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ABSTRACT: Hydrophobic colloidal nanocrystals are typically synthesized and manipulated
with commercially available ligands, and surface functionalization is therefore typically limited
to a small number of molecules. Here, we report the use of polycatenar ligands derived from
polyalkylbenzoates for the direct synthesis of metallic, chalcogenide, pnictide, and oxide
nanocrystals. Polycatenar molecules, branched structures bearing diverging chains in which the
terminal substitution pattern, functionality, and binding group can be independently modified,

offer a modular platform for the development of ligands with targeted properties. Not only are

these ligands used for the direct synthesis of monodisperse nanocrystals, but nanocrystals coated with polycatenar ligands self-
assemble into softer bcc superlattices that deviate from conventional harder close-packed structures (fcc or hep) formed by the
same nanocrystals coated with commercial ligands. Self-assembly experiments demonstrate that the molecular structure of
polycatenar ligands encodes interparticle spacings and attractions, engineering self-assembly, which is tunable from hard sphere

to soft sphere behavior.

B INTRODUCTION

Research on ligands bound to colloidal nanocrystals (NCs) is
maturing into the significance that has long been achieved in
other fields of chemistry. Ligand coatings can be used to
control solubility,'™* self-assembly,”™® thermal stability,”"°
optical properties,'" electronic conduction,'” catalysis,"> mag-
netism,"* medical therapies,'* and NC synthesis.'® With some
important exceptions, the toolset of available ligands is limited
to commercial sources, leaving space for synthetic design of
tailored ligands. Indicating the potential of ligand design, DNA-
coated NCs in aqueous media demonstrate ligand-controlled
self-assembly and sensing.'’~"? Similarly, precise matching of
inorganic metal chalcogenide ligands with CdSe NCs yields
films of exceptional conductivity.*

For NCs in hydrophobic media, ligands are typically
paraffinic alkyl amines, phosphines, thiols, or carboxylic or
phosphonic acids. These remain invaluable, but the fields of
liquid crystals and supramolecular chemistry show the
structural complexities and practical utility achievable through
thoughtful exploitation of organic chemistry. Recent efforts
have demonstrated coating of colloidal NCs with dendritic or
liquid-crystalline ligands®~”'#*'~* that influence the self-
assembly behavior of NC—ligand hybrids including thermally
switchable™” or photoswitchable structures.”* Colloidal NCs
coated with various types of mesomorphous ligands have
demonstrated self-assembly into many liquid crystalline and
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crystalline assemblies.” > Most efforts rely on postsyn-
thetic ligand exchange, although direct syntheses of colloidal
NCs have been reported with Au NCs near room temper-
ature.” ™" In these examples, the size distribution of NCs is
large, indicating that tight control over the NC size has until
now not been achieved in direct synthesis with noncommercial
ligands.

Here, we demonstrate the direct synthesis of monodisperse
NCs using polycatenar ligands. These ligands'* are composed
of an anchoring group to bind the particle surface, a branched
tail of alkyl chains to enhance solubility, and a triazole ring
linking the two components together. Our modular synthetic
strategy accesses polycatenar ligands with independently
tunable peripheral chain substitution and functionality and
diverse anchoring groups to bind NCs of different chemical
compositions. To demonstrate their wide utility, we use these
ligands to synthesize a broad range of nanocrystals including
cadmium and lead chalcogenides, ZnO, Fe,O;, InP, and Au.

Direct synthesis, as opposed to ligand exchange, has both
advantages and limitations: it is more demanding of material
stability but enables ligand-dependent control of the resulting
NCs and their properties with unambiguous surface termi-
nation. In ligand-exchange reactions, sterically hindered ligands
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Scheme 1. Synthesis of the Various Libraries of Polycatenar Ligands Arranged According to Their Functionalities”
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“Reagents and conditions: (i) Hydrazine, THF, 60 °C, 4 h; (ii) thiourea, EtOH, reflux, 12 h. The complete characterization of ligands 20a—q, as well
as the synthesis of the precursors Sa—e, 9, 10, and 16 and all other intermediates la—c through 8 are described in detail in Supporting Information.

are particularly problematic candidates to bind to particle
surfaces, and the ligand shells may be incompletely exchanged.
Nonetheless, ligand molecules may function noninnocently in
reactions, so we also perform ligand exchange with polycatenar
ligands on selected NCs.

