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Although nanoparticles with exquisite properties have been syn-
thesized for a variety of applications, their incorporation into
functional devices is challenging owing to the difficulty in posi-
tioning them at specified sites on surfaces. In contrast with the
conventional synthesis-then-assembly paradigm, scanning probe
block copolymer lithography can pattern precursor materials em-
bedded in a polymer matrix and synthesize desired nanoparticles
on site, offering great promise for incorporating nanoparticles into
devices. This technique, however, is extremely limited from a
materials standpoint. To develop a materials-general method for
synthesizing nanoparticles on surfaces for broader applications, a
mechanistic understanding of polymer-mediated nanoparticle for-
mation is crucial. Here, we design a four-step synthetic process that
enables independent study of the two most critical steps for
synthesizing single nanoparticles on surfaces: phase separation
of precursors and particle formation. Using this process, we elucidate
the importance of the polymer matrix in the diffusion of metal
precursors to form a single nanoparticle and the three pathways
that the precursors undergo to form nanoparticles. Based on this
mechanistic understanding, the synthetic process is generalized to
create metal (Au, Ag, Pt, and Pd), metal oxide (Fe,03, Co,03, NiO,
and CuO), and alloy (AuAg) nanoparticles. This mechanistic under-
standing and resulting process represent a major advance in scan-
ning probe lithography as a tool to generate patterns of tailored
nanoparticles for integration with solid-state devices.

he integration of nanoparticles into devices has enabled appli-

cations spanning sensing (1, 2), catalysis (3), electronics (2),
photonics (4), and plasmonics (5, 6), but synthesizing individual
nanoparticles with control over size, composition, and placement
on substrates is challenging (1-3, 6, 7). With conventional ap-
proaches, nanoparticles are synthesized and subsequently po-
sitioned on a surface using techniques such as parallel printing
(8), surface dewetting (9, 10), microdroplet molding (7), nano-
particle sliding (11), direct writing (4, 12, 13), and self-assembly
(2, 14, 15). However, it is difficult and in most cases, impossible
to use these methods to reliably make and position a single par-
ticle on a surface with nanometer-scale control.

In contrast with the conventional synthesis-then-positioning
paradigm, which is the basis for most single-particle device in-
corporation schemes, scanning probe block copolymer lithography
(SPBCL) is an example of precursor positioning-then-synthesis.
The technique uses concepts from the block copolymer com-
munity (16) and the positional control offered by dip-pen nano-
lithography (DPN) (17) to deliver attoliter volumes of a metal-
coordinated block copolymer onto a surface, which then can be
used to synthesize individual nanoparticles (18, 19). Importantly,
SPBCL allows one to directly synthesize arbitrary patterns of
single nanoparticles over large areas on a surface, which has
been useful for immobilizing single proteins (20) and studying
nanoparticle coalescence in situ (21). Thus far, the technique
has been extensively used to synthesize Au nanoparticles, and
there is one example of cadmium sulfide nanoparticle synthesis (18,
19); however, when other metals and oxides are targeted, either
they typically do not form or the technique results in multiple
nanoparticles per feature. One hypothesis for this observation
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pertains to the high mobility of gold compared with many other
materials (22), which creates a barrier to getting them to coalesce
into single particles under the conditions typically used to
make Au nanoparticles. If the use of this technique is to be
expanded, a mechanistic understanding of the nanoparticle for-
mation process is crucial.

Here, we present a study of the two most critical steps for
synthesizing single nanoparticles on a surface by SPBCL, pre-
cursor phase separation and nanoparticle formation, and from
this study, we develop a mechanism for particle formation, which
leads to an approach for synthesizing individual nanoparticles
with control over size, composition, and surface placement. Spe-
cifically, this technique is materials-general, and it allows one to
synthesize a diverse class of nanoparticles, including nanoparticles
composed of Au, Ag, Pt, Pd, Fe,03, Co,03, NiO, CuO and alloys
of Au and Ag.

