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ABSTRACT: Aligning large populations of colloidal nanorods (NRs) into 0
ordered assemblies provides a strategy for engineering macroscopic @

functional materials with strong optical anisotropy. The bulk optical 011 @y )
properties of such systems depend not only on the individual NR building 2
blocks but also on their meso- and macroscale ordering, in addition to
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more complex interparticle coupling effects. Here, we investigate the % g degree of ord
dynamic alignment of colloidal CdSe/CdS NRs in the presence of AC
electric fields by measuring concurrent changes in optical transmission. -031 m

Our work identifies two distinct scales of interaction that give rise to the
field-driven optical response: (1) the spontaneous mesoscale self-assembly -0.4 1
of colloidal NRs into structures with increased optical anisotropy and (2)
the macroscopic ordering of NR assemblies along the direction of the
applied AC field. By modeling the alignment of NR ensembles using
directional statistics, we experimentally quantify the maximum degree of
order in terms of the average deviation angle relative to the field axis. Results show a consistent improvement in alignment as a
function of NR concentration—with a minimum average deviation of 36.2°—indicating that mesoscale assembly helps
facilitate field-driven alignment of colloidal NRs.
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only by the individual NR building blocks but also by their
meso- and macroscale ordering, as well as more complex
interparticle coupling effects.'®'” Numerous techniques for
collective alignment of NRs have been explored,” and they
can be broadly classified into two approaches: (1) taking
advantage of the self-assembly of colloidal NRs into super-
lattices” ~** and (2) applying external stimuli such as
mechanical rubbing,* electric fields,”*™* or magnetic fields*’
to promote orientation along a preferred axis.

To date, there has been significant progress studying the
alignment of colloidal SC NRs in solution by AC electric fields
as a strategy for producing functional materials with strong

widely studied as potential building blocks for

optoelectronic devices'~” due to their strong optical
anisotropy, tunable band-edge emission, and near-unity
photoluminescence (PL) quantum yield."~'' These one-
dimensional nanocrystals exhibit stronger quantum confine-
ment'” perpendicular to their long axes, which modifies the
spatial distribution of photoexcited charge carries, giving rise to
pronounced optical anisotropy in the form of linearly polarized
absorption and emission of light (see Figure 1).”"" Recent
advances in nanoparticle synthesis have further enabled precise
control of size, composition, and morphology, affording

C olloidal semiconductor nanorods (SC NRs) have been

tailored spectral- and angle-dependent absorption and
emission patterns in these and related nanocrystalline
materials." "

The distinctive optical properties of individual NRs can be
exploited at the macroscopic scale by assembling large
populations of NRs into ordered superstructures. For instance,
several studies have highlighted the promise of aligned
anisotropic luminophores for application in luminescent solar
concentrators”>'® and liquid crystal displays.'®'” The
ensemble properties of NR assemblies are determined not
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electro-optic modulation of optical anisotropy, typically in the
0.5—10 kHz frequency regime.””*" The underlying mechanism
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Figure 1. (a,b) Transmission electron micrographs of CdSe/CdS
nanorods. (c) Absorbance, photoluminescence (normalized), and
ensemble fluorescence anisotropy spectra (inset: PL emission of
colloidal CdSe/CdS NRs under UV illumination).

is based on torquing the electrostatic dipole moment in NRs—
largest along the long axis—by means of an externally applied
electric field, Ieadin% to collective alignment of NRs parallel to
the field direction.”” Previous reports have attributed the
electrostatic dipole moment in cadmium chalcogenide NRs to
an intrinsic permanent dipole moment arising from their non-
centrosymmetric wurtzite crystal structure.”> Additionally, in
the presence of an external electric field, induced dipole
moments may also contribute to the overall electrostatic dipole
moment along the long axis.”’

