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Abstract

The controlled orientation of metallic wires inside a polymeric medium can en-
hance desired properties of the composites, such as the electrical conductivity or
the optical transmittance. In this work, we study silver nanowire orientation in
semidilute suspensions of DNA and find an intriguing effect: under the applica-
tion of low-frequency AC electric fields with moderate amplitude, the DNA coils
can provoke the orientation of the wires in solution. The phenomenon is entirely
induced by the polymer, when it is deformed by the application of an electric
field. This effect is explained using computer simulations based on excluded-
volume interactions. Moreover, we experimentally show that such a behaviour
is not exclusive of silver nanowire-DNA suspensions, but rather occurs for other
particle-polymer systems. This phenomenon can be taken advantage of to achieve
strong orientation of particles otherwise insensitive to electric fields.

Keywords: Silver nanowires, DNA, nanoparticle alignment, particle-polymer
interactions

1. Introduction

Nanoparticle-polymer composites present high prospects for many applica-
tions related to synergistic phenomena emerging in these systems. As examples,
we can mention their use in the fabrication of mechanically reinforced materi-
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als, biocompatible ferrogels for tissue engineering, tunable metamaterials, plas-
monic displays, hydrogels for drug delivery or catalytic membranes [1-6]. Of-
ten, the controlled orientation of non-spherical nanoparticles inside the polymeric
matrix greatly enhances the desired properties. For instance, upon particle align-
ment, improved energy storage capacity, catalytic properties, thermal conductiv-
ity or mechanical performance have been observed for different particle-polymer
nanocomposites [[7H12].

Several techniques are available for the orientation of non-spherical nanopar-
ticles, including the Langmuir-Blodgett method, microfluidics, electrospinning,
jet printing, brush coating or spray-assisted alignment [13-19]. Direct in-situ
growth of oriented nanorods in polymer fibers has also been reported [20]. An-
other possibility is the use of templates, such as those based on carbon nanotubes
or liquid crystalline phases of cellulose nanocrystals [21} 22]. The direct appli-
cation of electromagnetic fields to particle suspensions is also an attractive op-
tion [23H27]]. Each of these techniques presents its own limitations, which can
be further increased by the presence of a polymer. For instance, viscous forces
have been shown to hinder the orientation of carbon nanotubes inside a polymeric
matrix [28]].

As examples of aligned elongated particles, we can mention semiconducting
zinc oxide nanorods, which are used i.e. for the fabrication of perovskite solar
cells [29, 30]. Oriented quantum rods have also gathered attention due to their
applications in liquid crystal displays [31, 132]. Moreover, considerable interest
has been devoted to metallic nanorods, which have been oriented by solvent-
evaporation or electrodeposition [33H36]], in addition to direct application of elec-
tric fields [37H40]. The alignment of silver nanorods due to optical torques caused
by the application of a polarised laser beam has also been theoretically stud-
ied [41]].

In our case, we focus on aligned silver nanowires (Agnws), which also present
a wide range of applications. For example, Agnw-polymer composites are used
in the fabrication of conductive membranes to obtain transparent flexible elec-
trodes [42-45]. In these systems, the alignment of the silver nanowires can en-
hance both the electrical conductivity and the optical transmittance, thus improv-
ing the performance of optoelectronic devices such as polymer light-emitting
diodes or solar cells [46-48]]. Furthermore, silver nanowires present antibacte-
rial properties, making these electrodes suitable for biomedical applications [49].
For biocompatibility, DNA has been suggested as a suitable polymeric matrix for
electrode fabrication [50, [51]].

In this work we show that, under the application of low-frequency electric
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fields, DNA can induce the orientation of silver nanowires in solution. Interest-
ingly, moderate field amplitudes (around 8 V/mm for 1 Hz fields) are sufficient
to align the Agnws almost completely in a semidilute DNA suspension via this
phenomenon. The alignment is entirely caused by the DNA, and does not occur
in its absence. It is, to our knowledge, the first time that particle alignment in-
duced by a semidilute polymer suspension has been reported. Other approaches
for polymer-mediated particle orientation are based either on polymer structures
or a liquid crystalline phase [22} [52H54]].