Results and Discussion

With the original SPBCL process (18), the patterned polymer
features are directly subjected to oxygen plasma to reduce the
embedded metal ions. To test our hypothesis, that to form an in-
dividual particle per feature, aggregation of the metal ions within
the polymer is required before metal ion reduction and particle
nucleation, we began to explore parameters that separated our
proposed key events in particle synthesis (Fig. 1). Specifically, we
studied how thermal annealing could be used instead of oxygen
plasma to facilitate and separate metal ion aggregation from re-
duction. With this synthetic procedure, the metal ion precursor is
loaded within the polymer, the polymer is deposited from atomic
force microscope (AFM) tips by DPN, and the patterned nano-
reactors are annealed at a low temperature to initiate phase
separation and then subsequently, at a higher temperature to
facilitate metal ion reduction, particle formation, and polymer
decompo-sition. The multifunctional block copolymer sequen-
tially acts as a transport vehicle for precursor deposition, a diffu-
sion media for metal precursor aggregation, a reducing agent for
precursor reduction, and a spatially confined nanoreactor for
particle synthetic reactions. In contrast to applications in mi-
croelectronics, where the diffusion and aggregation of metal and
metal ions within polymers are detrimental (23, 24), this method
uses polymer-mediated metal diffusion as an advantage.

In a typical experiment, metal precursors are mixed with an
aqueous solution of the block copolymer poly(ethylene oxide)-
block-poly(2-vinyl pyridine) (PEO-b-P2VP) and then cast onto
arrays of DPN tips. The tips are mounted onto an AFM and
subsequently brought into contact with hydrophobic surfaces
to deposit the block copolymer loaded with metal precursors
at selected sites, yielding large arrays of uniform domed features
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Fig. 1. Schematic of polymer-mediated on-site synthesis of nanoparticles. (A) The method consists of four steps: precursor loading, polymer deposition,
precursor phase separation, and particle formation. Metal ions, M"", are (i) loaded onto PEO-b-P2VP, (ii) cast onto dip-pens, and deposited onto a substrate.
(iii) The substrate is then thermally annealed at T, to allow the segregation of metal ions inside the polymer nanoreactor. (iv) A chemical reaction is
conducted within the polymer nanoreactor to synthesize a nanoparticle by annealing at Thigh. At the end of the synthesis, the block copolymers are
decomposed. (B) Heating profile of the annealing process. The two heating cycles (A; and A;) correspond to the cycles at Tio, and Tygn in A. The two
annealing temperatures, Tio, and Thigh, are between Ty and Tg and between Tjand Ty, respectively.

that serve as nanoreactors for nanoparticle synthesis in later
steps (Fig. 2 4 and B). After patterning, the metal precursors are
homogenously distributed in the polymer nanoreactors, which is
evidenced by uniform contrast as viewed by scanning EM (SEM).
To effect metal ion aggregation without reduction, the substrate
with the nanoreactors was heated to Tj,, = 150 °C in a tube
furnace under a flow of Ar. This temperature is above the glass
transition temperature of the two blocks of the block copolymer
(Tg = =76 °C and 78 °C for PEO and P2VP, respectively; Poly-
mer Source) but below the decomposition temperature of the
block copolymer (7% = 409 °C) (Fig. S1). We adopted this strat-
egy, because it is known in the microelectronics packaging field

A B 150 nm

that metal ions will diffuse within polymers under such circum-
stances (22-24). In certain cases (Au or Ag), continued heating at
150 °C results in metal ion reduction and formation of a nano-
particle. In all other cases studied, after aggregation of the pre-
cursor at Tjoy, a high temperature annealing step at Tpign, = 500 °C
is performed to decompose the polymer matrix and form the
nanoparticle. By annealing at a temperature Thg, that is above the
thermal decomposition temperature T7, of the metal salt precursor
but below the melting temperature Ty, of the metal, the pre-
cursor decomposes and forms metal nanoparticles. Phase sep-
aration during the previous step concentrates the precursors into
a single region, enabling the formation of a single nanoparticle in

Fig. 2. Probing the mechanism of particle formation using AFM and SEM. (A) Large-area patterned nanoreactors loaded with gold precursors on a hydro-
phobic silicon substrate. (B) Example AFM image of a patterned array of nanoreactors, the diameters of which are 400 nm. (C) Ex situ SEM images that il-
lustrate the diffusion and aggregation of gold precursors inside the polymer matrix. The images are taken from different polymer nanoreactors. (D) Typical
array of as-synthesized gold nanoparticles on a hydrophobic silicon substrate and a magnified view of a single gold nanoparticle. (E) Effect of thermal
annealing on the synthesis of single nanoparticles. Multiple gold nanoparticles are synthesized if annealing at T\ is omitted. Dashed circles denote the

original size of the nanoreactor.
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each spot (Fig. 2D). This process also decomposes the polymer,
thereby removing the majority of the organic material.

