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Crystallization is a common and invaluable tool in chemistry
for obtaining compounds with a high degree of purity. In
a mixture of two or more species, conditions are found in
which the desired component is able to selectively form
a crystalline structure that excludes impurity species which
are unable to incorporate into the ordered lattice formed by
the product. This process has been used to purify myriad
organic molecules, resolve racemic mixtures with chiral
additives, and even separate complex protein mixtures to
arrive at samples of maximum homogeneity.[1] Without such
tools to obtain materials that are uniform in their structure,
function, and composition, elucidation of their chemical and
physical properties would be extremely challenging and, in
some cases, impossible. Interestingly, a host of anisotropic
nanoparticle syntheses currently suffer from an analogous
problem as the aforementioned molecular systems—the
presence of impurity nanostructures with disparate shapes
that obviate a variety of measurements, confound data
analysis, and preclude potential applications.[2] Surprisingly
few separation methods exist for addressing this challenge[3]

and it has been shown that conventional methods for
crystallizing nanoparticles based on drying effects or capillary
forces are not effective at separating differently shaped
nanoparticles.[4] However, recent work from our group has

demonstrated that anisotropic nanostructures functionalized
with a dense shell of oligonucleotides are capable of hybrid-
izing one another and forming ordered superlattices with
a binding constant six orders of magnitude larger than
comparable spherical nanoparticle conjugates.[5] In addition,
the programmability inherent to DNA in both sequence and
length allows the interactions between nanoparticles to be
tailored to optimize their assembly into crystalline super-
lattices. Herein we show that DNA-programmable nano-
particle crystallization is capable of maximizing the thermo-
dynamic selectivity for one particle shape to form an ordered
phase in preference to another. This is in stark contrast to
classical chemical crystallization in which the molecular
interactions that dictate crystal formation are predetermined
by the species being purified and are essentially unalterable.
The preferential formation of ordered superlattices that
exclude impurity nanoparticles of undesired shapes allows
the crystallized nanoparticle product to be separated, result-
ing in samples of substantially increased homogeneity
(Scheme 1). Finally, we show the first experimental derivation
of molar extinction coefficients for these materials, as
determination of this property requires a degree of sample
purity which has been previously unobtainable.

Scheme 1. DNA-programmable nanoparticle crystallization. After DNA
functionalization of all the particles (1), anisotropic structures can be
selectively crystallized into ordered superlattices (2), which facilitates
their removal from impurity species (3). Additional rounds of purifica-
tion (4) results in samples with improved purity.
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Previously, we and others have observed that gold nano-
particles functionalized with alkylthiol modified oligonucle-
otides exhibit a variety of unexpected properties,[6] some of
which include high cellular uptake without transfection
agents,[7] resistance to enzymatic DNA degradation,[8] and
the ability to assemble into extremely well-ordered super-
lattices according to straightforward design rules.[5,9] Of
particular interest is the discovery that DNA-functionalized
nanoparticles exhibit a 100-fold increase in binding constant
for the hybridization of complementary oligonucleotides.[10]

The observation that DNA–nanoparticle conjugates exhibit
enhanced binding constants has already been used to sort
mixtures of spherical nanoparticles of different diameters on
the basis of their size.[11] However, this approach is limited by
the relatively weak dependence of binding constant on sphere
size, and did not result in the formation of ordered nano-
particle phases owing to the lack of understanding of the
importance of weak DNA interactions in facilitating the
formation of well-defined crystals at the time. The recent
demonstration that nanoparticle shape can induce directional
assembly interactions and change conjugate binding to
complementary NPs by a factor of several million lays the
foundation for the crystallization approach used herein.[5,12]

The problem of particle non-uniformity in the field of
nanoscience has been recognized as a major challenge since,
unlike molecules, nanostructures have rarely been synthe-
sized in an atomically pure fashion, yet their properties are
heavily dependent on the number of atoms in the material.[13]

This issue is compounded for anisotropic particles as the
property of shape becomes an additional variable that must
be regulated with a high degree of precision. Herein, the gold
triangular nanoprism synthesis is used as a model system
because nanoprisms are considerably under-represented in
both fundamental and applied studies of nanoparticles, owing
in part to the challenge of their separation from concom-
itantly generated spherical particle impurities.[2b] Despite this
difficulty, triangular nanoprisms have been recognized as
appealing nanostructures because of their unique shape and
complex optical resonances,[2b, 14] but have been featured in
notably fewer reports than other established anisotropic
structures.[15] For comparison, single-crystalline gold nano-
rods, which can be synthesized naturally with high purity (ca.
98%),[16] have deservingly enjoyed a high degree of success in
studies of both fundamental scientific relevance[17] and those
focused on applied systems ranging from optical data
storage[18] to biological therapeutics.[19]

