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optical properties that find potential 
applications in photothermal therapy, col-
orimetric sensing, bioimaging, and opto-
electronics.[1–8] Building on the refinement 
of methods for synthesizing GNRs over 
the last two decades,[9,10] numerous tech-
niques have been developed for aligning 
and assembling GNRs, yielding novel 
optical properties.[11] GNRs have longi-
tudinal and transverse surface plasmon 
resonances (LSPR and TSPR) that are 
excited when the electric field of light is 
oriented along the length and diameter, 
respectively. The LSPR is more intense 
than the TSPR, and the wavelength of 
the LSPR depends on the aspect ratio of 
the nanorod, which allows tuning into 
the near-infrared spectrum. Alignment 
of GNRs allows for selective excitation of 
the LSPR or TSPR and has been achieved 
through stretching polymer films,[12–14] 
electrospinning polymer fibers,[15,16] con-
trolled evaporation-mediated deposi-
tion,[17,18] deposition on templates,[19–23] 
wrinkle-assisted assembly,[24] mechan-
ical brushing,[25] and dispersion with 
liquid crystals.[26–31] Although some of 

these techniques for alignment can provide a high degree of 
ordering, the ability to dynamically align GNRs dispersed in liq-
uids using applied magnetic or electric fields is appealing for 
its speed and reversibility. Aligning GNRs using electric fields, 

Plasmonic nanoparticles that can be manipulated with magnetic fields are 
of interest for advanced optical applications, diagnostics, imaging, and 
therapy. Alignment of gold nanorods yields strong polarization-dependent 
extinction, and use of magnetic fields is appealing because they act through 
space and can be quickly switched. In this work, cationic polyethyleneimine-
functionalized superparamagnetic Fe3O4 nanoparticles (NPs) are deposited 
on the surface of anionic gold nanorods coated with bovine serum albumin. 
The magnetic gold nanorods (MagGNRs) obtained through mixing maintain 
the distinct optical properties of plasmonic gold nanorods that are minimally 
perturbed by the magnetic overcoating. Magnetic alignment of the MagGNRs 
arising from magnetic dipolar interactions on the anisotropic gold nanorod 
core is comprehensively characterized, including structural characterization 
and enhancement (suppression) of the longitudinal surface plasmon reso-
nance and suppression (enhancement) of the transverse surface plasmon 
resonance for light polarized parallel (orthogonal) to the magnetic field. The 
MagGNRs can also be driven in rotating magnetic fields to rotate at frequen-
cies of at least 17 Hz. For suitably large gold nanorods (148 nm long) and 
Fe3O4 NPs (13.4 nm diameter), significant alignment is possible even in 
modest (<500 Oe) magnetic fields. An analytical model provides a unified 
understanding of the magnetic alignment of MagGNRs.

ReseaRch aRticle

1. Introduction

The anisotropic shape of gold nanorods (GNRs) endows them 
with unique wavelength-tunable and polarization-dependent 

M. H. Rizvi, W. D. Crumpler, J. B. Tracy
Department of Materials Science and Engineering
North Carolina State University
Raleigh, NC 27695, USA
E-mail: jbtracy@ncsu.edu
R. Wang, J. Schubert, C. Rossner, A. Fery
Leibniz-Institut für Polymerforschung Dresden e.V.
Institute for Physical Chemistry and Polymer Physics
01069 Dresden, Germany

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adma.202203366.

© 2022 The Authors. Advanced Materials published by Wiley-VCH 
GmbH. This is an open access article under the terms of the Creative 
Commons Attribution License, which permits use, distribution and  
reproduction in any medium, provided the original work is properly cited.

C. Rossner
Dresden Center for Intelligent Materials (DCIM)
Technische Universität Dresden
01069 Dresden, Germany
A. L. Oldenburg
Department of Physics and Astronomy
University of North Carolina
Chapel Hill, NC 27599, USA
A. Fery
Chair for Physical Chemistry of Polymeric Materials
Technische Universität Dresden
01062 Dresden, Germany

Adv. Mater. 2022, 2203366

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.202203366&domain=pdf&date_stamp=2022-09-01


www.advmat.dewww.advancedsciencenews.com

2203366 (2 of 14) © 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH

however, requires high field strengths and small, sub-mm elec-
trode separation.[32–36] Optical torque has also been used to 
align single GNRs in solution but generally requires intense, 
highly focused light, and is thus restricted to small sample 
volumes.[37] Applying magnetic fields, in contrast, does not 
require direct contact of a solution with electrodes and can be 
performed over large sample volumes.[38,39] While colloidal syn-
thesis of GNRs with precisely engineered optical properties has 
become commonplace, we are not aware of previous reports of 
the deposition of magnetic materials onto GNRs together with 
a demonstration of alignment using magnetic fields, likely due 
to challenges achieving sufficiently large magnetic anisotropy 
for magnetic alignment.

Magnetic alignment of GNRs has thus far involved synthesis 
approaches that impair the optical properties of GNRs, as com-
pared with well-established methods for synthesizing nonmag-
netic GNRs coated with cetyltrimethylammonium bromide 
(CTAB). Specifically, magnetically alignable GNRs thus far have 
high background extinction, broad LSPRs, and low ratios of 
LSPR to TSPR extinction. To provide an overview of the state of 
the field, it is important to briefly review these previous reports. 
Segmented nanorods have been prepared by electrodepositing 
alternating layers of Au and Ni rods in porous anodic alu-
minum oxide templates.[40,41] The segmented nanorods aligned 
and rotated in a rotating magnetic field.[42–45] In approaches 
pioneered by Yadong Yin and coworkers, the magnetic shape 
anisotropy of iron oxide nanorods was utilized to align GNRs. 
Large (≈200  nm) hematite nanorods were overcoated with Au 
shells[46] or decorated with GNRs on their surface with approxi-
mate (due to the curvature of the hematite nanorods) coa-
lignment of their long axes.[47] In another method, elongated 
voids within silica nanorods with embedded magnetite (Fe3O4) 
nanorods were filled with gold, resulting in embedded GNRs 
with their long axes coaligned with the magnetite nanorods.[48] 
While these studies showed that magnetic alignment of GNRs 
is possible, introduced important concepts, and demonstrated 
applications of these materials, the shortcomings in their 
optical properties are significant. In this work, we address these 
issues and report magnetic GNRs, in which the narrow and 
intense LSPR of the GNR core and low background extinction 
are preserved during assembly of Fe3O4 nanoparticles (NPs) 
on their surface. The NPs do not dramatically alter the optical 
properties of the GNR cores. GNRs with magnetic overcoatings 
have potential biomedical applications, for example multimodal 
imaging and photothermal therapy, which are further sup-
ported by the biocompatibility of Au and Fe3O4.[49,50] Magnetic 
alignment and manipulation of GNRs and related anisotropic 
structures have been applied in magnetochromic sensors,[46,51] 
photothermal actuators,[52] gyromagnetic imaging,[53] and nano-
electromechanical systems like nanomotors for controlled drug 
release.[43]