2. Experimental section

2.1. Materials

The silver nanowires used in this work were purchased from PlasmaChem,
Germany (PL-AgW50). Fig. |l shows a transmission electron microscopy picture
of the particles. More images can be found in the Supplementary Information (SI)
file. We determined a nanowire diameter of 45+10 nm, within the range given
by the manufacturer. The proportion of irregular and spherical silver particles is
below 8%, as deduced from the observation of 175 particles.

On the other hand, the length of the Agnws shows a more significant polydis-
persity, as can be observed in Fig. [Ip, which displays the length distribution (in
volume) of the nanowires. This histogram was obtained via electric birefringence
measurements, following the multi-exponential method, which has been proven
useful for the size characterisation of polydisperse non-spherical particles [S3].
The mean length (number-averaged) of the distribution is 1.8 yum.

The particle composition has been studied by energy dispersive X-ray analysis
(Fig.[2). As observed, the wire core is made of silver. The nitrogen signal indi-
cates the presence of a thin coating of polyvinylpyrrolidone ((C¢H9NO),), which
provides a small negative charge, stabilising the particles [S6]. In a 1 mM NaCl
electrolyte, the zeta potential of the coated particles is -19 mV (Malvern Zetasizer
NanoZS, Malvern Instruments, UK).

The sepiolite needles were purchased from Merck. In a 1 mM NaCl elec-
trolyte, they present a zeta potential of -25mV. A microscopy picture of these
particles is provided in the SI file. Calf thymus and salmon testes DNA was pur-
chased from Merck, Germany (D1501 and D1626, respectively). Poly(ethylene
oxide) of two molecular weights, 35k and 4M, was also purchased from Merck
(Germany). Poly(acrylic acid) (Carbopol 981, lightly cross-linked) was obtained
from Lubrizol (USA).
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Figure 1: (a) High-resolution electron transmission microscopy image of the silver nanowires. (b)

Length histogram of the Agnws, in volume, obtained via the analysis of the electric birefringence
using the multi-exponential method.

All the polymers and the particles used in this work present a negative or
neutral charge. This avoids any electrostatic attraction between the particles and
the polymer in the bidisperse systems. The medium conductivity is 126 uS/cm in
all samples, which corresponds to a 1 mM NaCl electrolyte. More information on
sample preparation can be consulted in the SI file.

2.2. Methods

The device used for the determination of particle orientation, detailed else-
where [39]], is based on the measurement of the electric birefringence of the sam-
ples. Briefly, a He-Ne laser beam traverses a polariser, the Kerr cell, a quarter-
wave plate and another polariser, reaching a photodiode. The Kerr cell contains



Figure 2: Energy dispersive X-ray analysis of two Agnws touching at the tips: silver mapping
(top left), nitrogen mapping (top right), high-angle annular dark field image (bottom left) and
combination of the three signals (bottom right).

the sample, in which stainless steel electrodes are immersed. When an alternating
electric field is applied to the suspension, particle orientation makes the sample
anisotropic and, hence, birefringent. This modifies the light transmitted by the
setup. More information on the experimental device can be consulted in the SI
file.

The electric birefringence is a very suitable technique for the measurement of
particle alignment, since it can detect even very weak orientations. It also offers
very good statistics, as a huge number of particles are evaluated at the same time.
The experiments were repeated several times in order to check that the samples
do not undergo any irreversible process, such as DNA degradation or particle
aggregation.

