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ABSTRACT: Anisotropic particles have been widely used to make
micro/nanomotors that convert chemical, ultrasonic, electrical,
magnetic energy into mechanical energy. The moving directio
most colloidal motors are, howevercdit to control. For example,
asymmetric dimers with two lobes ofedint sizes,-potential, or
chemical composition have shown rich propulsion behaviors

hydrodynamicow. While they always propel in a direction perpendicular
to the applied electri@ld, their moving directions along the substrate
are hard to control, limiting their applications for cargo delivery. Inspired by two separate engine and steering wheel systems
automobiles, we use orthogonally applied AC eledtriand direct current (DC) magnetidd to control the dimsrspeed and

direction independently. To this end, wst synthesize magnetic dimers by coating dopamine-functionalized nanoparticles on
geometrically asymmetric polystyrene dimers. We further characterize their static and dynamic susceptibilities by measuring
hysteresis diagram and rotation speed experimentally and comparing them with theoretical predictions. The synthesized dimers a
their long axes quickly with a planar DC magredticallowing us to control the partiadeientation accurately. The propulsion

speed of the dimers, on the other hand, is tunable by an AC @lkecyiplied perpendicularly to the substrate. As a result, we can
direct the particle motion with predesigned trajectories of complex shapes. Our bulk-synthesis approach has the potential to mak
other types of magnetically anisotropic particles. And the combination of electric andettsgnétibelp pave the way for the
assembly of magnetically anisotropic particles into complex structures.

INTRODUCTION eld condition'$'to some extent, precise control of the pasticle
Studies on anisotropic colloidal parfickeave received trajectory remains a challenge. Unlike conventional electro-

considerable attention in recent years due to their potentignetIC phenomena where particles move'along the d'|rect|on of
applications in drug delivérynicro- and nanomachiries, either the applieceld (e.g., electrqphore5|s) eld gradient .
colloidal assemiiygnd particulate emulsis? In particular, (g.g., .d|electrophore5|s), EHD micromotors t.end to move in
they have been studied extensively to break the reversibilit)e%ﬁcuons that are perpendicular to the applied elesitiic

low Reynolds numbeow and induce locomotion due to their ch is typically normal to the substfate While this

intrinsic asymmetry in geometry, chemical composition, é)trowdes signeant freedom for par_tlclle motion along th? .
surface property. Reported particle propulsion mechanis bstrate,_lts trajectory is random. S!m|lar problems aI_so existin
include self-diisiophoresfsself-electrophoregiself-thermo- other colloidal motors driven by nonlinear electrokinetics (such

phoresi& induced-charge electrophorésisd electrohydro- as the propulsion of metallodi.electric Janus'spheres' due to
dynamic,owlo induced charge electroosnipsid asymmetric chemical

H 516
Among many types of anisotropic particles, asymmetﬁfgacuoné'

dimers have been proved to be a good candidate for forminﬁ;mSpi"'}d by the separate systems of engine and steering wheel

chiral structuré,planar clustefé,photonic material,and ~ ° automobiles, here we introduce a new method to
micromotor®* The dimers typically range from 300 nm to 10 independently control the propulsion speed and orientation of

m in size, making therein situ characterization relatively easy-
Under an alternating current (AC) electridd applied  Received: May 18, 2021
perpendicularly to the substrate, we have previously shoWwavised: July 13, 2021
that a dimés linear and circular motion can be achieved due tgublished: July 22, 2021
unbalanced electrohydrodynamic (EH@Y surrounding the
particles. Although the propulsion direction of dimers can be
tuned by particle-potential, solution chemistry, and electric
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electrohydrodynamic motors. We propose to orthogonally appfyxture was kept under agpatimosphere with vigorous stirring for half

a planar direct current (DC) magnetitd and a normal AC ~ an hour. Then, 3.75 mL of 25% )i was added dropwise to form
electric eld orthogonally. The electrield will generate an black precipitates. The solution temperature was then increased to 80
unbalanced electrohydrodynanaiw surrounding the asym- °C under reux conditions and kept constant for 1 h. The magnetic

Py : : . . noparticles were then collected by a magnet and washed several times
metric dimers and provide propulsion power like an engine. c&ﬁth DI water and redispersed in the same solvent at a concentration of

th? other hand, the magnet#id, another good Cand',da,te for 10 mg/mL. To increase the stability of th€@Feanoparticles, positive
microrobot remote cqntrfﬂ, can control the dimer surface charges were introduced via a ligand complexation reaction with
orientation by aligning its long axis, which functions as g@pamine hydrochloride. Byie1 g of dopamine hydrochloride was
steering wheel. Therefore, the dimers should behave likedigsolved in 50 mL of the;Pg solution and the solution was mixed
microcar whose speed and direction can be independentlyernight using a rotator. The mixture was then ultrasonicated for 20
controlled by combining botklds. We also note that electric _min. The obtaingd nanopar_ticles form a very stable colloidal dis_persion
and magneticelds are noninvasive and do not require chemicall Water and theirpotential is 45 5mV, as measured by a Zetasizer.
fuels that are usually incompatible with biologically viabl-béhe avera%e diameter of magnetic nanoparticles is 19.2 nm, as reported
media® 22 y An et af.