Magnetic alignment of anisotropic micro- and nanostruc-
tures has been demonstrated by depositing spherical magnetic 
NPs on their surfaces, including Al2O3 microplatelets,[54] cel-
lulose microcrystals,[55] high-aspect-ratio CaSO4 nanorods,[54] 
polymer microrods,[56] SiC whiskers,[57,58] Te nanorods,[59] Ag 
nanowires,[60] and carbon nanotubes.[61] Hybrid nanorods com-
posed of spherical magnetic and plasmonic NPs formed using 
templates can also be aligned in magnetic fields.[62] In general, 

assembly approaches using well-optimized methods for homo-
geneous nucleation and growth of NPs are attractive, because 
seeded-growth involving a change in composition between the 
seed and material deposited can be challenging and strongly 
depends on the specific system. The mechanism of alignment 
of anisotropic nonmagnetic particles using coatings of mag-
netic NPs is based on coupling of their magnetic dipoles. For 
a pair of magnetic NPs that are close enough to have inter-
acting magnetic dipoles, magnetostatics favors alignment of the 
dimer parallel to an applied magnetic field, giving head-to-tail  
alignment (negative energy) instead of side-by-side alignment 
(positive energy). When decorating magnetic NPs on the sur-
face of a larger prolate nanostructure (i.e., nanorod in this 
work), alignment parallel to the field direction is the state with 
the lowest magnetostatic energy because the numbers of head-
to-tail and side-by-side interactions between adjacent pairs of 
NPs are maximized and minimized, respectively. Conversely, 
alignment perpendicular to the long axis exhibits the highest 
magnetostatic energy by maximizing and minimizing the  
numbers of side-by-side and head-to-tail interactions, respec-
tively. As a result, these dipolar interactions can impart uniaxial 
magnetic anisotropy to the nanorod, causing it to align with 
the field, if the energy barrier Ubarrier between configurations 
for parallel and perpendicular alignment is high enough to 
overcome the contributions of thermal energy to the Brownian 
motion of the nanorod within a solvent. The magnetostatic 
origins of the torque that can align anisotropic nanostruc-
tures coated with magnetic NPs are closely related to torques 
that align chains of magnetic particles with applied magnetic 
fields.[63,64]

Despite several reports of overcoating GNRs with spherical 
iron oxide NPs,[49,50,65] to the best of our knowledge, alignment 
of these structures in magnetic fields has not been reported. 
Alignment of GNRs with low aspect ratios, giving LSPRs of 
≈800–1000  nm, is expected to be challenging because Ubar-

rier decreases with decreasing aspect ratio, yet there is great 
interest in GNRs with these aspect ratios for many applications, 
including imaging and therapy.[2,4,66] If the loading of magnetic 
NPs is too low or their sizes too small, Ubarrier is reduced, and 
magnetic aligment is limited. The nanostructures that have 
been aligned using coatings of spherical magnetic NPs are 
generally both large, with at least one dimension exceeding 
300 nm,[59] and have high aspect ratios, which both contribute 
to a higher Ubarrier. For all magnetic alignment approaches, an 
additional consideration is avoiding undesired agglomeration 
of structures coated with magnetic NPs, which can occur if 
the magnetic moments interact too strongly, for example if the 
magnetic moments of the magnetic NPs are too large, or if they 
are ferromagnetic. Use of superparamagnetic NPs is helpful for 
providing large magnetic moments, while avoiding strong long-
range interactions.[67]

In this work, we demonstrate and characterize the magnetic 
alignment of GNRs with overcoatings of superparamagnetic 
NPs. Mixing GNRs functionalized with anionic bovine serum 
albumin (BSA-GNRs) and Fe3O4 NPs functionalized with cationic  
polyethyleneimine (PEI-Fe3O4 NPs) under optimized conditions 
yields MagGNRs, consisting of BSA-GNR cores with dense 
shells of PEI-Fe3O4 NPs. Magnetic dipolar interactions among 
neighboring Fe3O4 NPs decorating the GNR core give rise to 
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magnetic anisotropy, which causes the MagGNRs to align 
parallel to applied magnetic fields, enabling noncontact, mag-
netic manipulation of the LSPR and TSPR. Two sizes of GNR 
cores and Fe3O4 satellite NPs are investigated, revealing that 
both large GNR cores and large Fe3O4 NPs are necessary for 
obtaining significant alignment in magnetic fields. Alignment 
is observed even in low magnetic fields and begins to saturate 
at a field of 500 Oe, which is readily obtained using permanent 
magnets. Multiple methods are employed to comprehensively 
characterize the magnetic alignment of MagGNRs: transmis-
sion electron microscopy (TEM) to directly observe alignment 
in 2D after drying on substrates, small-angle X-ray scattering 
(SAXS) to directly measure the distribution of MagGNR orien-
tations in colloidal dispersion, confirm a model for 3D angular 
distributions, and predict Ubarrier, and polarized optical extinc-
tion spectroscopy to characterize the magnetically modulated 
optical properties and independently validate Ubarrier under the 
same model.

2. Results and Discussion

Two different sizes of MagGNRs were synthesized and char-
acterized with a host of methods to probe their structure, 
chemistry, and optical and magnetic properties, including 
their organization and response to applied magnetic fields. 
The discussion focuses chiefly on the large MagGNRs, 
because they exhibit better alignment in magnetic fields than 
the small MagGNRs do. For this reason, some of the char-
acterization was performed only on the large MagGNRs. In 
addition to reporting the alignment of MagGNRs and their 
novel magneto-optical properties, a major theme in this 
work is quantifying their alignment and extracting Ubarrier 
from this analysis. An analytical model is proposed for the 
angular orientation distribution of MagGNRs given Ubarrier, 
which is numerically integrated to predict 2D and 3D order 
parameters. The model makes possible estimation of Ubarrier 
from characterization by TEM, SAXS, and optical extinction 
spectroscopy.

2.1. Synthesis and Assembly of MagGNRs

Small and large GNRs stabilized by CTAB were synthesized 
with average dimensions of 78  nm × 21  nm and 148  nm × 
47 nm, respectively.[68–70] CTAB was displaced by bovine serum 
albumin (BSA) protein (Figure S1, Supporting Information), 
which made the BSA-coated GNRs negatively charged.[71] Spher-
ical oleic acid-stabilized Fe3O4 NPs with an average diameter of 
13.4  nm were prepared,[72] and the oleic acid was successively 
replaced with oleylamine[73] and then polyethylenimine (PEI), 
yielding positively charged PEI-Fe3O4 NPs that dispersed in 
water (Figure S2, Supporting Information). At the pH of 10.6 at  
which assembly occurs, typical zeta potentials of small and 
large BSA-GNRs and PEI-Fe3O4 NPs are −29, −27, and +3 mV, 
respectively.

Mixing of BSA-GNRs and PEI-Fe3O4 NPs at room temperature 
initiated electrostatic self-assembly of coatings of the PEI-Fe3O4 
NPs on the BSA-GNR cores, yielding MagGNRs. Excess PEI-

Fe3O4 NPs are then removed via centrifugation. The MagGNRs  
disperse well in water, which is confirmed by the lack of broad-
ening of the LSPR and the good dispersion shown in TEM 
images. Good dispersion of MagGNRs is important for align-
ment in applied magnetic fields, since agglomerates could have 
multiple and disordered anisotropy axes and different align-
ment behaviors than individual MagGNRs. MagGNRs have 
good stability for at least several months when stored in the 
refrigerator.