The alternating magnitude of an applied AC field causes the
NR ensemble to oscillate between aligned and randomly
oriented configurations. Since NRs preferentially absorb light
with polarization that is parallel to their long axes, switching
between aligned and random conﬁ§urations can give rise to a
periodic change in absorbance,””*""*” up to a relative change of
53%, as demonstrated by Mohammadimasoudi et al.”’ In a
typical geometry (see Figure 2a), where the sample is excited
with light that is polarized perpendicular to the electric field,
the absorbance of the sample decreases with an increasing
degree of alignment. This manifestation of the AC field-driven
ordering in the time-dependent absorbance signal has been
used to quantify the alignment in a NR ensemble, with the
highest possible degree of order targeted as the most beneficial
for optoelectronic applications.

Recent studies have reported partial’’ and quasi-complete””
alignment of SC NRs in the presence of AC electric fields
based on the field-induced relative change in absorbance.
These reports, however, interpret data under the assumption
that individual NRs are isolated in solution, and that the
ensemble response can be attributed to the collective behavior
of the individual isolated NRs.
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Figure 2. (a) Schematic representation of the experimental setup.
(b) Alignment of NRs in the presence of an AC field when the
magnitude of the applied voltage is equal to (1) zero and (2) the
peak voltage. (c) Variation of applied field strength (bottom) and
concurrent percent optical transmittance (top) as a function of
time for a 2 pM colloidal dispersion of CdSe/CdS NRs in the
presence of a 2 kHz, +7 V/um AC electric field.

Yet, growing evidence suggests that more complex
interactions may be involved in the dynamic alignment of
NRs. For example, colloidal SC NRs have been shown to
spontaneously self-assemble into aggregated, microscale
bundles in solution at concentrations as low as 1 uM.*°
Moreover, several previous studies indicate that the energetics
associated with aligning individual NRs in an externally applied
field—up to field strengths that cause dielectric breakdown of
the solvent system—minimally counteract the thermal energy
of free rotation, if at all.>”*" Instead, synergistic effects between
NRs may be partially responsible for the observed alignment.
In this alternative picture, bundles or aggregates of NRs in
solution are more polarizable by externally applied electrostatic
fields compared to individual NRs, thereby enabling the
pronounced field-driven response that is observed.

Solution-phase self-assembly into bundles is also likely to
modify the absorption anisotropy and other optical properties
of colloidal NRs. For example, Pietra et al. observed increased
linear dichroism when solutions of self-assembled NR bundles
were placed in strong magnetic fields.”” The spontaneous
aggregation of NRs into bundles—even in the absence of any

https://doi.org/10.1021/acsnano.1c08488
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external fields—complicates interpretations of ordering during
optical measurements. Thus, ascertaining the optical aniso-
tropy and related properties of the predominant NR species,
i.e, isolated NRs or NR bundles, is critical for accurately
quantifying the degree of field-driven ordering.

In this study, we investigate the alignment of colloidal
CdSe/CdS core/shell NRs by probing the AC field-driven
optical response. A statistical model based on a third-order von
Mises—Fisher distribution,®* ie., a normal distribution
describing three-dimensional vector orientations, is used in
conjunction with ensemble fluorescence anisotropy measure-
ments to determine the average NR orientation relative to the
direction of the applied field. We examine how varying the
concentration of NRs impacts their electro-optic response and
ensemble anisotropy to gain further insight into the
spontaneous mesoscale self-assembly.

An important insight from our study is the different scales of
interaction that give rise to the macroscopic optical response.
We see clear evidence for the aggregation or self-assembly of
NRs in solution manifest as increased optical anisotropy
compared to that of isolated NRs, as well as features consistent
with aggregate formation in small-angle X-ray scattering
(SAXS) studies. Further, we observe that these self-assembled
aggregates are more readily aligned by an external electrostatic
field, giving rise to a greater overall orientational order as well
as stronger field-driven modulation of absorbance. Our
approach highlights the contrasting electrokinetic behavior of
individual versus aggregated NRs and allows for quantitative
determination of the degree of order using an optical analysis
that accounts for these mesoscale self-assembly effects as well
as the macroscopic field-driven behavior of the entire
ensemble.

