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ABSTRACT We studied spontaneously self-assembled aggregates in a suspen- 0
sion of CdSe/CdS core/shell nanorods (NRs). The influence of the length and
concentration of the NRs and the suspension temperature on the size of the
aggregates was investigated using in situ small-angle X-ray scattering (SAXS) and
linear dichroism (LD) measurements under high magnetic fields (up to 30 T). The
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SAXS patterns reveal the existence of crystalline 2-dimensional sheets of ordered T T T

NRs with an unusually large distance between the rods. The LD measurements
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show that the size of the sheets depends on the free-energy driving force for NR self-assembly. More precisely, the sheets are larger if the attraction

between NRs is stronger, if the temperature is lower, or if the NR concentration is higher. We show that the formation of large NR sheets is a slow process

that can take days. Our in situ results of the structures that spontaneously form in the bulk suspension could further our understanding of NR self-assembly

into mono- or multilayer superlattices that occurs at the suspension/air interface upon evaporation of the solvent.
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olloidal semiconductor nanocrystals
C(NCS) have attracted significant at-
tention over the past decade as
tailored building blocks for application in
optoelectronic devices such as LEDs,'3
lasers,* and solar cells.>~® Moreover, self-
assembly of NCs into ordered superstruc-
tures may lead to new types of materials,
where properties are determined by the
individual building blocks as well as by
electronic coupling between them.? In this
respect, formation of NC membranes at
the liquid—air interface has emerged as a
promising method to fabricate functional
thin films."®~"7 In particular, nanorods (NRs)
with a spherical CdSe core and a rod-shaped
CdS shell have been shown to be chemically
stable, have interesting optical properties,'®'°
and are able to form two-dimensional
superstructures, 20722
Previously, we reported an in situ study
of the self-assembly dynamics of such
NRs at the liquid/air interface, using graz-
ing incidence small-angle X-ray scattering
(GISAXS)."® Although the limited penetration
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depth (20 nm) of the X-ray beam into
the solution prohibited direct visualization,
our results suggested the formation of pre-
ordered NR sheets in the bulk dispersion
as a potentially important factor for the NR
ordering at the liquid/air interface. Similar
mechanisms of preorganization were pro-
posed in other works of NR self-assembly.2°~22
For example, Zanella et al.?° found that NR
superstructures could be grown equally
well on a variety of substrates, suggesting
that preorganization takes place in the bulk
solution. However, until now these important
preorganized NR structures have not been
investigated in detail and their existence has
only been proven indirectly.

In this work, we perform a direct in situ
study of preorganized structures of CdSe/
CdS NRs in bulk solution. Previously, only
the organization of spherical NCs in bulk
solution has been investigated, -either
using small-angle X-ray scattering (SAXS)*?
or cryo transmission electron microscopy
(cryo-TEM).** The most important differ-
ence between spherical NCs and the NRs
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that we study here is that NRs have strong side-to-side
interactions. There are van der Waals attractions even
when suspended in a good solvent, and there may
be interactions mediated by the capping ligands and
solvent molecules.?® To investigate the resulting self-
assembled superstructures we combine SAXS and
magnetic-field induced linear dichroism (LD). The latter
technique exploits the anisotropy of light absorption
in elongated NRs: light polarized along the long
axis is more strongly absorbed than light polarized
perpendicularly.

The magnetic-field induced LD measurements yield
information about the size of the preorganized NR
sheets in the suspension, because only sufficiently
large sheets are aligned by a magnetic field, 23" thus
giving rise to a LD signal. Even at the highest magnetic
field strengths of 30 T, the magnetic alignment energy
of an individual CdSe/CdS NR, exhibiting only a weak
diamagnetic response, is far below the thermal energy.
Using this, we examine the distribution between in-
dividual NRs and NR aggregates as a function of various
parameters: temperature, NR concentration, and NR
length. Furthermore, we study the effect of the addi-
tion of a bad solvent which increases the van der Waals
attractions.
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RESULTS AND DISCUSSION

Three different NR batches were investigated: (i)
long NRs with length L = (40 £ 4) nm and diameter
2R = (4.1 £ 0.4) nm, (ii) medium-length NRs with L =
(23.1 £ 2.2) nm and 2R = (4.9 £ 1.1) nm, and (iii) short
NRs with L = (16.1 £ 2.4) nm and 2R = (4.8 £ 0.4) nm
(Supporting Information, Figure S1). The NRs were
synthesized using a seeded-growth approach (see
the Methods section for details),>? where the growth
of the rod-shaped shell occurs along the c-axis of the
wurtzite CdSe seed nanocrystal.** The NRs are capped
by octadecylphosphonic acid (ODPA). All experiments
are done with the NRs dispersed in toluene.