2.2. Model for Quantifying Magnetic Alignment  
and Estimating Ubarrier

Before discussing experimental TEM, extinction spectroscopy, 
and SAXS measurements, we introduce a unified model for 
quantifying alignment of MagGNRs from these measurements. 
We first consider the dipole–dipole interaction between two 
identical NPs on the surface of a MagGNR, each with magnetic 
dipole moment m induced from an externally applied magnetic 
field H. As we show later, the NPs are superparamagnetic, for 
which m and H are co-aligned. If we define γij as the angle 
between m and the displacement vector rij between the NPs,  
the magnetic potential energy can be written as (see the  
Supporting Information)

4
1 3cos0
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2γ µ

π
γ( )( ) = −Uij ij

ij

ij
mm

rr
 (1)

where μ0 is the permeability of free space. To model the total 
potential energy of an assembled MagGNR, UMagGNR, we con-
sider it as the sum of the potential energies Uij arising from 
each pair of NPs decorating the GNR core. In this study, we are 
primarily interested in the θ dependence of UMagGNR, where θ 
is defined as the angle between H and the long axis of the GNR 
(Figure 1). After performing this summation, the θ dependence 
may be written as

cosMagGNR B
2U nk Tθ θ( ) = −  (2)
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Figure 1. Angles used to describe the orientation of a MagGNR within 
a magnetic field directed along the x-axis. θ is the angle from the x-axis 
(H-field direction), φ is the projected angle in the yz-plane (perpendicular 
to H), and χ is the projected angle in the xy-plane (plane parallel to H).
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where n is a dimensionless number that depends upon m and 
the number and positions of the NPs decorating the GNR core. 
We further note that UMagGNR has a common functional form 
observed in related systems. The energy of a single-domain mag-
netic NP by the Stoner–Wohlfarth model with its magnetization 
in the same direction as H[74] and the potential energy in optical 
trapping experiments of GNRs both have a −cos2θ depend-
ence.[37] Importantly, n quantifies the magnetic trap depth as a 
multiple of the thermal energy, kBT. This can be seen by writing 
the trap depth as the difference in potential energy between a 
MagGNR oriented perpendicular (high energy) versus parallel 
(low energy) to the magnetic field direction

90 0barrier MagGNR MagGNR B
� �U U U nk T( ) ( )= − =  (3)

which corresponds to n × 25.9 meV at room temperature. We 
expect that n should be ⪞1 for significant magnetic alignment.

To characterize the magnetic alignment for a given trap 
depth, we model the angular distribution function fθ of an 
ensemble of MagGNRs in thermal equilibrium according to the 
canonical ensemble[75]
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where φ is the projected angle of the GNR into the plane per-
pendicular to the magnetic trap according to Figure 1. Because 
UMagGNR is independent of φ, the distribution simplifies to
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where the denominator (partition function Z) depends only 
on the trap depth n. The limits of integration have been modi-
fied such that fθ is centered at θ = 0, which is more physically  
relevant for considering deviations in the orientation of 
MagGNRs from H. Interestingly, Equation  (5) is the well-
known Maier–Saupe distribution,[76,77] which has been used 
extensively for modelling nematic ordering, including the align-
ment of magnetic nanorods.[78] The distribution is normalized  
such that

2 sin 1
/2

/2

f d∫π θ θ′ ′ =
π

π

θ
−

′  (6)

and the angular probability density is thus 2πfθsinθ. This pro-
vides a means for predicting metrics, such as the root-mean-
squared angle θRMS (and others in the Supporting Information), 
which can be obtained by numerically integrating over the dis-
tribution as follows

2 sinRMS
2
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π

π

θ
−
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We apply this model below to estimate n from measurements 
of the MagGNR orientation distributions under different condi-
tions and with different experimental techniques. Knowing n, 
we then predict θRMS, and the 2D and 3D order parameters, 

S2D and S3D [additional derivations by ensemble averaging in  
Equation (S24), Supporting Information], and make a compre-
hensive comparison with experimental results.

2.3. Magnetic Alignment and Transmission Electron Microscopy

MagGNRs align parallel to applied magnetic fields. Dispersions 
of MagGNRs were dried onto TEM grids under uniform, in-
plane 10 kOe magnetic fields by placing the grid between two 
poles of an electromagnet. Compared to the small MagGNRs, 
the large MagGNRs have more Fe3O4 NPs on their surface, 
resulting in more magnetic interactions and a larger expected 
value of Ubarrier. This is consistent with our observation that 
large MagGNRs show a much higher extent of alignment in 
magnetic fields than do small MagGNRs, as seen qualitatively 
by comparing Figure 2a,b with Figure 2c,d.

To quantify the extent of alignment, we performed an 
analysis consistent with 3D characterization while dispersed 
in water, although subject to the limitations of the 2D nature 
of TEM images and potential artifacts during drying. The 2D 
order parameter S2D  = 2〈cos2χ〉−1 was calculated from the 
angular distribution of 200 large MagGNRs dried in applied 
magnetic fields (Figure S3, Supporting Information).[26,33,79] S2D 
of 0.70 was obtained for large MagGNRs, which is comparable 
to reported results for assembly with electric fields and capillary 
forces.[33,80] For small MagGNRs, S2D is 0.21. For relating these 
2D measurements to a 3D system, we can treat the observed 
orientation distribution on the TEM grid as the projection of 
the 3D orientation. If the plane of the TEM grid would be in 
the xy-plane in Figure  1, then χ represents the angle between 
the long axis of the MagGNR and H that is measured in 2D 
TEM images. The polar angle θ, which has projected angle χ in  

Adv. Mater. 2022, 2203366

Figure 2. TEM images of MagGNRs dried on TEM grids with or without 
a 10 kOe magnetic field parallel to the grid and in the vertical direction in 
the images. a) Small and b) large MagGNRs without field and c) small 
and d) large MagGNRs dried in the magnetic field.
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the plane of the TEM grid, is used to define the 3D orienta-
tion distribution fθ. We find S2D  = 2〈cos2χ〉  − 1 = 2〈cosθ〉  − 1 
(see the Supporting Information). The trap depth parameter 
n can be extracted by interpolating a curve of predicted S2D  
with n via numerical integration over the distribution fθ. Values 
of n of 1.2 and 4.7 were obtained for small and large MagGNRs, 
respectively.

In the TEM images from drying in a magnetic field, while the 
large MagGNRs are well aligned parallel to H, the side-by-side 
distance (orthogonal to H) between the sides of neighboring 
MagGNRs is longer than the end-to-end distance (parallel to 
H) for MagGNRs arranged along the same line (Figure S3,  
Supporting Information). We attribute this to MagGNR–MagGNR  
(interparticle) magnetostatic (dipolar) interactions of coa-
ligned magnetic domains, where side-by-side interactions are 
repulsive, and head-to-tail interactions are attractive. While 
the focus of this work is on well dispersed MagGNRs, such 
that these interparticle interactions are negligible, increasing 
the concentration during drying might increase these inter-
particle interactions and cause chaining.[81–83] In a control 
experiment, a TEM sample of MagGNRs prepared outside 
of the electromagnet was imaged and shown to have random 
orientation (Figure S4a,b, Supporting Information), con-
firming the role of the magnetic field for driving alignment 
of the MagGNRs.

2.4. Optical Extinction Spectroscopy

Extinction spectra of the MagGNRs closely resemble those of 
BSA-GNRs, with two notable differences (Figure  3a,b). The 
LSPR of the MagGNRs is redshifted because the coating of 
Fe3O4 NPs modifies the dielectric environment on the surface 
of the BSA-GNRs, which is a well-known effect.[49,65] The spectra 
of the MagGNRs also have a shoulder that is most prominent 
below ≈500  nm and is caused by the extinction of the Fe3O4 
NPs in the blue. Most importantly, except for the redshift, there 
is no significant decrease in the intensity of the LSPR and min-
imal broadening, which we have directly confirmed in an addi-
tional mixing experiment (Figure S5, Supporting Information). 
The lack of significant extinction of the Fe3O4 NPs at the LSPR 
of the GNRs underscores the optical compatibility of these 
materials.