RESULTS AND DISCUSSION

Optical Response of Colloidal CdSe/CdS NRs. The
field-driven alignment of colloidal CdSe/CdS core/shell NRs
was investigated by measuring their time-dependent optical
response in the presence of alternating current (AC) electric
fields. Dodecane-based dispersions of CdSe/CdS NRs were
loaded into SO ym thick sample cells (Figure SS in Supporting
Information) and exposed to uniform AC fields, as depicted in
Figure 2a. In order to avoid accumulation of NRs at the
electrodes, a sufficiently high AC frequency (2 kHz) was
chosen, ensuring that the dynamic alignment of NRs occurs at
a faster time scale compared to the cell transit time of any
charged species.”” Concurrently, the time-dependent optical
transmittance of the samples was monitored at 405 nm using a
collimated light source and a photoreceiver (see Figure 2a).
The CdSe/CdS NRs used in this study were synthesized
following a procedure35 described in literature, and the
material properties of the samples were characterized using
transmission electron microscopy (TEM), powder X-ray
diffraction (XRD), and UV—vis spectroscopy (Figure 1), in
addition to optical anisotropy measurements detailed below.

Figure 2c shows the transient optical response of a 2 yuM
dispersion of NRs in the presence of a +7 V/um AC field. The
transmittance of the sample fluctuates in response to the
periodic alignment and relaxation via rotational diffusion of
NRs. At zero field strength (1), the NRs are randomly oriented
in solution (see Figure 2b), and the transmittance is at a
minimum (maximum absorbance). However, as the field
strength is gradually increased, the NRs begin to align parallel
to the field direction—and perpendicular to the polarization of
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the incident laser beam—resulting in an overall decrease in
absorbance and, consequently, an increase in transmittance. At
peak field strength (2), the transmittance reaches a maximum,
indicative of the system having reached a maximum degree of
alignment for that magnitude of applied field. The rapid
alignment and relaxation of NRs which occur at a millisecond
time scale can be perceived by the naked eye as a time-
averaged increase in optical transmission (see Figure 3b).
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Figure 3. Overhead view of a 2 uM dispersion of CdSe/CdS
nanorods under UV illumination in the presence of (a) no applied
field and (b) a +24 V/um AC field. (c) Variation of AA/A, as a
function of field strength measured for samples with different NR
concentration.

The magnitude of the periodic absorbance shift is correlated
with the degree of alignment in the NR ensemble: higher
degrees of order result in larger shifts in absorbance. The
relative change in absorbance (AA/A,) has been proposed as a
quantitative measure of ensemble alignment that is independ-
ent of external factors such as cell thickness, NR concentration
or laser power (eq 1).”

AA A

peak AO

Ay Ay (1)

describes AA/A, in terms of the absorbance at peak voltage
(Apear) and the absorbance when no external field is applied

0)-

The variation of AA/A, was recorded as a function of field
strength for five different NR concentrations (Figure 3c). In
each case, the magnitude of AA/A; was found to increase with
field strength and saturate at approximately 15 V/um, showing
excellent agreement with previous studies.”” However, the
limiting optical response exhibits a strong dependence on NR
concentration: AA/A, saturates at more negative values for
samples with higher NR concentration, suggesting an overall
improvement in ordering. We believe that the trend in AA/A,
can be attributed to interparticle interactions that facilitate
alignment, in particular, the spontaneous self-assembly of

https://doi.org/10.1021/acsnano.1c08488
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colloidal NRs into rafts or bundles, an effect that has been
observed in similar colloidal systems.”’ Increasing the NR
concentration likely enhances the free-energy driving force for
the formation of aggregates, resulting in an augmented electro-
optic response.’’ Following the work of Pietra et al, we
performed SAXS measurements to verify the existence of said
aggregates (see Figure S9 in Supporting Information). Our
results show the emergence of a broad peak centered around
~0.7 nm™! as the NR concentration is increased, suggesting
the formation of aggregates in solution.