The particle formation process was investigated by ex situ SEM,
which allows one to monitor the polymer nanoreactors at various
time points during annealing (Fig. 2C). As the Au precursor
phase-separates inside the polymer matrix and forms an aggre-
gate, the even contrast that is attributed to a homogeneous metal
ion distribution transitions to a more heterogeneous appearance
with one bright area, which is attributed to a localized high con-
centration of metal ions (Fig. 2C, 10 min). Because PEO is a weak
reducing agent (25) (Fig. S2 shows that PEO can slowly reduce
HAuCl, under ambient conditions), additional annealing at Ty,
was observed to reduce the Au precursor and form an Au seed.
Eventually, the Au precursor is fully reduced, and a single gold
nanoparticle is formed inside each polymer nanoreactor.

For the particles that form by reduction of the precursor
material, the process by which a given precursor forms a nano-
particle is either direct reduction by the polymer or through its
thermal decomposition (see below for details) depending on the
reduction potential of the metal precursors (Table S1), but the
annealing protocol remains the same regardless of the pathway. It
is important to emphasize that, if the T}, annealing step is omitted
and the samples are directly annealed at Ty, multiple nano-
particles per polymer feature are observed (Fig. 2E). This obser-
vation is explained by the fact that the nanoreactors decompose
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too rapidly, leaving the metal precursors unable to diffuse across
the surface to form a single nanoparticle.

X-ray photoelectron spectroscopy (XPS) shows that this syn-
thetic process can be used to form nanoparticles from many dif-
ferent metal precursors through one of three different reaction
pathways (Fig. 34). Depending on the reduction potential of the
precursor, the metal in the final nanoparticle can be reduced by
PEO when annealed at Ty, (pathway 1), be thermally reduced
during annealing at Ty, (pathway 2), or end up in the same ox-
idation state as the precursor (pathway 3). The XPS data support
the formation of Au particles through pathway 1 (Fig. 3B, Left).
The Au 4f;, peak for the salt precursor ink is at 84.9 eV, which
is within the expected range for Au'; this partial reduction could
be attributed to either reduction by PEO or photoreduction dur-
ing the measurement (26). After thermal annealing at 7j,, the Au
4f;,, peak shifts to 83.8 eV, indicating that the Au precursor has
been reduced further by PEO (25). The peak is slightly lower in
energy than expected for bulk gold (84.0 eV). We attribute this
finding to the presence of electron-donating PEO on the Au
surface, which is a known effect for Au nanoparticles suspended
in electron-donating surface ligands (27). After thermal decom-
position at Thgp, the positions of the Au 4f peaks shift slightly
higher in energy to match the peak positions of bulk Au. Metals
with slightly lower reduction potentials, such as Pt and Pd, follow
reduction pathway 2 (Fig. 3B, Center). In the case of Pt, for both
the fresh ink and after annealing at T}y, the Pt 4f;, peak is in
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Fig. 3. Probing the nanoparticle synthetic pathways using XPS. (4) Schematic of the three pathways for polymer-mediated nanoparticle formation on
surfaces. M™* and M° denote metal ions and fully reduced metal, respectively. A; and A, correspond to the two heating cycles at T, and Thigh, respectively.
(B) The spectra are collected before annealing (black), after annealing at Ty, (blue), and after annealing at Thign (red) for Au (Left), Pt (Center), and Fe (Right).
All spectra are shifted vertically for clarity. Dashed lines denote the initial and final peak positions.

Liu et al.