. . . . Coating of Fe;O, Nanoparticles on PS DimersThe positively
To achieve this goal, west synthesize monodisperse charged dopamine-functionalizegDF@anoparticles were used to

magnetic dimers by coating dopamine-functionalized magnei negatively charged PS dimers on the basis of electrostatic
(Fe04) nanoparticles on polystyrene dimers whose magnetigiraction. Brigy, 4 mL of 10 mg/mL R®, dopamine solution was
susceptibilities are fully characterized and compared widlided to 1 mL of 30 mg/mL dimer solution. The mixture was then
theoretical predictions. Because of the magnetic anisotropiitred overnightjtered, and washed twice usingnlpore lters to

these dimers respond to both DC and AC magredtis for remove any excess@gnanoparticles. The coated dimers were then
orientation control. Simultaneously, the same dimers are al§dispersed in water. To further improve the stability of magnetic
driven by an AC electrield applied in the orthogonal direction dimers, we coated a thin layer of silicon dioxide (<100 nm) on them.
to the planar magnetield, which controls the propulsion Typically, 1 mL of 10 mg/mL dimer solution wasmixed with 0.68

speed. We further show that complex particle trajectories %Jé; of DIwater and 3.14 mL of IPA. After mixing [26f TEOS and

d b . he ti £ th L of NH,OH were added to the solution. We then sealed the
rawn by preprograming the time sequence of the agltb o ction tube and stirred the solution vigorously for 3 h. After the

conditions. reaction, the silica-coated magnetic dimers were collected by a
permanent magnet and washed by DI water three times.
MATERIALS AND METHODS Characterization. The particle morphologies were characterized

Materials. Divinylbenzene (DVB), tetraethyl orthosilicate (TEOS, PY scanning electron microscopy (JEOL 700FESHdiential and

99.9%), styrene 09%), iron(lll) chloride hexahydrate (97%), Particle size were measured bpatential analyzer (ZetaPALS). The
iron(ll) chloride tetrahydrate (98%), sodium 4-vinylbenzenesulfonat®ynthesized particles have an asped®yafic= 0.67 and bond length
( 90%), azobis(methyl propionitrile) (AIBN), sodium dodecy! sulfatd/( Ry + Rp) = 0.61, where is the center-to-center distance between
(SDS, 99.0%), dopamine hydrochloride, and polyvinylpyrrolidondWo lobes an&, (R,) is the radius of the large (small) lobe. All silica-
(PVP, M,, = 40000) were purchased from Sigma-Aldrich. 2,2 coated magnetic dimers are negatively charged witstemtial of
(Diazene-1,2-diyl) bis(2,4-dimethylpentanenitrile) (V65, 95+%) was45+ 4 mV. The magnetic hysteresis diagrams andfCcurves
purchased from Matrix Scieati 3-(Trimethoxysilyl)propyl meth- ~Were obtained by a superconducting quantum interference device
acrylate (TMSPA, stabilized with MEHQ, >93.0%) was purchasd®QUID) magnetometer (Quantum Design MPMS3). Particles were

from Tokyo Chemical Industry Co. Ammonium hydroxidg@KH dried overnight, and their weights were measured. The powders were
28 30%) was purchased from VWR Chemicals. Isopropyl alcohBlen placed on a holder and inserted into the SQUID magnetometer
(|PA’ 99%) was purchased from Pharmco Aaper_ (Quantum DeSIgn MPMSB) The magnﬁld increased from0to 1

