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ABSTRACT: The design, synthesis, properties, and performance
of a new class of promesogenic calamitic side-tethering organic
ligands used to direct quantum dot nanoparticle self-assembly are
described. This work was motivated by inadequate modularity,
step count, and yield associated with syntheses of existing ligands.
Attaching the new ligands to quantum dots and dispersing them
in a liquid crystal host affords hollow micrometer-sized capsules
via phase transition templating. The capsules resist thermal
decomposition up to 350 °Csignificantly higher than any
previously reported microcapsules assembled from side-tethering
calamitic ligand-functionalized nanoparticles. These novel ligands
can be used for encapsulation applications where stability under
high temperature is required. Evaluation of the capsules by small-
angle X-ray scattering shows that interparticle spacing varies from
10 to 13 nm depending on the ligand used and is correlated to
aminoalkyl chain length.

KEYWORDS: encapsulation, nematic templating, self-assembly, promesogenic ligands, organic synthesis, quantum dots,
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■ INTRODUCTION

A wide variety of small organic molecules have been employed
as surface-modifying ligands for metallic or semiconducting
nanoparticles.1−5 Metal nanoparticles functionalized with
mesogenic (liquid crystalline) or promesogenic organic ligands
bearing a motif consisting of multiple closely linked aromatic
ringslikened to a molecular “rod” (calamitic)and an
orthogonal nucleophilic tethering arm self-assemble6 into
different two- and three-dimensional mesoscale morphologies
like rods, spheres, and capsules (Figure 1).3,7,12 The derived
morphologies are envisioned for use in biochemical
sensors,13,14 optoelectronic and photovoltaic devices,15−18

and light-emitting diodes.19 Rather few side-attaching ligands
have been systematically evaluated as mediators of nanoparticle
self-assembly. In one example, using three different ligands,
Pociecha and co-workers showed that varying the length of the
alkyl chain connected to the thiol in A can direct the self-
assembly of the resultant ligand-modified gold nanoparticles
into various morphologies upon evaporation of toluene.20

More commonly, only one ligand is evaluated. Examples
include thiol B,21 related ligands22 and proligands,23,24 and our
own ligand C.8 After attaching C to core−shell quantum dots,
micrometer-sized discrete capsules form following nucleation
and growth of the nematic phase at the isotropic−nematic
transition temperature of a liquid crystal host, such as 4-cyano-
4′-pentylbiphenyl (colloquially known as “5CB”)8,12a

process we refer to as nematic templating. Recently this
methodology was expanded to the formation of solid closed-
cell foams and tubular networks.25 The process takes
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Figure 1. Calamitic ligands used for ligand-modified metal nano-
particle self-assembly.
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advantage of the differential solubility of the ligand-modified
particles in the nematic and isotropic phases of a liquid crystal
host medium (in particular, the aforementioned 5CB).
Initially, ligand-modified nanoparticles are uniformly dispersed
in the isotropic phase. The composite system is then cooled
rapidly into the nematic phase, whence phase nucleation,
followed by growth within the shrinking isotropic domains,
results in particle segregation to the domain interfaces, and
consequently a variety of hollow structures,25 including the
microcapsules reported here.
Hollow micrometer-scale capsules constructed from closely

packed quantum dots9 and metallic nanoparticles11 have been
previously demonstrated by our group using ligands designed
for low-temperature encapsulation applications. Metallic nano-
particle capsules were designed to produce an optically
triggered release by taking advantage of plasmonic heating.
For the new ligand series reported herein, we employ a novel
ligand core structure designed to form capsules by the same
mechanism, while supporting high-temperature applications.
The new capsules are much more robust to extreme
temperatures, yet still amenable to controlled release by
alternative methods, such as mechanical shear. Owing to a
more calamitic ligand core, stronger π−π interaction is possible
between the nanoparticles.
Studies limited to single ligands are prohibited from

uncovering any relationship between ligand structure and
nanoparticle self-assembly behavior, but challenges with ligand
synthesis and purification make this all too common.
Anecdotally, we have experienced many challenges with the
synthesis and purification of C, which is prepared in eights