For optimized reactions, direct synthesis with polycatenar
ligands yields NCs with monodispersity comparable to similar
syntheses using commercial reagents. Self-assembly into single-
component and binary nanocrystal superlattices (BNSLs)
demonstrates the excellent monodispersity of NCs prepared
by direct synthesis with polycatenar ligands. The longer organic
ligand shells strongly affect self-assembly, as NC behavior
becomes softer, diverging further from the organizing principles
of hard spheres. In single-component systems, polycatenar
ligands induce a size-dependent transition from close-packed
hard structures (fcc or hep) to softer bec superlattices. The
BNSL phases that are observed in these softer NC superlattices
largely conform to the predicted trends of recent theoretical

work on the phase dia§ram for binary colloidal NCs with soft
interaction potentials.3

B EXPERIMENTAL SECTION

Full details of materials, synthetic procedures, and characterization
methods are contained in the Supporting Information.

B RESULTS AND DISCUSSION

Ligand Synthesis and Design. Ligands used in the direct
synthesis of NCs must survive the thermal and chemical
conditions of reactions in addition to stabilizing NCs against
aggregation. Building from the known stability of alkyl and
phenyl ethers in NC synthesis, the peripheral functionalization
of the polycatenar li%ands is achieved via Williamson ether
synthesis (Scheme 1).”” Thermal analysis indicates the success
of this approach: decomposition of the ligand material occurs at
>300 °C, similar to oleic acid (See Supporting Information
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Figure 1. (a) Optical absorption spectra, (b) X-ray diffraction patterns, and (c) TEM micrographs of NCs prepared by direct synthesis with
polycatenar ligands. CdS, InP, Fe,0;, PbS, and PbSe samples are capped with ligand 20b. The CdTe sample is capped with ligand 20q, CdSe with

20d, ZnO with 20i, and Au with 20n.

Figure S1). The five libraries of ligands in Scheme 1 are
synthesized in a modular approach. For one-half, peripheral
units of lipophilic alkyl-decorated polyhydroxbenzoates are
functionalized as azides (Sa—e, 9). For the other component,
surface-anchoring groups with carboxylic or phosphonic acid,
amine, and thiol binding groups are terminated with alkynes
(11-19). To synthesize the final targets (20a—20q), we relied
upon the Huisgen “click” cylcloaddition chemistry.*’ To study
the influence of the triazole ring orientation and the presence of
benzylic methylene unit, we also prepared corresponding
phenyl acetylene 10 as model system (making 20i).” This
late-stage functionalization permits independent variation of the
ligand structure, for example, number and length of chains and
anchoring functionality, which enables a study of the influence
of such parameters on NC properties and allows broader
compatibility with NCs of diverse chemistries.

The ligands 20a—q fall into five libraries that address changes
of ligand design. Library 1 consists of ligands 20a—d with
different anchoring spacer lengths but identical (C12) alkyl
substitution pattern, and library 2 (20e—f) consists of longer
(C18) homologues. Ligands with different number and
substitution pattern of alkyl end groups 20g—j, together with
an example of a ligand with differently oriented triazole unit,
20i, are shown in library 3. Library 4 consists of ligands where
we introduce aromatic rings either at the periphery (as end
groups), 20k, or the anchoring unit, 20l. Noncarboxylate
ligands (20n, 20p—q) are gathered in library S.

Synthesis of Nanocrystals. The results of several
syntheses of different NCs are shown in Figure 1. Reaction
conditions are typically chosen with little adjustment from
literature practice, replacing commercial fatty acid, amine, or
phosphonic acid ligands with equimolar amounts of polycatenar
analogs (Full details in Supporting Information). Figure la
shows the UV to near-IR absorption spectra, and Figure 1b
shows the X-ray diffraction patterns for examples of each
material. The optical spectra are similar to reported work,
indicating formation of the desired NC compositions. For the