As with most seed-mediated nanoparticle syntheses,[20]

triangular nanoprisms (sometimes referred to as prisms for
brevity) can be made in a size-controlled manner by changing
the concentration of spherical seed nanoparticles added to
a growth solution. For prisms (see Supporting Information for
experimental details), this strategy allows for edge lengths to
be tailored from 200 to less than 20 nm (thickness remains
constant at ca. 7 nm), all while maintaining a polydispersity of
10% or less (Supporting Information, Table S1). This notable
degree of edge-length control also allows for a highly tunable
optical response across the visible and near-infrared regions
of the electromagnetic spectrum (peak values range from 600
to over 1300 nm; Figure 1a), as the surface plasmon reso-

nance (SPR) for anisotropic noble-metal nanoparticles is
heavily dependent on the aspect ratio of the structure.[20,21]

Although this synthetic method is appealing as it results in
a solution of high-quality triangular nanoprisms, it also
generates an excess of spherical nanoparticle impurities; in
a typical synthesis, nanoprisms constitute only 20–30% of all
particles while spheres make up the remainder (SPR peak at
ca. 530 nm; Figure 1a,b). Moreover, while increasing the seed
concentration decreases the nanoprism edge length, it also
decreases the diameter of the spherical particles generated
(Figure S1). For example, a synthesis of 100 nm edge-length
nanoprisms produces spherical impurities of 34 nm diameter,
while a synthesis of 50 nm edge-length nanoprisms produces
spheres with a diameter of 25 nm (Figure 1c). The commen-
surate nature of the prism and sphere sizes, regardless of the
seed concentration used, makes segregation of the two species
particularly challenging; all attempts to purify the prisms by
centrifugation or filtration result in little to no differential
separation.

To investigate the ability for DNA-functionalization to
facilitate purification through a selective crystallization
mechanism, as-synthesized mixtures of prisms and spheres
were functionalized with oligonucleotide ligands according to
literature precedents.[12, 22] To induce interparticle association,
linker oligonucleotides were introduced that were designed
with two functional regions, one which hybridizes the nano-
particle-bound strands, and another that presents a short self-
complementary “sticky end” overhang at the periphery of the
nanostructures (see Supporting Information for sequences).
These sticky end sequences, while individually weak, collec-
tively facilitate a relatively strong association between
particles through numerous DNA linkages.[5, 12] Importantly,
because these oligonucleotides primarily consist of duplexed
structures, they are sufficiently rigid so as to preserve the
shape of the nanoparticles to which they are attached, thus
allowing any preferences for crystallization of a particular

Figure 1. a) Extinction spectra from a range of as-synthesized nano-
prisms with redshifting plasmon resonances corresponding to increas-
ing prism edge lengths (lmax�600 to 1300 nm). The peak at approx-
imately 530 nm corresponds to spherical impurities and is present in
every synthesis. b) TEM image of a typical synthesis showing a mixture
of prisms and spheres; scale bar is 200 nm. c) Linear relationship
between the prism edge length and sphere diameter generated by
a synthesis with a particular seed concentration.

2959Angew. Chem. 2013, 125, 2958 –2963 � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://www.angewandte.de


nanoparticle shape to be most pronounced. In other words,
ligands that are too flexible will cause particles to appear
more spherical from a hydrodynamic perspective and destroy
any shape-dependent effects. Upon addition of linker strands
to mixtures of DNA-functionalized prisms and spheres, an
immediate color change was observed, followed by visible
aggregation over the course of several minutes indicating
a DNA-mediated association process, consistent with previ-
ous results.[5,6, 22]

To determine the feasibility of purification by crystalliza-
tion, a DNA-mediated nanoparticle hybridization analysis
was conducted to follow the assembly process under thermo-
dynamic control. After the addition of linker oligonucleo-
tides, as-prepared mixtures of prisms and spheres were heated
to 55 8C to dehybridize all the DNA connections and then
slowly cooled to 10 8C while simultaneously monitoring the
SPR of each particle shape (spheres ca. 530 nm, prisms 600–
1300 nm depending on size, Figure 1a). Because interparticle
association results in large shifts in the SPR wavelength and
intensity, the hybridization transition temperature (Tm) can be
determined independently for each nanoparticle species from
this experiment.[23] At high temperatures, both species are
dispersed and exhibit their maximum SPR extinction (Fig-
ure 2a). Upon cooling, a dramatic drop in the extinction of
the particles indicates interparticle association. For a repre-
sentative set of particles, the nanoprisms hybridize one
another at temperatures 10 8C higher than their spherical
particle contaminants, indicating a considerable thermody-
namic selectivity for particle shape (Figure 2a). It is impor-

tant to note that although the results presented in Figure 2 are
for a combination of 60 nm edge-length prisms and 27 nm
spheres, the same qualitative behavior in association temper-
ature was observed for a range of prism/sphere combinations
generated by the synthesis (Figure S2). Recent work from our
group suggests that the origin of this separation in transition
temperature arises from the confinement of DNA ligands on
the flat, faceted surfaces of anisotropic nanostructures.[5]