steps with a longest linear sequence of five steps.8 Like A and
B, ligand C also contains esters in the calamitic arm, which are
prone to decompose upon attack by a nitrogen atom in
particular. Fortunately, these esters are not critical for
nanoparticle self-assembly (in fact, they may be detrimental);
they are likely relics of the condensation reactions used for
their synthesis. They also provide structural degrees of freedom
that make the calamitic motif less rodlike than if the arenes
were directly linked. Thus, given the broad utility of calamitic
side-attaching ligands, and the wealth of information that could
be obtained from structure−self-assembly relationships, we
endeavored to prepare a modular, scalable, ester-free ligand
library featuring direct arene−arene linkages, which we
hypothesized would result in bulk crystallinity rather than
liquid crystallinity, and thereby encourage stabilizing inter-
particle π−π interactions when bound to nanoparticles, leading
to stronger nanoparticle mesostructures. Herein, we describe
the development of a library of calamitic side-tethering ligands
by modifying the calamitic arm, amine tether length, and
ethereal linker lengths, and we demonstrate their ability to
direct quantum dot self-assembly into microcapsules stable up
to 350 °C via nematic templating.

■ RESULTS AND DISCUSSION

Our synthetic design starts from commercially available
bromophenols (1, Table 1), to which aromatic groups (blue)
could be coupled, followed by attachment of the tethering arm
(red). We designed a ten-membered library of ligands (4a−4j,
Table 1) to evaluate their ability to attach to CdSe/ZnS core−
shell quantum dots and direct their self-assembly. Ligand 4a

Table 1. Ligand Library Synthesis
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was envisioned as our parent ligand, designed as an analogue of
C (see Figure 1) that could be prepared in three steps instead
of eight. Ligands 4a−4e are a subgroup in which only the alkyl
ether length is varied. Ligands 4f−4h are n-butyloxy (green)
analogues of 4a, 4c, and 4e. Ligands 4i and 4j were designed as
more and less calamitic analogues of 4a, respectively.
Our sequence of unoptimized reactions started with a

benchtop Suzuki cross-coupling26 between commercially
available unprotected methoxybromophenols (1, R = CH3)
or 2-bromo-5-butoxyphenol (prepared by bromination of 3-
butoxyphenol27) and three different commercially available
areneboronic acids (blue), affording 2 in just 1 h.28 The
modest yields are due to competing proto-deborylation. Next,
Boc-protected amino mesylates with alkyl spacers of 2, 3, 4, 6,
or 12 carbons (red, purchased or prepared by mesylation of
Boc-protected amino alcohols) are attached at the phenol
oxygen on the phenol by nucleophilic substitution to afford 3;
yields are typically >70%. Finally, Boc deprotection affords the
free amines 4a−4j in near-quantitative yield without
purification. All ligands were solids, although 4j is low melting.
Owing to the short reaction times and ease of purification of
each step, ligands can be prepared within 48 h. Functional
groups that proved more challenging for this sequence include
(1) the ethylamine side arm found in 4d, which is unstable
prior to Boc protection; (2) the triaryl rod in 4i, which is
sparingly soluble in all steps; and (3) the ether-linked arene
present in 4j, which is more susceptible to proto-deborylation
in the first step.
Of the ligands synthesized, 4a−4h exhibit crystal morphol-

ogies as visualized by polarized optical microscopy (POM) and
confirmed by differential scanning calorimetry (DSC) (Figure
2). Although 4c, 4e, and 4h resemble smectic mesophase by
POM, no evidence of a liquid crystal phase was detected: all
ligands visually transition directly from crystal to isotropic
liquid and do not shear when handling on glass. Crystallinity
was confirmed by DSC, whereby only a single transition was
observed for 4a−4h (Figure 2, inset in each POM image) and
which we ascribe to melting from the solid to the isotropic
liquid phase (see the Supporting Information for DSC traces).
In contrast, mesogens like A−C and others29 exhibit multiple
phase transitions by POM and DSC. Interestingly, ligand 4c
exhibited a higher melting point than any other ligand, which
may be attributed to shorter alkyl chain lengths within the

amine tether (red) and aryl ether (green). Similarly, ligand 4g
exhibits a higher melting point than 4f and 4h.
We attached ligands 4a−4c and 4e−4h to commercial 6.2