Synthesis of Polystyrene (PS) DimersThe polystyrene dimers T, gradually decreased tbT, and then increased to 0 T, with 1 mT
were synthesized following our previous publiéaEiost, dispersion ~ increments betweer0.1 T and 0.1 T and 30 mT increments over
polymerization was used to make monodisperse PS spheresiwith 10ther regimes. o ] )
diameter. After polymerization, the PS particles were washed with wateflectric and Magnetic Fields Setup.Our experimental setup is
and ethanol and redispersed in deionized (DI) water as 5 wt % colloiddlown irFigure 1To enable linear and rotational motion of particles,
suspensions. After that, an emulsion made from 0.5 mL of 2 wt % SD®/@applied a sinusoidal AC elec#id using an AC function generator
mL of 5wt % PVP, 0.5 mL of styrene,l56f TMSPA, 50L of DVB, (RIGOL DG4062) connected between the top and bottom electrodes
and 10 mg of V65 was used to swell 1 mL of PS spheres for 12 (hTO-coated glass slides, Delta Technologies Limited/28 1.1
Afterward, the swollen particles were polymerized and cross-linkedn, 70 100 ) that were separated by two 1@@-thick polymeric
70°C for 12 h. The cross-linked polystyrene microsphere seeds (CP$pacers. The magnetield was generated through four air-cored
were washed by DI water twice and ethanol twice with centrifugaticg@pper solenoid coils of 50 mm inner diameter, 51 mm length, and 400
These CPS particles were redispersed in DI water for a secofns with a current capacity of 3.5 A, installed into an acrylic crossing
monomer swelling. At this stage, a similar emulsion of PVP, spward. Each coil was connected to a DC or AC function generator,
sodium styrenesulfonate, and V65 with variable amounts of styrefBich was controlled by a custom Matlab (MathWorks Inc.) program
monomer was used to swell the CPS particles overnight. Aftéfith an output card (National Instruments, NI-9263). Real-time
polymerization at 7T for 12 h, the synthesized dimers were washedurrent measurement for each coil was obtained via a data acquire card
with DI water and ethanol three times before being redispersed in £\ USB-6009) by measuring the voltage across a serially connected 1
water. The amount of styrene used during the second swelling stagéesistor (ARCOL, HS150 1RF). The magnetid strength was
determines the dimer geometry in terms of both aspect ratio and bofteasured by a Gauss meter (Alphalab Inc., VGM786). To generate the
length. circularly rotating magnetield, 50 Hz AC currents were applied to

Synthesis of Dopamine-Functionalized Magnetite (FgO,) four coils. The phase lag between neighboring £6il5 0 that both
Nanoparticles. The synthesis of f&, nanoparticles was adopted clockwise and counterclockwise rotational mage#dE can be
from An et af? and we then modgd the nanoparticlesurfaces so  generated.
that they bear positive charges. Ba@& Ranoparticles were prepared  Under an optical microscope (Olympus 1X 71), both the linear and
by the coprecipitation method from a mixture of,E@@IFeGlupon rotational motions of magnetic dimers were recorded by a black/white
the addition of NEOH. In a typical synthesis, 0.86 g of j@@l 2.35 camera (EPIX SV643M) with 30 frames/s. The parteleter of mass
g of FeQJ(1:2 molar ratio) were dissolved into 40 mL of DI water. Thewas identied by Matlab. By analyzing the movement of the’slimer
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PREoDo oo oo oo oo s O S 0 S D | coated by the sofel reaction of TEOS in IPA catalyzed by
I ! NH,OH.

; : The SEM images of bare PS dimers, dimers coated with
I < Ay I magnetite nanoparticles {Bg@PS), and magnetic dimers

! » z .“'," ‘ ; with an additional silica layer ($F2,0,@PS) are shown in

: ' | Figure 3The FgO, hanoparticles, indicated by dots in the inset

! ! of Figure B, are uniformly distributed on the initially smooth

: : (dark gray) PS dimer surfaces. The rough surface morphology of
I I magnetic dimers is preserved after silica coatingg 8),

) Sttt iy ? which was grown by heterogeneous nucleation;0n Fe
particles. The energy-dispersive X-ray spectroscopy (EDX) in
Figure @8 ffurther conrms that the particles are rich in silicon
and iron signals (the copper signal comes from the copper
substrate for SEM sample preparation). This sequential coating
of FeO, via electrostatic adsorption and coatingV@@EOS
nucleation can be extended to other types of particles. For
example, we have also made/BégD,@PS microspheres by
coating F4, nanoparticles on PS microspheres. Our bulk
synthesis strategy can produce magnetic particles with uniform
surface properties and narrpelydispersity, crucial for
scientic studies and engineering applications.

As shown ifrigure Sbf the Supporting Information (SlI), the
surface of a bare PS dimer is smooth, while nanoparticles cover
Figure 1.Experiment setup for controlling the linear and rotationathe F80,@PS dimer, and the $ike;0,@PS dimer surface
motion of magnetic dimers under orthogonally applied electric arf@as rough spikes. To estimate the silica layer thickness, EDS
magnetic elds. The range of the electetd used is 420 V peak-to-  mapping of the Si-e;0,@PS dimer was obtainédglre
peak (Y, and 400 1000 Hz, and the range of magnetidappliedis ~ S2 Sl). The results show that the carbon, iron, and silicon
0.83 5.22mT and 050 Hz. weight ratio is 27.6:0.43:0.3. Each dimer has a volumg of 8.6
. ) . 0 8 m? and surface area of 18630 2 m?. Therefore, the
center of mass and the orientation of its long axis using ImageJ, bWEight of a PS dimer is 9. K180 kg ( ps= 1060 kg/m). On
linear propulsion velocity and angular frequency were obtained. the basis of the elementeight ratio, the weight of silica is

RESULTS AND DISCUSSION 2.80x 10 8kg. The total volume of silica t5.21x 10 °m?

