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Chiral Lemniscate Formation in Magnetic Field Controlled
Topological Fluid Flows

Matt Jellicoe, Zoe Gardner, Amjad E. H. Alotaibi, Kaylee E. Shoemaker, James M. Scott,
Shiliang Wang, Badriah M. Alotaibi, Xuan Luo, Clarence Chuah, Christopher T. Gibson,
Shan He, Kasturi Vimalanathan, Jason R. Gascooke, Xianjue Chen, Alison Rodger,
Han Huang, Scott J. Dalgarno, Elsa Antunes, Gregory A. Weiss, Qin Li, Jamie S. Quinton,
and Colin L. Raston*

High shear spinning top (ST) typhoon-like fluid flow in a rapidly rotating
inclined tube within a vortex fluidic device (VFD) approaches homochirality
throughout the liquid with toroids of bundled single-walled carbon nanotubes
(SWCNTs) twisted into stable chiral lemniscates (in the shape of Figure 8s),
predominantly as the R-or S-structures, for the tube rotating clockwise (CW)
or counterclockwise (CCW). However, this is impacted by the Earth’s
magnetic field (BE). Theory predicts 1–20 MPa pressure for their formation,
with their absolute chirality determined from scanning electron microscopy
(SEM) and atomic force microscopy (AFM) images. Thus, the resultant
lemniscate structures establish the absolute chirality of the inner and outer
components of the ST flow. These chiral flows and lemniscates can be flipped
to the opposite chirality by changing the orientation of the tube relative to the
inclination angle of BE, by moving the geographical location. Special
conditions prevail where the tangential angle of the outer and inner flow of
the ST becomes periodically aligned with BE, which respectively dramatically
reduce the formation of toroids (and thus lemniscates) and formation of
lemniscates from the toroids formed by the double-helical (DH) flow
generated by side wall Coriolis forces and Faraday waves.
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1. Introduction

Selective formation of chiral nanomaterials
has emerging technological prospects with
the chiral induction imparted by circularly
polarised light.[1–9] An alternative approach
for chiral induction in the absence of chiral
auxiliary agents is to use chiral fluid flow.
Chiral lift forces are parallel to the shear
plane in a Taylor–Couette cell, whereas
chiral-specific forces act perpendicular to
the shear plane in other systems.[10] Fluid
flow discriminating between objects of op-
posite chirality was originally conceived by
Howard et al.[11] Even simple stirring can
be effective in competing with chiral chem-
ical induction but this requires the in-
troduction of a chiral dopant.[12] A chal-
lenge is to impart chirality without adding
molecular chirality to initiate and control
the process, and this is achieved in the
present study in forming chiral lemnis-
cates (Figure 8s) comprised of bundled
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SWCNTs. Fluid flow chiral induction at length scales down to
those of molecules is fundamentally important in separation
science,[13,14] with recent advances in understanding this at such
dimensionality.[15 ]

Determining the nature of fluid flow down to nanometre (nm)
dimensions can provide insight into developing flow devices for
chiral discrimination as part of the toolbox for separating chiral
objects, as well as preparing material of specific chirality. The
vortex fluidic device (VFD) is a thin film microfluidic platform
with a diversity of applications in biological, chemical, and mate-
rials processing,[16–22] depending on the induced mechanical en-
ergy which is tuneable by varying the rotational speed, 𝜔, and
tilt angle, 𝜃, typically using a 20 mm diameter quartz tube.[16,17]

High shear micron/submicron topological fluid flows occur in
the VFD, Figure 1a, which have been molded using crystalliza-
tions and molecular “drilling” strategies, with immiscible liquids
being mixed down to the molecular level.[16,17] They are the spin-
ning top (ST) typhoon-like topological flow, arising from Coriolis
forces from the hemispherical base of the tube, and double heli-
cal flow (DH) generated by Faraday waves and the Coriolis forces
from the side walls of the tube.[16,17]

We hypothesized that chiral lift forces present internally in ST
flow in the VFD can generate material of one specific chirality,
assuming that this fluid flow is homochiral for a particular rota-
tion direction of the tube, which is then reversed when the tube
is rotated in the opposite direction. For this, we focused on at-
tempting to twist toroids of assembled single-walled carbon nan-
otubes (SWCNTs) from an immiscible mixture of water and an
aromatic solvent, Figure 1b, having observed some lemniscate
(Figure of 8) structures for a mixture of water and toluene.[22] We
found that left-or right-handed lemniscates (S-and R-handed re-
spectively), form in an immiscible mixture of water and m-xylene,
Figure 1b,c, which is mechanistically understood by a twisting
effect as a toroid is forced through a ST. Toroids of SWCNTs
rapidly form at the interface of the liquid and the surface of the
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tube, at the base of the DH flows, as previously established, with
the ability to control their diameter, depending on the nature of
the solvent and the rotational speed.[21] These toroids can expe-
rience a lift force normal to the surface of the tube, as the liq-
uid rises in forming a right-handed or left-handed inner ST fluid
flow, which then generate R-or S-lemniscates respectively; the
corresponding outer ST flow is left-handed and right-handed re-
spectively. Surprisingly the observed behavior appears to depend
upon the orientation of the tube with respect to the Earth’s mag-
netic field, even though the field is weak (≈50 μT). This implies
that charged particles from high dissociation of the water within
the ST flow experience forces from moving in the magnetic field,
and these are not insignificant when compared with the Coriolis
force. From a processing perspective, the Earth’s magnetic field
appears to alter the diameter of the ST. Proof of the effect of the
Earth’s magnetic field involved i) VFD processing at different ge-
ographical locations in the northern and southern hemispheres,
where the inclination angles of the Earth’s magnetic field are dif-
ferent, ii) molecular drilling around the compass settings by ST
and DH flows into thin films of polymer lining the inner surface
of the VFD tube, which also established orientation of the tube
where the tangential vector of the outer and inner flows ST flows
periodically align with the Earth’s magnetic field, and similarly
iii) shear stress induced C60 crystallization from an immiscible
mixture of toluene and water, as a desolvation effect, as previ-
ously established, albeit prior to the realization of the effect of
the Earth’s magnetic field relative to the orientation of the rotat-
ing tube in the VFD.[16–18]

