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ABSTRACT: Herein, we describe a strategy for converting
catalytically inactive, highly crystalline nanoparticle superlattices
embedded in silica into catalytically active, porous structures through
superlattice assembly and calcination. First, a body-centered cubic
(bcc) superlattice is synthesized through the assembly of two sets of
5 nm gold nanoparticles chemically modified with DNA bearing
complementary sticky end sequences. These superlattices are
embedded in silica and calcined at 350 °C to provide access to the
catalytic nanoparticle surface sites. The calcined superlattice
maintains its bcc ordering and has a surface area of 210 m2/g. The
loading of catalytically active nanoparticles within the superlattice was
determined by inductively coupled plasma mass spectrometry, which
revealed that the calcined superlattice contained approximately 10%
Au by weight. We subsequently investigate the ability of supported Au nanoparticle superlattices to catalyze alcohol oxidation. In
addition to demonstrating that calcined superlattices are effective catalysts for alcohol oxidation, electron microscopy reveals
preservation of the crystalline structure of the bcc superlattice following calcination and catalysis. Unlike many bulk nanoparticle
catalysts, which are difficult to characterize and susceptible to aggregation, nanoparticle superlattices synthesized using DNA
interactions offer an attractive bottom-up route to structurally defined heterogeneous catalysts, where one has the potential to
independently control nanoparticle size, nanoparticle compositions, and interparticle spacings.

■ INTRODUCTION

The use of DNA to program the formation of nanoparticle
superlattices has evolved into a general method that provides
deliberate control over crystal symmetry, lattice parameters,
composition, and, in certain cases, crystal habit.1−8 In principle,
this control provides a means of realizing highly functional
materials with designer optical, magnetic, electronic, and
catalytic properties. In practice, it has been primarily exploited
to control the optical and in particular the plasmonic properties
of such structures when the particle components are made of
silver or gold.9−11 From the standpoint of catalysis, the
technique looks particularly attractive since it allows one to
control particle size, composition, and density, while prohibit-
ing agglomeration; however, it also poses several significant
challenges that are addressed in this work. First, the DNA
required for assembly necessitates that the superlattices be
generated under aqueous conditions and maintained in the
solution state, which limits the environments in which catalytic
properties can be studied. Second, the DNA passivates the
particles and adversely affects their catalytic properties. In

previous work, we have shown that such superlattices can be
stabilized in the solid state by encapsulating them in silica;12

however, this further limits the accessibility of the particles with
respect to catalytic precursors.13 In this work, we show that
following silica encapsulation, the DNA can be removed
through calcination to generate porous nanoparticle super-
lattices that are catalytically active for alcohol oxidation. This
technique allows one to prepare a particle lattice with a well-
defined symmetry via the design rules5 that underlie DNA
programmable assembly and rapidly convert it into a structure
suitable for catalytic studies where the distribution and density
of the particles are maintained and the silica has been
transformed from an encasing material into a catalytic support
(Scheme 1). This work is the first proof-of-concept that
demonstrates the utility of DNA in nanoparticle catalysis,
whereby it directs the assembly of nanoparticles into a spatially
organized catalyst architectures, as well as templates the
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formation of porous channels that provide access to catalytically
active nanoparticle surfaces.

■ RESULTS AND DISCUSSION
Superlattice Synthesis. First, superlattices of 5 nm

nanoparticles with body-centered cubic (bcc) packing were
synthesized using DNA assembly and silica-embedded to
stabilize them in the solid state.14 Utilizing the unit cell
parameters and particle size, it was possible to calculate the
approximate volume occupied by Au nanoparticles to be
approximately 1% within the superlattice. The gold content was
further determined experimentally by inductively coupled
plasma mass spectrometry (ICP-MS), which yielded a value
of 10 wt% Au. This value is notably higher than many bulk
heterogeneous catalysts prepared by metal reduction containing
a random distribution of particles on a support.15 Furthermore,
the bottom-up approach to superlattice synthesis allows one to
incorporated highly size-monodisperse particles and increase
the catalyst loading without compromising the nanoparticle
dispersion within the support material, two parameters that are
challenging to control in conventional supported nanoparticle
catalyst systems.
Calcination. For catalytic applications, the presence of a