semiconductor NCs, which exhibit quantum confinement, first
absorption features reflect inhomogeneous broadening of
electronic structure, primarily due to size dispersion: the first
absorption features of CdS, CdSe, CdTe, PbS, and PbSe NCs
are comparable to previous reports of monodisperse semi-
conductor NCs.*' ™ X-ray crystal structures observed in direct
synthesis with polycatenar ligands are consistent with stable
polymorphs for each of the materials. Au NCs show a fec
structure, ZnO NCs exhibit the wurtzite crystal structure,
whereas CdS, CdSe, CdTe, and InP exhibit zinc blende crystal
structures, and lead chalcogenides form in the rock-salt
structure. The X-ray structures of maghemite (Fe,O;) and
magnetite (Fe;O,) are not sufficiently different for phase
assignment in this case. The assignment to the fully oxidized
maghemite phase is made on the basis of past literature, which
has shown that small crystallites are easily oxidized into
maghemite.**

TEM micrographs confirming the formation of NCs appear
in Figure lc. TEM confirms the low polydispersity apparent
from optical absorption spectra for many samples. The standard
deviation of diameters for the cadmium and lead chalcogenides
was <10% of the average diameter in all cases, unless noted.
Synthetic conditions for InP (2.6 + 0.5 nm) and Fe,0, (4.4 +
0.9 nm) NCs in particular likely require further optimization;
however, ZnO samples (7.0 + 0.8 nm) with polycatenar ligands
were sufficiently monodisperse to self-assemble into hcp
superlattices. Although the ZnO inorganic cores are more
polydisperse than typically required for self-assembly, the
organic coating counteracts inhomogeneity of the inorganic
component and fosters ordered assembly.

Thermal analysis, FT-IR, and NMR experiments confirm that
intact polycatenar ligands coat the surface of NCs.
Thermogravimentric analysis experiments confirm the increase
in organic weight fraction for 20b-capped 2.8 nm CdSe (45 wt
%) compared with oleate-capped 2.8 nm CdSe NCs (34 wt %).
FT-IR experiments show the absence of olefinic C—H bonds
(Supporting Information Figure S6) in polycatenar-capped
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NCs and '"H NMR of 2.4 nm 20d-capped CdSe or 20a-capped
7.0 nm ZnO, cleaned by precipitation five times to remove
excess ligand, unambiguously shows NMR signals associated
with the functional groups of 20d or 20a, respectively
(Supporting Information Figures S7 and S8).

CdSe was used as a pilot system to study the effect of
different ligands on NC synthesis. NCs of CdSe synthesized
with polycatenar ligands show excellent monodispersity
apparent from the absorption spectra in Figure 2. Under the
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Figure 2. Visible absorption spectra of CdSe NCs synthesized with
different polycatenar carboxylic acids as the ligands. The chemical
structure of the ligand used in each synthesis is shown at right in the
same color.

same reaction conditions, the size of the resulting CdSe NCs
varied from 2.4 to 6.0 nm according to the ligand that was used.
As the ligand size increased, the resulting size of the NCs
generally increased, although the relation is imperfect. This
suggests that larger ligands suppress nucleation leading to fewer
nuclei and larger NCs. Consistent with this view, the largest
ligand 20e vyields large (>50 nm) prismatic NCs (see
Supporting Information Figure S19). Not all ligands shown
in Scheme 1 produced monodisperse CdSe NCs when used in
pilot reactions. Reactions with ligands 20h and 20j, with
distinct peripheral chain substitution, produce soluble CdSe
NCs with an average size consistent with the trend of steric
hindrance (reactions with 3,5-branched 20h produced smaller
NCs than with 3,4-branched 20j) but insufficiently mono-
disperse to demonstrate long-range self-assembly. Monoalkyl
(20g), triphenyl (20k), and benzoate-anchoring (201) deriva-
tives showed poor solubility in situ and resulted in polydisperse,
frequently aggregated products. In particular, the distinction
between branched and unbranched structures in NC solubility
provides additional support for enhanced solubility of NCs
incorporating ligands with branches.* When ligand exchange is
performed on oleate-capped CdSe NCs, those exchanged with
20k, containing phenyl peripheral functionality, become
insoluble in hexane but remain soluble in toluene; those
exchanged with the 20g and 20l are insoluble in nonpolar
organic solvents such as hexanes, toluene, and chloroform.

These experiments highlight the significant role of the ligand
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structure motifs in preserving solubility of the colloids during
reactions.