Extinction spectra in applied uniform magnetic fields were 
acquired by placing a compact spectrophotometer into the 
gap of an electromagnet (Figure S6, Supporting Information). 
For polarized measurements, incident light with propagation  
direction k was transmitted normally through a polarizer 
film and then through the cuvette, where H was fixed in the 
plane of the polarizer film. The polarization direction P could 
be oriented parallel or perpendicular to H (inset of Figure 3c). 
In an applied magnetic field of 10 kOe, the LSPR is enhanced 

Adv. Mater. 2022, 2203366

Figure 3. a,b) Optical extinction spectra of PEI-Fe3O4 NPs,  BSA-GNRs, and MagGNRs for small (a) and large (b) GNR cores normalized at 
LSPR intensity of 1. The extinction of PEI-Fe3O4 NPs was normalized to the difference in the extinction of MagGNRs and BSA-GNRs at 400  nm.  
c,d) Unpolarized and polarized extinction spectra of MagGNRs in an electromagnet under zero field or uniform 10 kOe magnetic field for small  
MagGNRs (c) and large MagGNRs (d) without normalization. Both polarization directions P for light parallel or perpendicular to the magnetic field 
were measured.
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(suppressed) and the TSPR is suppressed (enhanced) for light 
polarized parallel (perpendicular) to the direction of the applied 
magnetic field (Figure  3c,d). For large MagGNRs, there is an 
apparent isosbestic point at ≈590  nm. In the limiting case of 
perfect alignment of GNRs, light polarized parallel (perpen-
dicular) to the long axis of the GNRs can be approximated as 
exciting solely the LSPR (TSPR). As such, the more prominent 
polarization dependence of the LSPR and TSPR observed for 
the large MagGNRs is consistent with more complete align-
ment than for the small MagGNRs. The same experiments 
have been conducted using smaller PEI-Fe3O4 NPs with a 
diameter of 6.6 nm (compared to 13.4 nm) on large GNR cores 
(Figure S7, Supporting Information). There is no obvious align-
ment of these MagGNRs by TEM, though evidence of minor 
alignment is observed in the polarized extinction spectra. The 
size of the Fe3O4 NPs is therefore an important parameter for 
obtaining alignment, where larger Fe3O4 NPs are needed for 
stronger dipolar coupling and substantially increasing Ubarrier 
above thermal energy. For all other experiments reported here, 
the larger Fe3O4 NPs with a diameter of 13.4 nm were used.

The extent of alignment, as characterized by the Maier–
Saupe model of Equation  (5) and trap depth parameter n, can 
be quantified from experimental polarized extinction spectra in 
applied magnetic fields. Specifically, measurements of the log10-
based extinction ||A  and A⊥ at the LSPR wavelength (810 and 
891  nm for small and large MagGNRs, respectively) within a 
±10 nm wavelength band were averaged to suppress noise for 
parallel and perpendicular configurations, respectively, under 
a field of 10 kOe. The values at each wavelength were treated 
as independent measurements and analyzed in two ways. First, 
the anisotropy ratio was computed, which can be related to the 
MagGNR angular distribution as follows (see the Supporting 
Information)
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Corresponding values of n were extracted by interpolating 
a curve of predicted anisotropy ratio versus n according to  
Equation  (8) via numerical integration over the distribution of 
Equation (5). The resulting values were n = 1.1 and 4.5 for small 
and large MagGNRs, respectively. This highlights the dramatic 
increase in Ubarrier, when the core GNR size is increased.

Second, a more common, 3D order parameter was computed
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which is related to the underlying angular distribution (see 
the Supporting Information) and has been used extensively 
in other works.[26,29–31,84–86] S3D has values between −0.5 and 1, 
where −0.5 indicates alignment perpendicular to the director, 0 
indicates random alignment, and 1 indicates perfect alignment 
along the director. The measured S3D,optical for small and large 
MagGNRs in a 10 kOe magnetic field is 0.15 and 0.61, respec-
tively. The latter is comparable to values for aligning dispersed 
GNRs with liquid crystals.[26,27,29]

Optical property measurements are also useful character-
izing how the alignment of MagGNRs depends on the strength 

of the applied magnetic field. Polarized extinction spectra were 
acquired as a function of the applied magnetic field strength 
(Figure  4a,b), from which S3D,optical was calculated. There are 
only minor changes in the extinction for both polarization 
directions at fields above 500  Oe. The field dependence of 
S3D,optical was plotted (Figure 4c) to visualize this effect. At 4 kOe, 
S3D,optical is already saturated, and even at a much lower field of 
250  Oe, S3D,optical is 91% of its maximum value at 10 kOe. In 
a control experiment, extinction spectra of BSA-GNRs without 
coatings of PEI-Fe3O4 NPs show no polarization dependence, 
confirming that they do not align in magnetic fields without 
the magnetic coatings (Figure S4c, Supporting Information). 
While others have demonstrated minor alignment (S < 0.1) of 
GNRs in extremely high magnetic fields (≈300 kOe), the extent 
of alignment at 10 kOe without magnetic overcoatings is negli-
gibly small.[87]

H greater than 500  Oe can be easily obtained with perma-
nent magnets, which give similar magnetic alignment to uni-
form magnetic fields without requiring an electromagnet. We 
observed that the intensities of the LSPR and TSPR can be mod-
ulated by moving the magnet to vary the angle of the magnetic 
field relative to a fixed polarization direction from 0° (parallel) 
to 90° (perpendicular) without substantially changing the field 
strength (Figure 4d). Light from the source propagates along k 
and through the polarizer film, sample, and detector, where the 
polarization direction P is orthogonal to k (inset of Figure 4d). 
A cylindrical magnet (1 in. diameter and 1 in. length) is placed 
with one pole facing the sample and with separation of 1 in. 
between the face of the magnet and the side of the cuvette. 
When H makes an angle of 90° (0°) with P, the TSPR (LSPR) is 
enhanced and LSPR (TSPR) is diminished.

2.5. Visualizing and Tracking Magnetic Fields

Evidence of the alignment of large MagGNRs in magnetic 
fields can be observed by eye using permanent magnets and 
polarizer films (Figure 5). For example, a large cube (1 in. edge) 
magnet oriented vertically generates vertical field lines on the 
top face but approximately horizontal field lines outside the 
edge of the top face, which is verified in a simulation of the 
magnetic field distribution (Figure S8, Supporting Informa-
tion). Unpolarized photos of cuvettes placed in both the vertical 
and horizontal field regions do not show significant differ-
ences for the regions of different field orientation (Figure 5a), 
whereas the colors change to magenta and pale brown in polar-
ized light (Figure 5b,c and Movie S1, Supporting Information). 
For polarization parallel (perpendicular) to the magnetic field, 
the longitudinal (transverse) mode is preferentially excited and 
thus appears pale brown (magenta). The pale brown color is 
caused by damping of the TSPR, but excitation of the LSPR is 
not apparent, because the LSPR peak is outside of the visible 
spectrum. A similar demonstration was performed using a cir-
cular Halbach array, which generates a more uniform magnetic 
field compared to single permanent magnet (Figure S9 and 
Movie S2, Supporting Information).