Substantial efforts have been devoted to achieving selective
control of chirality in nanomaterials.[1–9] More promising av-
enues to impart chirality, in general, can be found in the flow of
liquid in magnetic fields,[23] with magnetic fields affecting rates
and yields of chemical reactions in vitro.[24,25] The influence of
the Earth’s weak magnetic field on molecular behavior is found
in Nature. For example, directional and positional information
are offered through magnetic-sensitive cryptochromes that mi-
gratory birds use to traverse the world.[26] However, because the
Earth’s magnetic field is inherently weak, its impact on fluid flow,
as established herein, is surprising, as is controlling processing
outcomes in different ways depending on the choice of geograph-
ical location.

2. Results and Discussion

2.1. Synthesis of R-and S-Lemniscates

Initially, suspensions of SWCNTs in aromatic solvents at 0.1 mg
mL−1, as optimized for preparing toroids of SWCNTs in the
VFD exclusively,[21,22,27] were mixed with an equivalent volume
of water in a tube rotating clockwise (CW) at different rota-
tional speeds, 𝜔, for 1 h, with the tube facing magnetic south
(S) at Flinders University (FU). At the time the significance of
this orientation was not apparent. The choice of solvent and
solvent mixture to form the lemniscates was systematically ex-
plored, with a 1:1 mixture of m-xylene and water being effective
at 𝜔 = 7750 rpm, with the tube tilt angle 𝜃 = 45°, which is the
uniquely optimal angle for most applications of the VFD.[16–22]

Other aromatic solvents, toluene and o-xylene, and p-xylene,[21]

favored predominantly the formation of the toroids in the
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Figure 1. Synthesis and characterisation of chiral lemniscates. Schematic of a) the formation of toroids of coiled SWCNTs in the vortex fluidic device
(VFD) at the base of double helical (DH) topological fluid flow generated by Faraday wave eddies and tube side wall Coriolis forces, and spinning top (ST)
(typhoon like) topological fluid flow generated by Coriolis forces at the hemispherical base of the tube tilted at 𝜃 = 45°.[16,17,21] b) R-and S-lemniscates
(Figure of 8s) from twisting of the toroids in a), and c) the proposed mechanism of formation of lemniscates when the toroids are forced vertically through
the core of the ST, with R-fluid flow resulting in R-lemniscates, (i), and smaller toroids passing through essentially unrestricted, (ii). OD indicates outer
and ID indicates inner diameter of the ST. d) SEM images of (i) S-and (ii) R-lemniscates formed at Flinders University (FU) in a 20 mm OD quartz tube
(17.5 mm ID, 18.5 cm in length) with a hemispherical base, facing magnetic south, rotating clockwise (CW) and counter clockwise (CCW) respectively, 𝜔
= 7750 rpm, 𝜃 = 45°. e) Circular dichroism spectra (in millidegrees) and absorbance of CCW and CW lemniscates in (d) in a 1 cm path length 4 mm wide
(black quartz masked) cuvette. Spectra are an average of 9 accumulations at 100 nm min−1, 2 s digital integration time and 2 nm bandwidth. Samples
were dispersed in 1% SDS, and were inverted to resuspend the samples between each accumulation. Spectra include a component of scattering, so they
have not been zeroed or adjusted for concentration. Inset of SEM images of individual lemniscates, scale bar 100 nm. f) Raman spectra of as-received
SWCNTs (black), toroids (orange), R-(red) and S-(blue) lemniscates formed in (d). Insert shows a zoomed in 1200–1800 cm−1 region with the assigned
D and G bands and the more prominent Raman shift for the S-lemniscate.
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presence of an equivalent volume of water (Figures S7 and S8,
Supporting Information). SEM and AFM revealed the formation
of S-lemniscates, Figure 1d,e and Figures S41 and S94 (Support-
ing Information). Toroids of SWCNTs rapidly formed in the VFD
over a few minutes21 which then become twisted into lemnis-
cates over 1 h or more and are indefinitely stable. Changing the
direction of rotation of the tube to counterclockwise (CCW) with
the tube also facing S afforded R-lemniscates. Circular dichro-
ism (CD) spectra were consistent with the formation of enriched
S-or R-lemniscates for CW and CCW rotation (defined from the
direction of looking down the tube from the open to the closed
end) respectively, Figure 1e. Some differences in the CD spec-
tra for enriched S-or R-lemniscates may arise from differences
in fluid dynamic response and the nature of the associated forces
involved in twisting the first-formed toroids into lemniscates. In-
deed, such response is reflected in CCW rotation resulting in
≈15% of the toroids being converted to lemniscates over 4 h,
whereas for CW rotation only, ≈5% were converted for the same
processing time, as determined from SEM images. The differ-
ence in conversion was consistently the same for a number of
different quartz tubes housed in the VFD, which suggests that
any distortions in the tube are unlikely to be responsible for the
difference. Instead, perhaps the Earth’s magnetic field, BE, is re-
sponsible for the observed difference. To test this, we repeated the
same CW and CCW experiments for the tube facing N, W, and
E, with the results summarised in Figure 2a and Section 2.1.1.4.1
(Supporting Information) There is a switch in chirality of the lem-
niscates produced for CW and CCW rotations with the tube fac-
ing W relative to facing E, and for CW N, the processed sam-
ple had a limited number of assembled structures of SWCNTs,
whereas, for CCW N, toroids were present, with low amounts
of lemniscates. Raman spectra showed a significant increase in
strain on forming the lemniscates over the toroids, and in turn
over the as-received SWCNTs, Figure 1f,[25] with an increase in
the ID/IG ratio.[28] This is consistent with significant compression
and elongation of carbon bonds in the lemniscates, and interest-
ingly there is a difference in the Raman spectra between R-and
S-lemniscates formed for the tube facing S and rotated CCW and
CW, respectively, with that of the R-lemniscates being shifted to
higher energy, where the percent conversion of the toroids to lem-
niscates is higher, reflecting different fluid dynamic responses by
the SWCNTs impacted by BE. Based on the radial breathing mode
(RBM), the toroids and lemniscates are comprised of both metal-
lic and semiconducting nanotubes, Section 2.1.3 (Supporting In-
formation) The larger diameter toroids, ≈400–≈500 nm, become
twisted relative to the smaller diameter toroids, ≈180–≈340 nm,
which is consistent with the larger toroids being spatially con-
stricted in forming lemniscates as they are forced through the ST,
and less so for the smaller toroids, Figure 1. The thickness of the
toroids, which relates to the number of turns of SWCNTs from
one or more carbon nanotubes, is observed to vary but there is no
apparent preferential twisting of the thinner (and larger) toroids
into lemniscates. The percent conversion of the toroids into en-
riched R-or S-lemniscates, or a mixture of them varies from as
high as ≈15% down to <1%, as determined from SEM images.