PNAS | January 15,2013 | vol. 110 | no.3 | 889

ENGINEERING


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1220689110/-/DCSupplemental/pnas.201220689SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1220689110/-/DCSupplemental/pnas.201220689SI.pdf?targetid=nameddest=ST1

g

Fig. 4. Generalization of nanoparticle synthesis. HRTEM images show the
crystallinity of the nanoparticles. (Scale bars: 2 nm.)

the range for Pt'!, which we again attribute to either reduction by
PEO or in situ photoreduction. XPS reveals that the Pt"" has been
fully reduced to Pt° after thermal annealing at Thgp, indicated by
the shift in energy of the Pt 4f;,, peak to 70.9 eV, which closely
matches the binding energy of metallic Pt. This pathway was also
corroborated by ex situ transmission EM (TEM) (Fig. S3). Fi-
nally, metals with a much lower reduction potential, such as Fe,
follow pathway 3 (Fig. 3B, Right). The XPS spectra for both the
fresh ink and after annealing at 7)., showed that the Fe 2ps;
peak was ~709-710 eV, which is consistent with mixed oxides of
Fe (28). At the end of the annealing processes, the Fe 2ps, peak
shifted in energy to 712.3 eV, which we attribute to the formation
of Fe,03, an assignment also made by others (28) and con-
firmed by high-resolution TEM (HRTEM) (Fig. 4).

Based on the proposed pathways for polymer-mediated dif-
fusion and reduction of the metal precursors, we devised a gen-
eral method for synthesizing nanoparticles composed of eight
transition metals. All of the precursor materials considered fol-
low one of the three aforementioned particle formation path-
ways (Fig. 3, Fig. S4, and Table S2). For example, Ag, like Au,
forms particles through pathway 1 (Fig. S5). These types of par-
ticles are some of the easiest to make by this method, because
their precursors can be reduced easily and migrate even after
reduction at Tj,. Pd nanoparticles, like Pt, form through path-
way 2, because Pd is not very highly mobile in the reduced state,
and therefore, ion aggregation must occur before reduction to
avoid the generation of multiple nucleation sites and many par-
ticles within one polymer feature. Co, Ni, and Cu, like Fe, form
oxide nanoparticles through pathway 3. The precursors must
aggregate before annealing at Ty;gn, Which facilitates oxide for-
mation and polymer decomposition. The crystallinity and compo-
sition of the synthesized nanoparticles were verified by HRTEM
(Fig. 4) in addition to energy dispersive X-ray spectroscopy
(EDS) (Fig. S6) and XPS (Fig. S7). It is important to note here
that many of the particles formed through pathway 3 exist as
metal oxides under ambient conditions, and in principle, they
could be annealed under a reducing atmosphere to obtain metal
nanoparticles (29). Furthermore, metal alloy nanoparticles (for
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instance, of Au and Ag) can also be synthesized by simply
blending the metal precursors in the ink, showing the versatility
of the method (Fig. 4). In these examples, 1:1 alloys were formed
by loading the Ag* and Au®* precursors together in the polymer.
Finally, by changing the amount of metal precursors loaded on
the block copolymer and the size of the patterned nano-
reactors, the nanoparticle size was varied from 3.6 to 56 nm (Fig.
5). As shown previously (18), for a given ratio of metal pre-
cursors to block copolymer, the polymer feature size can be used
to tune the size of the final nanoparticle, resulting in a very low
polydispersity (~4%) across a broad range of nanoparticle sizes.
In the present work, we tune both the ratio of metal precursor to
block copolymer and the polymer feature size to control the final
nanoparticle size. No significant variation in nanoparticle size
between batches was observed.

The insights garnered from these studies provide a rational
way of understanding polymer-mediated particle formation on
surfaces. Specifically, all structures to date follow one of three
pathways, allowing one to access a wide variety of nanoparticle
compositions, including metals, metal oxides, and alloys. More-
over, in principle, because the technique allows one to control
nanoparticle placement, it will allow researchers to integrate as-
synthesized nanoparticles directly into functional single-particle
devices. In addition, the ability to synthesize homogenous or
combinatorial arrays of nanoparticles on surfaces with control
over individual particle composition and size will enable im-
portant fundamental studies and technological applications in
fields spanning catalysis, nanomagnetism, microelectronics, and
plasmonics. Finally, the pathway-dependent observations pertain-
ing to these polymer nanoreactors likely will extend to other
block copolymer-mediated particle syntheses, including ones that
target 2D- and 3D-latticed structures (30-32).