3. Results and discussion

3.1. The DNA-induced Agnw orientation: experimental results

The average orientation of elongated particles can be described via the orien-
tational order parameter of the system, defined as

S:%<300526—1> (1)



being O the angle between the field that produces the orientation and the symmetry
axis of the particle. This parameter has a value of S = 0,1 for randomly oriented
and perfectly aligned systems, respectively. Here, we study the orientation of sil-
ver nanowires in a calf thymus DNA (CT-DNA) suspension under the application
of an AC electric field.

When non-spherical particles are oriented due to the application of an electric
field, the refractive index n of the sample becomes anisotropic. In this situation,
we can define the electric birefringence of the suspension as An = nj| —n, where
the subscripts refer to the directions parallel and perpendicular to the applied field.
The electric birefringence relates to particle orientation as [S7]:

where Angy is the saturation birefringence, that is, the value of An when parti-
cles are perfectly aligned (S=1). Therefore, we can determine particle electro-
orientation by measuring the electric birefringence of the suspension. The value
of Ang, has been experimentally obtained, as it is presented in the SI file.

Fig.[3|displays the experimental orientational order parameter of the Agnws in
two DNA solutions, as a function of the frequency of the applied electric field. For
comparison purposes, the order parameter of the Agnws in the absence of DNA is
also included in the same graph. This spectrum is qualitatively similar to the ones
presented elsewhere [39, 58] for silver nanowires in aqueous suspension. The only
difference is that, in those works, some orientation due to induced-charge electro-
osmosic flows was observed at low and medium frequencies. In our case, the ionic
concentration is much higher (1 mM NaCl), and such an effect is negligible.

In order to describe the curves in Fig. 3] we consider three different ranges.
For high frequencies (~100 kHz-10 MHz), the Agnws are substantially oriented
both in the presence and absence of DNA. This behaviour is due to the so-called
electro-orientation of the metallic wires, depicted in Fig. dp. In this frequency
regime, silver particles have been shown to undergo a strong polarisation due to
charge separation inside the wire. This causes an induced dipole, and hence a
torque, that aligns the particle along the field direction [39, 58]

In the medium-frequency range (~100 Hz-100kHz), the ions in solution have
time to move and accumulate near the silver nanowires, screening their induced
dipole (Fig.@p). This reduces particle alignment to a nearly null value, as already
observed elsewhere [39,58]]. Both in the high- and medium-frequency ranges, the
value of Sagnws 18 practically identical in the absence and presence of DNA, that
is, the DNA coils do not affect the particle behaviour.
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Figure 3: Spectrum of the orientational order parameter of the Agnws in a 100 mg/L (dark red
square points) and a 50 mg/L (light red diamond points) DNA suspension. The Agnw concentra-
tion is 100 mg/L and the field strength is 8 V/mm. For comparison, the spectrum of a 100 mg/L
Agnw suspension (green solid line) is also shown. A schematic representation of the Agnw-DNA
system in the low-, medium- and high-frequency ranges is displayed above the graph, and further
explained along the text.

For low field frequencies (1-100 Hz), the Agnws still exhibit no overall po-
larisation (Fig. @f). For this reason, no orientation is observed in the case of the
Agnw suspension. Nevertheless, in the Agnw-DNA system, the metallic particles
undergo a strong alignment, comparable to that in the high-frequency range. This
effect (the anomalous low-frequency orientation, hereafter) is observed solely in
the presence of DNA, and hence it must be related to the interplay between the
silver particles and the DNA coils. Moreover, these interactions must occur only
at low frequencies.

Next, we show that the anomalous orientation of the Agnws below 100 Hz
is significantly correlated to the stretching of the DNA coils. For this purpose,
we study the electric birefringence of a DNA sample: when an electric field is
applied to a DNA suspension, an induced dipole appears on the chain segments
of the macromolecules, causing their orientation. This results in extended confor-
mations of the chains, that is, in a deformation of the DNA coils [59]. Images of
the deformation of the DNA coils have been obtained in several works, using dif-
ferent microscopy techniques (mainly fluorescence and atomic force microscopy),
although in these experiments the macromolecule is placed near a surface [60-63].
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Figure 4: Schematic representations of the studied systems under the application of a vertical AC
electric field of (a) 10 MHz, (b) 1 kHz and (c) 1 Hz. The first column shows the polarisation of a
silver nanowire in a NaCl suspension. The red spheres represent Na™ ions, whereas the grey ones
are the C1™ ions. The second, third and fourth columns depict an Agnw, DNA and Agnw-DNA
suspension under the application of the aforementioned electric fields.