Single-Component NC Self-Assembly. Nanocrystals
prepared by direct synthesis or coated through ligand exchange
with polycatenar ligands showed size- and ligand-dependent
self-assembly. To obtain self-assembled structures from hard
spheres typically requires <5% diameter inhomogeneity and
therefore self-assembly is a powerful demonstration of
monodispersity. By softening differences of inorganic size,
polycatenar ligands facilitate self-assembly into periodic single-
component superlattices and BNSLs even in those cases (e.g,,
ZnO) where the nanocrystals would seem too polydisperse.
Figure 3 shows typical self-assembly behavior of NCs with

Figure 3. Projections along (001) of (a) bcc 20b-capped 2.8 + 0.2 nm
CdSe, (b) 20b-capped 2.4 + 0.2 nm CdS, (c) hcp 20i-capped 7.0 + 0.8
nm ZnO, and (d) close-packed hexagonal monolayer of 20b-capped
5.5 + 0.4 nm PbSe NCs.

polycatenar ligands (more in Supporting Information). Figure
3a shows the (110) projection a bcc superlattice of 20b-capped
2.8 nm CdSe, and Figure 3b shows the same projection for a
superlattice of 20b-capped 2.4 nm CdS nanocrystals. Larger
NCs prepared by direct synthesis including (Figure 3c) 20i-
capped 7.0 nm ZnO and (Figure 3d) 20b-capped 5.5 nm PbSe
NCs self-assembled into hexagonally packed superlattices.
The observation of bcce superlattices, rather than a stable hard
sphere phase, raises several lines of inquiry. In the remainder of
Figure 4, we separately examine the influence of the ligands on
the same size of NC, the effect of branching, and the use of the
same ligands on NCs of different size. Figure 4a,b shows 2.8 nm
CdSe NCs capped with ligand 20a, which formed bec
assemblies, or oleic acid, which formed close-packed super-
lattices. TEM studies of CdSe samples showed that the effective
solid state ligand length (defined as one-half of edge-to-edge
distance) of polycatenar ligands used in this work varied from
1.4 nm (20d) to 2.2 nm (20a) compared with ~1 nm for oleic
acid. The larger spacings engineered with polycatenar ligands
are critical for generating deviation from hard sphere behavior.
Using a ligand with two branches rather than three hardens self-
assembly behavior: Figure 4c,d show polymorphism in 20i-
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Figure 4. (a) Self-assembly, bec-type, of 2.8 + 0.2 nm CdSe NCs prepared by direct synthesis with ligand 20a, (b) hcp-type assembly of 2.8 + 0.2 nm
CdSe NCs prepared by synthesis with oleic acid ligands, (c, d) 3.5 nm CdSe NCs capped with 20i polycatenar ligand self-assembled into hcp, fcc, and
bec superlattices, (e) hep superlattice of 20p-capped 6.5 + 0.4 nm Au NCs (inset shows an fcc assembly of the same sample, and (f) 20p-capped 3.0
+ 0.4 nm Au NCs in a bec superlattice (inset shows another region of bec superlattices for the sample, including a characteristic twin boundary).

capped 3.5 nm CdSe NC superlattices, for which the ligand
shell thickness is ~1.8—1.9 nm. This suggests a turning point in
the self-assembly behavior where the contribution of the
organic material eclipses the contribution of the inorganic
material to the total diameter of the organic—inorganic NC
unit. A further demonstration is shown by 20p-capped 6.5 and
3.0 nm Au NCs. The observed ligand layer thickness of 20p-
capped gold was larger than 20b-capped semiconductors,
presumably due to the larger number of binding sites and
consequently greater ligand density. With a ligand of fixed
length of 2.2 nm, 6.5 nm Au NCs show hcp and fec superlattices
(Figure 4e) and 3.0 nm Au NCs show bcc superlattices (Figure
4f). This strongly suggests that the large relative organic size of
softer systems increasingly stabilizes the more open bcc
structure. Indeed, bcc superlattices were observed exclusively
from NCs with organic thickness greater than the particle
radius, with all NCs larger than ~4 nm showing hard hep or fec
packing.