Synthesis of Magnetic Dimers. Our synthetic route is ( sio = 2320 kg/m). Assuming that the surface coating is

illustrated iFigure 2The PS dimers were made on the basis ofiNiform, the silica layer is about 6.5 nm. _ o
The stability of colloidal particles is an essential characteristic

for particles with a surface coating. Although {@&@&®eS
Styrene/DVB Styrene dimers are stable in dilute aqueous solutions, they tend to
Q Initiator @ Initiator aggregate in high particle concentrations due to their relatively
) ) , small net surface charges, since t@, Fanoparticles are
PS microsphere  Cross-linked PS seed PS dimer positively charged and pristine PS dimers are negatively charged.

. ' In comparison, the SilBe;O0,@PS dimers can be suspended in
.'lé‘e.' 6 : TEOS, high concentrations without any noticeable aggregation. The
M,\ipg enhanced stability can be attributed to the additional negatively

- i ) ) charged silica layers. Relge a method to synthesize
SSmer e S e e s ICeY submicron magnetic ellipsoids and dumbbells via layer-by-

layer (LBL) adsorptidfiwas reported. In order to increase the
number of surface charges, both anionic and cationic
polyelectrolytes were coated onto the particle surface, forming

the two-step emulsion polymerization method reporte@ Polyelectrolyte matrix so that negatively charged magnetic
before€®> where cross-linked polystyrene seed particles wef@noparticles can be electrostatically adsorbed. Here, we
synthesizedst. The second lobe is then generated via swellinglrposely synthesize positively charged magnetic nanoparticles
the cross-linked seeds by styrene and sodium styrenesulfor@eause our PS dimers are negatively charged. Compared to the
monomers again. Since polystyrene chains are cross-link&& method, we eliminate multiple steps of forming layers of
within the seeds, the elastic energy penalty prohibits furtheelyelectrolytes while maintaining good particle stability.
swelling of the seeds. As a result, styrene partially wets the sedgharacterization of the Magnetic Properties of

particle and forms a second lobe on it. Due to the addition dimers. To characterize the magnetic properties of our
sodium styrenesulfonate, the synthesized PS dimers weyathesized particles, we measure their magnetization hysteresis
negatively charged-fotential = 40+ 5 mV). The FgO, with a vibrating sample magnetometer (VSM) at 298 K, as
nanoparticles functionalized with dopamine (having positive shown inFigure 4 c. For comparison, we also show the
potentials) were then electrostatically adsorbed onto the PSagnetic hysteresis diagrams for commercially available
dimers. To further enhance the particle stability and electr®ynabeads of similar sizes (adapted fronT)raf Figure 4.
hydrodynamic propulsion, a thim of silica (<100 nm) was Figure 4 indicates that the saturation magnetization©f Fe

Figure 2.Schematic for the synthesis of magnetic dimers.
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Figure 3SEM images of (a) bare PS dimers, (lF@PS dimers, and (c) SIiPe;0,@PS dimers. Inset scale barm.3Their EDX analyses are
shown in parts d.

nanoparticles is 35 A%ig, which represents the maximum dipoles generated in eachGzenanoparticle cannot be fully
magnetic response of particles. It is slightly smaller than thadeggned with the externald, leading to spin disorder and a

(40 60 A ni/kg) reported by other synthesis metH&dis lowered saturation magnetizatiohey also have smaller

may be attributed to the surface functionalization witlsaturation values than,Bg@PS sphere&i@ure H,c). The
dopamine hydrochloride, which pins the surface spin andason could be ascribed to the smaller surface area of dimers
leads to the reduction of magnetization, as observed in othan PS seeds when they have the samé-mpassd shows

types of surface-moelil FgO, nanoparticles.Both FgO,@ the hysteresis diagram of commercially available Dynabeads M-
PS and SigFe;O,@PS dimers are superparamagnetic sinc270 (2.7 min diameter) and M-450 (4.5 in diameter) with

nearly zero (<0.223 A?fkg) remnant magnetization can be saturation magnetizatiod,, of 10.3 and 18.5 A kg,

seen (see the inset Bigure #). The magnetic PS dimers respectively. These values are a few times larger than our
exhibit smaller magnetization after coating with a thin layer 68,0,@PS spheres since Dynabeads have magnetic nano-
silica. This is caused by the spin disorder surfaces:e particles embedded inside the PS matrix, while our magnetic
commonly observed in magnetite nanoparticles coated by a thimnoparticles are only coated on the surface. In addition,
layer of nonmagnetic materials such as polymer or siliga. Briesuperparamagnetism can be characterized by tl#-EC

the intimate contact between magnetite and the silica coatingeasurementF(gure S3 SI). We obtain the blocking
suppresses the spin movement at the interface, so the magrietimperature of 80.8, 57.7, 80.1, and 115 K f@,Fe
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Figure 4 Magnetic hysteresis diagrams of () feanopatrticles, (b) E@,@PS dimers and SiPe;0,@PS dimers, (c) E@,@PS spheres, and
(d) commercially available magnetic spheres of 2.7 amdBynabeads M-270 and M-450), which is adapted froffeepyright 2005 Elsevier
B.V.) with permission.