The stretching of DNA coils in suspension upon application of an electric field
gives rise to an overall optical anisotropy of the sample, that is, a birefringence
signal [59, 164]. This birefringence is directly related to the degree of deformation
of the DNA coils. Hence, measuring the electric birefringence of DNA allows us
to study the stretching of the macromolecule under the applied fields.

Fig. 5] shows the birefringence spectrum of a 1 g/ DNA suspension in a 1
mM NaCl electrolyte. The negative sign of the DNA birefringence was expected,
and is due to base orientation inside the chains [64} [63]. Moreover, it must be
noted that the DNA birefringence is negligible as compared to that of the Agnws.
In our experiments, it is always ensured that Anpna < 0.02Anagnws. Hence, the



DNA signal can be neglected when studying Agnw-DNA suspensions. The results
found for the birefringence spectrum of DNA are very similar to those reported
elsewhere [59]].
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Figure 5: Spectrum of the electric birefringence of a 1 g/l DNA suspension in a 1 mM NaCl
electrolyte. The field amplitude is 8 V/mm. A schematic representation of the system in the low-,
medium- and high-frequency ranges is displayed above the graph, and further discussed along the
text.

In order to analyse Fig.[5| we consider again different ranges. For medium and
high frequencies, the DNA response is negligible. Inside these regimes, the effect
of the DNA on the Agnw orientation is null, as already discussed (Figs. [3] fp
and Eb). On the other hand, below 100 Hz, the DNA exhibits a birefringence
signal, which indicates the stretching of the DNA depicted in Fig. dc. The DNA
birefringence rapidly grows as the field frequency lowers, a dependence which is
clearly similar to that of Sagnws in the Agnw-DNA systems (low-frequency range
in Fig. [3). From these data, it can be inferred that the alignment of the Agnws in
the presence of DNA is associated with the response of the macromolecule to the
external electric field, which occurs only in the low frequency regime.

The correlation between the low frequency DNA elongation and the orienta-
tion of the Agnws is reinforced by the experimental data in Fig. [f] Here, we show
the alignment of the Agnws in DNA suspension as a function of the DNA concen-
tration (cpna ), for different values of the field frequency. As observed, for 1 kHz,
100 kHz and 1 MHz, the orientation of the Agnws in the Agnw-DNA suspension
is independent of DNA concentration. This is in agreement with the finding that,
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for medium and high frequencies, the DNA does not affect the Agnw orientation.
On the other hand, for the 10 Hz field, the Agnw alignment grows with cpna. This
behaviour was expected, since we concluded that, in the low-frequency range, the
Agnw orientation is induced by the deformation of the DNA coils. This occurs
only for frequencies below 100 Hz, where the dependence with the DNA concen-
tration is indeed observed.

1
L @ * ® ® [ ]
0.8 - e P 1 MHz
=% 10 Hz
- =
g 0.6 [ ]
5 o
<
w 04 I 2m
P
i
02 + * *
e S — T N A— ¥ . A—— 4 100 kHz
M & - & ¥
0 . . Al A A A Al A 4 4 Ak d asl 1 kHz
0 40 80 120 160

DNA concentration (mg/L)

Figure 6: Orientational order parameter of the Agnws in a DNA suspension as a function of DNA
concentration. The field strength is 8 V/mm and the Agnw content 100 mg/L. The points are the
experimental data. The horizontal dotted lines represent the average Sagnws value for 1 MHz, 100
kHz and 1 kHz. The red dotted line is a linear fitting of the 10 Hz data.