dense environment of oligonucleotides throughout the super-
lattices obstructs access to the surface of the nanoparticle. To
overcome this obstacle, nanoparticle superlattices were
embedded in silica according to our previously developed
method,12 followed by calcination at 350 °C for 2 h in air to
remove the DNA. Thermogravimetric analysis (TGA) was
conducted on a sample of silica-supported bcc superlattices, and
approximately 20% weight loss was observed upon heating at
350 °C for 2 h (Figure 1a).14 The rapid weight decrease upon
initial heating is attributed to either water absorbed during
TGA sample preparation or water retained in the sample pores
despite pre-measurement vacuum heating. Subsequent weight
decrease is attributed to loss of DNA, which was estimated to
occupy approximately 5% of the sample weight based on the
expected DNA coverage per nanoparticle16 (∼25 dsDNA/
nanoparticle), as well as excess water retained within the pores.
To confirm that all DNA was successfully calcined, FTIR
measurements were carried out which revealed that the peak at
963 cm−1, corresponding to the skeleton motions of the C−C
and C−O of the deoxyribose group of DNA, was completely

absent in the calcined sample (Figure 1b).17 Previous studies of
this silica embedding process were shown to produce robust
solid-state superlattices that were stable above the aggregate
melting temperature (typically 40−60 °C); however, the
stability at high annealing temperatures (350 °C) was not
tested. Therefore, in this work, characterization of the
superlattices after calcination was carried out using small-
angle X-ray scattering (SAXS) and transmission electron
microscopy (TEM), both of which showed that the bcc
ordering of the materials is preserved with no observable
aggregation or sintering after heating at 350 °C for 2 h (Figure
1c−e). Note that although the exact morphology of the silica
was not characterized in this work, most silica types exhibit
thermal stability well above the calcination temperature of 350
°C,13 and thus any loss of crystallinity of the superlattices due
to silica decomposition was avoided. A small decrease in the
lattice constant from approximately 26 to 23 nm is consistent
with the observation in previous experiments that the lattice
undergoes a slight, uniform shrinkage following silica
embedding compared to the solution phase structure. The
nearest neighbor spacing was calculated from the SAXS data to
be approximately 20 nm, a value that is not readily calculated
for conventional supported nanoparticle catalysts due to the
disordered nature of particles within the support material.
Finally, to confirm access to the nanoparticle surfaces after
calcination, nitrogen isotherms were collected for the calcined
superlattices. Following activation at 350 °C, the Brunauer−

Scheme 1. Synthesis of Catalytically Active DNA−
Nanoparticle Superlattices

Figure 1. (a) TGA trace of silica-embedded DNA-nanoparticle
superlattices. (b) FTIR spectrum of pure DNA only (blue),
superlattices before calcination (red), and superlattices after
calcination (black). (c) SAXS data of the as-synthesized solution-
phase bcc superlattices (black) compared to the silica-embedded
lattices after calcinations (red). Theoretical scattering from a perfect
bcc lattice is shown in gray. (d,e) TEM images of silica-encapsulated
superlattices after calcination at 350 °C for 2 h. (f) Nitrogen
adsorption (filled circles)/desorption (hollow circles) isotherms of
calcined nanoparticle superlattices.
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Emmett−Teller (BET) surface area of the calcined superlattices
was calculated to be approximately 210 m2/g (Figure 1f).
Catalytic Oxidation of 4-Hydroxybenzyl Alcohol. To

test whether the superlattices are catalytically active, the model
reaction chosen for this work is the aerobic oxidation of 4-
hydroxybenzyl alcohol to the corresponding aldehyde (Figure
2), which has been extensively investigated using gold

nanoparticles.15,18 The bcc superlattice catalyst (0.215 nmol
nanoparticle) was added to a solution containing 4-hydroxy-
benzyl alcohol (6.25 μmol) and K2CO3 (4.38 μmol) in D2O
and the reaction was performed under 1 atm of oxygen. Yields
for this reaction were determined by integration of 1H peaks in
1H NMR spectroscopy experiments at different time points.14