nanoparticles, E,@CPS dimers, ¥&,@PS dimers, and The percentage surface coverage;0f, Ranoparticles on
SiO/Fe;0,@PS dimers, respectively, under 100 OeeldiC dimers can also be estimated from the hysteresis diagram. When
All of these blocking temperatures are well below room™" 1 v M= Nm..So

temperature. This proves that our particles are superparamaly’ ' ==t 5 v

netic at room temperature. M _ Nmy™ Mgsi 0

In addition to saturation magnetization, the hysteresis om ™~ 4 3T NkgT @)
diagram also allows us to obtain the static magnetic mass

susceptibility , of particles based on the Langevin furiétion With the measured saturated magnetizisligand suscept-
’ ibility o, we nd that the maximum magnetization for each

magnetic nanoparticle is 64410 °A n?, which leads to 1.156

M= Nm,, othHOm"pH 1§ kT x 10 ¥ A n? per dimer. Therefore, we estimate that there are
T oMhpH @ 17 867 FgO, nanoparticles on one $iEe,0,@PS dimer.

By further assuming that the magnetic nanopartiziess
whereM is the dimer magnetizatidhis the number of @, 19 25 nm, we estimate that the nanoparticle surface coverage
nanoparticlesi,, is the magnetic moment of one single on dimers is 29 40%. . .
nanoparticle , is the vacuum permeabilityis the Boltzmann Dimer Rotation under a Planar Rotating Magnetic

When Field. To further understand the magnetic response of dimers,
we characterized their rotation under a circularly rotating
. For FgO, nanoparticles, magnetic eld along the y-plane; i.ell = Hgg “i(x iy),
whereH, is the eld strength andy, = 2 f,, is the angular
. 4 il frequency. Qualitatively, the dimers rotate in the same direction
Fe0,@PS d'm‘;rs*;he" suscep'tlbllltles reduce te f&"g as the applieceld, i.e., clockwise (counterclockwise) rotation
and 8.25x 10 ° m’kg, respectively. For comparison, the ,,4er 5 clockwise (counterclockwise) rotatilig as shown in
susceptibilities of commercial Dynabeads M-280 and M-450 & \1ovie 1(Sl). QuantitativelyFigure & shows that the
5.4x 10 *and 1.0 10 * mPkg, respectivefy,about 5 10 rotation behavior of SjFe;0,@PS dimers can be categorized
times larger than our dimers. Again, this can be attributed to thio three dierent regimes under a constad strength. At
composite nature of Dynabeads, in whighyf@ading is much  low frequencies, the dimers rotate synchronously withdhe
higher. Above a critical frequency, its rotational speed decreases

constant, andT is the temperature.

oMhpH N oMy, H
ksT 1' M- Ome kT

om= 8.17x 10 * m¥kg. For FgO,@PS dimers and SIO
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(

assembled 4.5 and 2 Dynabeads into asymmetric dimers

a0k » —Hp=1.06 mT under the same rotating magnetid. Their angular velocity is
= ——Hp=2.08 mT about twice that of our synthesized dimers. Interestinghyl we
= ——Hp=3.21mT that 4 is 50% larger for F@,@PS dimers than SIO

30 = —Hy=4.39mT FeO,@PS dimers due to the lack of the silicddayiening

. . e ect.
To understand the dimer rotation, we need to know the
20 dynamic response of magnetic particles under an AC magnetic
" N eld. In general, the magnetic relaxation of particles has
10 contributions from both Brownian relaxation (reorientation of
" . magnetic dipole due to Brownian rotation) arel Mdaxation

(magnetic dipoleips between two preferred orientations under
the in uence of temperatur&)For complex volume suscept-
ibility = i ,the real part (in-phase componengind
imaginary part (out-of-phase componengre related to the
static volume susceptibiligyby**

o

100 200 300
magnetic field freq, w), (rad/s)

SN
o
T

— 0 — M 0

1+ (1w )? 1+ (w) (3

where is the eective relaxation time contributed by both
Brownian and Ng relaxation timeg and y:

critical freq,w, (rad/s) < dimer rotation freq, wy(rad/s) £
o

20F 11 1
] =242
B N (4)
0 . . i . B:3VH and = Oexﬁ%i
0 1 2 3 4 5 keT T ()

magnetic field strength, H, (mT) whereV, is the hydrodynamic volume of the magnetic digner,