In light of these results, we can affirm that DNA deformation under the ap-
plication of a low-frequency electric field can induce a strong alignment on the
suspended Agnws. Elsewhere, the orientation of polymer chains by strong mag-
netic fields has been shown to cooperate with the alignment of embedded car-
bon nanotubes, which also interact with the field [52]]. Moreover, the mechanical
stretching of a polymer film can induce the orientation of gold nanorods or carbon
nanotubes inside it [53,166]. It has also been shown that gold nanorods immersed
in a lyotropic DNA liquid crystal can be aligned by the application of mechani-
cal shear [54]. However, in our case, we do not work with a polymer structure
or a liquid crystalline phase, but rather with semidilute polymer solutions which
behave as newtonian fluids. It is, to our knowledge, the first time that strong par-
ticle orientation due to a fully polymer-induced mechanism has been reported for
such low concentrations. Moreover, in our case we use moderate electric fields
to achieve the particle alignment, and not mechanical forces or strong magnetic
fields.
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More information can be extracted from the dynamic behaviour of the Agnw
orientation, which is analysed in the SI file. Interestingly, the orientation time is
visibly different for low (1.03 s) and high frequencies (1.85 s). This further sup-
ports the existence of different orientation mechanisms in these two regimes. The
effect of the Agnw concentration is also presented in the SI document. We found
that Sagnws 1s independent of particle concentration, which rules out any interac-
tion amongst the silver nanowires [39]. The orientation of the Agnws in a DNA
suspension has also been studied via microscopy observations (see SI file). More-
over, in the SI document, further data on the birefringence of DNA are presented,
including measurements for different concentrations and molecular weights.

3.2. The underlying mechanism of polymer-induced orientation

The DNA-induced low-frequency orientation of the Agnws, presented above,
indicates that there must exist an interplay between the DNA and the silver nanowires.
Here, we propose that this interaction is related to excluded-volume effects: when
the DNA coils are stretched by a low-frequency electric field, the volume available
for the Agnws becomes anisotropic, favouring the alignment of the nanoparticles.
In this case, the mechanism should not be exclusive of DNA, but rather we expect
other macromolecules to exhibit a similar behaviour.

In Fig.[7a we analyse the order parameter of the Agnws in two different sus-
pensions of poly(ethylene oxide) (PEO). We use short and long PEO chains, with
an average molecular weight of 35 kDa (PEO 35k) and 4 MDa (PEO 4M) respec-
tively. This corresponds approximately to a contour length of L.=280 nm and
L.=32 um. In this Figure, it can be observed that the anomalous low-frequency
effect is also present in these systems, showing that the polymer-induced orienta-
tion is not exclusive of DNA. Moreover, we find that, for the same polymer, longer
chains give rise to a more pronounced anomalous effect.

This is further supported by the data in Fig. [/b, which shows the results ob-
tained for different Agnw-DNA suspensions. Here, it can be observed that the
already used calf thymus DNA (CT-DNA, ~15 kbp, L.=5.1 um [67]]) induces a
larger Agnw orientation than shorter salmon testes DNA chains (ST-DNA, ~2
kbp, L.=0.68 um [68]). From these data, we can conclude that the polymer-
induced Agnw orientation is enhanced with L.. This behaviour was expected,
since the radius of gyration grows with the contour length [69], and hence longer
polymers are associated to larger excluded volumes.

Despite this, it must be noted that the Agnw-PEO 4M system exhibits a very
small anomalous effect as compared to both types of DNA. Indeed, even though
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Figure 7: Spectra of the orientational order parameter of the Agnws in suspension with different
polymers: (a) Agnws and PEO with the indicated molecular weights; (b) Agnws and calf thymus
or salmon testes DNA; (c) Agnws and PAA in acid or neutral pH conditions. In the case of Agnw-
PEO, polymer concentration is 500 mg/L and the field strength 20 V/mm. For the Agnw-DNA and
Agnw-PAA systems, polymer concentration is 100 mg/L and the field strength is 8 V/mm. The
Agnw concentration is always 100 mg/L.