Given the effect of BE on forming lemniscates, and indeed
the toroids, we studied the same processing conditions at two
other locations in the southern hemisphere, namely Griffith Uni-
versity (GU) and James Cook University (JCU), where the in-

clination angles of BE are +57° 43′ and +48° 28′ respectively,
much lower than that at FU, at +67°. The outcome for GU is
distinctly different to that at FU, and different again to that at
JCU, Figure 2a–c and Sections 2.1.1.4.2 and 2.1.1.4.3 (Support-
ing Information). Samples processed CW and CCW rotations at
GU which are devoid of lemniscates are for the tube facing W,
albeit with a reversal of the direction of rotation affording toroids
versus no organized nanostructures. Also noteworthy is that all
CW and CCW rotations for the other three compass settings af-
ford R-and S-lemniscates, respectively. The findings at JCU are
similar to those at GU, but with the direction for forming toroids
only, and no organized nanostructures are now observed when
the VFD is oriented toward E. In contrast, for similar experi-
ments in the northern hemisphere at the University of Califor-
nia, Irvine (UCI) and Heriot-WattUniversity (H-WU), where the
inclination angles are −58° 37′and −69° 49′ respectively, mix-
tures of S-and R-lemniscates form, except for CW W and CCW
S at H-WU, which preferentially result in R-and S-lemniscates,
respectively, and CCW W at UCI where no organized nanos-
tructures were evident, Figure 2d,e and Sections 2.1.1.4.4 and
2.1.1.4.5 (Supporting Information). Relative geographical loca-
tions are shown in Figure 2f and inclination angles in Figure 2g.
Further studies at FU at 45° tilt angle but with incremental orien-
tational changes around the compass directions established the
formation of mixtures of lemniscates at NW, SW, SE, and NE, as
shown in Figure 2a. The twisting of toroids into either R-or S-
lemniscates within the ST topological fluid flows occurs close to
the base of the tube,[12] Figure 2h, and implies that the inner ST
flows are R-and S-homochiral, respectively. As such, the absolute
chirality of the preferred lemniscate at N, S, and E, at FU, as de-
termined by SEM and AFM, Figure 1d,e, and Sections 2.1.1.4.1
and 2.1.2 (Supporting Information), establish the absolute chiral-
ity of the internal flow in the ST, and thus the opposite absolute
chirality for fluid flow peripheral of the ST. Where mixtures of R-
and S-lemniscates are formed, the relative difference in energy
in forming the R-or S-internal fluid flow in the STs is small, and
in this article, we will demonstrate that the formation of these
is impacted by the Earth’s magnetic field. For this to occur the
presence of charged species in the liquid is implied, most likely
arising from high localized dissociation of water within the ST
topological fluid flow.[13]

2.2. Polymer “Drilling” and Fullerene C60 Thermal Desolvation

The effect of changing the orientation of BE on the lateral dimen-
sions of ST and DH flows was studied at FU by measuring the
size of holes or craters formed in thin films of polysulfone cast
on the inside of the VFD tube,[16,17] for 𝜔 = 7750 rpm, 𝜃 = 45°,
Figure 3a,b. These experiments were for a mixture of toluene
and water, rather than m-xylene and water because m-xylene re-
sults in the dissolution of the polymer, with only partial disso-
lution and reformation of the modified polymer at the polymer-
liquid interface for the case of toluene.2 Also noteworthy is that
at this rotational speed, there is no distinction between the two
immiscible phases under DH flow, and where preformed emul-
sions of the two immiscible liquids spontaneously demix.[16,29]