Study of the NR Bundles in Solution by Small Angle X-ray
Scattering. The SAXS study was performed at two tem-
peratures, 26 and 60 °C, in order to observe the effect
of the temperature on the formation of NR aggregates
in suspension. We used suspensions with a volume
fraction of 5.4 x 107 for the long, 4.5 x 10~ for the
medium-length, and 3.0 x 10™* for the short NRs (such
that molar concentrations are all 1.7 uM).

Figure 1 shows the SAXS patterns for short (Figure 1a,d),
medium-length (Figure 1b,e), and long NRs (Figure 1¢,f),
recorded at 26 and 60 °C. Figure 1g—i shows the
corresponding 1-dimensional scattering plots, obtained
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Figure 1. (a—c) SAXS patterns of suspensions of (a) short NRs, (b) medium-length NRs, and (c) long NRs in toluene recorded at
26 °C. (d—f) SAXS patterns of (d) short NRs, () medium-length NRs, and (f) long NRs in toluene recorded at 60 °C. Scale bars are
0.2 nm™". (g—i) One dimensional scattering plots for (g) short NRs, (h) medium-length NRs, and (i) long NRs obtained by
azimuthal integration of the 2D patterns. Solid black lines are the calculated orientationally averaged form factors of the NRs.
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by integrating the 2-dimensional patterns as well as the
theoretical form factors of the NRs.3* In the case of short
NRs (Figure 1a,d), the SAXS patterns at both tempera-
tures are dominated by the form factor; no clear struc-
ture factor features are observable. This shows that short
NRs do not form aggregates or that the aggregates are
too small toinduce any observable diffraction. Figure 1b,
e shows the SAXS patterns for medium-length NRs.
Similarly, the patterns are dominated by the form
factor and no clear structure factor is observable. The
1-dimensional scattering plot (Figure 1h) at 26 °C,
however, shows that there is a weak broad peak around
g = 065 nm™' corresponding to a lattice spacing of
roughly d = 27/g = 9.6 nm. Higher order diffraction
peaks are not visible. The peak disappears upon increas-
ing the temperature to 60 °C, indicative for the dissocia-
tion of the bundles. Figure 1¢,f shows the SAXS patterns
of the sample of long NRs recorded at 26 and 60 °C.
We note that the SAXS pattern is anisotropic, indicating
that the orientation of the sheets is not entirely random
(something we do not observe with LD in the absence of
a magnetic field; see below). The anisotropy might be
due to spatial confinement of the sheets in the small
SAXS capillary (500 um diameter) and/or slow sedimen-
tation. The pattern at 26 °C has a diffraction ring of
radius g = 0.70 nm ™', corresponding to a lattice spacing
of d =9.0 nm. In contrast to the case of medium-length
NRs, a clear diffraction peak can still be observed at
higher temperature (60 °C). Furthermore, if we compare
the SAXS patterns of medium-length to the ones of long
NRs, it is clear that medium-length NRs show a lower
scattering intensity. We thus conclude that, compared
to the medium-length NRs, the long ones form larger
bundles which are less susceptible to dissociation at
elevated temperatures.

A second point to note is that the observed lattice
spacings (of a NR diameter plus more than 4 nm)
are larger than one would expect for NRs assembled
side-to-side in a close-packed fashion, separated only by
the length of the ligands. Apparently the NRs form a
loose structure in the bulk suspension, with the region
between adjacent NRs partially filled with solvent mol-
ecules. This may also explain why we do not observe
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higher-order peaks in the SAXS patterns (Figure 1g—i),
as the NRs are probably rather loosely fixed to their exact
lattice positions leading to a strong Debye—Waller effect
diminishing the visibility of higher-order reflections.®®
In contrast, we have previously observed that once
NRs adsorb on the liquid/air interface, the interparticle
separation (2.5—3.5 nm) is smaller'® and probably set
only by the ligand capping layers. We conclude that on
the liquid/air interface capillary forces pull NRs closer
together than they are in the bulk suspension. As a side
note, we also found previously'® that drying of a NR
superstructure formed at the liquid/air interface causes
additional contraction (to 1.2—2.5 nm separation) as,
presumably, the ligand layers interdigitate.