PEO 4M is the longest polymer used in this work, in order to observe the low-
frequency orientation it was necessary to use an electric field 2.5 times more in-
tense and a suspension five times more concentrated than in the case of DNA.
This shows that the analysis of the contour length is not sufficient to characterise
the behaviour. Instead, the persistence length, L,,, also seems to play an important
role.

To study such a dependence, we use poly(acrylic acid), hereafter referred to as
PAA. This polymer has been prepared in two different manners. First, we use it
with its natural (acid) pH, under which it assumes a partially coiled configuration
due to strong hydrogen bonding. Secondly, we set the pH to a higher (close to
neutral) value. Under this condition, the PAA chain acquires a negative charge,
and electrostatic repulsion increases the persistence length, favouring the uncoil-
ing of the polymer [[70]. The results are shown in Fig.[7c, where it can be observed
that the anomalous low-frequency effect is considerably larger for the PAA with
neutral pH.
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In light of these results, it can be concluded that the persistence length has a
critical impact on the low-frequency Agnw orientation, which is greatly enhanced
for stiffer polymers. For this reason, DNA provides the best results, since this
macromolecule is known to exhibit a particularly large value of the persistence
length. This behaviour is in agreement with our hypothesis based on excluded-
volume interactions, since an increase in L), translates into a larger radius of gyra-
tion of the polymer [69], and hence a larger excluded volume.

Lastly, it must be noted that, according to our hypothesis of anisotropic excluded-
volume interactions, the polymer-induced orientation should occur not only for
the Agnws, but also for other particles with a similar geometry. In order to check
this, we studied sepiolite-DNA suspensions. The experimental data are shown
in the SI file. We found that the anomalous effect is indeed present also in this
system, so it is not exclusive of the metallic wires. These results show that the
low-frequency polymer-induced orientation is a phenomenon common to differ-
ent systems of a polymer and elongated particles.

3.3. Simulation of the polymer-induced Agnw orientation

In order to further understand the DNA-induced orientation of the Agnws
under low frequency AC electric fields, we have performed a simulation of the
Agnw-DNA systems. For the interplay between the polymer and the particles,
we consider only anisotropic excluded-volume interactions, since we propose that
this is the underlying mechanism giving rise to the anomalous effect.

For the modelling of the polymer, we consider a freely jointed chain of Nk
Kuhn segments of length Ly = 2L,, [69]. The used value of the persistence length
is 65 nm, reported for DNA in a 1 mM NaCl electrolyte [71]. The number of
Kuhn segments is given by the contour length (Nx = L./Lg). In the absence of
a low-frequency electric field, we perform an isotropic random walk of the Kuhn
segments, and calculate their root mean square distance to the center of mass of
the polymer, that is, the radius of gyration. For the simulation, the polymer coils
are substituted by spheres with this radius.

On the other hand, in order to study the polymer in the presence of a low-
frequency electric field, the coils must be modelled as spheroids instead of spheres.
To obtain the spheroid dimensions, we again study the macromolecule as a freely
jointed chain. However, in this case we perform a walk with a preferential orien-
tation along the field direction. For this purpose, we choose a continuous angular
probability distribution of the Kuhn segments, with a tunable maximum in the di-
rection of the electric field. A more pronounced probability peak results in more
oriented Kuhn segments and hence a more elongated coil.
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The equivalent spheroid semiaxes, a and b, are obtained by calculating the root
mean square distance of the Kuhn segments to the center of mass, in the directions
parallel and perpendicular to the external field respectively. These dimensions are
related to the average order parameter of the Kuhn segments, Sk, defined as given
by Eq.[ll Such orientation can be tuned by modifying the probability distribution
of the anisotropic walk of the Kuhn segments. Hence, the degree of stretching
of the DNA coils can be empirically taken into account in our simulation. More
details on the modelling of the polymer coils can be consulted in the SI file.