These “drilling” experiments establish that there is a dramatic
change in the diameter of the holes by varying 𝜒 (compass
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Figure 2. Earth’s magnetic field dependence of formation of lemniscates. Graphical representation of processing outcomes in the VFD at different
geographical locations in the southern hemisphere: a) Flinders University (FU), b) Griffith University (GU), c) James Cook University, and the northern
hemisphere, d) Heriot–Watt University (H-WU), and e) the University of California, Irvine (UCI), showing inclination angle and field strength, along with
their relative locations, f). (g) Graphical representation of (i) changing the orientation of the tube, 𝜒 , relative to the normal to the Earth’s surface, (ii)
different angles of BE relative to magnetic north. (h) Schematic of STs of different chirality which form in the VFD in the same thin film of liquid; all
experiments were in a 20 mm OD quartz tube (17.5 mm ID, 18.5 cm in length) with a hemispherical base, for 𝜔 7750 rpm, 𝜃 = 45°. Determining the
relative components of R-or S-lemniscates of the toroids of coiled SWCNTs used primarily SEM imaging (Sections 2.1.2–2.1.4, Supporting Information).
The original experiments were done at FU then GU, and from the outcome of these experiments, the pair of samples with no lemniscates present was
correctly predicted for JCU without prior knowledge of the position and direction of rotation of the tube for samples sent to FU for SEM studies.

setting), Figure 2, with the larger holes assigned to a mold of the
outer diameter of ST flow and smaller holes the diameter of DH
flow, Figure 3a and Section 2.2 (Supporting Information) For CW
N, the holes are highly uniform, ≈200 nm in diameter, and are
present along the length of the tube, where the axis of rotation of
the outer ST flow aligns with BE, with non-periodic Faraday waves
present, in accounting for the lack of formation of toroid for this
orientation of the tube. In other words, the presence and orienta-
tion of the Earth’s magnetic field have facilitated the formation of
the drilled holes. Other orientations show some directional align-
ment of the holes, suggesting that the Faraday waves here are pe-
riodic, which accounts for the SWCNTs always being coiled into

toroids.21 Alignment of holes is pronounced for drilling experi-
ments for toluene alone, and also for a recently reported bipha-
sic immiscible system where two thin films of centrifugally sep-
arated liquids of different densities move relative to each other,
resulting in some loss of information on the periodicity of the
holes.[17] For the tube rotating CCW N, where the inside ST flow
periodically aligns with BE, there are large and small holes, with
the outside of the ST favoring the formation of periodic Faraday
waves, based on the lining up of the small holes. However, un-
der these conditions, few lemniscates are observed to form, the
product being predominantly toroids, which is consistent with
the inside of the ST periodically aligning with BE. For CW and
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Figure 3. Earth’s magnetic field topological fluid flow drilling and crystallisation effects. a) SEM images of the surface of peeled polysulfone films that
were in contact with the surface of the tube during VFD processing, mid-way along the 18.5 cm quartz tube (20 mm ID, 17.5 ID) with a hemispherical
base. For each experiment at different compass settings for the tube rotating CW and CCW, a film of polysulfone (≈20 μm thick) was prepared by
evaporating a methylene chloride solution of the polysulfone (100 mg mL−1) in a VFD at 𝜔 = 6000 rpm, 𝜃 = 5° for 15 min.1 A biphasic mixture of 1:1
toluene and mill-Q water (1.2 mL) was then processed in the VFD at 𝜔 = 7750 rpm, 𝜃 = 45° for 15 min, followed by washing with hexane, prior to
peeling the polysulfone layer; where there is a large difference in the size of the holes (pores); the smaller is ascribed as arising from DH topological
fluid flow, and the larger from ST topological fluid flow.[1,2] Details of drilling experiments at other locations along the tube and the analogous findings
for experiments at UCI are detailed in Section 1.2 (Supporting Information) b) Size distribution of the holes formed for the images in (a). c) SEM images
of fullerene C60 material crystallised during processing a 1:1 mixture of mill-Q water and a toluene solution of C60 below the saturation concentration
(0.4 mg mL−1), as a function of CW or CCW rotation, and the orientation of the aforementioned 20 mm ID quartz tube, 𝜔 = 7750 rpm, 𝜃 = 45° for
30 min, with further details in Section 1.3 (Supporting Information).
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CCW S, E, and W rotations, there are smaller holes that line up
to varying degrees, arising from DH flows which generate toroids
at their base, and non-periodic larger holes for ST flows. These
ST flows form at the base of the tube and is responsible for form-
ing lemniscates (from the initially formed DH generated toroids),
as identified for each CW and CCW direction, with them all af-
fording toroids. VFD processing in a magnetic field-free region
created using three orthogonal Helmholtz coils in generating a
magnetic free region, Sections 2.2.4.3 and 2.2.4.4 (Supporting In-
formation), resulted in an increase of the overall diameter of all
drilled holes, for all directions and rotations around the normal
to the Earth’s surface, 𝜒 , when 𝜔 is 7750 rpm. At UCI the effect
of BE on the diameter of the holes was explored, in Section 2.2.3
(Supporting Information), with the holes for ST and DH flows be-
ing of similar diameter for all𝜒 directions. This is consistent with
the formation of both toroids and R-and S-lemniscates across all
directions, although for CCW W rotation no toroids or lemnis-
cates are formed, Figure 2e. The effect of BE on the diameter of
the ST topological fluid flows implies the generation of charged
species under shear stress, with an assumed higher dissociation
of water in the water phase. Knowing the absolute chiralities of
the lemniscates, and by inference, the absolute chiralities of the
internal flow of the STs, negatively charged species are impacting
the fluid flow, most likely as hydroxide ions, OH−.