nm octadecylamine (ODA)-functionalized quantum dots
(QDs) using the ligand exchange reaction previously reported
by Murray and co-workers.30 In the case of 4a, 1H NMR
analysis of the QDs following ligand exchange revealed a 60:40
ratio of ligand 4a to ODA bound on the QD’s. Interestingly, in
our previous study using ligand C, the same exchange
procedure led to a 90:10 ratio.10 Each of the ligand-modified
quantum dots that we prepared readily dispersed in 4-cyano-
4′-pentylbiphenyl above the clearing point (34 °C). Upon
cooling from the isotropic to nematic phase, the ligand-
modified QD’s all spontaneously assemble into microcapsules
similar to those previously observed using QD’s modified with
ligand C. The ligand is understood to promote uniform particle
dispersion in the isotropic phase8 and stabilize capsule
formation via nematic phase templating.9 Figure 3a shows a

Figure 2. Birefringence textures of 4a−4h observed using polarized optical microscopy (10× objective). The transition temperature (Ttrans) and
latent heat (ΔHtrans) of the only observed differential scanning calorimetry event for each ligand are included in parentheses. Crossed arrows
indicate polarizer directions.

Figure 3. Same-slide ambient temperature fluorescence microscope
images of QD mesostructures formed from 6.2 nm CdSe/ZnS QDs
(λmax = 540 nm) functionalized with ligand 4a following dispersion in
4-cyano-4′-pentylbiphenyl (0.15 wt %) after (a) depositing on the
slide, (b) reheating the slide through the clearing point, and (c)
reheating the slide to 350 °C. Images record total fluorescence
emission intensity following excitation at λmax = 540 nm.
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fluorescence microscope image of mesostructures formed using
QD’s functionalized with ligand 4a (for other ligands, see the
Supporting Information). Reheating to above the nematic
phase clearing point of 34 °C and recooling did not destroy the
capsules (Figure 3b), nor did heating to the maximum
temperature allowed by our experimental setup (350 °C,
Figure 3c). For comparison, QD’s functionalized with ligand C
decompose at just 120 °C.9 The thermostability of QD’s
functionalized with 4a bodes well for potential material
applications.21,31

To further characterize the nanoscale morphology of the QD
shells, scanning electron microscopy (SEM) images were
captured. Figure 4 shows two representative SEM images from

the same sample grid: one of an intact shell composed of
densely packed functionalized QD’s (Figure 4a) and one of a
fractured shell (Figure 4b). The latter confirms that the
microstructure is indeed hollow, with a relatively thin wall.
Approximately 15% of the shells observed using SEM are
fractured, presumably as a result of mechanical shear during
sample preparation. Mechanical methods can be used to break
the capsules, using fast shearing for example. We propose that
these novel ligands can be applied to high-temperature
applications wherein encapsulation stability under high
temperature is required. Such a property distinguishes these
capsules from other, more temperature-sensitive encapsulation
technologies such as polymersomes and liposomes or the
thermally sensitive capsules from our group’s earlier work.11

We next quantified nanoparticle packing in the shell wall
using small-angle X-ray scattering (SAXS) measurements
following our established method.10 Figure 5 shows scattering
intensity as a function of the scattering vector, q, which is
related to average quantum dot separation within a shell wall,
d, as q = 2π/d. For each sample, we observed a broad
diffraction peak (the positions of which were determined by
subtracting a baseline from the raw data and fitting a
Gaussian). As shown in Figure 5, linker arm length has a
significant effect on interparticle separation. The homologous
series of ligands 4c, 4b, 4a, and 4e, employing 3-, 4-, 6-, and
12-carbon aminoalkyl linkers, respectively, afforded interdot
separations of 10.15, 11.79, 12.94, and 13.25 nman apparent
logarithmic correlation between interdot separation and
aminoalkyl chain length (inset, Figure 5). Interestingly, when
the ethereal arm (green, Table 1) is changed from CH3 to
C4H9, the aminoalkyl chain length no longer correlates to
interparticle spacing; in fact, the ligand bearing the most

aliphatic carbons that we evaluated (4h) affords microcapsules
with the closest average interdot distance (10.11 nm).
In our previous work, quantum dot emission spectra and

fluorescence lifetimes were characterized using drop-cast films
and nanoparticle clusters in a liquid crystal.32 Therein, we
observed that mesogenic ligands of different alkyl chain lengths
can be used to tune the quantum dot emission spectrum by
modulating Forster resonance energy transfer (FRET)
between quantum dots. In some cases, FRET could be
avoided by using a ligand that produced an average
nanoparticle spacing >10 nm. The SAXS data presented in
Figure 5 underscore the potential utility of the new ligands.
Additional possibilities for spectral modification may be
possible, including by encapsulating dye molecules within the
optically active capsules.11