When the calcined superlattices were used as the catalyst for
this reaction, 79% yield of the aldehyde was observed after 24 h
(corresponding to a turnover number of 16 000 mol product
per mol Au), with 90% conversion observed after 96 h with no
improvement in the yield after 1 week.14 This is in contrast to
DNA-functionalized Au nanoparticles (unsupported) as well as
the uncalcined superlattice, both samples which revealed no
catalytic activity at identical particle concentrations and
experimental conditions.14 Furthermore, in order to demon-
strate the role of the pores defined by the calcined DNA,
experiments were performed using calcined, silica-supported
nanoparticles (0.07 wt% Au, 0.02 nmol nanoparticle) prepared
through condensation of silica in the presence of pre-formed,
citrate-capped 5 nm gold nanoparticles used to ensure uniform
nanoparticle sizes throughout the support material. While the
calculated BET surface area of this sample is higher than that
observed for the calcined superlattice (358 m2/g compared to
210 m2/g due to silica comprising the majority of the sample),
no conversion to the aldehyde was observed after 24 h.14 This
result combined with the catalytic inactivity of both the DNA
functionalized particles and the non-calcined superlattice reveal
that the DNA-templated pores are important for providing
access to the particle surface and that DNA must be removed
from surface of the gold nanoparticles to access the catalytic
sites. Recycling experiments were conducted using the catalyst
isolated after 24 and 72 h time points which resulted in 10%
and 0% yields, respectively.14 This decreased catalytic activity is
most likely due to contamination of the catalyst with the
products of the reaction.
Evaluation of Structure following Catalytic Experi-

ments. It was anticipated that the silica support and pre-
defined nanoparticle spacings in the superlattices would impart
stability to the system under catalytic conditions. The
superlattices were collected following the reaction and
characterized by SAXS and TEM, both of which showed that
crystalline ordering and individual particle sizes within the
superlattice were both preserved throughout catalysis (Figure
3). Thus, in addition to allowing for precise structural
characterization, these crystalline superlattices possess the
advantage of stability against catalyst agglomeration or sintering
due to the well-defined positions of the nanoparticles in the
pre-formed lattice.

■ CONCLUSIONS
In summary, we have synthesized the first catalytically active
nanoparticle superlattices assembled using DNA interactions. A
simple three-step process was used to synthesize the catalyti-
cally active superlattices, which maintain their crystalline order
throughout calcination and catalysis. Importantly, we envision
many catalyst systems will be synthesized and studied using this
strategy due to the ability of DNA-programmable assembly to
allow for precise and independent control over parameters
relevant in catalysis including nanoparticle composition,
nanoparticle size, and interparticle spacing. Furthermore, this
strategy of creating heterogeneous catalysts with controlled
structures and high particle loading is a significant contribution
in the field of nanoparticle catalysis, in which the majority of
catalysts suffer from structural inhomogeneity and are thus
difficult if not impossible to structurally characterize.19 In
addition to the aerobic alcohol oxidation demonstrated in this
work, these nanoparticle superlattices may be useful catalysts
for a number of common gold-catalyzed reactions15,20 including
alcohol oxidation,18 CO oxidation,21 and plasmon-mediated
reduction reactions.22 The work described herein will also serve
to inform many research directions in the development of these
materials as highly efficient catalysts for a variety of important
transformations, where variables that affect catalytic activity
such as particle density and particle composition (e.g., platinum
nanoparticles23 or a binary lattice of gold and platinum for
tandem catalysis24) can all be readily modulated through the
use of the DNA design rules.

■ EXPERIMENTAL SECTION
Materials and General Procedures. Unless otherwise stated, all

reagents were purchased from commercial sources and used without
further purification. Gold nanoparticles of 5 nm diameter were
purchased from Ted Pella. 4-Hydroxybenzyl alcohol, potassium
carbonate (K2CO3), dithiothreitol (DTT), Tween-20, sodium
chloride, and triethoxysilane (TES) were purchased from Sigma-
Aldrich. N-Trimethoxysilylpropyl-N,N,N-trimethylammonium chloride

Figure 2. Reaction conditions for the superlattice-catalyzed aerobic
oxidation of 4-hydroxybenzyl alcohol.