It is important to note that the field-induced optical
response of NRs depends not only on their ordering in
solution but also on the ensemble optical anisotropy of the
colloidal species. For example, given the same degree of order,
NRs with a more ideal dipolar absorption pattern would
produce a larger shift in absorbance compared to NRs with a
more isotropic absorption pattern. Therefore, quantitatively
analyzing the absorption anisotropy of the colloidal species is
crucial for accurate determination of the overall ordering.

Ensemble Optical Anisotropy Measurements. The
optical anisotropy of SC NRs is typically determined either by
measuring the ]i)olarization—dependent PL emission from
individual NRs”"" or by measuring the ensemble fluorescence
anisotropy’ " of samples in solution. Here, we employ the
latter approach as it samples the entire NR ensemble” and
preserves any superstructures that may form in solution. In a
typical experiment, a random ensemble of NRs is excited by a
vertically polarized source that selectively excites transition
dipoles based on the projection of these dipoles parallel to the
polarization axis of excitation.”'***” The PL emission from
excited NRs is measured at an angle of 90° relative to the
excitation beam, through a vertical or horizontal polarizing
filter (see Figure S6 in Supporting Information). The ensemble
fluorescence anisotropy (r) is defined according to eq 2:

r= -

I+ 2L )
where I; and I, are the vertically and horizontally polarized
emission intensities, r¢.=,spectively.36’37

The anisotropy of a random ensemble of emitters can, in
theory, range between —0.2 and 0.4 depending on (1) the
intrinsic dipole moment of the optical transition and (2)
depolarization due to mismatch of excitation and emission
dipole moments—typically caused by rotational diffusion
between the excitation and emission events. The latter effect,
while prominent in dichroic dyes,”**” can be regarded as
negligible in SC NRs as the rotational diffusion rate (>1 us),
even in low-viscosity solvents at room temperature, is
significantly slower compared to the fluorescence lifetime
(10—50 ns)."” Dilute solutions of CdSe/CdS NRs have been
experimentally shown to exhibit a peak anisotropy of ~0.2 for
near band-edge excitation and consistently lower values (~0.1)
at higher energy excitation (Figure 1c).”~"" Samples with no
optical anisotropy show values of r = 0, whereas ensembles of
randomly oriented ideal dipoles show r = 0.4.°%*

While conventional fluorescence anisotropy offers insight
into the overall dipole nature of the collective absorption—re-
emission process, by itself, it is unable to independently
determine the absorption and emission anisotropies. We have
developed an alternative technique that complements conven-
tional fluorescence anisotropy measurements, facilitating the
independent characterization of the absorption dipole. Our

3837

method involves the excitation of a colloidal sample with
circular-polarized light and the collection of PL emission at an
angle of 90° relative to the excitation axis. The ensemble
anisotropy in this case (r.) is calculated using the same
expression as before (eq 2). However, the contrasting
photoselection of transition dipoles arising from the distinct
polarization mode results in an altered dynamic range for
anisotropy values. Random ensembles of isotropic (r = 0) and
ideal dipole (r = 0.4) emitters would yield values of r, = 0 and
r~ = 0.25, respectively. Taken together, the values of r and r,
define a system of equations that can be solved for the
absorption anisotropy and emission anisotropy independently
(see Supporting Information for complete derivation of this
method).

Figure 4a shows the conventional (solid blue markers) and
circular-polarized (solid green markers) ensemble anisotropy
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Figure 4. Variation of (a) ensemble fluorescence anisotropy of
CdSe/CdS NRs at 405 nm and (b) corresponding absorption and
emission dipole coefficients plotted against NR concentration.

of CdSe/CdS NRs recorded as a function of NR concen-
tration. The strong spectral dependence of anisotropy in SC
NRs (Figure Ic) requires that the ensemble anisotropy
measurements be carried out at the same excitation wavelength
(405 nm) as in the AA/A, measurements. As evident from
both trends, the variation of ensemble anisotropy reveals a
strong dependence on NR concentration, which we interpret
as three regimes of contrasting behavior.

