelices. We further elucidate the importance of water in con-
trolling the crystal habits of gadolinium oxide and the formation
of nanohelices. Altogether, our work introduces a new type of
“exotic” nanocolloids and could open up further possibilities for
understanding and controlling crystal growth with sub-nanome-
ter precision.
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