Using arrays of permanent magnets allows programming 
of the magnetic field throughout the volume of the solution, 
resulting in patterns of color based on alignment of the MagGNRs  

Adv. Mater. 2022, 2203366
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and the polarization state of the light. Patterns of both 
colors are observed under polarized light when the cuvette 
is placed between two parallel arrays of ¼ in. cube magnets  
(Figure 5d–f; Figure S10 and Movie S3, Supporting Information).  
The number and orientation of the magnets can further tune 
the color pattern as the magnetic field distribution changes 
(Figures S11–S13 and Movies S4–S6, Supporting Informa-
tion). Magnetic separation is also noteworthy and can occur 
in a few minutes, when the magnets generate large magnetic 
field gradients. Soon after placing the cuvette between four 
10 mm cube magnets, a central bright spot corresponding to 
a region depleted in MagGNRs grows as the MagGNRs are 
pulled toward the magnets (Figure 5g,h; Movie S7, Supporting 
Information). The separated MagGNRs collected on the wall of 
the cuvette show the region of high field gradient at the inter-
face between permanent magnets (Figure  5i). The MagGNRs 
readily redisperse after removing the magnets with shaking or 
mild sonication.

The appearance in polarized and unpolarized light can be 
understood in greater detail based on the number of longitu-
dinal and transverse modes excited for a given combination 
of orientations of k, P (which is always orthogonal to k in this 
work), and H. For randomly oriented GNRs in unpolarized 
light, there is one LSPR associated with the long axis and one 
TSPR associated with each of the two transverse axes. Aligning 

MagGNRs in the plane of the polarizer film and orthogonal to k  
removes one of the TSPR modes and thus excites one LSPR and 
one TSPR for unpolarized light. Either mode can then be selec-
tively excited with the polarizer, as in Figures 3c,d and 4a–c and 
Figures S9, S10a, S11a,b, S12a,b, and S13a,b (Supporting Infor-
mation). In comparison, aligning the MagGNRs parallel to k  
(90° orientation in Figure 4d and Figures S10b, S11c, S12c, and 
S13c, Supporting Information) suppresses the LSPR and excites 
two TSPRs for unpolarized light or only one TSPR for polar-
ized light, irrespective of the direction of P. Therefore, effects of 
magnetically aligning MagGNRs are also expected for unpolar-
ized light but can be subtle and are enhanced with the polar-
izer. As already mentioned, the different colors observed in 
photographs and movies in this work arise predominantly from 
changes in the TSPR, because the LSPR is outside of the visible 
spectrum. It is important to note that we refer to unpolarized 
as ambient light that has not been purposefully polarized, but 
there can still be some unintended polarization from the light 
source and optical elements in the camera.

Dynamic magnetic alignment of the large MagGNRs can also 
be demonstrated by placing the cuvette on a magnetic stir plate, 
which generates a horizontal rotating magnetic field (Figure S14  
and Movie S8, Supporting Information). The speed of oscilla-
tion of the colors tracks with the speed of the stir plate, even 
up to the maximum speed of 1000  rpm (16.7  Hz) (Figure S15 

Adv. Mater. 2022, 2203366

Figure 4. a,b) Polarized extinction spectra of large MagGNRs at different field strengths for light polarized parallel (a) and perpendicular (b) to the 
magnetic field using an electromagnet (same geometry as in Figure 3c). c) S3D, optical calculated from the polarized extinction at the LSPR as a function 
of applied field up to 2 kOe with inset showing up to 10 kOe. d) Polarized extinction spectra acquired with a cylindrical magnet placed at different 
angles with respect to the light polarization direction.
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and Movie S9, Supporting Information). The rate of alignment 
and reorientation of MagGNRs could likely be increased by 
switching the magnetic field at higher frequency. For example, 
switching of GNRs with electric fields has been demonstrated 
at ≈kHz frequencies,[35,43] which implies that for low-viscosity 
solvents, hydrodynamics do not restrict faster switching than 
demonstrated here.

2.6. Small-Angle X-ray Scattering

SAXS measurements of dispersions of MagGNRs in magnetic 
fields of ≈2 kOe generated in the gap between permanent mag-
nets provide another, direct structural measure of the align-
ment of MagGNRs dispersed in water. Large MagGNRs show  

isotropic 2D scattering patterns without external magnetic 
fields, which become anisotropic when the MagGNRs align 
with the applied field direction (Figure  6a,b). The following 
directions and angles are depicted in Figure  1. The magnetic 
field creates an anisotropic scattering pattern that is more 
concentrated toward smaller |q| values in the direction of H. 
The nanorod orientation is characterized by the polar angle θ 
between the long axis of the nanorod main axis H, which points 
along the x-axis. χ is the angle of the projection of the long axis 
of the nanorod in the viewing plane (xy-plane). Our analysis 
of the results closely follows recent work of Rosén et al.[88] Ini-
tially, the right half of 2D SAXS patterns, the half without the 
beam stop, was integrated into azimuthal distributions Ψχ by 
integrating over a range of q reflecting the characteristic sizes 
of the GNRs, i.e., in an interval 2π/L  ≤  |q|  ≤ 2π/d,[88] where L 
and d are the length and diameter of the GNR core (excluding 
the Fe3O4 satellite NPs) obtained from TEM. After removing 
the background, Ψχ (Figure 6c,d) provides an estimate for the 
distribution of χ, the projected angle, which can be compared 
to the 2D distribution and analysis of TEM images (Figure S3, 
Supporting Information).

The distribution of the polar angle Ψθ can be calculated by fit-
ting Ψχ with a linear combination of the first (3 and 5 for small 
and large GNRs, respectively, according to the criteria defined 
in ref. [88]) even Legendre polynomials. Assuming that Ψχ is 
axisymmetric about H (i.e., the x-axis), Ψθ can be reconstructed 
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Figure 6. a,b) 2D SAXS patterns for large MagGNRs without external 
magnetic field (a) and with ≈2 kOe magnetic field (b). c,d) The azimuthal  
profiles under magnetic field of the projected angle χ and fit to a linear 
combination of Legendre polynomials for small (c) and large (d) Mag-
GNRs. e,f) Reconstructed Ψθ and fit to fθ, as well as the probability fθsinθ, 
for small (e) and large (f) MagGNRs.

Figure 5. a–c) Photos of identical cuvettes with large MagGNRs placed 
on top of and next to the top face of a 1 in. cube magnet, unpolarized 
(a), with a horizontal polarizer (b), and with a vertical polarizer (c). 
d–f) Cuvette with large MagGNRs placed between arrays of ¼ in. cube 
magnets unpolarized (d), with a horizontal polarizer (e), and with a ver-
tical polarizer (f). g–i) Nonuniform magnetic separation with four 10 mm 
cube magnets, where a central bright spot appears in unpolarized photos 
taken after 1 min (g), 10 min (h), and 30 min (i). The magnetization and 
polarizer directions are indicated by single-headed and double-headed 
arrows, respectively.
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from fitting Ψχ (Figure 6c,d) according to the previous work of 
Rosén et al.[88] To account for finite-size effects in the length of 
the nanorods and isotropic background, a Maier–Saupe distri-
bution fθ(n) (Equation (5)) was then fit to the reconstructed Ψθ 
distribution but with a free baseline,[89] because such behavior 
has been reported for other magnetically aligned nanorods.[78] 
The experimental data match well with fθ(n) for the small and 
large MagGNRs with respective trap depth parameter n of  
0.8 and 3.8 (Figure  6e,f). fθsinθ is also plotted and describes 
the probability of finding a MagGNR oriented at angle θ in the  
dispersion. From the fitted parameter n, which describes  
the width of the distribution, the order parameter S3D,SAXS can 
be obtained by combining Equations (5), (6), and (9)
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The order parameter S3D,SAXS for large MagGNRs is 0.54, 
which is much higher than 0.11 for small MagGNRs.