In the dilute regime (<0.125 uM), the anisotropy remains
consistent and comparable to previously reported values,” ™"

https://doi.org/10.1021/acsnano.1c08488
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suggesting that NRs exist as individual isolated particles in
solution. However, at intermediate concentrations (0.125—0.5
uM), both anisotropy values increase with increasing NR
concentration. We attribute this positive correlation to the self-
assembly of NRs leading to the formation of mesoscale
structures that have more ideal transition dipoles compared to
individual NRs. This hypothesis concurs with proposed
colloidal-phase NR assemblies® in which NRs are aggregated
in a side-by-side manner so that their long axes are coaligned.
The decrease in anisotropy observed at higher concentrations
(>0.5 uM) can be attributed to multiple scattering and/or
multiple reabsorption and re-emission events, typical artifacts
in ensemble anisotropy measurements when incident photons
interact with more than one species before reaching the
detector.”” In order to estimate the vertical- and circular-
polarized anisotropies of the NR colloids independent of these
artifacts intrinsic to the measurement, we have extrapolated the
positive trends observed in the 0.125—0.5 yM regime (hollow
markers). This extrapolation aids further analysis provided
below, though we acknowledge that this approximation is not a
rigorous assessment of the true anisotropy but is, instead, a
rough estimate pertaining to the limiting case where the
anisotropy values continue to increase with increasing NR
concentration. For the sake of simplicity, linear trendlines (on
a logarithmic x-axis) were used to extrapolate the data in the
high-concentration regime.

While NRs exhibit strong linearly polarized absorption and
emission, their optical behavior deviates from those of ideal
dipoles, in part, due to features of their band structure.”
Previous studies have treated this nonideal optical behavior by
considering a linear combination of isotropic and dipole
character.”” Using a similar approach, we have derived (see
Supporting Information) theoretical expressions for vertical-
and circular-polarized ensemble anisotropy of NRs, where the
dipole nature of absorption and emission is defined using the
linear interpolation parameters y, and y,, respectively. These
parameters are mutually independent and can each range from
0 to 1, with O representing isotropic absorption/emission and 1
representing ideal dipole absorption/emission. As detailed in
the Supporting Information, the correlation between the
ensemble anisotropies (r and r.) and the two dipole
coeflicients can be solved as a system of simultaneous
equations to independently determine y, and y..

Figure 4b depicts the concentration-dependent trends of y,
(purple markers) and y. (red markers), each calculated using
measured (solid markers) as well as extrapolated (hollow
markers) ensemble anisotropy data. In the dilute regime
(<0.125 uM), the two coefficients remain constant (~0.76)
and approximately equal to one another. However, as the
solutions become more concentrated—and presumably, more
aggregated—y, begins to dominate, approaching near-unity at
the highest concentration. The variation of y, follows a less
conclusive trend: the calculated values decrease on average
with increasing NR concentration, although the extrapolated
values show a clear increase.

Theoretical Model. In order to translate the measured
AA/A, and ensemble anisotropy data into a quantitative
measure of the orientational order, we developed an expression
that predicts AA/A, in terms of (1) the intrinsic absorption
anisotropy of the colloidal species and (2) the degree of field-
driven macroscale ordering. The absorbing species could be
either an individual isolated NR or a self-assembled NR

3838

bundle. Our model simply assumes an arbitrary absorber/
emitter with an intrinsic optical dipole.

The collective ordering of absorbers along the axis of the
driving AC field is modeled using a third-order von Mises—
Fisher distribution.>* The probability (f,) of an absorber being
oriented along an arbitrary direction (r) can be expressed
according to eq 3:

fP (r; by k) = exp(ku’r)

K
27(ef — ™) (3)
where the parameters g and k represent, respectively, the
direction of the externally applied field and the so-called focus
factor. The parameter k¥ can take on any value from 0
(randomly oriented ensemble of emitters) to infinity (perfectly
aligned ensemble of emitters) and is directly correlated with
the average deviation angle (6) of the emitters relative to the
unit vector g (see Figure S10 in Supporting Information).