Previous work has claimed that bec structures are observed
for small (<3 nm) NCs with oleate ligands because the bec
structure reduces ligand frustration due to a highly symmetrical
truncated octahedron shape of the Voronoi polyhedron.*® NCs
may also deviate from hard sphere behavior because they are
not spheres: 7.5 nm oleate-capped PbSe nanocrystals form bcc
structures, such as in Supporting Information Figure $26, but
this represents the highest packing density structure for such
truncated octahedra. In the case presented in this work, the
observed behavior is dependent on the organic ligand choice,
because the inorganic cores (e.g, in Figure 4ab) are nearly
identical in size, shape, and monodispersity, but the size of the
organic layer is substantially different. (See comparison of
SAXS and SANS in Supporting Information Figure $23)

A separate treatment of soft sphere behavior, which also
offers a unified approach with BNSLs, is based on interparticle
potentials of the form®**’

V() = 8(%)10

where ¢y, is the center-to-center distance of j and h NCs, r is
interparticle distance, and ¢ is a scalar reflecting the strength of
interaction. For potentials p < 7, the bcc phase also becomes
stable.”” Softness, judged from the size of organic shell relative
to the inorganic core determined by TEM measurements,"
maps intuitively onto different values of p. For samples in which
the organic material is smaller than the inorganic core size, like
20p-capped 6.5 nm Au NCs or oleate-capped 2.8 nm CdSe
NCs, behavior is “hard” (p > 7), with the formation of hcp or fec
superlattices. For systems with organic coatings that are larger
than the NC radius, including all NCs with diameters <4 nm
with three-branch polycatenar ligands, exclusively bcc super-
lattices are observed. With two-chain 20i-capped CdSe,
polymorphism between bee, fec, and hep phases is observed,
suggesting similar energies of all three phases (p & 7). From
self-assembly data, we conclude that engineering polycatenar
ligands enables softer interparticle potentials (p < 7) than
previous NC systems with commercial ligands.**

Binary NC Self-Assembly. In addition to single-
component superlattices, BNSL structures, several of which
are shown in Figure S, are obtained by coassembly of two
samples. More structures, including two binary liquid crystal
phases and unidentified structures, are reported in the
Supporting Information (see Figures $27—S35). The observed
BNSLs encompass many structures observed in prior work
including phases isostructural with CuAu, Cu;Au, AlB,, NaZn,;,
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J. Am. Chem. Soc. 2016, 138, 10508—10515


http://pubs.acs.org/doi/suppl/10.1021/jacs.6b04979/suppl_file/ja6b04979_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b04979/suppl_file/ja6b04979_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b04979/suppl_file/ja6b04979_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b04979

Journal of the American Chemical Society

¥
SE
et
FIriely
20

bR Y
R \_\\
LR A

%

N

W

-y
.
_

e S

e
e
<,

o
RePaI0a0e
L

0,

o Egafgz" 53

X 9008
%4.;.;3@!4]-«9«.»4.‘4. LXK
Aodo A SIS
9900 {
Y ¥

¥ J

et ar s L NN

P Y Y X AAABAA
N ¥ B

A #
L N N
¥ Y

’
{XEXXXYXYX X ¥
Feprfefe bt I A S

4 909000008
D R Aot O S Y T e
XXX XN XX XX
).0.¢ e R e B e >

> W

Figure 5. TEM micrographs of (a) NaZn;, (b) Cu;Au, and (c) CuAu BNSLs composed of different stoichiometries of 20b-capped 5.5 nm PbSe and
20d-capped 2.4 nm CdSe NCs capped with polycatenar ligands. (d) CaCug BNSL composed of 20i-capped 3.5 nm CdSe and 20i-capped 7.0 nm
ZnO NCs. (e) MgZn, and (f) CaCus BNSLs composed of different stoichiometries of 20i-capped 3.5 nm CdSe and 20b-capped 2.4 nm CdS NCs.
The colorized inset of (f) shows 12-fold symmetric defects, which occur in mixtures of the two NCs. (g) CujAu-type, (h) CuAu-type, and (i) AlB,-
type BNSLs formed from different stoichiometries of oleate-capped 2.8 nm CdSe and 20p-capped 6.5 nm Au NCs. Insets of panels g and h show
images from other BNSL domains of the same type. Cartoons of the unit cell for each crystal structure are inset at the bottom left of the images.