Further evidence of the effect of BE on the fluid flow is demon-
strated through processing a 1:1 mixture of water and toluene,
with the toluene as a solution of fullerene C60. Previous studies
established that this results in the crystallization of the fullerene,
despite its concentration being below saturation level, and that
it is effective in casting a mold of high-shear topological fluid
flows in the VFD1 (Section 1.3.1, Supporting Information). This
is thought to be due to a thermal-induced desolvation effect, as es-
tablished for C70 processing in the VFD.[30] Results of processing
at 𝜔 = 7750 rpm, analogous to the drilling experiments, are sum-
marised in, Figure 3c and Section 2.3 (Supporting Information),
with different structures being generated around the compass in
a way that is largely complementary to the drilling experiments
for both CW and CCW rotations, as depicted earlier in Figure 3a.
CW N rotation afforded radiating aggregates of rods with the
overall dimensions commensurate with the larger holes drilled
on the polysulfone film, and where periodic alignment occurs on
the outer part of the ST. This is consistent with thermal desolva-
tion and aggregation of the fullerene molecules from the heating
and from the interplay of BE and the tangential vector of the neg-
atively charged OH− generated by the induced shear stress. CCW
N rotations resulted in toroids of the fullerene with a central void
≈200 nm (Figure S179, Supporting Information), matching the
diameter of the holes drilled in the polysulfone film. This is con-
sistent with localized heating associated with periodic alignment
of the inner ST with BE. CW S resulted in spheroidal structures
with diameters similar to those of the analogous larger ≈3 μm di-
ameter holes drilled in the polysulfone film, with similar findings
for CCW W. The results are consistent with the thermal desolva-
tion of C60 at the base of the ST, at the interface of the liquid and
the surface of the quartz tube. CCW S rotation results in ≈0.5 μm
diameter rods with larger holes at this speed ≈2 μm in diameter,
and this is consistent with thermal desolvation inside the ST. CW
W rotation gave ≈0.8 μm diameter particles with roughened sur-
faces, but the holes drilled are much bigger at 2 μm in diameter

and the understanding of this difference is the subject of future
studies. CCW E rotation resulted in crystals of C60 ≈1 μm in diam-
eter, whereas the corresponding drilled holes are ≈6 μm in diam-
eter, and presumably here the crystals form inside the ST. In con-
trast, for CW E rotation, fullerene crystal growth affords flower-
like structures with a central void ≈200 nm in diameter, and the
formation of this structure is likely from DH flow for which the
flow tapers close to the surface of the tube, which in other sol-
vent systems can generate cones of self-assembled C60 attached
to the quartz tube through their tips.[31] This is consistent with
the smallest holes drilled in the polysulfone film, ≈0.5 μm in di-
ameter (tapering close to the surface of the tube), with the larger
holes ≈2.5 μm in diameter, corresponding to DH and ST flow,
respectively. Nevertheless, the C60 crystallization establishes that
BE impacts the ST flow, depending on the orientation of BE rel-
ative to that of the VFD tube at 𝜃 = 45°. In a previous study,
we established that micron-sized ST topological fluid flow can
provide sufficient local energy to melt elemental bismuth (m.p.
271.4 °C), which is consistent with reaching high temperatures
close to the base of the ST and in its central up-lift zone, and this
supports a thermal desolvation effect in forming nanomaterials
of crystalline fullerenes.[16,30] The different fullerene structures
formed depending on the orientation of BE, and without sym-
metrical analogs structure being formed for processing W and E
is consistent with the flipping of the preferred chiral lemniscate
at FU, Figure 2a. This difference may also be related to the ST
not being orthogonal to the surface of the tube.

2.3. Mechanism of Formation of S-and R-Lemniscates

ST flow forms at the underside base of the tube, and when the
tube is facing N at FU the direction of BE is 22° up from the ro-
tation axis of the tube, defined as ϕ, and as the orientation of the
tube is varied around 𝜒 , ϕ increases to a maximum of 68° for
the tube facing S, Figure 4a. As the tube is oriented away from N
for CW rotation, where the aforementioned periodic alignment
occurs for the outer ST, a mixture of R-and S-lemniscates form
(NW) with R-lemniscates formed for the tube facing W, and sim-
ilarly for NE in forming a mixture of R-and S-lemniscates, but
for E the S-lemniscate is dominant, Figure 4b(i). For CCW ro-
tations across these orientations, periodic alignment of BE with
the inside of the ST occurs for the tube facing N, with mixtures
of R-and S-lemniscates formed for the tube facing NW and NE,
with now S-lemniscates and R-lemniscates formed for W and E
orientations, respectively, Figure 4b(ii).

For the SW and SE orientations, mixtures of lemniscates are
formed for CW and CCW rotations, with R-and S-lemniscates
formed for CCW and CW respectively, which is the reverse for
the findings for W, but the same as E orientation, Figure 2a. This
arises from the change in ϕ around 𝜒 , which is significantly dif-
ferent at GU and JCU where the inclination angle of BE is less,
Figure 4a(ii). At UCI and H-WU in the northern hemisphere, the
variation in ϕ is similar to that at GU and FU respectively, but
the inclination angle of BE is directed down, opposite to the loca-
tions in the southern hemisphere, and this must affects the abil-
ity of the ST flows to preferentially form R-and S-lemniscates in
the northern hemisphere. Vector analysis of the ST flows for an
idealized ϕ = 90°, reveals that for the ST with the right handed
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FU 22o ≤ ≤ 68o