According to Beer’s law, the absorbance (A) of a colloidal
dispersion of nanoparticles can be expressed as shown in eq 4:

N i
*)

In 10

where ¢ is the concentration, | is the path length, and 7 is the
average attenuation cross section.”®

This formalism can be adapted to calculate the absorbance
of an ordered ensemble of NRs or NR bundles considering the
angle-dependent absorption cross section of individual
absorbers. If each particle behaves as an ideal dipole absorber,
the attenuation cross section (o) of an arbitrarily oriented
absorber excited by linearly polarized light (along the X—Z
plane in Figure S) is related to its zenith (6) and azimuth (¢)
angles according to eq 5:

6(0, @) = k sin® 0 cos® ¢ (5)

where k represents a proportionality constant.
The average attenuation cross section of an ensemble (G)
can be calculated according to eq 6:

70 = [ [ 4,0, 0)0(0, )it (©

by integrating the single-particle attenuation cross section (o)
weighted by the normalized probability density of orientations
(f,)- The angles 6 and @ represent the zenith and azimuth
angles of an arbitrary absorber, respectively.

Combining eq 4 and eq 6 yields eq 7:

A=(NACI) /Ozn /O”fp(e, 9)o(6, ¢)dody o

In 10
which describes the ensemble absorbance (A) in terms of
concentration (c), path length (I), and single-particle cross
section (o).
Substituting for absorbance in eq 1 negates the dependence
on concentration and path length, resulting in eq 8:

AA  &(k) —a(k=0)

4, o(k=0)

(8)

which can be used to calculate the relative change in
absorbance (AA/A,) as a function of the focus factor (k).
The predicted AA/A, decreases with increasing order and
saturates at a minimum value as the system approaches
complete alignment (k — ©0), i.e,, when the transition dipoles
align perpendicular to the polarization axis of the excitation.

https://doi.org/10.1021/acsnano.1c08488
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Figure S. Orientation of an arbitrary emitter (r) and applied field
direction () defined in terms of zenith (f) and azimuth (@)
angles based on a Cartesian coordinate system. The axis of optical
excitation polarization lies along the X—Z plane. The emitter could
be an individual isolated NR or a self-assembled NR bundle
(inset).

For an ensemble of ideal dipoles, this limiting value of AA/A,
would be equal to —1 due to the complete absence of an
absorption cross section when fully aligned (6(c0) = 0). In the
case of real NRs, however, the correlation between k and AA/
Ay is less trivial as their optical behavior deviates from that of
ideal dipoles.

In order to approximate the angle-dependent absorption
cross section of a real NR, we modify the expression for the
single-particle absorption cross section of an ideal dipole (eq
S) according to eq 9:

c(0) = kly, sin® @ cos’ ¢ + (1 — )(a)] 9)

where the aforementioned parameter, y, (0 < y, < 1),
describes the dipole character of an individual absorber, i.e.,
how closely its absorption resembles that of an ideal dipole (y,
= 1) or an isotropic emitter (y, = 0).

Using the correlation between AA/A, and « (eq 8), we have
calculated the degree of order in each sample in terms of the
average (f) and statistical standard deviation (SD) of the
deviation angle of emitters relative to the field axis (¢). Table 1
summarizes the limiting AA/A,, vertical- and circular-polarized
ensemble anisotropy and maximum degree of order for each

sample. For NR concentrations above 0.5 yM, we have also
included estimated values of 6 and SD obtained using
extrapolated ensemble anisotropy data (hollow markers in
Figure 4a).

In the regime where anisotropy measurements are free of
scattering artifacts (<0.5 uM), the average deviation angle
decreases with increasing NR concentration, suggesting that
macroscopic field-driven ordering improves as the degree of
mesoscale self-assembly is increased. That is, it appears that
NR aggregates align more easily and order more completely
compared to individual isolated NRs.