MgZn,, and CaCus.”” Recent experimental®® and theoreti-
cal’®*” works conclude that soft sphere behavior induced by
organic ligands increases the number of equilibrium BNSL
phases, consistent with observed structural diversity.”” The
formation of several different BNSL structures using long
polycatenar ligands allowed us to extend this analysis.
Following Horst and Travesset,”" the thermodynamics of
BNSL phases are modeled by a modification of the power law
equation above:

O

P
Vi) = ensin 2

where &;, represents interaction of the j and h NCs, assuming
that &,, = 1. Figure 6 shows relevant equilibrium phases for
exponential values of p = 6 and p = 12 versus NC size ratio ¥,
defined as the diameter (inorganic core plus ligand shell) of the
small NC divided by the diameter of the large NC.** Average
values of inorganic diameters and ligand lengths are obtained
via TEM imaging (see Table 1).

To map experimental results of this work onto the
coordinate of €,5, the best correlation between experiment
and theory found in earlier results uses a coordinate of cy-syp,
where c is a scalar (1.0 for p = 12; 0.85 for p = 6) and s,y is the
softeness asymmetry parameter defined as™’
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We plot the experimental findings of this work in Figure 6
using colored dots, which indicate the BNSL structure. In
general, the results are in substantial agreement with theoretical
predictions, although there are points of difference. Our work
shows previously noted preferences for nonequilibrium phases:
where CsCl is predicted over a large parameter space, the
similar CuAu is observed in our system.’® Also, MgZn,-type
BNSLs, rather than MgCu,, are found experimentally, although
the energy and structure difference between these phases is very
small, and we have therefore plotted them in the same color in
Figure 6. Although the bcc phases observed in the single-
component systems suggest a potential with p < 7 for smaller
NCs, in the BNSLs achieved from combinations of these NCs,
Figure 6 shows better agreement with a p = 12 exponent. This
seems most likely because the potential between larger
particles, one of the constituents of a binary system, is harder,
as observed in single-component self-assembly. Most points fall
within +0.1 in y or s, (which also allows for measurement
error) from the equilibrium lines for the relevant phase. For
example, CuAu and MgZn, points fall close or within the
equilibrium regions of CsCl and MgCu,, respectively, and most
other experimentally observed BNSLs are close to the
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Figure 6. Equilibrium phases of BNSLs for (a) p = 6 and (b) p = 12,
mapped as a function of size ratio (y) versus interaction (£,5) or
empirically measured softness asymmetry parameter (syz). The
equilibrium regions of each phase, indicated by color at right, are
shown with solid lines. The solid gray region represents the
equilibrium state of phase separation of the two components. Dots
represent experimentally observed BNSLs. Due to their similarity, the
line for MgCu, and dots for MgZn, are plotted in the same color. In
those cases of polymorphism from a given combination, the dots are
offset slightly for visual clarity. The value of ¢ is 0.8 in (a) and 1.0 in
(b). Equilibrium lines from ref S0.

equilibrium regions for the observed phase. Where our data
differs substantially from the theoretical equilibrium predictions
is in the appearance of the CujAu BNSLs, which appeared at
much smaller values of y and in the p = 6 case lower values of
sap, than predicted. In several cases, in fact, Cu;Au phases were
observed at points in phase space, especially for p = 6, for which
Li;Bi BNSLs are the favored equilibrium phase. These data may
provide additional information for the refinement of models of
NC self-assembly and may hint at the necessity of adopting a
more molecule-specific description of interparticle interactions
in some cases.”’

In summary, click reactions of diverse surface anchoring
chemistries with branched lipophilic terminal groups access a
library of new ligands for colloidal NCs. Our modular approach
offers a way to bring organic functionality to inorganic NCs to
control, in this case, solubility, interparticle spacings, and self-
assembly behavior. This same approach may be expanded to
offer templates for further conjugation, chirality, ligand
segregation or patchiness, and electronic structure. Ligands
synthesized in this study showed the thermal stability necessary
for direct synthesis of NCs of several compositions yielding
monodisperse NCs unambiguously functionalized with poly-
catenar ligands. We observe a size- and ligand-dependent
transition from close-packed to open superlattice structures in
line with theoretical predictions, and binary lattices self-
assembled from NCs coated with polycatenar ligands hew
reasonably well to the predicted equilibrium phases for BNSLs
using a soft interparticle potential.
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