GU 13o ≤ ≤ 77o

JCU 3o ≤ ≤ 87o
UCI 13o ≤ ≤ 77o

HWU 24o ≤ ≤ 66o

Figure 4. Geographical dependence of the Earth’s magnetic field. a) Graphical representation of (i) changing the orientation of the tube, 𝜒 , with the VFD
tube facing north at FU where BE is 22°, defined as ϕ, above the rotation axis of the tube, (ii) and (iii) changes in ϕ around 𝜒 for the different geographical
locations in Figure 2, for the southern and northern hemispheres respectively. b) (i) Processing at FU showing the different outcomes in transversing
W, N, and E for CW rotations, with periodic alignment of BE with the outer flow of the ST, for the tube facing magnetic N, and (ii) similarly for CCW
rotation where alignment occurs for the inner flow of the ST, with reversal of the chirality of the lemniscates for W and E directions. c) Representation
of the relative forces for the inner ST flow subjected to BE directed above or below the surface of the tube at idealized at ϕ = ± 90°, (i) and (ii), and (iii)
where BE periodically aligns with the tangential vector for flow directed up the inner part of the ST. d) Analogous representation of the relative forces for
the outside of ST fluid flow at FU, with (i) and (ii) ϕ = ± 90°, and for (iii) with BE periodically aligning with the fluid flow on the outer ST flow toward the
surface of the tube, at FU.
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internal flow, for the lift away from the surface of the tube, the
force generated by BE for moving negatively charged particles
(OH−), will decrease the internal diameter of the ST, Figure 4c(i),
whereas for BE directed below the surface of the tube, also for an
idealized ϕ = 90°, the force will increase the internal diameter
of the ST, Figure 4c(ii). If the take-off angle inside the ST periodi-
cally aligns with BE, where ϕ = 22° (tube facing N, CCW rotation
at FU), the net result is that there is a fluctuation in the resulting
force, which accounts for the low conversion of toroids to lem-
niscates, Figure 4c(iii). For the same ST, with the external flow of
opposite chirality to the internal flow, the situation is the same
with the net force reducing the diameter of the flow, for the ideal-
ized ϕ = 90°, Figure 4d(i), and increasing for ϕ = -90° (northern
hemisphere), Figure 4d(ii), with ϕ periodically aligning with BE at
FU for N CW rotation, Figure 4d(iii). (Further explanation of the
vector analysis and induced forces associated with BE are detailed
in Figure S206, Supporting Information).

The model presented above has the inner and outer flow of the
ST being forced in the same direction and is consistent with how
the diameter of the ST flows change with the changing diameter
of the holes drilled in the polysulfone films, and the crystalliza-
tion of C60, Figure 3. For example, drilling experiments at FU for
the tube facing W with CW rotation gave smaller diameter holes
for the ST flow than for CCW rotation, ≈6 μm versus ≈2 μm; sim-
ilar differences are for E and W, CW, and CCW rotations. This is
reversed for S CW and CCW rotation, which is consistent with
the reversal of chiralities for the generated lemniscates relative
to those generated for E and W orientations of the tube. It also
accounts for the periodic alignment of BE with the outer ST flow
for N CCW rotation, where all the holes are approximately the
same diameter, and the periodic alignment of BE for the outer ST
flow for N CW rotations with DH flows is also present. The same
also applies to the periodic alignments at GU and JCU which oc-
cur where the different alignments prevail for CW and CCW ro-
tations, (Figure 2b,c).

2.4. Helmholtz Coil and Effects of Varying Magnetic Field

Experiments with the orientation of the VFD relative to the
Earth’s magnetic field varied and were crucial to identifying the
influence of a magnetic field, which would ordinarily be thought
to be weak and insignificant. The results presented to this point
indicate that there are considerable magnetic effects. However,
applying artificially created magnetic fields of adjustable intensity
affords opportunities to examine the possibility of magnetically
controlled processing environments within the VFD in general.
Applying an external magnetic field of much greater strength
than the Earth’s natural magnetic field around and parallel with
the rotating tube in the VFD, also afforded lemniscates, but only
for the field in the lower half of the tube and with the N mag-
netic pole close to the base of the tube. Figure 5a. A magnetic
field ≈0.065 T was generated by a stack of 8 neodymium ring
magnets. For the S pole closest to the base of the tube, CW and
CCW rotations gave toroids only, Figure 5a(iii). Changing the di-
rection of the poles of the magnet around the lower section of the
VFD tube resulted in the formation of toroids and lemniscates for
both CW and CCW rotations, with a 2:1 and 1:2 ratio of R-and S-
lemniscates, respectively using SEM images (Figure 5a(iv)). This

is in contrast to enriched S-or R-lemniscates being formed for
CW and CCW rotations, respectively, for the tube orientated in
the S direction, Figure 2a. For the applied magnetic field in the
upper section of the tube, toroids are formed for CW and CCW
rotations for the S and N magnet poles, respectively, close to the
top of the tube. While toroids of SWCNTs are not formed, the
SWCNTs are sliced into small lengths, a phenomenon previously
reported in the VFD,[32] with results herein detailed in Section
2.1.1.2.1 (Supporting Information) These different outcomes es-
tablish the effect of an applied magnetic field in controlling the
assembly or otherwise of SWCNTs, and support the findings on
the ability of BE to control fluid flow. This difference in the applied
magnetic field versus BE relates to the non-uniform nature of the
applied field across the length scale of the VFD tube, unlike BE.
It also establishes the ability to control the processing outcomes
depending on the position of the magnet poles and their position
along the tube. Also noteworthy is that changing the base of the
tube from a hemisphere for all of the above experiments to essen-
tially a flat base, results in different outcomes, including slicing
of the SWCNTs for either CW or CCW rotations for the S magnet
pole close to the top of the tube, with no exclusive formation of
either the S-or R-lemniscates, Section 2.1.1.2.2 (Supporting In-
formation).