Figure 3. TEM images and SAXS data of the superlattices after
catalysis (24-h time point): black trace, before catalysis; red trace, after
catalysis; gray trace, scattering from a perfect bcc lattice.
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was purchased from Gelest, Inc. Deuterium oxide (D2O) was
purchased from Cambridge Isotope Laboratories and used as received.
All oligonucleotides used in this work were synthesized on a MM12

synthesizer (Bioautomation) fitted with 5-μmol-scale columns and
purified according to the procedures described previously.1,3,5

Sequences can be found in the Supporting Information. SAXS data
were collected at the DuPont-Northwestern-Dow Collaborative Access
Team (DND-CAT) beamline at Argonne National Laboratory’s
Advanced Photon Source with 10 keV (wavelength λ = 1.24 Å)
collimated X-rays calibrated with a silver behenate standard. TEM
images were collected on a Hitachi HD-2300 scanning transmission
electron microscope. Gas adsorption isotherms were measured
volumetrically on an Autosorb-1 analyzer (Micromeritics). FTIR
experiments were performed on a Bruker Tensor 37 spectrometer. 1H
NMR spectra were collected on a Bruker Avance 400 MHz
spectrometer.
Nanoparticle Assembly and Crystallization. For the experi-

ments detailed in this work, nanoparticle functionalization with DNA
was carried out at an approximately 10-fold larger scale than
conventional DNA assembly work1,3,5 in order to produce amounts
sufficient for catalysis and related experiments. Briefly, approximately
500 nmol of the thiolated sequences (sequences 1 and 2 in the
Supporting Information) was reduced with 100 mM DTT at pH 8 and
purified through a Nap-25 Sephadex size-exclusion column. The
thiolated DNA was added to a solution of citrate-capped gold
nanoparticles stabilized with 0.01% volume of the surfactant Tween 20
at a concentration of approximately 5 nmol of DNA per mL of
particles. Following DNA addition, the particles were placed on a
shaker at room temperature for approximately 30 min before
subsequent salt addition. In order to maximize DNA loading on the
particle surface, NaCl was slowly added over the course of several
hours until the final salt concentration reached 0.5 M NaCl. After
allowing the particle solution to shake overnight at room temperature,
the particles were purified by five rounds of centrifugation (10 min,
4000 rpm) using 10K molecular weight cutoff spin filters (Millipore)
to remove the salt and any unbound DNA. After the final
centrifugation, the supernatant was removed and salt was added to
bring the final salt concentration of the solution to 0.5 M NaCl. DNA
and DNA-functionalized nanoparticle concentrations were calculating
using Beer’s law with the absorbance (at 260 nm for the DNA and at
520 nm for the Au nanoparticles) measured on a Cary 5000 (Agilent)
UV/vis spectrophotometer. To synthesize a bcc superlattice, two
solutions of particles functionalized with strands 1 and 2 were added in
a 1:1 ratio, followed by the addition of linker strands 3 and 4 that
initiate rapid particle aggregation (see Supporting Information for
sequences). The aggregates (disordered at this stage) were
subsequently transferred to PCR tube strips and slow-cooled in a
Veriti temperature cycler (Life Technologies) from 60 to 25 °C at a
rate of 0.1 °C/10 min to produce crystallized nanoparticle superlattices
with bcc packing.
Silica Embedding. Superlattices were transferred to the solid state

using the modified silica embedding method as previously
described.3,12 As-synthesized superlattices were divided into 1.5 mL
Eppendorf tubes containing approximately 500 μL sample volume,
followed by the addition of 10 μL of TMSPA and 20 μL of TES into
each tube. The reaction was allowed to shake for 4 days on a
thermomixer (Eppendorf), followed by purification by centrifugation
to remove excess silica and precursor molecules. The purified
superlattices were dried in a CentriVap vacuum concentrator
(Labconco) to yield a dark purple solid.
Preparation of Supported, Non-assembled Gold Nano-

particles. To form the non-assembled, supported nanoparticle
catalyst, pre-formed 5 nm diameter Au nanoparticles (not function-
alized with DNA) were added to a silica growth solution to ensure that
particle sizes would be uniform across all catalysis experiments. Next,
100 mL of citrate-capped Au nanoparticles (5.0 × 1013 particles/mL,
as reported by the manufacturer) was added to a round-bottom flask
equipped with a stir bar. This was followed by the addition of 1 mL
TES (same silica precursor as was used in the silica encapsulation
process described above). The reaction was allowed to stir overnight

and subsequently purified by at least 10 rounds of centrifugation and
resuspension in Nanopure water to remove all unbound nanoparticles.
The pellet was collected and dried in a CentriVap vacuum
concentrator (Labconco) to yield a pink solid. Samples were calcined
at 350 °C for 2 h prior to catalysis experiments. Gold content was
measured by inductively coupled plasma mass spectrometry. See
Supporting Information for TEM images of the silica-supported, non-
assembled Au nanoparticles.