2.7. Summary of Analysis of Alignment of MagGNRs

As already discussed, each characterization method provides 
different primary data that allow for direct calculation of cer-
tain quantities—S2D from TEM, S3D from polarized extinction 
spectroscopy, and n from SAXS. Using the experimentally 
derived orientation distributions and the Maier–Saupe distri-
bution as a model for magnetic alignment [Equation  (5)], we 
extracted n for each method. From knowledge of n, we then 

computed S2D, S3D, and θRMS under this model [Equation (S24), 
Supporting Information, and Equation  (7)], which are sum-
marized in Figure  7. The estimates of Ubarrier based on n are 
largely consistent among all three characterization methods 
and for the larger MagGNRs are ≈4 times that of the small 
MagGNRs. The effect of this increase is apparent in the panel 
with the angular distributions, showing how small MagGNRs 
only exhibit partial alignment against the randomizing effects 
of Brownian motion, while large MagGNRs exhibit a narrowed 
distribution centered around the magnetic field direction at  
θ = 0. As expected from the similar n, values of S2D, S3D, and 
θRMS are also largely consistent among all three methods. It is 
important to consider that Ubarrier depends on the magnetization 
of the Fe3O4 NPs. This might explain the slightly lower ordering 
observed by SAXS, where the weaker magnetic field nearly 
saturates the NPs, than for TEM and extinction spectroscopy  
measurements, in which stronger magnetic fields fully saturate 
the NPs.

These results also compare favorably with previous reports 
of the magnetic alignment of GNRs.[44–48] In those studies, the 
high polarization-independent background would reduce the 
optical anisotropy (Equation  (8)) and S3D,optical (Equation  (9)), 
even if the GNRs are physically well aligned. Deviations in the 
shape of the Au nanostructures from rods or high magnetic 
loading could contribute to increased background and broad-
ening that might cause reduced ordering, as assessed optically 
instead of by TEM or SAXS measurements. Therefore, agree-
ment in quantification from different characterization methods 
in this work suggests that there are minimal plasmonic shape 
impurities that could otherwise cause deviation.

It is also interesting to consider the 2D data collected as 
a function of the projected angle χ in the SAXS and TEM 
measurements. The distributions of χ obtained from TEM and 
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Figure 7. Top: Values of n, S2D, S3D, and θRMS extracted from TEM, SAXS, and optical extinction measurements for small and large MagGNRs under 
magnetic fields of strengths indicated. Middle: Associated expressions used for the calculations. Bottom: Plots of angular distribution functions (left) 
and dependence of S2D, S3D, and θRMS on n (middle and right).
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SAXS analysis agree quite well for large MagGNRs (Figure S3,  
Supporting Information). However, χ for small MagGNRs from 
TEM images does not match as well with the SAXS distribu-
tion. Since Ubarrier for small MagGNRs is smaller than for large 
MagGNRs, small MagGNRs might be more susceptible to 
drying effects when preparing substrates for TEM. Finally, the 
root-mean-squared polar angle θRMS displayed the same trend 
obtained by all three techniques.

2.8. Magnetic Property Measurements

Field- and temperature-dependent magnetometry measurements 
were performed on PEI-Fe3O4 NPs and large MagGNRs to inves-
tigate dipolar interactions within MagGNRs. Both samples were 
dispersed in poly(vinyl alcohol) (PVA) films to provide good dis-
persions. As expected, PEI-Fe3O4 NPs and MagGNRs are super-
paramagnetic at room temperature, based on the lack of magnetic 
hysteresis (Figure 8a). It is interesting to note that saturation of 
S3D,optical occurred at lower fields than magnetic saturation of the 
MagGNRs (Figure S16, Supporting Information). This different 
behavior is rooted in the field-dependence of Ubarrier for inter-

acting superparamagnetic NPs, which is nontrivial to model and is 
beyond the scope of this work but is of interest for future studies.

Temperature-dependent measurements show the effects of 
dipolar interactions among Fe3O4 NPs on the surface of Mag-
GNRs (Figure 8b,c). The sample is heated from 5 to 300 K in a 
measuring field of 10 Oe after cooling in a 10 Oe field (FC) or 
cooling in zero field (ZFC). The temperature at the maximum 
of the ZFC curve is defined as the superparamagnetic blocking 
temperature TB, which is remarkably different for PEI-Fe3O4 
NPs (109 K) and MagGNRs (177 K). The significant enhancement  
of TB is consistent with an energetically stabilizing effect of 
dipolar coupling among Fe3O4 NPs on the surface of Mag-
GNRs.[90,91] The flat shape of the FC curve for MagGNRs until 
reaching TB further confirms strong coupling among the Fe3O4 
NPs.[91] In contrast, in the FC curve of dispersed PEI-Fe3O4 NPs, 
the magnetization has significantly decreased before reaching 
TB. In summary, magnetometry measurements support the pro-
posed mechanism of magnetic alignment, where dipolar inter-
actions among Fe3O4 NPs on the surface of the large MagGNRs 
result in Ubarrier large enough to give significant alignment.

3. Conclusions

For the magnetic alignment of nanostructures coated with  
magnetic satellite NPs, what is the smallest size that can still suf-
ficiently overcome Brownian motion and align? While the size 
and aspect ratio of the core nanorod and the size and compo-
sition of the magnetic satellite NPs collectively determine this 
limit, we have experimentally demonstrated a new lower limit 
by aligning MagGNRs with low aspect ratios. These findings 
have implications for the magnetic alignment of all kinds of 
anisotropic nanostructures with magnetic satellite NPs. Large 
MagGNRs align well, while the small MagGNRs only give partial 
alignment. The underlying optical properties of the GNR cores 
are well preserved; GNRs that align in magnetic fields can be 
realized without degrading their optical properties. The multi-
functionality of MagGNRs will be useful for several applications, 
including multimodal imaging and therapy, advanced (mag-
neto-)optical materials based on the anisotropy and polarization 
effects of the plasmon, and magnetically modulated photo-
thermal heating. Moreover, because the optical properties of the 
GNR cores are largely unchanged by the magnetic overcoating, 
MagGNRs will enable the further development of applications 
based on nonmagnetic GNRs that take advantage of the addi-
tional capability to manipulate MagGNRs with magnetic fields.

The performance of MagGNRs is promising for further 
investigation and applications. MagGNRs respond to low mag-
netic fields; anisotropy in the optical properties is already evi-
dent at 20  Oe, and nearly the maximum alignment is already 
obtained in fields of 500  Oe. MagGNRs can track dynamic 
fields of at least 17 Hz in water. This work introduces a compre-
hensive framework for analyzing the alignment of MagGNRs 
from their polarized optical properties and structural character-
ization, which yields the energy barrier that allows MagGNRs 
to overcome Brownian motion and align with the field. The 
model can further aid the design and analysis of the alignment 
of other small anisotropic nanostructures in magnetic fields or 
other fields or matrices that impart alignment.