In the next step, we randomly place the equivalent spheres or spheroids in a
unit volume, allowing some overlap. In order to do so, we use the intercoil poten-
tial provided elsewhere [72]. When placing the spheroids, their longest dimension
must be always kept along the field direction. The number of polymers per unit
volume is calculated from the experimental DNA concentration value. Lastly, the
Agnws are modelled as infinitely thin wires with a length of 1.8 um.

As explained, in our simulation the presence of the low-frequency electric
field is mimicked by a tunable elongation of the DNA coils, with no direct effect
on the Agnws. This is based on the experimental finding that, for low frequencies,
electric fields do not cause any orientation of the silver wires in the monodisperse
suspension (see Agnws in Fig. [3). Nonetheless, in the bidisperse system, the
silver nanowires are constrained by the presence of the elongated DNA coils: in
the simulation, we place an Agnw in the DNA suspension, and only if the position
yields no overlap with the spheroids, it is allowed. The process is iterated until
5,000 permitted positions have been studied. The orientational order parameter
of the silver nanowires (Eq. [I)) is obtained as the average value of all allowed
configurations. Further details on the simulation procedure can be found in the SI
document.

Fig. 8| displays images of the simulated system in different conditions. A por-
tion of 3x3x3 um? of the system is shown. The purple spheroids are the DNA
coils inside this region (there are more coils on the border, but they have been
removed from the image to facilitate the visualization). The green segments rep-
resent 100 allowed positions of a single Agnw. That is, these lines are not different
Agnws, but possible positions of one particle. This is important, since the Agnw
concentration is very small (1 Agnw in 7x7x7 um? for an Agnw concentration of
100 mg/L, see Sl file).

In Fig. @a, it can be observed that, for the more concentrated sample, the Agnw
is more constrained and therefore more aligned. Fig.[8b shows that, when no elec-
tric field is applied (spherical coils), the excluded volume, and hence the Agnw
orientation, are isotropic. In contrast, when the DNA coils are deformed due to
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Figure 8: Representation of the Agnw-DNA system for different values of (a) the concentration,
(b) the elongation, (c) the contour length, and (d) the persistence length of the DNA, as provided
by our simulation. Unless indicated otherwise, cpna=100 mg/L, e=0.8, L.=5.1 um and L,=65 nm.
The purple spheroids are the DNA coils and the green segments represent 100 allowed positions
of a single Agnw. The side of the cube is 3 um.

the application of an AC electric field, the Agnw presents a preferential orienta-
tion along the field direction. Lastly, in Figs. [Sc and [8d it can be observed that,
when L, or L, are increased, the excluded volume grows and the Agnws are more
aligned.

Fig. Ela shows the value of Sagnws as a function of DNA concentration, as cal-
culated by our simulation. In this computation, the DNA elongation (¢ = £ — 1)
presents a value of e=0.8. For comparison, we also include the experimental re-
sults from Fig. [ at 10 Hz. As observed, the simulation correctly predicts the
linear dependence of the Agnw orientation as a function of cpna, below the over-
lap concentration (~110 mg/L). This qualitative agreement shows that the sim-
ulation, although somewhat limited, is able to capture the essential features of
the low-frequency effect in particle-polymer suspensions. Quantitative agreement
can also be considered satisfactory for the chosen value of the elongation. Since
the excluded volume is proportional to the DNA concentration, in light of these
results we can write, as an approximation, Sagnws o cpNA < Vex. This dependence
is reasonable taking into account that the basis of our model is that the orientation
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of the Agnws is due to anisotropic excluded-volume effects.
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Figure 9: Simulation results of the orientational order parameter of the silver nanowires as a
function of (a) DNA concentration, (b) coil elongation, (c) contour length of the chains, and (d)
persistence length of the polymer. Unless indicated otherwise, cpna=100 mg/L, e=0.8, L,=65 nm
and L.=5.1 um. The grey points represent the simulation results. The coloured lines are fittings of

these data to the Sagnws o< Vex o< cDNA» SAgnws o Vex o< Li/ % and Sagnws < Vex o L;/ 2 dependencies.
In (a), we also display the experimental results (coloured points) for comparison.