At higher NR concentrations (>0.5 yM), the ensemble
anisotropy values—and thereby, the dipole coeflicients—are
affected by scattering and/or reabsorption of fluorescent
emission. While we have taken measures to reduce the impact
of these artifacts, specifically, by using a narrow cuvette with a
shorter fluorescence path length (~2 mm), we understand that
these artifacts may still influence the final analysis. To correct
for this potential complication, we have also calculated average
deviation angles using extrapolated ensemble anisotropy data.
As summarized in the last two columns of Table 1, this
correction appears to lower the degree of ordering above 0.5
H#M, compared to the respective fitted values. Nevertheless, the
extrapolated degree of order continues to increase as a function
of NR concentration.

Finally, we note that we have also performed studies to
promote the formation of NR bundles by adding a varying
amount of antisolvent that decreases colloidal stability (see
Figure S8 in Supporting Information). Our results are
consistent with the dependence on NR concentration
discussed above: the ensemble anisotropy increases with
increasing concentration of antisolvent (decreasing colloidal
stability).

Overall, these results support our hypothesis that the
electro-optic response arises due to separate contributions
from (1) the optical anisotropy of mesoscale NR assemblies
that form in the absence of applied fields and (2) macroscopic
ordering imposed by the electrostatic forces of the driving AC
field. The greater magnitude of AA/A, at higher NR
concentrations is attributed both to an increase in the
absorption anisotropy of the emitting species, ie., the
formation of NR bundles, as well as a greater susceptibility
of these bundles to field-driven ordering. While the magnitude
of the experimentally measured AA/A; in our study is
comparable with previous reports,”’ our analysis indicates a
significantly lower degree of maximum NR alignment. The
disparity lies in the treatment of individual absorbers: instead
of assuming colloidal NRs to be individual isolated particles,
we treat them as aggregated bundles with varying degrees of
characteristic concentration-dependent optical anisotropy.

Table 1. Summary of Limiting AA/A,, Ensemble Fluorescence Anisotropy, and Average Deviation Angle at Maximum

Alignment

anisotropy (vertical)

anisotropy (circular) average dev. angle, @ + SD (deg)

NR concn (uM) limiting AA/A, measured extrapolated
0.125 —-0.142 0.1036 0.0982
0.25 —0.170 0.1299 0.1406
0.5 —0.210 0.1884 0.1830
1 —-0.293 0.1843 0.2254
2 —0.424 0.1505 0.2678
3839

measured extrapolated fitted (eq 8) extrapolated
0.0758 0.0721 50.9 + 28.8 50.6 + 28.7
0.1038 0.1112 447 £ 25.3 45.6 + 25.8
0.1540 0.1503 443 £ 25.0 43.8 +£24.8
0.1522 0.1894 36.9 + 205 41.0 £ 23.1
0.1251 0.2285 214 + 114 36.2 + 20.1

https://doi.org/10.1021/acsnano.1c08488
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CONCLUSIONS

We have demonstrated AC field-driven mechanical alignment
of colloidal CdSe/CdS NRs by measuring concurrent changes
in optical transmission. Our work identifies two distinct scales
of interaction that give rise to the macroscopic optical
response: (1) the spontaneous mesoscale self-assembly of
colloidal NRs into bundles with optical anisotropy greater than
that of ensembles of individual NRs and (2) the macroscale
ordering of NR assemblies along the direction of the applied
driving field. Ensemble optical anisotropy measurements show
that aggregated NR assemblies are more anisotropic compared
to isolated NRs and, therefore, provide an enhanced electro-
optic response. A key insight from our study is that the field-
driven relative change in absorbance depends not only on the
degree of NR alignment but also on the optical anisotropy of
the absorbing species—that is, isolated NRs or NR assemblies.
By analyzing our measurements using an optical model that we
derived, we have quantified the degree of order in terms of the
average emitter orientation relative to the field axis. Our results
show a consistent improvement in macroscopic alignment as a
function of NR concentration, with a minimum average
deviation angle of 36.2° based on our extrapolated values for
anisotropy. Our results also indicate that NR bundles are more
responsive to field-driven alignment compared to individual
NRs. This work provides a fundamental basis for quantifying
the AC field-driven ordering of colloidal NRs and may further
aid the design of optoelectronic devices with aligned
anisotropic nanocrystals.