The SAXS patterns indicate that the bundles, in fact,
constitute sheets of a monolayer of NRs, organized
side-to-side. Stacking of such sheets would result in
a peak at low g values around 0.15—0.3 nm~', i.e, at
27/L, with the interlayer distance L roughly equal to the
NR length. Since this peak is absent in Figure 1g—i, we
conclude that the sheets are mostly monolayers. For
the long NRs, we can estimate the grain size to be
D =2m/Ag =360 nm, where Aq is the full-width-at-half-
maximum (fwhm) of the structure factor peak. This
corresponds to approximately 1600 NRs per crystalline
domain. In view of results reported below, we should
however realize that the sheets in the suspension
may actually have (much) larger lateral dimensions
and must thus consist of several crystalline domains
separated by grain boundaries.

Study of the Orientation of the NR Bundles in a Magnetic
Field by Optical LD. In a second set of experiments, we
aimed to investigate how the mean size of NR sheets
in suspension depends on NR length, temperature,
NR concentration, and the addition of nonsolvent.
The experimental setup is schematically depicted in
Figure 2 (see the Methods section for details). A 5 mm
quartz cuvette containing a suspension of NRs in
toluene was loaded in a resistive 33 T Florida-Bitter
magnet, which can produce static magnetic fields
with variable strength up to 33 T. The magnetic field
is oriented vertically, in the z-direction. A phase modu-
lated linearly (y and z) polarized light beam>® passes

scenario 2:
A<AL

scenario 1: 7w A
A> A _

Figure 2. (a) Schematic of the experimental setup. We measure the transmission of polarized light through a sample of NRs,
with the aligning magnetic field B perpendicular to the propagation direction of light k. (b) Scenario 1: if the NRs align with
their long axis along B, then the absorption is stronger for light polarized along B than for light polarized perpendicularly
(Al > A}). (c) Scenario 2: if the NRs align with their short axis along B, then the situation is reversed (A; < A}). 0, and oy indicate
the longitudinal and the transverse absorption cross-section, respectively.
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through the sample horizontally, in the positive
x-direction. Measurements are performed at the wave-
length for which the optical density (OD) of the sample
is equal to 1 at the default concentration of 1.7 uM
(corresponding to volume fractions of 5.4 x 10™* for
the long, 4.5 x 10~* for the medium-length, and 3.0 x
10~*for the short NRs) at zero field, which corresponds
to 475 nm for the long NRs, 480 nm for medium-length
NRs, and 485 nm for the small NRs. The absorption of
semiconductor NRs in the blue/UV spectral region is
anisotropic due to depolarization effects: light polar-
ized along the long NR axis is absorbed more strongly
than light polarized perpendicularly®” (see the Sup-
porting Information for details). For an ensemble of
randomly oriented NRs, the linear dichroismis zero, i.e.,
absorption of light for the two perpendicular polariza-
tion directions is equal. However, if the NRs align in the
magnetic field, the degree of alignment can be quan-
tified from the linear dichroism signal. This method has
previously been used to determine the structures of
organic molecules and other inorganic particles.?>?'

To allow the results presented below to be properly
appreciated, we first discuss the essentials of the
method: (i) alignment of 2-dimensional sheets of NRs
in the magnetic field and (ii) the absorption of non-
resonant linearly polarized light in 2-dimensional NR
sheets with a preferential orientation.

Alignment of 2-D NR Sheets in a Magnetic Field. Both
the CdSe/CdS NRs and the solvent toluene are dia-
magnetic, with bulk volume susceptibilities y of —2.1 x
107 (for CdS) and —7.8 x 107, respectively.?® These
result in a magnetizability o™ of a single NR, defined by
m = aVB (where mis the magnetic dipole moment that
is induced by a magnetic field B). Because of demag-
netization effects, the magnetizability of a NR is more
negative in the transverse direction a!! than in the
longitudinal direction o) (see the Supporting Informa-
tion for details). As a result, the magnetic energy
EM = —m - B/2 depends on the orientation of the NR
with respect to the magnetic field. The orientation
dependent part of the magnetic energy is

1
M = —EAOLMBZ cos?0 1M

with AaM = o — o' > 0 the anisotropy of the mag-
netizability, and 6 the angle between the long NR
axis and the magnetic field. E is minimum at 6 = 0,
meaning that the preferential orientation of a single NR
is along the magnetic field. However, the alignment
energy is of the order of 1078—10""%V/NR even for
magnetic fields up to 30 T, insufficient to overcome
the thermal energy. It is therefore not possible to align
individual NRs in a magnetic field.