Materials and Methods

Materials. Block copolymer PEO-b-P2VP (M, = 2.8-b-1.5 kg-mol~", poly-
dispersity index = 1.11) was purchased from Polymer Source and used as
received. The glass transition temperatures Ty for PEO and P2VP of the
block copolymer are —76 °C and 78 °C, respectively (Polymer Source). Metal
compounds, HAuCl;-3H,0, AgNOs, H,PtClg-6H,0, Na,PdCl,;, Fe(NO3)s-9H,0, Co
(NOs3),-6H,0, Ni(NOs),-6H,0, and Cu(NOs),-3H,0, were purchased from
Sigma-Aldrich. HCl and HNO3; were purchased from Sigma-Aldrich and
diluted before use. Hexamethyldisilazane (HMDS) and hexane were
purchased from Sigma-Aldrich and used as received. DPN pen arrays (type M,
no gold coating) were purchased from Nanoink, Inc. Hydrophobic silicon
nitride membranes (membrane thickness = 15 or 50 nm) were purchased
from Ted Pella, Inc. Silicon wafers were purchased from Nova Electronic
Materials.

Sample Preparation. PEO-b-P2VP and metal compounds were dissolved
in deionized water. After blending the solutions of polymer and metal

3.6 nm .7 nm 7.1 nm

6.4 nm

Fig. 5. HRTEM images of gold nanoparticles of controlled size. (Scale
bars: 5 nm.)
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compound, the pH of the solution was controlled to be between 3 and 4
by adding HCl or HNO;3 for CI™- or NO3™- containing metal compounds,
respectively (Fig. $8). The final ink had a PEO-b-P2VP concentration of 5-
100 mg-mL~". The ratio of 2-vinylpyridine:M"* was varied between 2:1
and 256:1 to control the size of the nanoparticles. After stirring overnight,
the solution was used to dip-coat the DPN pen array. After drying in an N,
stream, the pen array was brought in contact with a substrate to generate
arbitrary arrangements of nanoreactors using an NScriptor (Nanolnk, Inc.) in
a chamber with controlled humidity. The relative humidity was held in the
range of 75-95% to control the dimensions of polymer nanoreactors de-
livered from the pen array to the substrate. Both hydrophobic silicon nitride
membranes and silicon wafers treated with HMDS were used. Si wafers were
kept in a desiccator with two vials of HMDS and hexane mixture for 24 h to
ensure their hydrophobicity.

After patterning, the substrate was loaded into a tube furnace and
annealed in an Ar stream. The annealing conditions were programmed as
follows: ramp to 150 °Cin 1 h, soak at 150 °C for 4-24 h, cool down to room
temperature in 1 h, ramp to 500 °C in 1 h, soak at 500 °C for 2-4 h, and cool
down to room temperature in 1 h. The soaking time was varied to ensure
full phase separation between the metal compound and the polymer at
150 °C and full decomposition of all materials at 500 °C.

AFM. AFM measurements were performed using a Dimension Icon (Bruker) to
obtain 3D profiles of the patterned nanoreactors.

SEM and Energy-Dispersive X-Ray Spectroscopy. Samples prepared on hy-
drophobic silicon wafers were imaged with a Hitachi 5-4800 SEM at an ac-
celeration voltage of 5 kV and a current of 20 pA. Probe current was set to
high, and focus mode was set to ultrahigh resolution. Only the upper second
electron detector was used. To determine the elemental composition, INCA
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(INCA 4.15; Oxford Instruments) was used to obtain energy-dispersive X-ray
spectroscopy (EDX) spectra.

Scanning TEM, HRTEM, and EDX. After annealing, samples prepared on 50-nm-
thick silicon nitride membranes were imaged with a Hitachi scanning TEM
HD-2300A in Z-contrast mode at an acceleration voltage of 200 kV and a
current of 78 pA. EDX spectra were obtained with Thermo Scientific NSS 2.3.
Samples prepared on 15-nm-thick silicon nitride membranes were imaged
with a JEOL 2100F at an acceleration voltage of 200 kV.

Thermogravimetric Analysis. The polymer decomposition temperature was
measured on a thermogravimetric analysis/differential scanning calorimetry
(DSC) (Mettler Toledo) by heating from room temperature to 600 °C at
a ramping rate of 10 °C/min. The measurement was performed under an
N, atmosphere.

XPS. To monitor the reduction of metal compounds, aqueous solutions of
PEO-b-P2VP with the corresponding metal compound were drop-cast on Si
wafers. After annealing at 150 °C and 500 °C (the same procedure as pat-
terned samples), the samples were loaded into a vacuum chamber for XPS
measurement [electron spectroscopy for chemical analysis (ESCA) probe;
Omicron].
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