Given the ability of the microcapsules to remain intact up to
very high temperatures, for practical optical applications using
quantum dots, thermal luminescence quenching becomes a
concern. Isolated quantum dots lose luminescence intensity
significantly at high temperatures, and irreversible quenching
mechanisms can degrade performance over time under
temperature cycling.33 For example, in high-temperature
applications such as high-power LEDs for lighting, the
operating temperature can be up to 200 °C. To test for
thermal quenching in the capsule geometry, we performed
preliminary testing to characterize the effects of heating to 300
°C and cooling back to room temperature (Figure S-4).
Although a degree of irreversible quenching is observed, the
capsules retain some luminescence up to 300 °C. Loss of
capping ligands at high temperatures is a well-known
mechanism for irreversible quantum dot quenching, but in
these capsules, wherein the ligands interact and stabilize, loss
of capping ligands appears to be attenuated. A more detailed
characterization of thermal quenching will be performed in
future work to follow this paper as irreversible quenching can
be a serious limitation in high-temperature QD applications.

Figure 4. Scanning electron microscope images of (a) intact and (b)
fractured QD capsules formed from 540 nm CdSe/ZnS QDs
functionalized with ligand 4a. These images were captured from a
single sample grid.

Figure 5. Small-angle X-ray scattering (SAXS) data collected at 10
keV with 1 s exposure for assembled quantum dot microshells
suspended in nematic liquid crystal prepared at 0.15 wt % and plotted
as relative intensity as a function of scattering vector, q. The
characteristic interparticle spacing, d, is calculated from each peak
position as 2π/q.
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■ CONCLUSIONS
In summary, we have developed a rapid, modular synthesis of
new side-attaching calamitic promesogenic ligands. Their
attachment to quantum dots and subsequent self-assembly in
a liquid crystal host demonstrates the broad applicability of
nematic templating. In addition to its modularity and
scalability, the new ligand scaffold is noteworthy for its ability
to deliver remarkably thermostable quantum dot micro-
capsules. Because of the unique thermal stability of our
capsules, they may be well-suited for a wide range of
applications in various fields, particularly encapsulations.
Empowered by this scalable and modular ligand synthesis,
future studies will endeavor to investigate the influence of
ligand structure on shell formation, stability, and porosity.

■ EXPERIMENTAL SECTION
Preparation of the Amine Linkers (S1a−e). General

Procedure I. Into a round-bottom flask charged with a PTFE-coated
magnetic stir bar were added 1.0 equiv of alcohol in 0.2 M dry DCM
and 1.3 equiv of triethylamine. The reaction mixture was placed in an
ice bath, and 1.2 equiv of methanesulfonyl chloride was added
dropwise. After 18 h, the reaction mixture was quenched with water
and separated. The organic layer was dried over anhydrous sodium
sulfate and removed under reduced pressure to afford S1a−e.
Preparation of the Rodlike Ligand Backbone via Suzuki

Cross-Coupling (2a−d). General Procedure II. Into a 20 mL vial
charged with a PTFE-coated magnetic stir bar were added 1.0 equiv of
aryl bromide, 1.5 equiv of arylboronic acid, and 0.05 equiv of
palladium(II) acetate. The vial was sealed with septa and placed under
vacuum, and then it was filled with nitrogen. To this vial was added
0.5 M degassed water and 2.0 equiv of degassed diisopropylamine.
The reaction mixture was stirred for an hour at 100 °C. The mixture
was extracted with ethyl acetate and passed through a pad of Celite.
The residue was then dried over anhydrous sodium sulfate and
removed under reduced pressure. Purification by column chromatog-
raphy (100:0 → 80:20 hexanes:EtOAc) on SiO2 afforded 2a−d as a
solid.
Preparation of N-Boc-Protected Promesogenic Organic