The situation is, however, different for self-
assembled sheets of NRs, where two important effects
have to be taken into account. First, because of mag-
netic moments induced on neighboring NRs, the local
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magnetic field strength experienced by each NR is
different from the externally applied magnetic field.
This effect can be described using an “effective mag-
netizability” ™. The interaction between adjacent mag-
netic dipoles is such that magnetizability is enhanced
for B directed along the short NR axis (corresponding
to the long axis of the NR sheet) and reduced for the
other direction (see the Supporting Information for
details). As a result, the anisotropy Ao™ > 0 is positive
for a single NR, but the effective anisotropy Aa™ < 0 for
aNRincorporated in a 2-dimensional sheet is negative.
In other words, while for individual NR the lowest-
energy orientation is along the magnetic field, collective
effects make that self-assembled NRs orient perpendi-
cularly (note, however, that the sheet as a whole is then
aligned along the field). Our experiments show that
NR sheets indeed show this collective behavior: the NR
bundles behave like scenario 2 in Figure 2c rather than
scenario 1 in Figure 2b. The second collective effect is
that the total magnetic alignment energy of the sheet is
the sum of contributions from constituent NRs:

1
M = —NEAOLMBZ cos? 0 )

where AdM = @ — @ < 0 is the anisotropy in the
effective magnetizability and N is the number of NRs in
the sheet. For sufficiently large N, the magnetic align-
ment energy can be high enough to overcome thermal
randomization. Hence, only sufficiently large sheets can
be aligned in a magnetic field. For our analysis
we assume that the magnetic response of the NRs stems
entirely from the semiconductor material, i.e., the con-
tribution from the organic capping layer is assumed to
be negligible. We further assume that the magnetic
susceptibility of nanocrystalline CdS is identical to that
of bulk CdS and isotropic. The anisotropy in the effective
magnetizability then originates only from the spatial
arrangement of semiconductor material, i.e., elongated
rods ordered in a disk-shaped superstructure.

Anisotropic Absorption by Aligned NRs: The LD Sig-
nal. The linear dichroism (LD) signal is defined as
the difference in absorbance A (= —log T, with T the
fraction of light transmitted) between light polarized
along (z-polarized) and perpendicular to (y-polarized)
the static magnetic field (see Figure 2):

AA = A—AL (3)

The absorption cross-section ¢ of a NR depends on its
orientation with respect to the polarization of the light.
Absorption is maximal (oy) if the long axis is along the
polarization direction and minimal (oy) if it is oriented
perpendicularly. In the case of a NR orientation given
by the polar angle 6 and azimuthal angle ¢, the
absorption cross sections for the two polarizations are

01(0) = (oL — o) cos® O + o7 (4a)

0106, ¢) = (oL —o7)sin? Osin? ¢ + o7 (4b)
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where Il and L denote light polarization along (z) and
perpendicular (y) to the magnetic field. Under the
influence of a magnetic field along z, the NR orienta-
tions can be described by normalized orientation
distribution p(6) of the polar angle (while the orienta-
tion in the xy-plane remains random). This yields for the
LD signal of an ensemble of NRs

AA = p//v p(B)%(UL —on)Bcos? 6 —1)sinOdo (5)
0

where p and | are the NR concentration (number
density) and the optical path length (5 mm), respec-
tively. As expected, AA = 0 for a fully random orienta-
tion distribution. The LD signal is pl(o. — o7) in the case
of full alignment of the NRs along the magnetic field
(i.e., in the z-direction), or pllor — 0)/2 in the case
of full alignment perpendicular to the magnetic field
(i.e., in the xy-plane).

Since we use light with energy well above the
bandgap of the NRs, the anisotropic absorption
cross-section can be calculated from the bulk dielec-
tric constant of CdS, using depolarization factors
and approximating the NR shape as ellipsoidal.?’
For all three NR batches, 0, > ot (see the Supporting
Information for details). Hence, the sign of the
LD-signal is a direct indicator for the prefential
a direction of the NRs. In all experiments we find
AA < 0, meaning that the NRs are preferentially
oriented with the long axis perpendicular to the
magnetic field.

The Equilibrium between Individual NRs and Sheets.
NRs experience mutual attraction due to a combina-
tion of van der Waals interactions, dipolar interactions,
and attraction forces mediated by the ligand layers and
solvent molecules.”® The equilibrium between indivi-
dual NRs and sheets of size N can be written as

N NR < (NR)y (6)

At equilibrium the chemical potentials of the mono-
mers Nu;, and of the N-mers uy are equal3® The
chemical potentials depend on the volume fraction
as u; = 1 + kT In x;, where u? is the refence chemical
potential (at x; = 1), kgT is the thermal energy, and x; is
the volume fraction of i-mers. Solving for the equilib-
rium condition of equal chemical potentials for all
species, one arrives at xy = xi expl—(uy — Nu$)/kgT].
Considering only pair interactions, with energy mini-
mum u, yields for volume fraction of sheets of size N