Given the results for the applied magnetic field aligned with
BE, we sought to investigate the outcome of processing with the
tube in the VFD aligned with BE, and where the processing is
in a Helmholtz coil to negate the effect of BE, Figure 5b. For the
latter at FU, with 𝜔 = 7750 rpm and 𝜃 = 45°, and N and S orien-
tations of the tube, mixtures of S-and R-lemniscates (along with
the precursor toroids) are formed for both CW and CCW rota-
tions, consistent with situations where the ST fluid flow is not
perturbed by BE. The formation of toroids and lemniscates for N
facing tubes (CW and CCW) aligned with BE is consistent with
the above periodic alignment of ST flow with the Earth’s mag-
netic field resulting in limited nanostructures and toroids only
for CW and CCW, respectively. For the tube facing S for CW and
CCW rotations in the Helmholtz coil, mixtures of lemniscates
are formed, in contrast to the Earth’s magnetic field favoring one
enantiomer over another, Figures 2 and 4.

When the rotation axis of the tube was aligned with BE, a mix-
ture of lemniscates or no nanostructures was observed at both
FU and GU, Figure 5b. At JCU, R-and S-lemniscates were ob-
served for CW and CCW, respectively, as for CW and CCW, for
tubes facing north at JCU, noting that the difference in angle
between BE and 𝜃 = 45° at this location is only 3° 28′. Process-
ing at UCI gave chiral induction, with the chiralities opposite
to that at JCU, i.e., S-and R-lemniscates for CW and CCW, re-
spectively. While these findings are for different inclinations of
the tube relative to Be, they are consistent with a flipping of chi-
rality of the ST fluid flow between the two hemispheres. At H-
WU, R-and a mixture of R-and S-lemniscates form for CW and
CCW respectively. R-and S-lemniscates were observed, for CW
and CCW, respectively, for 𝜔 7750 rpm and 𝜃 45°, and chang-
ing the orientation of the VFD tube from facing magnetic N or
S gave the same specific lemniscates as for CW and CCW rota-
tions, Figure 5b and Section 2.2, Figure S206 (Supporting Infor-
mation). Use of the VFD can reverse the formation of the pre-
dominant lemniscates, demonstrated for example for W and E
orientation of the tube, at FU with 𝜔= 7750 rpm and 𝜃 = 45°, and
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Figure 5. Helmholtz coil and different magnetic field effects for lemniscate formation. (a) Processing SWCNTs at FU using in a ≈0.065 T magnetic field
from 8 stacked ring magnets (each OD 30 mm, ID 23 mm, thickness 8 mm) placed around the upper section of the VFD tube, with the tube facing S,
(i) and (ii), forming toroids for CCW rotation with no assembled SWCNT nanostructures for CW rotations for both directions of the poles, and placed
around the lower section of the tube, forming toroids for CW and CCW rotations, (iii) and (iv), or toroids and mixtures of R-and S-lemniscates for CW
and CCW rotations on reversing the direction of the poles. b) Tabulation of the processing outcomes when the tilt angle of the VFD tube, 𝜃, is parallel
with the direction of BE, for both CW and CCW rotation at 𝜔 = 7750 rpm. (c) SEM images of polysulfone films (see Figure 3) taken from the mid-section
of the tube after processing 1.2 mL of a 1:1 toluene at 𝜔 = 7750 rpm for 10 min at 𝜃 = 45°, at FU. (i) N CW rotation in a Helmholtz coil, (ii) N, CW
with the magnet at the base of the tube, as for (a)(iv) above. d) Average size distribution of the holes formed at (i) CW and (ii) CCW for 𝜔 = 7750 rpm,
𝜃 = 45°, without a Helmholtz coil (red) and in a Helmholtz coil (black). e) SEM images of C60 particles generated in the VFD at FU as for Figure 3, (i)
N CW rotation in a Helmholtz coil, (ii) N, CW rotation with the magnet at the base of the tube, as for (a)(iv) above, with other orientation outcomes
in Supporting Information 1.2. f) Estimated pressure for the out -of-plane buckling of a toroid, (i), and the minimum force for twisting a toroid into a
lemniscate, (ii).
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this is consistent with BE controlling the fluid flow in the VFD,
Figure 3a.

Drilling experiments at FU in the Helmholtz coil gave signif-
icantly different results relative to drilling in the presence of BE,
Figure 5c,d, also confirming that BE is affecting fluid flow. In ad-
dition, processing a 1:1 mixture of water and toluene containing
dissolved C60 resulted in the little formation of nanostructures
of the fullerene for CW and CCW N, S, E, and W rotations, con-
firming that the thermal desolvation effect is a result of localized
heating from the BE, forcing a change in direction of fluid flow
in the ST, Figure 5e(i) and Figures S195–S202 (Supporting Infor-
mation). However, the effects of BE are not completely removed,
as evidenced by some rectangular sheets, radiating octahedral
prisms, and regular prisms for CW S, CCW S, and CCE E, re-
spectively. These findings are distinctly different in the absence
of the Helmholtz coil, further highlighting the impact of mag-
netic fields on fluid flow in the VFD. This is further confirmed by
applying the aforementioned magnetic field, with now different
self-assembled C60 outcomes, depending on the position of the
stacked magnets at the top half or bottom half of the tube, and
the orientation of the poles of the magnet relative to the rotation
axis of the tube, Figure 5e(ii) and Figures S183–S194 (Supporting
Information). For the upper positioning of the magnet with the
N pole closest to the top of the tube, little fullerene material was
evident, for CW and CCW N, whereas flipping the poles of the
magnet results in spicular structures with holes drilled through
the arms, Figure 5e(ii). Positioning the magnet at the lower half
of the tube gives the same spicular structures, except for CW ro-
tation with the S pole of the magnet close to the base of the tube,
which affords 2D sheets of fullerene material, Figure S191 (Sup-
porting Information). The effect of the applied magnetic field is
complicated by its non-uniformity in orientation, strength, and
location along the rotating tube.