. ety 9 : ;
Figure 5.(a) The angular rotational frequency of,Fi€0,@PS IS a relaxatlflqnh t(ljme anstanlo S, IK is the .?”'So”gpy icl
dimers under derent eld strengths and frequencies. The solid linescONStant, which depends on material composition and particle

are predictions froem 10 (b) The critical rotation frequencyunder ~ geometry,® is the uid viscosity, and, is the volume of a
di erent magneticeld strengths. The solid line represents a lineaiSingle magnetic nanoparticle. Note thaet M¢axation time,
tting. is very sensitive to the anisotropy consgtérecause of the
exponential term. According to Fannin &f Klfor magnetite
particles is between 13.35 and 14.28kBfmconvenience, we
quickly. For the same dimer, the critical frequepdg choos& = 14 kJ/m. By plugging y, = 100 rad/s and om=
proportional to theeld strengtiid, (Figure ). As frequency  8.25x 10 ® m?/kg (obtained from the hysteresis diagram) into
increases further, the dimer rotates at a relatively constant spegg 3 5, we obtain the estimations of the mass susceptibilities
For example, wheny, = 100 rad/s, the angular rotating = =8.01x 10 >mkg and ,, = 1.37x 10 > m3kg. In the
frequency of SFe;O,@PS dimers,q, is proportional to the  following, we will use these values to probe the origin of the
eld strength squaredigure §. For comparison, we also magnetic torques on our dimers.
As shown irFigure @, a torque can arise from the disner
permanent dipohg, = m,; + m,,, which maintains a constant
angle with the rotating magnetitd,

Twp= Myx (H= m, (Hsin( S )z ©)

-
()]
(]

B —— Magnetic dimer
@® —— Dynabeads dimer

100

(a)

(&)
o

o

Angular frequency o, (rad/s)

o
»

12

Magnetic field squared H; (mT?)

Figure 7.Schematic showing the torque on dimers due to (a)
Figure 6.Angular rotation frequency of gka;0,@PS dimers and permanent magnetic moment (orange), (b) interaction (green)
Dynabeads dimers under edent magneticeld strengths. Two  between eld-induced dipoles, or (c) phase lag between induced
straight lines are linedtings with zero intercept. dipoles (red) andeld.
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where = pgtand 4= ¢t are the instantaneousld and dg _ . ~
dimer angles, respectively. The magnetic torque is balanced by ~ ¢ sif 2( S 4] and
the hydrodynamic torque, which can be approximated by 4 RIRPHA P+ )
Tn=8C (R+ R® %z @ 3C (R+ R’ (14)
We chos€ = 10 for a dimer, which is very close to the value! Vet = m 4= wt ¢ eq ldcan be rewritten as
obtained from numerical modefihgettingTy, , + T, = 07 d & -
one obtained a relationship between the Winaggular ot MS isin (15)
frequency anceld frequency:
Note thateq 15s similar teq 9 Therefore, just like the diriser
% = sin( yS o and - My oHo rotation caused by permanent dipoles, the induced dipolar
gt~ ©P M LS (R+ R)° interaction will also cause the dimer to rotate synchronously
®) with the eld when c» and its speed will decay to zero
) when > (. At rst glance, both mechanisms are
Ifwelet = v 4= Mt g eq8canbe rewritten as qualitatively consistent with our experimental observation in
d . Figure a. However, these two mechanisms predatedt
Y = uS ¢psin scaling between the critical frequengy, ¢r ) and eld

©) strengthH, according toeqs 8and 14. The fact that the

Equation 9is an example of the nonuniform oscillator maximum dimer rotation speed is proportional to et
equatiorf’ and its characteristics can be summarized by theirength Eigure b) supports the hypothesis that permanent
following. When «p the dimes rotation frequency; = dipoles on the dimers control their rotation at low frequencies.
v, i.e., it rotates synchronously with the appéitland the ~ Moreover, bytting Figure b witheq 8for ., we obtain a
™ permanent dipole of 2.8810 ° A n? per dimer, close to the
constantphase angle = sir® MM iWhen m> cpthe  remnantdipole (2.0810 A n? per dimer) measured in the
° hysteresis diagrams (insétigfire #). On the other hand, the

period-average angular frequency solid curves basedaxpl0n Figure @ underpredict the diner

dg4 - 5% > rotation speed whern, «p Which reaches a plateau instead
d= (=)= MS { MS p of decaying to zero. This inconsistency points toegen
dt (10) / . . , :
mechanism for dimer rotation at high frequencies.
i.e., its rotation speed decays to zero asettiefrequency The third possible mechanism for dimer rotation at high
increases. frequencies is due to thiease ldgetween induced dipoles on

A second possible source of the magnetic torque is from te@ch sphere and the appliefdl (Figure ©), i.e.,
interaction betwedield-induced dipaagwo lobes. As shown

in Figure B, we consider a dimer as two tangentially connected Twi= mx o oh M o H (16)
magnetic spheres of rddiiandR,. The force between two o 4RY S0 )H _— o
spheres;, has components in botrand directions. The By substitutingy = ————=——andH =H€ *(x iy)into
torque is, however, only generated from¢benponent force,  eq 16and taking the time average over one period of rotation, we
which can be expressed as have
3 . 3 3 2
FZ%SH{Z(MS 4] T-:4 R+ R) R
4 R+ R) (11) M. 3 17
We further assume that the induced magnetic dipole nmymentThe balance f,,; and T, yields another expression for the
is proportional to the volum¥; of spherei; i.e., dimets rotational frequency
3 &
m= MH= Lj"”. Notice that here is the volume 4 RS+ RY HZ
susceptibility, derent from ., the mass susceptibility. After d= 2 3
substituting bottm andH into eq 11and taking the time Xk (R+ R (18)
average over one period of the rotateda, we have Note thateq 18predicts that 4 is proportional to both and
4 3R3H2 sif 2. S 2, 2 Hc2. The dependence of, on eld strength squared at high
F = o R H” S 2(w 7 al ) frequencies (e.g.y = 314 rad/s) is consistent with the data
3R+ R (12) shown irFigure 6Furthermore, bytting the data witeq 18