XN = xQ’ exp(—cyu/ksT) (7)

where ¢y is the number of NR-NR bonds in a sheet of
size N. In large sheets with NRs close-packed side-to-
side, the number of bonds ¢y ~ 3N (while in smaller
sheets this number is somewhat lower because of NRs
with low coordination on the edge of the sheet).
Hence, we can distinguish two scenarios: (I) At low
NR concentration or in case of weak NR—NR attraction
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(x; exp(— 3u/kgT) < 1) the concentration of sheets xy
decreases exponentially with N. There is a “chemical”
equilibrium between individual NRs and sheets con-
taining up to a few tens of NRs. Our LD-measurements
are insensitive to these small sheets, as their magnetic
alignment energy eq 2 is too small: at most 10~ %kgT
for sheets of fewer than 100 NRs. (Il) At high NR
concentration or in the case of strong NR—NR attrac-
tion (x; exp(—3u/kgT) > 1) the concentration of sheets
xy diverges with increasing size N. The NRs undergo a
“phase transition”, ultimately to a single extremely
large sheet. However, thermal and mechanical disrup-
tions may result in the formation of many large but
distinct sheets. In our LD experiments we only observe
signal from these larger sheets.

We present our data as the LD-signal normalized
by the total absorbance measured in the absence of
a magnetic field. To model our data, we use eq 5
and assume monodisperse sheets containing N NRs,
which have a Boltzmann orientation distribution p(6) =<
exp[—EM(6)/kT] by magnetic alignment (eq 2). Sup-
porting Figure S3 in the Supporting Information shows
that the assumption of monodisperse sheets of size N
or a wide Gaussian distribution around mean N yields
very similar LD-signals. From a fit of the data to eq 5 we
obtain the (mean) sheet size and the fraction of NRs
organized in sheets sufficiently large to align in the
magnetic field. In simple terms, the sheet size is deter-
mined from the magnetic field strength at which the
LD-signal saturates and the fraction of NRs organized in
large sheets from the magnitude of the LD-signal at
saturation.

Effect of NR Length on Bundle Size. Figure 3 shows the
LD-signal at room temperature as a function of applied
magnetic field, for the three different NR lengths
investigated. For all samples the signal is zero at
zero-field. This proves that in the absence of a mag-
netic field the NRs are not macroscopically oriented
(i.e., they are aligned in 2-dimensional sheets which as
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Linear dichroism (normalized)

-0.05

Magnetic field (T)

Figure 3. Linear dichroism of samples of short NRs (green),
medium-length NRs (blue), and long NRs (purple) as a
function of the applied magnetic field strength, measured
at 20 °C. The signal is normalized to the nonpolarized
absorbance. Solid black lines are fits to eq 5. Assuming a
bimodal sheet size (yellow dashed line) leads to a better fit
for the medium-length NR sample.
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a whole, however, are not oriented). With increasing
field strength a negative LD-signal builds up for the
medium-length and long NRs, while nothing is visible
for the short NRs. This indicates that only the medium-
length and long NRs are assembled into bundles that
are sufficiently large to be aligned by the magnetic
field. From the sign of the LD-signal (see the theory
section above), we conclude that the NR bundles are
oriented such that the long axes of the NRs are
perpendicular to the field, as in scenario 2 of
Figure 2c. We fit the experimental data to eq 5 assum-
ing a single population of NR bundles, and obtain
NA&M/2ksT = 4.2 T-2 and 0.21 T~ for the long and
for the medium-length NRs, respectively. These values
correspond to 2.2 x 10° NRs/bundle for the case of
long NRs and 1.9 x 10® NRs/bundle for the case of
medium-length NRs. From the fit we also estimate that
21% and 15% of the NRs, respectively, are assembled
into such large bundles. The remaining NRs are either
assembled in bundles too small to become aligned or
dispersed as individual NRs. We ascribe the deviation
between experiment and fit in Figure 3 to our assump-
tion of a monodisperse bundle size. Indeed, assuming
a bimodal size distribution (yellow dashed line) leads
to a better fit (see also Supporting Figure S3 in the
Supporting Information), with a weighted average size
of 3.1 x 108 NRs/bundle.