Adv. Mater. 2022, 2203366

Figure 8. Magnetic characterization of PEI-Fe3O4 NPs and large Mag-
GNRs in a PVA film. a) M versus H of PEI-Fe3O4 NPs and large MagGNRs 
at 300 K with inset showing the same plots magnified near the origin.  
b,c) Field cooled (FC) and zero field cooled (ZFC) measurements with a 
10 Oe field of PEI-Fe3O4 NPs (b) and large MagGNRs (c).
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4. Experimental Section
Chemicals: HAuCl4·xH2O (Alfa Aesar, 99.999%, where x was estimated 

as 3), CTAB (Amresco, high purity), KBr (Alfa Aesar, ACS, 99%  min), 
AgNO3 (Alfa Aesar, 99.9995%), deionized water (Ricca, ACS Reagent 
grade, ASTM Type I, ASTM Type II), ascorbic acid (AA, J.T. Baker, 99.5%), 
hydroquinone (Acros Organics, 99.5%), NaBH4 (Sigma-Aldrich, 99%, 
213462), NaOH (Sigma-Aldrich, 98%), BSA (Sigma-Aldrich, A7906, 98%), 
Na-citrate dihydrate (Mallinckrodt, 99%  min), Fe(III) acetylacetonate 
(Strem, 99%), FeCl3 (Alfa Aesar, anhydrous, 98%), Na oleate (TCI 
America, 97%  min), oleic acid (Sigma-Aldrich, 90%), 1-octadecene 
(Sigma-Aldrich, 90%), benzyl ether (Acros Organics, 99%), oleylamine 
(Sigma Aldrich), hexanes (Macron, 95%), ethanol (Koptec, absolute, 
anhydrous), isopropanol (Macron, 99.5%), chloroform (OmniSolv, 
99.9%), NaF (Alfa Aesar, 99.99%), 15-crown-5 ether (Ambeed, 98%), PEI 
(Alfa Aesar, branched, MW 10 000, 99%), and PVA (Alfa Aesar, 98%–99% 
hydrolyzed, high molecular weight) were used.

Permanent Magnets: 1 in. cube magnet (Diymag, N52), 10  mm 
cube magnets (Apex magnets, M10mmCU, N48), ¼ in. cube magnets 
(Bunting Magnetics, NEB38P252525, N38), and circular Halbach array 
(Supermagnetman, HB0060, field strength ≈1.8 kOe, N48) were used.

Synthesis and Purification of CTAB-Stabilized GNRs: Small CTAB-
GNRs were synthesized following a previously published seed-mediated 
approach.[68] A typical 1 L synthesis yields ≈190 mg of CTAB-GNRs. The 
average dimensions of the GNR cores were 78 nm × 21 nm (aspect ratio 
of 3.7) with the LSPR peak extinction at 790 nm. Large CTAB-GNRs with 
average dimensions of 148  nm × 47  nm and peak LSPR extinction at 
860 nm were also synthesized in two-step growth technique developed 
for this project. First, high-aspect-ratio CTAB-GNRs with dimensions 
of 117  nm × 21  nm were synthesized using another method,[69] in 
which 6 mL of seed solution was added to 250 mL of growth solution  
(0.5  × 10−3 m HAuCl4, 100  × 10−3 m CTAB, 0.4  × 10−3 m AgNO3, and  
5  × 10−3 m hydroquinone) under gentle shaking and then aged for 
overnight. The seed solution was prepared by quickly injecting 0.6  mL 
of 10 × 10−3 m NaBH4 solution into 9.4 mL of 0.5 × 10−3 m HAuCl4 and  
100 × 10−3 m CTAB that was rapidly stirring and already equilibrated in 
a water bath at 35  °C. Stirring was turned off 30 s after the injection, 
followed by aging for 25  min at 35  °C. For further growth into large 
CTAB-GNRs, 5  mL of the solution of as-prepared CTAB-GNRs was 
added to 20  mL of growth solution containing 91  × 10−3 m CTAB,  
0.93 × 10−3 m HAuCl4, 9.1 × 10−3 m KBr, and 0.992 × 10−3 m ascorbic acid. 
1.1 mL of 15.76 × 10−3 m ascorbic acid was injected into this mixture over 
a period of 18 h with magnetic stirring at 35  °C. (As described, large 
excesses of small GNRs and of intermediate 117  nm × 21  nm CTAB-
GNRs were synthesized, which allowed testing of multiple overgrowth 
reactions. In principle, these amounts could be scaled down.)

For both the small and large CTAB-GNRs, the concentration of CTAB 
before purification was ≈100 × 10−3 m. From each of the small and large 
CTAB-GNRs, a volume of 25  mL was purified in a single centrifuge 
tube. Both samples were purified in the same manner, three cycles of 
centrifugation (Thermo Scientific Sorvall Legend X1R with Fiberlite F15-6 
× 100y rotor) at 10 000 rpm (10 956 g) for 20 min, which brought the final 
concentration of CTAB to ≈1 × 10−3 m. Between cycles of centrifugation, 
as much of the supernatant was carefully removed by pipette as possible, 
while avoiding perturbing the pellet of CTAB-GNRs. Water (after the first 
round of centrifugation) or 1 × 10−3 m CTAB (after the second and third 
rounds of centrifugation) was added to redisperse the pellet and bring 
the total volume to 25 mL after the first and second rounds and 10 mL 
after the third round of centrifugation.

Functionalization with BSA: BSA-GNRs were obtained from both 
small and large CTAB-GNRs by complete replacement of CTAB with BSA 
according to a previously reported method.[71] 20 mL of concentrated BSA 
solution (10 mg mL−1) was prepared by mixing BSA with deionized water 
containing 0.02 wt% Na citrate. The mixture was sonicated for 10 min. 
10  mL of deionized water was then quickly added (without mixing) 
to 10  mL of the purified CTAB-GNRs, which was then immediately 
transferred to the 20 mL BSA solution under sonication. Addition of the 
deionized water destabilizes the CTAB-GNRs and facilitates replacement 

of CTAB with BSA. The resulting 40  mL solution was sonicated for 
30 min and then centrifuged at 9000 rpm (8875g) for 20 min. To ensure 
good BSA functionalization, the product was functionalized with BSA 
again, using a solution of BSA that was pH adjusted to ≈10, measured 
with a pH meter, as follows. 40 mg of BSA was dissolved in a mixture of 
400 µL of 0.1 m NaOH and 39.6 mL of deionized water with 0.02 wt% 
Na citrate. The colorless supernatant was replaced with 40  mL of this 
1 mg mL−1 BSA solution. The mixture was then sonicated for 5 min and 
kept at rest without stirring for 24 h before purification. The product 
was purified by four cycles of centrifugation, where the supernatant was 
replaced each time with 24.5  mL of basic water (pH ≈10.8, measured 
with a pH meter) that had been prepared by mixing 6  mL of 0.1 m 
NaOH in 194 mL deionized water. After purification, the BSA-GNRs were 
redispersed in 25 mL of the basic water.

Synthesis and Functionalization of Fe3O4 NPs with PEI: Oleylamine-
stabilized magnetite (Fe3O4) NPs with an average diameter of 13.4 nm 
were synthesized in two steps. First, Fe oleate precursor was prepared 
and thermally decomposed, yielding oleic acid-stabilized NPs by 
following established methods.[72,92] In the second step, the oleic acid 
shell was replaced with oleylamine. Fe oleate was prepared by dissolving 
3.244  g of anhydrous FeCl3 with 18.27  g of Na oleate in a mixture of 
30 mL of water, 40 mL of ethanol, and 70 mL of hexanes. The reaction 
was carried out by refluxing at 70 °C for 4 h with magnetic stirring. After 
completing the reaction, the top organic layer containing Fe oleate was 
separated from the aqueous layer and washed three times with water. 
The Fe oleate product was then dried in a fume hood for 2 d, during 
which the hexanes evaporated. For synthesizing Fe3O4 NPs, 2.5 g of Fe 
oleate and 1.26  g of oleic acid were dissolved in a mixture of 2.77  mL 
of benzyl ether and 5.55  mL of 1-octadecene in a three-necked round-
bottomed flask and connected to a Schlenk line. The mixture was heated 
under vacuum to 60 °C for 30 min, followed by backfilling with nitrogen, 
then heating to 325 °C at a rate of 3.3 °C min−1, and refluxing for 30 min 
to complete the reaction. After cooling to room temperature, 2 mL of the 
product was washed by adding a mixture of 2 mL of hexanes and 6 mL 
of ethanol, followed by centrifugation. After discarding the supernatant, 
the pellet was redispersed in 2 mL of hexanes, followed by addition of 
6 mL of ethanol and centrifugation. After repeating this step once, the 
final pellet was dispersed in 20 mL hexanes.