To explore the importance of DNA design on the
behavior of the system, prism and sphere hybridization
temperatures were determined using several different oligo-
nucleotide linkers. Sticky end sequences were designed to
vary in strength and to minimize base-pair slippage effects.[24]

Thermodynamic data were collected using a synthesis of
40 nm edge-length prisms with 22 nm spheres, as these two
particles become functionalized with the same number of
DNA strands and therefore allow an accurate comparison to
be made based solely on nanoparticle shape.[5] As a function
of the Gibbs free energy of a particular sticky end sequence,[25]

several important trends can be observed (Table 1). As

expected, the absolute transition temperatures decrease as
the driving force for hybridization becomes weaker. More
interestingly, the prism transition temperature has a weaker
dependence on the sticky end interaction strength than the
sphere transition temperature. This result originates from the
greater degree of multivalency in the face-to-face interactions
of prisms than with the curved surfaces of spheres.[5] The
consequence of this effect is that the separation between
prism and sphere transition temperatures (DTm) is maximized
for weak linkers. This ability to differentially modulate the
association strength between nanoparticle species highlights
a major advantage of using a DNA-based approach to
nanoparticle crystallization.

While these results strongly imply the ability to preferen-
tially crystallize prisms over spheres at the appropriate
temperature, monitoring of the plasmon shift is unable to
differentiate a random aggregation process from one in which
ordered phases are formed. To interrogate the presence and
evolution of long-range order upon cooling of the system,
small angle X-ray scattering (SAXS) data were collected at
relevant temperatures indicated by the hybridization results
(dashed lines Figure 2a; see Supporting Information for
details of the SAXS analysis and modeling). At high temper-

Figure 2. a) Extinction at SPR peak monitored as a function of temper-
ature for an as-prepared solution of DNA-modified 60 nm edge-length
prisms and 27 nm spheres. The sharp drop denotes the thermody-
namic onset of interparticle association (insets indicate the ordered
phases that form for each nanoparticle shape). b–d) Small angle X-ray
scattering patterns taken at temperatures indicated by the dashed
lines in (a) with experimental results shown in black and modeled
results shown in red or blue. b) Form-factor at high temperatures
indicating a majority population of non-interacting spherical particles
(model for perfect 27 nm spheres shown in red). c) Structure-factor at
intermediate temperatures indicating the presence of lamellar nano-
prism superlattices (model for perfect lamellar superlattices composed
of 60 nm edge-length prisms is shown in blue). d) Structure-factor at
low temperatures indicating both FCC spherical nanoparticle super-
lattices and lamellar nanoprism superlattices (model for perfect FCC
superlattices shown in red and perfect lamellar superlattices shown in
blue).

Table 1: Hybridization temperatures (Tm) for a combination of 40 nm
edge-length prisms and 22 nm spheres varying the linker sticky end
strength.

Sticky end
sequence[a]

DG8 [kcal
mol�1][b]

Tm Prism
[8C]

Tm Sphere
[8C]

DTm

[8C]

GAGCTC �5.75 50.85 49.68 1.17
TAGCTA �4.26 41.67 38.48 3.19
TCTAGA �4.04 36.42 32.90 3.51
TGCA �3.52 32.45 28.26 4.19

[a] Sequences are listed 5’ to 3’ and represent the terminal overhang
bases only. [b] Values were calculated using the model described in
Ref. [25] with one initiation parameter and both symmetry and salt
corrections.
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atures, an oscillatory form factor indicative of the absence of
long-range order was observed (Figure 2b). This scattering
pattern was best modeled by the form factor of a solution
primarily containing spherical particles, as expected from the
extinction spectra and TEM results (Figure 1). Scattering
patterns obtained at intermediate temperatures, however,
showed strong periodic structure factor indicative of a lamel-
lar ordering of particles (Figure 2c). A modeled pattern for
a one-dimensional superlattice of nanoprisms showed excel-
lent agreement with the experiment and is consistent with
previous observations.[12] Upon further cooling, scattering
peaks corresponding to FCC order were observed overlaid
with those arising from one-dimensional lamellar order
(Figure 2d). A modeled scattering pattern consisting of
a two-phase mixture of FCC spherical nanoparticle super-
lattices and lamellar nanoprism superlattices showed excel-
lent agreement with the data. These results confirm that
nanoprisms indeed associate and form a crystalline nano-
particle superlattice phase preferentially over spherical
impurity particles.