The numbers we estimate for the bundle sizes
appear high, as they imply that the size of a NR sheets
can be of the order of 100 um. As a comparison,
monolayer NR sheets grown at the liquid/air interface
can be larger than 10 um when imaged with TEM (see
the Supporting Information Figure S2). These may even
be mere fragments of the sheets that exist at the liquid/
air interface but break when scooped on the TEM grid
and dried in vacuum. We must however emphasize
that the absolute values of size that we estimate from
the magnetic-field induced LD measurements depend
on the magnitude of the magnetic response that we
use in our model (see the Supporting Information for
details). This is subject to several uncertainties, such as
the unknown but possibly large effect of nanoscale
confinement on the magnetic susceptibility. Moreover,
there may be a magnetic response from the ligands
attached on the NR surface or from the chemical bond
between core and ligand.*® Fortunately, these uncer-
tainties do not prohibit analysis of the effect of experi-
mental parameters on the bundle sizes, although the
estimates of the absolute sizes could be off.

The occurrence of a fraction of NRs assembled
in large bundles, while the rest are individuals or are
present in much smaller bundles, indicates that we are
not in a situation of full thermodynamic equilibrium.
We have a case of x; exp(—3u/kgT) > 1 (see the theory
section above), i.e., we are closer to a phase transition
than a chemical equilibrium. The thermodynamically
most favorable ordering of the NRs would be one huge
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bundle that incorporates all NRs. On the basis of this,
we can give upper bounds of the pair interac-
tion strength u. The long NRs (total volume fraction
X =54 x 10~* must have a pair interaction of at least
|u] > 2.5kgT, for the medium-length NRs (x=4.5 x 10™%)
the interaction strength must be at least |u| > 2.6kgT,
while between the short NRs (x=3.0 x 10~%), which do
not form extended sheets, the interaction is weaker
than |u| < 2.7kgT. There can be several contributions to
the inter-NR interaction. From the SAXS measure-
ments (Figure 1) we know that the equilibrium separa-
tion between the NRs is approximately 4 nm. We can
estimate the contribution of van der Waals attraction
between NRs at this separation (see the Supporting
Information for details) to be 1.7kgT, 1.2kgT, and 0.8kgT
for long, medium-length, and short NRs, respectively.
Hence, there must be an additional attractive contribu-
tion to account for the formation of extended sheets of
long and medium-length NRs. Indeed, a recent theo-
retical study has revealed that ordering of ligand and
solvent layers can result in an effective attractive inter-
NR potential with minima deeper than expected
from van der Waals attraction alone and at relatively
large distances of ~4 nm.>> Hence, the combination of
van der Waals interaction and ligand-mediated inter-
actions can account for the formation of sheets. We
estimate that possible contributions of magnetic-field
induced dipolar interactions are negligible (weaker
than 1077 kgT; see the Supporting Information).
Furthermore, important contributions of repulsive
electrostatic interactions can be excluded because
(although they could be several kgT strong) semicon-
ductor nanocrystals are predominantly uncharged
when dispersed in apolar solvents.*’ Finally, we note
that excluded volume interactions at our relatively
low NR concentrations are too weak to make a stable
nematic liquid crystal phase of NR sheets in the
absence of a magnetic field.*?

This situation is different from the formation of
spherical micelles from amphiphilic molecules, where
steric effects lead to a finite optimum size. In the case of
our NRs, the formation of one “supersheet” is made
impossible by very slow kinetics for merging of sepa-
rately nucleated sheets and the mechanical fragility
of 2-dimensional sheets once they have grown
large. There is an analogy with the precipitation of
(3-dimensional) salt crystals from an oversaturated
solution, which (unless nucleation proceeds slowly
and in a controlled way) may lead to a few large crystal
domains, while most others are small.

Next we examined, for the sample of long NRs, how
we can influence the aggregation into large bundles.
Figure 4a shows the LD-signal as a function of mag-
netic field for different parameters. The yellow curve is
the same as displayed in Figure 3, for the default NR
concentration of 1.7 uM. The red and green curves are
obtained at 2x lower and 2x higher concentration,
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respectively. The blue curve is obtained at the
default NR concentration but with the addition of
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Figure 4. (a) Magnetic-field induced linear dichroism of the
sample of long NRs, at the default concentration of 1.7 uM
(corresponding to a volume fraction of 5.4 x 10~ *) in toluene
(yellow), at 2x lower concentration (red), at 2x higher con-
centration (green), and after addition of 20% butanol. Solid
black lines are fits to eq 5. (b) Fit results show that the fraction
of NRs in large bundles (blue symbols) as well as the estimated
bundle size (red symbols) increases with increasing NR con-
centration or with the addition of butanol (squares).
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20% (volume) of the bad solvent butanol. Solid black
lines are fits to a single population of bundles (eq 5).