A host–guest-driven technique was followed to replace the oleic 
acid with oleylamine,[73] as follows. 14 mL of isopropanol was added to 
the 20  mL of the Fe3O4 NPs in hexanes, followed by adding 2  mL of 
deionized water, into which 100 mg of NaF and 0.45 mL of 15-crown-5 
ether had been dissolved. The mixture was sonicated for 5  min 
and then kept at rest for 2 h. As the oleic acid is stripped away, the 
Fe3O4 NPs agglomerate. The supernatant was discarded, and the 
product was successively washed with hexanes, isopropanol, water, 
and then ethanol. Each washing step was performed twice in ≈10  mL 
of each solvent before proceeding to the next solvent. The NPs were 
sonicated in each new solvent for 10 min, centrifuged at 5000–8000 rpm  
(2739–7012  g) for 20  min, redispersed in the same solvent again, 
sonicated for 10  min, centrifuged, and then redispersed in the next 
solvent. After the final washing step in ethanol, 9.98 mL of chloroform 
was added to the sedimented Fe3O4 NPs, followed by adding 20 µL of 
oleylamine and sonicating for 2  min. Oleylamine quickly regrafts onto 
the Fe3O4 NPs and causes them to disperse well. This solution was used 
as a stock solution and had a concentration of 1.48 mg mL−1 of Fe3O4 
NPs, measured by inductively coupled optical emission spectroscopy 
(ICP-OES).

For functionalization with PEI, 1  mL of the stock solution of 
oleylamine-stabilized Fe3O4 NPs was diluted with 9 mL of chloroform. 
100  mg of PEI was dissolved in 30  mL of chloroform and added to 
the diluted Fe3O4 NPs under vigorous stirring. The mixture was then 
sonicated for 30 min, followed by stirring at 40 °C for 2 h to complete 
PEI functionalization. The PEI-functionalized Fe3O4 (PEI-Fe3O4) NPs 
were there then transferred into water by adding 5  mL of water and 
shaking by hand for ≈1  min, until the brown color of the PEI-Fe3O4 
NPs was visible in the top aqueous layer. The aqueous layer was then 
extracted and washed five times with deionized water to remove excess 
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PEI molecules. In each washing cycle, PEI-Fe3O4 NPs were purified 
using a centrifuge filter (Amicon Ultra, 100 kDa) at 3500  rpm (1342 g) 
for 30  min. The purified PEI-Fe3O4 NPs were dispersed in 2.5  mL of 
deionized water.

Assembly of MagGNRs: 0.5  mL of BSA-GNRs (concentration of 
≈0.19 mg mL−1, based on the extinction at 400 nm of 0.38 after 6× dilution)  
was added quickly to 0.5 mL of the purified PEI-Fe3O4 NPs (concentration 
of ≈0.6  mg mL−1, based on effective 2.5× dilution of the above stock 
solution) under vigorous stirring (800 rpm) for 5 min. The mixture has 
pH of ≈10.6. The stirring rate was then decreased to 100  rpm for 2 h 
to complete the assembly of MagGNRs. Three cycles of centrifugation 
(Eppendorf 5415C Centrifuge, 5000  rpm [2152  g] for small MagGNRs 
and 2000  rpm [344g] for large MagGNRs) for 10  min were performed 
to separate MagGNRs from excess PEI-Fe3O4 NPs, where as much 
supernatant was removed as possible, and the product was redispersed 
in 1 mL of deionized water at the end of each cycle.

Transmission Electron Microscopy: TEM images were acquired on a FEI 
Talos F200X G2 at an operating voltage of 200 kV. Samples were prepared 
by drop casting onto a carbon-coated Cu TEM grid. For investigating 
magnetic alignment of MagGNRs, the TEM grid was placed between the 
poles (10  cm diameter) of a GMW 3472-70 electromagnet. A magnetic 
field of 10 kOe was applied while the solvent evaporated.

Optical Extinction Spectroscopy: Optical extinction spectra were 
acquired using an Ocean Optics Red Tide USB650 spectrometer with 
a glass cuvette having a 1 cm path length. The polarized extinction was 
measured by placing piece of a polarizer film (Thorlabs, LPNIRE2 × 2) in 
the beam path before the sample. For polarized extinction spectroscopy 
in applied magnetic fields, the spectrophotometer was placed between 
the poles of the electromagnet (Figure S6, Supporting Information), and 
polarizer films were inserted with their polarization axis either parallel 
(0°) or perpendicular (90°) to the magnetic field direction. To observe 
the effects of intermediate polarization angles between 0° and 90°, a 
single polarizer film was inserted next to the cuvette, and a permanent 
magnet was held at different angles with respect to the polarization 
direction (Figure 4d).

Small-Angle X-ray Scattering: SAXS measurements were performed on 
a Ganesha 300 XL+ (SAXSLAB) instrument with a focused X-ray beam 
from a Cu Kα source, giving λ = 0.154 nm. Scattered X-rays were recorded 
using a pixel detector (PILATUS 300 K) at a sample–detector distance of 
1510 mm, enabling measurements down to qmin   ≈ 0.035 nm−1. A glass 
capillary containing an aqueous dispersion of MagGNRs with extinction 
of ≈1 at the LSPR peak was oriented vertically along the y-direction 
and sandwiched between two permanent magnets, creating a quasi-
homogeneous magnetic field oriented along the x-direction. A field of 
≈2 kOe was generated by two cylindrical permanent NdFeB magnets 
(Supermagnete S-13-02-N, N45) with a diameter of 13 mm and a height 
of 2 mm, separated by a gap of 5 mm using a poly(tetrafluoroethylene) 
ring as a spacer. The orientation of MagGNRs can be defined with the 
polar angle θ between the long axis of the nanorod and the magnetic 
field direction (x-axis), and the projected angle χ in the xy-plane 
(Figure  1). The X-ray beam propagated in the z-direction, and the 
detector is in the xy-plane. Measurements were carried out in aqueous 
dispersions for 10 min. The solvent background was subtracted from the 
scattering patterns.

Magnetometry: PEI-Fe3O4 NPs and MagGNRs were dispersed in PVA 
films for magnetic characterization using a Quantum Design MPMS 
3 superconducting quantum interference device vibrating sample 
magnetometer. Samples were prepared by dissolving 200 mg of PVA in 
1 mL of water, followed by adding 0.01 mL of aqueous PEI-Fe3O4 NPs or 
MagGNRs, casting in a polytetrafluoroethylene mold, and allowing the 
water to evaporate overnight at 50 °C.

Statistical Analysis: TEM images are presented without contrast 
or brightness adjustment. Measurements of the dimensions and 
angular distributions of GNRs in TEM images were performed using 
ImageJ and were averaged over 200 GNRs. Optical extinction spectra 
are presented without smoothing. Statistical methods for analysis of 
SAXS measurements are described in Section 2.6. The SAXS data were 
processed using Matlab R2017b.
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Supporting Information is available from the Wiley Online Library or 
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