Ligands (3a−j). General Procedure III. Into a 20 mL vial charged
with a PTFE-coated magnetic stir bar were added 1.0 equiv of 2, 2.0
equiv of S1, and 2.0 equiv of potassium iodide in 0.075 M dry THF.
2.0 equiv of 1.7 M KOt-Bu in THF was added to the vial dropwise.
The reaction mixture was capped and stirred for 12 h at 60 °C. The
solvent was removed under reduced pressure, and the solid residue
was extracted with water and DCM. The organic layer was collected
and dried over anhydrous sodium sulfate and removed under reduced
pressure. Purification by column chromatography (100:0 → 85:15
hexanes:ethyl acetae) on SiO2 afforded 3a−j as a solid.
Preparation of the Promesogenic Organic Ligands (4a−j).

General Procedure IV. Into a 20 mL vial charged with a PTFE-coated
magnetic stir bar were added 1.0 equiv of 3 in 0.1 M dry DCM. The
reaction mixture was placed in an ice bath, and then 15 equiv of
trifluoroacetic acid was added slowly. After 2 h, the reaction mixture
was quenched with saturated sodium bicarbonate and extracted three
times with DCM. The organic layer was passed through a pad of
anhydrous sodium sulfate and removed under reduced pressure to
afford 4a−j as a solid.
Differential Scanning Calorimetry of Ligands. Small amounts

(6−10 mg) of ligand in the crystal phase were encapsulated in an
aluminum pan and cycled through melting and recrystallization at
least once before recording a DSC trace. All data were collected on
melting with a temperature ramp rate of 10 °C/min. An empty pan
was used for the reference material. Enthalpies for each transition are
calculated as the area under each peak.
Polarized Optical Microscopy Procedure. A thin film of each

ligand was enclosed between a standard glass slide and coverslip and
slowly heated to the isotropic phase. The films were then cooled into
the crystal phase and reheated several times on a Linkham microscopy

heating stage to identify a reversible phase sequence on the polarized
optical microscope.

Ligand Exchange Process. For surface modification of quantum
dots, we exchanged the ODA ligand with a mesogenic ligand (LC-
QDs). This exchange involves 1 mL of quantum dot (CdSe/ZnS
nanocrystal) solution with an octadecylamine ligand (ODA) attached
and mixed with 1 mL of acetone. Free ligand was removed by
centrifugation at 7000 rpm for 10 min. The supernatant was
discarded, and then the last step was repeated again with the
precipitate two times by adding 1 mL of acetone. Once washing is
done, the precipitate was dissolved in 1 mL of chloroform and mixed
with 1 mL solution of the synthesized ligand in chloroform (0.01 g/
mL). ODA was then exchanged with the new ligand on the QD
surface by heating at 40 °C and stirring the solution at 200 rpm for 5
h. The mixture was then removed from the heating stage and left to
cool to room temperature. The free ligand was removed by washing it
with 1 mL of ethyl acetate and centrifuged for 10 min and then
washed again twice by adding 1 mL of ethyl acetate. For storage, the
precipitate is taken up in 1 mL of toluene.

Microcapsule Formation Procedure. Microcapsules were
prepared via nematic templating by heating 0.15 wt % of
functionalized quantum dots in 4-cyano-4′-pentylbiphenyl above the
nematic−isotropic transition point (34 °C) and then cooling back to
the nematic phase in an Eppendorf tube. After gentle centrifugation,
the shells were inserted into 1.5 mm borate glass X-ray capillaries and
further centrifuged to form a pellet at the bottom of capillary.

Preparation for SEM Imaging. 0.2 μL of liquid-crystal-
functionalized QDs mixture was pipetted onto a copper grid with
300 mesh carbon film, while holding the composite material at a
temperature above the nematic−isotropic phase transition point. The
grid was then cooled into the nematic phase, forming shells suspended
in 5CB directly on the grid. Finally the 5CB was washed from the grid
with acetone by pipetting a droplet onto the grid surface then wicking
and evaporating the excess solvent.
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