Calcination of Superlattice Assemblies. Dried, silica-encapsu-
lated superlattices were transferred to 3 mm quartz capillaries (Charles
Supper) and placed inside a Lindberg Blue M tube furnace (Thermo
Scientific). Samples were heated in air at 350 °C for 2 h (not including
the 1 h ramp time to 350 °C).

Thermogravimetric Analysis (TGA). Samples were dried under
reduced pressure at 60 °C for 6 h in preparation for TGA
measurements. TGA was performed on a Discovery TGA (TA
Instruments). The temperature was ramped to 350 °C at a rate of 4
°C/min and held at 350 °C for 10 h.

Fourier Transform Infrared Spectroscopy (FTIR). Superlattices
dissolved in toluene were drop cast on a KBr Real Crystal IR sample
card (International Crystal Laboratories). Spectra (averaged over 16
scans) were collected in transmission mode and corrected for H2O and
CO2 in the OPUS software.

N2 Isotherm Measurements. A liquid nitrogen sample bath (77
K) was used, and the N2 gas used was UHP grade. For measurement
of the apparent surface areas (SBET), the BET method was applied
using the adsorption branches of the N2 isotherms assuming a N2
cross-sectional area of 16.2 Å2/molecule.

Small-Angle X-ray Scattering (SAXS). Exposure times of 0.1 and
1 s were used for solution-phase lattices and silica-embedded samples,
respectively. X-ray scattering data were collected on a CCD area
detector, and one-dimensional patterns were obtained from radial
averaging of the two-dimensional data to generate plots of scattering
intensity I(q) as a function of the scattering vector q (q = 4π sin θ/λ,
where θ and λ are the scattering angle and wavelength of the X-rays
used, respectively). Theoretical SAXS patterns were generated using
PowderCell (available free of charge from the Federal Institute for
Materials Research and Testing at http://www.ccp14.ac.uk/ccp/web-
mirrors/powdcell/a_v/v_1/powder/e_cell.html), a software package
that simulates scattering patterns for atomic lattices but which provides
a good approximation of SAXS patterns obtained for the nanoparticle
lattices studied in this work. The nanoparticle nearest-neighbor
distance (d, in nm) was calculated using the position of the first
scattering peak q0 in the SAXS pattern:

π=d
q

1
10

6

0

Lattice parameters were calculated from the nearest neighbor
distance using geometric considerations for a bcc unit cell.

Inductively Coupled Plasma Mass Spectrometry (ICP-MS).
Gold content was measured by ICP-MS measurements carried out in
Thermo X series II instrument with an automated sample changer.
Dried superlattices were dispersed homogeneously in 2 mL of D2O.
From this stock solution, 5 μL was added to 95 μL of D2O, and 5 μL
of this solution was digested in 995 μL of aqua regia. The solution
containing superlattices in aqua regia was left at 60 °C overnight to
ensure full digestion of the nanoparticles. Samples were prepared with
a multi-element standard and compared to a standard curve generated
using a gold standard solution.

Catalysis Experiments. In a typical catalysis experiment, the
catalyst (0.215 nmol Au nanoparticles), 4-hydroxybenzyl alcohol (6.25
μmol), and K2CO3 (4.38 μmol) were combined in 2.5 mL of D2O and
added to a 20 mL round-bottom flask containing a magnetic stir bar.
In the case of the supported, non-assembled particles that contained
low nanoparticle loading compared to the superlattice sample (0.07 wt
% compared to 10 wt%), side-by-side experiments using the calcined
superlattices containing an equivalent molar amount of nanoparticles
(0.02 nmol) were performed to compare the catalytic activity. The
flask containing the starting materials was fitted with a rubber septum
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and purged with a balloon filled with oxygen (O2) gas. The balloon
was refilled with O2 gas and attached through the septum for the
duration of the reaction. The reaction proceeded at room temperature
for all specified time points. Separate flasks were used for each time
point, after which approximately 600 μL of the reaction solution was
transferred to NMR tubes for characterization by 1H NMR
spectroscopy.
For the two recycling experiments, the reaction was left for 24 and

72 h, respectively, followed by isolation of the catalyst by three rounds
of centrifugation and resuspension with D2O.
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