Having confirmed the feasibility of preferentially crystal-
lizing prisms over spheres, we next sought to exploit the
considerable difference in transition temperature as a means
of purification. As-prepared mixtures of DNA-functionalized
prisms and spheres were heated to 55 8C and then cooled to
temperatures between the two hybridization transitions so
that only nanoprisms could form an ordered crystalline phase
(middle dashed line, Figure 2a). After annealing samples
under these conditions for 12 h to several days, visible phase
separation was observed in the form of a large pellet with
a bright red supernatant. After mild centrifugation, the
supernatant could be removed without disturbing the pellet
and on analysis was found to contain extinction peaks
indicative of a solution of spherical particles with no nano-
prisms (Figure 3a). Likewise, re-dispersion of the pellet in
water resulted in a blue or green solution, depending on

particle size, and was found to exhibit extinction peaks
indicative of a solution of triangular nanoprisms with no
spherical particle impurities (Figure 3a). TEM images of the
as-prepared solution, supernatant, and re-dispersed pellet
confirmed the spectroscopic data and indicated the separation
of each species to be extremely efficient (Figure 3b–d).
Indeed, image analysis of approximately 2000 particles
revealed a purity of over 95% after a single separation step;
this corresponds to a separation factor of 76 (Figure S3).[26]

Interestingly, just as for the crystallization of molecular
species, nanoparticle product can be crystallized and purified
sequentially several times to arrive at samples of improved
quality. Using this approach, nanoprisms that were recrystal-
lized an additional two times accounted for approximately
99% of the total number of particles, a remarkable degree of
purity, particularly for anisotropic nanostructures. In addition,
this crystallization strategy can be used to refine the dispersity
of solutions containing a distribution of prism sizes, as larger
nanoprisms will exhibit higher hybridization transition tem-
peratures than smaller prisms (Figure S2). The ability to
simultaneously improve both the purity and monodispersity
of nanoparticle samples highlights the versatility of the DNA-
based crystallization approach described herein.

As in the case of traditional organic chemistry, purity of
a desired compound is unavoidably linked to the ability to
probe its chemical and physical properties. An excellent
example of this for nanoparticle systems is quantification of
their size-dependent molar extinction coefficients, as deter-
mination of both the absolute extinction of a solution of
particles and the number of particles in that solution can be
confounded by the presence of impurity nanostructures.
While empirical extinction coefficients have been determined
for both spherical nanoparticles and nanorods owing to their
inherent synthetic purity,[27] the lack of such uniformity in
solutions of triangular nanoprisms has been a major barrier to
the derivation of their extinction coefficients. To overcome
this limitation, DNA-programmable nanoparticle crystalliza-
tion was used to purify a range of nanoprism sizes, allowing
for spectroscopically pure samples of particles as small as
approximately 30 nm to be generated (Figure 4 a). Inductively
coupled plasma atomic emission spectroscopy (ICP-AES)
was then used to determine atomic gold content of dilutions
of known extinction values for each nanoprism size (Fig-
ure S4). Using particle dimensions determined from TEM,
linear interpolations of absolute extinction versus nanopar-
ticle concentration allowed for derivation of the molar
extinction coefficient as a function of the size of the nano-
prism (Figure 4b; see Supporting Information for experimen-
tal details). For comparison, the size-dependent molar
extinction coefficients of spherical particles and nanorods of
several different dimensions are provided from empirical
studies found in the literature.[27] Interestingly, when evaluat-
ing these shapes on the basis of nanostructure volume, the
nanoprisms are shown to be more efficient at interacting with
resonant light than nearly all the other structures, and they do
so over a wide range of particle sizes. This illustrates that
triangular nanoprisms are ideal nanostructures for maximiz-
ing plasmonic light–matter interactions on an atom-by-atom
basis.

Figure 3. a) Extinction spectra of an as-prepared mixture of prisms and
spheres, separated spherical nanoparticle impurities found in the
supernatant and purified nanoprism product found in the re-dispersed
pellet (as-prepared curve is offset for clarity). b–d) TEM images of
b) the mixed nanoparticle solution, c) the spherical particle super-
natant, and d) the re-dispersed nanoprism pellet; scale bars are
50 nm.
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In conclusion, we have shown that the programmable
nature of DNA-mediated nanoparticle interactions allows
crystallization/recrystallization to be used to generate sam-
ples of exceptional purity without being bound by the
limitations of conventional molecular crystallization. Using
this approach, triangular nanoprism samples can now be
generated with purities of 95% or greater across a broad
range of particle sizes. In addition, the uniformity of these
samples has allowed for the first determination of molar
extinction coefficients as a function of size which reveal
a marked advantage of nanoprisms over several other
common nanostructures on the basis of maximizing the
efficiency of light–matter interactions. These results, there-
fore, have considerable relevance to both the nanoparticle
and plasmonics communities, which depend heavily on
samples of optimal homogeneity for a variety of applications
and optical investigations.
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