. . : . . we estimate that,  7.08x 10 ®m’kg, on the same order of
;Lheen E:%Efgi%é%r_que due to induced dipolar interactions canm (1.37x 10 > m3kg) inferred from the hysteresis diagram.
: In comparison, we assume that the dimer rotation when
_ ¢piS due to the interaction between induced dipoletirgy
Twa= Fx (R Ryr 3 the data witleq 14 we obtained,, 2.9x 10 ®m¥kg, which
4 RPRIHsif2(wS 41( %+ ) is 2 orders of magnitude larger than(8.01x 10 ®> m¥kg)
- 3(R + R2)3 z derived from the abo_ve-mentio_ned_ hyst_eres_is dia_gram. Overall,
(13) we conclude that dimer rotation is primarily driven by the
permanent dipoles wheg ¢cpand the phase lag between

The balance betwegp 4 andT, leads to the induced dipoles andld when op
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Propulsion of Magnetic Dimers under AC Electric behave like a microcar the speed and direction of which can be
Fields.After characterizing the dimemagnetic properties, we independently controlled by combining betds.
further test their propulsion behavior under an applied AC As a proof of concept, we use the setup shéiwguire 1The
electric eld along the-direction.SI Movie 2shows that the  activation and current input to each coil is controlled by a
dimer propels laterally on the substrate with its small lob®atlab code and a data card. For example, when a DC magnetic
leading forwardkigure 8shows that the propulsion speeds of eld pointing toward the positikaxis is needed, a DC current
will pass through the coil on the right. A DC magreti@long

20 any direction in the y-plane can then be generated by passing
B ———PSdimer di erent currents through one coil in thdirection and a

i A Maanetic dimer [ second coil in thedirection, where the ratio of the two currents
15 | g determines theeld direction since anyeld vector can be

[ | A decomposed into two basis vectors atoagdy-directions,

- respectively. We emphasize here that the overall strength of the
DC magneticeld will be kept high so that the dimer quickly
responds to theeld, aligns its long axis with thedd, and

- maintains the desired orientation. On the other hand, the
—> electric eld strength will be used to adjust the propulsion speed.
Consequently, we can direct the particle motion with a
predened trajectory by preprogramming the time sequences
of when and how long a magnetild with spect directions

needs to be turned on in our Matlab cod€idnre @& andSl

Velocity (um/s)
=
|

o

0 | 1 | 1 | 1 | 1
0 1 2 3 4 5

Electric field squared (x10°V? /mm?) (@)

Figure 8 Electrohydrodynamic propulsion velocities of bare PS dimers
and SiQ'Fe;0,@PS dimers under drent electriceld strengthfiz =
400 Hz). The inset shows the dimer propulsion direction.

both bare PS dimers and magnetic dimers scale linearly with the

electric eld strength squared; i.e., E2 This trend is

consistent with the theoretical prediction from a nonlinear
electrokinetic model detailed in our previous publicitions.

Briey, the vertically applied electrield induces mobile

charges near the bottom electrode and polarizes both lobes. The

polarized lobes themselves generate tangential elesttitat ®)
act on the induced charges near the electrode and drive
electrohydrodynamiow surrounding each lobe. If the particle

is symmetric, theow will be balanced, and no particle motion

will be observed. The two lobes in our dimer, however, are of

di erent sizes. As a result, the electrohydrodynanmvic

surrounding each lobe is unbalanced and leads to net particle
propulsion along its long axis. In this case, its small lobe is

leading forward, consistent with what we have observed for
asymmetric PS dim&tsand predicted in the theoretical )
model:*

Although the dimer propels in directions perpendicular to the
applied electriceld, i.e., along the substrate, its movingFigure 9.(a) The rectangular-shaped trajectory of gFRD,@PS
direction is uncontrolled. Depending on its initial orientatiorgimer drawn by combinedlds (8 \, 400 Hz electriceld, and 1.1
and Brownian motion, its trajectory is not always linear. ThiT DC magneticeld). (b) The omega-shaped trajectory of & SiO
leads to di culty controlling its propulsion direction solely on ng04?nzsld|1mr$1r1'dggnm%zzz?e?g;eqrjﬁ e(lrze (\j!pii r%ggorel-[l)zr:slgﬁtt”fhe
the baSI_S of the electrield and n,10t|v_ates us to superimpose aparti’cle trajectories and the green lines are designed pathways.
magnetic eld to control the dimirorientation.