Figure 4b summarizes the fit results: the fraction of
NRs in large bundles (blue) and the bundle size (red).
Circles represent the samples with different NR con-
centration in pure toluene, while squares represent the
sample with 20% butanol. We see that a higher overall
NR concentration or the addition of butanol both lead
to a larger fraction of NRs in bundles as well as to a
larger bundle size. We can understand this from the
fact that both a higher concentration and butanol
increase the free-energy driving force for bundle for-
mation, be it in different ways. The NR concentration
has an entropic contribution to the free energy, while
butanol increases the enthalpic contribution (i.e., the
mutual interaction strength).

Although the size of the NR sheets is not governed
by a full thermodynamic equilibrium, it is still clear
from the results above that the bundle size is strongly
affected by free energy driving for self-assembly. Hence,
we still expect an effect of temperature. Importantly, as
the temperature changes, not only does the free-energy
driving force for assembly change, but kinetic param-
eters such as the force and frequency of collisions
between existing bundles also change, which may allow
them to merge or break them apart. Moreover, a higher
thermal energy kgT implies stronger Brownian rotations
counteracting magnetic alignment. We investigated the
effect of temperature between 20 and 50 °C on the
magnetic alignment of long and medium-length NRs.
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Figure 5. (a,b) Linear dichroism of the sample of (a) long NRs and (b) medium-length NRs as a function of applied magnetic
field, for different temperatures. Solid lines are fits to eq 5, where for the medium-length NRs we assumed a bimodal bundle
size distribution for a better correspondence. (c,d) Fitted fraction of NRs in bundles (blue) and estimated average bundle size

(red) for (c) the long NRs and (d) the medium-length NRs.
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Figure 6. Linear dichroism of the sample of long NRs as a
function of applied magnetic field strength for different
times after heating to 50 °C and cooling back to room
temperature. Restoration of the LD-signal takes place over
the time scale of days.

Figure 5 shows the LD-signal up to 10 T of (a) long
NRs and (b) medium-length NRs for different tempera-
tures. For both samples there is a clear trend that the
magnitude of the LD-signal decreases for increasing
temperature. In fact, the LD-signal completely disap-
pears on this temperature range from 20 to 50 °C,
corresponding to a mere 10% increase of the thermal
energy. Figure 5c,d shows the results of fits to the
experimental data: the fraction of NRs in large bundles
and the average bundle size. Dashed lines are guides to
the eye. As expected, we see trends of decreasing size
and number of bundles with increasing temperature.

Finally, we investigate the kinetics of the assembly
of NRs into bundles. To this end, we heated the sample
of long NRs to above 40 °C until the LD-signal had
completely vanished (as in Figure 5). Then, outside
the magnet, the sample is allowed to cool down to
room temperature. Figure 6 shows how the LD-signal
reappears, as the NRs reassemble into bundles. The

METHODS

Chemicals Used. CdO (Sigma-Aldrich, 99%), trioctylphosphine
oxide (TOPO, Sigma-Aldrich, 99%), octadecylphosphonic acid
(ODPA, Sigma-Aldrich, 97%), trioctylphosphine (TOP, Sigma-
Aldrich, 90%), selenium (Aldrich, 98%), and sulfur (Sigma-
Aldrich, 99%).

Synthesis of (dSe Nanocrystal Seeds>2. CdSe nanocrystal seeds
were synthesized in 50 mL three-neck flask using a Schlenk-line.
A mixture of TOPO (3.0 g), ODPA (0.290 g), and CdO (0.060 g)
was kept under vacuum for 2 h at 150 °C. The reaction solution
was then heated under nitrogen to 300 °C at a rate of approxi-
mately 7 °C/min. The reaction solution became transparent,
indicating the formation of Cd-ODPA complexes. Next, 1.5 g of
TOP was rapidly injected. After heating to 350—370 °C, the seed
formation was initiated by injecting a solution of 0.058 g of Se in
0.360 g of TOP. The reaction was quenched by removing the
heating source, and (after cooling to below 100 °C) diluting the
mixture with 5 mL of toluene. The final size of the nanocrystals
depends on the reaction time, longer reaction times leading
to larger seeds. For nanocrystal seeds with 2 nm diameter,
the reaction was quenched immediately after the injection of
the TOP-Se solution. For larger seeds of 3—4 nm diameter, the
reaction solution was kept at high temperature for ~120 s.
The nanocrystal seeds were washed twice by precipitation with

PIETRA ET AL.

reassembly occurs over the time scale of days. In fact,
after 72 h the LD-signal at saturation reaches a value
slightly higher than before the sample went through
a heating—cooling cycle (compare to Figures 3 and 4
for the signal of NRs that did not undergo heating—
cooling). This long time scale confirms that the self-
assembly of NR involves slow growth, merging, and
(possibly) breaking of sheets. Hence, we should
remark that in our experiments the suspensions have
possibly not reached the state of complete equilibrium
between the NRs.