METHODS

Materials. Cadmium oxide (CdO, >99.99% trace metals basis),
selenium (99.99% trace metals basis), sulfur (99.998% trace metals
basis), octadecylphosphonic acid (ODPA, 97%), hexylphosphonic
acid (95%), trioctylphosphine oxide (TOPO, ReagentPlus, 99%),
trioctylphosphine (TOP, 97%), 1-octadecene (ODE, technical grade
90%), hexanes (anhydrous mixture of isomers, 99%), and methanol
(anhydrous, 99.8%) were purchased from Sigma-Aldrich.

Preparation of CdSe/CdS NRs. Colloidal CdSe/CdS NRs were
synthesized using a seeded growth method previously described by
Carbone et al.** The as-synthesized nanorods were precipitated with
the addition of methanol as an antisolvent and purified by
centrifugation at 3000 rcf for 8 min. The resulting precipitate was
further cleaned by being resuspended in a mixture of hexane and
methanol followed by centrifugation at 3000 rcf for 8 min. This
purification step was repeated twice before the final precipitate was
resuspended in 10 mL of anhydrous hexane and stored under argon
for further analysis.

Characterization. High-resolution transmission electron micros-
copy (HR-TEM) images were collected using an FEI Tecnai G2 F20
ST FE-TEM operated at an accelerating voltage of 200 kV.
Absorbance and PL spectra were collected on an Ocean Optics
Flame-S UV—vis spectrometer with an Ocean Optics DH-2000-BAL
deuterium and halogen lamp as the light source. Powder XRD
measurements were performed using a Bruker-AXS D8 Advanced
Bragg—Brentano diffractometer with a Cu Ka radiation source (4 =
1.5418 A).

Optical Response Measurements. Sinusoidal AC electric fields
were applied across colloidal dispersions of CdSe/CdS NRs using a
function generator (RIGOL DG1032) coupled with a high-voltage
amplifier (Trek model 2220). Concurrent changes in optical
transmission of a 405 nm laser (RGBLase FBB-405-200-FS-C-1-0)
were measured using a photoreceiver (2007 Nirvana auto-balanced
optical receiver) and a digital oscilloscope (RIGOL DS2302A).
Sample cells were prepared by adhering pairs of patterned ITO glass
slides (MSE Supplies) using a mixture of optical adhesive (Norland
NOES81) and 50 um spacer beads (Cospheric). Detailed schematics of

the experimental setup and sample cell design are included in the
Supporting Information.

Fluorescence Anisotropy Measurements. Conventional and
circular-polarized ensemble fluorescence anisotropy measurements
were carried out using a home-built L-format optical setup (see Figure
S6 in Supporting Information) equipped with a 40S nm laser
(RGBLase FBB-405-200-FS-C-1-0). The excitation beam was
attenuated using a variable neutral density filter (Thorlabs NDC-
25C-2) and polarized through a hand-mounted Glan-Taylor polarizer
(Thorlabs GT15-A). A zero-order quarter-wave plate (Thorlabs
WPQOSM-405) mounted on a high-precision rotation mount
(Thorlabs PRM1) was used to achieve circular-polarized excitation.
The PL emission from the sample was collected at 90° relative to the
excitation beam using coaligned irises (Thorlabs ID25) and polarized
using a second Glan-Taylor polarizer (Thorlabs GT15-A) before
being directed to a free-space biased Si photodetector (Thorlabs
DET100A2).
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