Controlled Motion of Dimers under Orthogonally

Appligd Electric and Magnetic FieIds.A_fter conrming that Movie 3awe show a 2016 m? rectangular-shaped trajectory
our dimers can be driven by the electlit and rotated by the  drawn by the dimer, which was achieved by activating and
magnetic eld, we further investigate the controlled motion ofgeactivating four coils sequentially with the same magnitude of
dimers under bothelds. In principle, the electrield can  the current. Curved trajectories can also be drawn. By splitting a
generate an unbalanced electrohydrodynamiurrounding  curve into small segments of straight lines, we can direct the
the asymmetric dimers and provide propulsion power like grarticle with an omega-shaped trajectory, as sHegmran®
engine. On the other hand, the magnel can control the  andSI Movie 3bBoth trajectories demonstrate our ability to
dimer orientation by aligning its long axis withehg which control particle motion precisely by combining baltfs. In
functions as a steering wheel. Therefore, our dimers showdr experiments, we noticed that the particles could align both

.
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parallelly and antiparallelly with the magnetit direction mechanisms mentioned above highly depends on the initial

since they are energetically equivalent. In practice, the partigarticle orientation. Moreover, the speed of motion is coupled

however, tends to align with the direction that requires lesgith the trajectory radius. Here, the trajectories can be

rotation. Therefore, a sharp turn with an acute angleidtdi  deterministically controlled by the direction of the rotating

but can be achieved by turning the dimer gradually with magneticeld, while the electrield strength primarily governs

sequence of smaller acute angles. the speed. Therefore, our method allows more precise
In addition to linear translation, circular motion can also benanipulation.

achieved by applying an AC electld along the-direction

and a rotating magnetield along thex y-plane simulta- CONCLUSION

neously §I Movie 3. The patrticle trajectory radius can be

further tuned since the dinsdmear velocity, is proportional

to the electriceld strength squared; i\é5 aF?, whereais a

We report a new bulk-synthesis strategy to make monodisperse
magnetic dimers with geometric anisotropy. This work is
proportional constant that can be determined fignre 8 2¢complished byst coating dopamine-functionalized magnet-
The angular velocity,, is proportional to both andH,2 ite nanoparticles and then a t_h|n Iayer_of silica on polystyrene
based oneq 18 Therefore, one can calculate the radiusdlmers_based on electrostatic attraction and_ heterogeneo_us
theoretically by nucleation. We further characterized the static and dynamic

susceptibilities of those dimers by measuring both magnetic

\ aB3c( R+ B?® hysteresis diagrams and their rotation speeds under AC
ST T R+ R H? magnetic elds. While our dimésaturation magnetization is
d 0 (19) 1 order of magnitude smaller than the commercially available

As shown iffigure 10we plot the measured particle trajectory Pynabeads, their rotational speeds under AC magtutiare

radius vs the theoretical prediction foerint combinations of ~ Similar. The dimér rotation is primarily driven by permanent
electric and magnetields, which match very well. dipoles at low frequencies and the imaginary component of the
complex magnetic susceptibility at high frequencies. Our

5 method can make other types of magnetically anisotropic
particles that are useful in colloidal assembly, micromachines,

L O and particulate emulsrs.

In addition to chemical synthesis, we further showed that
these magnetic dimers responded to electric and magjdstic
independently. While the dirsasrientation can be controlled
by a DC magnetield along the y-plane, its propulsion speed
is solely controlled by the AC electetd applied in the-
direction. Combining bottelds, we demonstrated a precise
control of the dimés trajectory by preprogramming the DC
magnetic eld along witl- andy-directions, respectively, via a
Matlab code. Our work demonstrates a simple method to
control the orientation and speed of micromotors independently
and paves the way for the assembly of magnetically anisotropic
1 particles that can be simultaneously controlled by electric and
Q magnetic elds.
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0 1 2 3 4 *  Supporting Information
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Figure 10.Comparison between the measured and predicted radii of

cyclic trajectories of SiBe;0,@PS dimers under combinedy SEM images and EDX element analysis of dimers, FC
rotating magnetield and electric eld. The solid line with slope 1 is ZFC curve of dimers, and captions describing SI Movies
to guide the eye. The insets show the dimer trajectoriesel@he 1 4 (PDR
conditions are 20py+ 2.158 mT, 12} + 1.07 mT, 20 \, + 3.194 )
mT, 16 \f, + 2.158 mT, and 2Q,y+ 2.158 mT to yield small to large Sl Movie 1 AVI)
radii. The electriceld frequency is 400 Hz and the magnetit .
frequency is 50 Hz. Scale baran5 SI'Movie 2 AVi)
S| Movie 3 AVI)

Our method of combining electric and magnelits allows S| Movie 4 fVI)
the control of particle rotation and lthe radius of its trajectories.
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