We have also estimated the pressure required for the out-of-
plane buckling of a toroid to start the twisting of a toroid into
a lemniscate, which is remarkably high, ranging between 1 and
20 MPa, along with the minimum force required for twisting a
toroid into a lemniscate, at ≈43 nN, Figure 5f(i),(ii), respectively,
and Section 2.3 (Supporting Information) This alone provides in-
sight into the high pressures and forces in the VFD, for which
direct measurement in the VFD in a rotating reference frame is
inherently difficult.

3. Conclusion

We have established direct and selective homochiral induction
in the VFD. Depending on the dimensionality of the ST fluid
flow, there are tantalizing possibilities in general for making chi-
ral molecules, macromolecules, and materials, without the need
for adding chiral auxiliary agents to induce chirality. We were un-
able to reverse the process of forming lemniscates by altering the
processing parameters in the VFD, or indeed converting the R-
isomer into the S-isomer or vice versa in the VFD. Remarkably,
the absolute chirality of lemniscates is determined through in-
spection of the post-VFD processed material. The observations
infer the dominant chirality of the topological fluid flow. This
work gives insight into the origin of life, in that fluid flow coupled
with magnetic fields can result in the preference of one chirality
over another. The findings also highlight the potential for opti-

mizing processing outcomes by exploring the complete 3D space
for applied fields>>BE to overcome variations in BE strength and
direction which depend on geographical locations. It is important
to develop systems for which the applied field is constant over the
length scale of the VFD tube. Applied magnetic fields can con-
trol material processing, and chemical and biochemical transfor-
mations, driven by the increase in shear stress at the nanometre
dimension, with the associated localized thermal heating poten-
tially driving reactions and processes, which can be switched in a
Helmholtz coil. The effect of BE on controlling fluid flow implies
that water is highly dissociated under shear within the ST topo-
logical fluid flow which in turn has implications for auto-base or
-acid catalysis in water. Options for combining other field effects
with applied B is another strategy for the VFD processing toolbox,
and for more conventional micro fluidic channel-based reactors,
and beyond.

Understanding the forces involved in the VFD for form-
ing lemniscates from coiled SWCNTs, at least for the standard
20 mm OD VFD tube with a hemispherical base, is important in
realizing the full potential of the device, noting that the forces
involved cannot be measured directly in a rotating reference
frame of the VFD. The VFD has been effective in separating
proteins into preferential immiscible liquid phases,[29] and the
present work gives insight into the possibility of separating chiral
molecules/macromolecules in the device. The ability of the VFD
to slice SWCNTs for certain configurations with the prevailing
magnetic field highlights possibilities for fully realizing the po-
tential of the VFD for slicing carbon nanotubes without the need
for in situ irradiation, which can be amplified by changing the
curvature of the base of the tube, as well as using different diam-
eter tubes.[16,17] The findings further support the model of fluid
flow in the VFD, and the ability to generate lemniscates is a way
of probing the structure of fluid flow under shear, in determin-
ing its absolute chirality. This work commenced in the southern
hemisphere at a mid-latitude. If the work had been performed at
low latitudes (ie, close to the equator), or indeed at mid-latitude
in the northern hemisphere where there was limited selectivity
in preparing homochiral samples, Figure 2, discovering the in-
duction of chirality by fluid flow would have been problematic.

Remarkably, the sensitivity of VFD processing to the Earth’s
magnetic field is on par with quantum sensing using molecular
spin systems.[33] Under particular operational conditions, the vor-
tices in VFD appear “in phase” with the Earth’s magnetic field,
which may result in radical formation and electron transfer that
are sensitive to the magnetic field. Investigations on the associa-
tions between VFD processing and other quantum phenomena
are underway. We note that the metamaterial SWCNT toroids and
lemniscates generated by the VFD process are potentially use-
ful components in quantum devices for manipulating photons
and electrons. In addition to its environmental benefits, by sig-
nificantly simplifying nanofabrication processes, VFD process-
ing has created novel metamaterials that have not been made be-
fore with strong potential in quantum technologies. In previous
studies we have established the benefits of processing in the VFD
in general, beyond materials processing into controlling chemi-
cal reactivity and selectivity, enhancing enzymatic reactions, and
facilitating protein folding,[15,18] and that it is an energy-efficient
microfluidic platform. The present findings suggest that further
refinements of processing in the VFD are possible from the
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effect of magnetic fields, with the potential for further enhanc-
ing the green chemistry metrics of using the device.

4. Experimental Section
The VFD was a thin microfluidic processing platform housing a rapidly ro-
tating tube tilted at 𝜃 = 45°, with all processing herein in the device carried
out at room temperature. Unless otherwise stated, the tube was made of
quartz, 20 mm OD (17.5 mm ID, 18.5 cm in length) with a hemispherical
base, noting that changing the shape of the base of the tube changes the
fluid flow and potentially the processing outcomes.[2] The importance of
the tilt angle being at 𝜃 = 45° had been established as reproducibly op-
timal for a diverse range of applications of the device and was adhered
to for all processing unless otherwise indicated. The choice of specific ro-
tational speeds impacts the dimensionality and dominance of the differ-
ent topological fluid flows and consequentially on processing outcomes,
which had been previously reported.[1,2] All processing for generating the
lemniscates at the different geographical locations was for 1 mL of a 1:1
mixture of m-xylene and water, the concentration of SWCNTs = 0.16 mg
mL−1, for a processing time of 240 min, 𝜔 = 7750 rpm and 𝜃 = 45°. The
ratio of different chirality of the lemniscates was obtained exclusively from
SEM images, counting each lemniscate within the field of view. Further de-
tails of VFD processing and all other experiments, characterizations, and
calculations are included in the Figure captions and the Supporting Infor-
mation file.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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