Fig. Ob shows the simulation results as a function of DNA elongation. The
anomalous low-frequency effect grows with e, as expected, since Agnw orienta-
tion is induced by the anisotropy in the excluded volume. Indeed, it has been
experimentally shown that the deformation of the DNA and the Agnw orientation
at low frequencies are correlated: they both grow rapidly as the field frequency
lowers, in a similar manner (Figs. 3] and [5)). Our simulation qualitatively repro-
duces this correlation.

The results as a function of L. are presented in Fig. [Ok. As observed, our
simulation predicts a more pronounced anomalous effect for larger values of the
contour length, in agreement with the experimental results found for the PEO and
the DNA with different molecular weights (Figs. [7a and [7b). The shape that our
simulation predicts for this dependence can be qualitatively understood following
the suggestion that Sagnws > Vex, which was already stated for the concentration
dependence and supported by the experimental data. In the case of the contour

length, Sagnws < Vex o< Lg/ 2 (see Sl file) [69]]. As shown in the Figure, the simula-
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tion data could indeed be suitably fitted to this dependence.

In Fig. 9d we display the order parameter given by the simulation for differ-
ent values of L,. As expected, the Agnw orientation grows with the persistence
length, in line with the experimental results obtained for the PAA (Fig. [7c). In
a similar manner to the previous case, the simulation data could be fitted to the

Sagnws < Vex o< L?,/ 2 dependence (see Sl file).

4. Conclusions

In this work we have found that, under low frequency electric fields, DNA
coils can induce a strong alignment on silver nanowires (Agnws) in suspension.
This orientation is due solely to the presence of the DNA chains, and disappears
completely for bare Agnw samples. Moreover, we experimentally show that this
effect occurs also for Agnw-Poly(ethylene oxide), Agnw-Poly(acrylic acid) and
sepiolite-DNA suspensions. Hence, the phenomenon is not exclusive of Agnws
and DNA, but rather can be considered characteristic of particle-polymer systems.

Furthermore, we propose that this polymer-induced particle orientation occur-
ring at low frequencies is due to anisotropic excluded volume interactions, which
arise upon deformation of the polymer coils by the applied electric field. This
hypothesis is supported by different experimental results, namely, the correlation
between the Agnw orientation and the DNA stretching, the proportionality with
the polymer concentration and the enhancement of the effect for longer and stiffer
polymers. In addition, a computer simulation of the particle-polymer system has
been presented, allowing to satisfactorily describe the experimental findings.

The controlled alignment of nanoparticles is a challenging topic, and neces-
sary for many applications. Other approaches for polymer-mediated particle ori-
entation are based either on polymer structures or a liquid crystalline phase [22,
54]]. In the present investigation, polymer-induced orientation can be achieved
using even dilute polymer solutions. We consider that this novel effect presents
high prospects for particle orientation, since we have shown that it can be tuned
by several parameters and that it occurs for particles and polymers of different
nature. The phenomenon is most significant when DNA is used as the polymeric
medium, since it is greatly enhanced by the persistence length.

Our results open up the possibility of exploring more complex systems. For
instance, more concentrated polymer suspensions, well above the overlap concen-
tration or even above the entanglement concentration, could lead to non-linearity
or even to new behaviours. Polymer cross-linking may also have interesting ef-
fects and, for example, curing of the polymer could fix the alignment of the par-
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ticles. The use of polymer mixtures, in which cooperative or antagonistic effects
may arise, could also be considered.
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