CONCLUSIONS

To summarize, using small-angle X-ray scattering
(SAXS) and magnetic-field induced linear dichroism
(LD) we have investigated large self-assembled bun-
dles in a bulk solution of CdSe/CdS NRs. SAXS proved
the existence of ordered NR monolayer structures in
the bulk solution with remarkably long inter-NR dis-
tances. The magnetic response of individual NRs is so
weak that in the LD-measurements we were sensitive
only to very large sheets of NRs. Such large bundles can
only occur if the NR concentration and NR—NR inter-
actions are sufficiently strong. Indeed, suspensions of
short NRs, which experience weak mutual interactions,
do not show a LD-signal. We were able to increase
the size and number of bundles by increasing the NR
concentration or by the addition of nonsolvent. We
provide evidence that the settlement of an equilibrium
between individual and assembled NR requires days,
probably involving growth, merging as well as break-
ing of existing bundles. Our results shed light on
the processes underlying the self-assembly of rod-
shaped nanocrystals with relatively strong side-to-side
attraction.

methanol and centrifugation. Finally, they were redissolved
in toluene and stored inside a glovebox under nitrogen
atmosphere.

Synthesis of CdSe/CdS Core/Shell Nanorods®’. A mixture of CdO
(0.09 g), TOPO (3.0 g), and ODPA (0.2809) in a 50 mL three-neck
flask was degassed, heated to 150 °C, and kept under vacuum
for 2 h. The solution was then heated under nitrogen to 350 °C
and 1.5 g of TOP was injected. The reaction solution was kept at
350 °Cfor 15 min to allow for the temperature to stabilize. TOP-S
solution (0.12 g of Sin 1.5 g of TOP) and 200 uL of TOP-seeds
stock solution (with a NC concentration of 400 «M) were rapidly
injected in the flask, upon which the rod-shaped shells form.
The NR length was varied by changing the reaction time
between 6 and 12 min. The CdSe/CdS dot core/rod shell NRs
were washed by precipiation with methanol (10 mL) and
centrifugation. The final product was redispersed in toluene
(5 mL).

The size of the NRs was determined by transmission elec-
tron microscopy (TEM) using a Tecnai microscope operating at
120 kV. The NR concentration was estimated using inductively
coupled plasma-atomic emission spectroscopy (ICP-AES), in
combination with absorption spectroscopy. Absorption spectra
were measured using a PerkinElmer Lambda 950 UV/vis/IR
absorption spectrophotometer.
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SAXS Measurements. SAXS experiments were performed at
the BM-26B DUBBLE beamline of the European Synchrotron
Radiation Facility (ESRF) with an incident X-ray energy of 12 keV
(1.033 A) and the Pilatus detector aligned for a g range from
0.02 to 1.5 nm~", where q is the scattering vector. The NR
solution was placed in a round capillary with diameter 0.5 mm
and length 80 mm.

Linear Dichroism Measurements. The experiment was per-
formed at the High Magnetic Field Laboratory at the Radboud
University Nijmegen. The sample was placed in the tempera-
ture-controlled bore of a 33 T Bitter magnet. We used a Xe Lamp
as the light source. The transmitted light was guided through
a monochromator and a polarizer (set at 45° to the magnetic
field direction), followed by a photoelastic modulator (PEM-90,
Hinds Instruments, Hillsboro, OR) before passing the sample in
a horizontal direction, perpendicular to the magnetic field. The
transmitted light was detected by a Si photodiode. Two lock-in
amplifiers (SR830, SRS, Sunnyvale, CA) were used to detect the
second harmonic of the ac signal, from which the linear
dichroism (LD) signal AA(B), can be calculated. CdSe/CdS NRs
were dispersed in toluene, and the solution was transferred
to a quartz cuvette (thickness 5 mm) (Hellma) for the measure-
ments. The cuvette was carefully sealed with Teflon tape
to avoid evaporation of the solvent during the measurement.
LD-measurements were carried out with varying the field
between 0 and 30 T. The LD-signal AA(B) is normalized to
the total absorbance A(0) at zero field, corrected for the
absorbance of a reference cuvette containing only toluene:
A(0) = —log(T(0)/T,r), where T(0) is the transmission of the
sample at zero field and T, is the transmission of the reference
cuvette.
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