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Inc.) under vacuum for 30 min to selectively degrade the PMMA and
crosslink PS, leaving behind the porous PS template.
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Self-Organization of FePt
Nanoparticles on Photochemically
Modified Diblock Copolymer
Templates**
By Seth B. Darling, Nataliya A. Yufa,
Amadou L. Cisse, Samuel D. Bader,
and Steven J. Sibener*
Phase-segregated block copolymers have received significant attention in the last decade as enabling materials for
future technologies.[1–6] Their value to nanotechnology derives
from the expedient tunability of the size, shape, and periodicity of the self-assembled domains by means of manipulating
molecular characteristics. Recently, the potential opportunities for block copolymer applications have been bolstered
by new methods, which give fine control over long-range
ordering of the microdomain structures.[4,5,7,9] Thin polymer
films, by themselves, have limited device applications, but
myriad functions can be addressed with hybrid hard/soft matter systems in which the organic layer is used as a scaffold for
nanoscale organization of inorganic materials. Of specific
interest is the interaction of surfactant-mediated colloidal
nanoparticles and diblock copolymer films because the nanocrystal capping molecules can be tailored to exhibit preference for one of the polymer blocks.[10–13] This hierarchical
approach to create ordered nanostructures removes the linear
correlation of size and patterning time associated with traditional lithographic techniques by self-assembling the entire
surface in parallel. Also, the spatial limits of lithography can
be transcended and the approach can potentially be adapted
to industrial-scale processing. An alternative approach to the
colloidal nanocrystal methodology is to use spherical- or cy-
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where V is the particle volume, kB is Boltzman’s constant, and
T is temperature. Even room temperature is sufficient to
induce fluctuations in the magnetic moments in small crystals
of most materials. For this reason, highly anisotropic nanoscale FePt particles, which are unusually well protected from
unwanted magnetization reversals, have become likely candidates for future ultrahigh-density recording media.[18] Synthesis of FePt nanoparticles is based on the polyol process as described by Sun et al.[19] As prepared, these nanocrystals are in
a chemically disordered face-centered cubic (fcc) phase and
require annealing above 803 K to achieve the high-Ku L10
face-centered tetragonal (fct) phase. This annealing process
has proven problematic in that the nanoparticles tend to coalesce at high temperatures, thereby defeating the advantage of
small, dispersed FePt particles for recording applications.[20]
Recent work has shown, however, that the coalescence can be
prevented by using suitable linker molecules or oxide coatings, and there are reports that the fct phase can even be
directly synthesized.[21–24] For the present study, we have chosen to work with fcc FePt to establish the effectiveness of the
polymeric-templating methodology. Since the assembly is driven by interactions between the surfactant capping molecules
and the polymer substrate, the magnetization of the core is
assumed to play a negligible role. Creating ordered nanostructures with the L10 phase remains the long-term goal.
The asymmetric poly(styrene)-block-poly(methyl methacrylate) (PS-b-PMMA) diblock copolymer used in this study has
29 wt.-% PMMA, so in the bulk it forms hexagonally packed
PMMA cylinders in a PS matrix with a natural layer thickness
(L) of 30 nm. Using the procedure outlined in the experimental section, we achieved films with an average thickness of L,
which have an unusual dual presentation of PS and PMMA at
the air interface due to the half-cylinder structure resulting
from similar surface energies for the blocks.[25] These laterally
alternating domains have significant short-range order but
form “fingerprint” patterns with no long-range order unless
guided by external constraints.[26,27] The FePt nanoparticle
deposition procedure described in the Experimental section
leads to nanocrystal cluster surface densities of approximately
100/lm2. One can adjust the coverage by manipulating the

solution concentration, but higher concentrations typically
lead to excessive unwanted aggregation of the nanoparticles.
Another route to obtain higher coverage is to perform multiple depositions using the procedure outlined above. Following
three successive castings, we obtained cluster densities on the
surface of ∼300/lm2.
Structural characterization of the FePt/PS-b-PMMA system
can be achieved using scanning or transmission electron microscopy (SEM or TEM) or atomic force microscopy (AFM).
High-energy electrons from SEM and TEM have a high propensity to damage both the polymer film and the organic surfactant molecules surrounding the FePt cores, so AFM was
used in these experiments. Imaging with AFM requires careful tuning of the tapping conditions. The selection of the tapping mode AFM imaging parameters, in particular the tip
driving amplitude, has a significant effect, not only on what
one observes but also on the structure of the system itself.
Very light tapping (∼50 mV) allows one to image the nanoparticles resting on the polymer film, but not the fingerprint
domains of the polymer. The PS-b-PMMA cylindrical structure becomes apparent along with the nanoparticles as the
driving amplitude is increased to moderate levels (100–
200 mV). This is the imaging regime used to analyze the selectivity of nanoparticle adsorption. When the amplitude is
intensified by a further 200 % (∼300 mV), many of the nanocrystals are pushed into the polymer matrix or dragged across
the surface by the tip. While a precise determination of the
minimum AFM tip force necessary to move the nanoparticles
is made difficult by complex interactions between the tip and
the soft substrate,[28] various theoretical analyses suggest the
imaging conditions discussed above produce peak forces of
the order of 40 nN.[29–32] These effects are readily observed by
repeatedly imaging the same region under hard tapping conditions and watching individual nanoparticles disappearing or
plowing troughs through the polymer as they are pulled along.
Care was taken during this study to prevent tip influences on
the nanoparticle positions.
Nanoparticle adsorption on the as-prepared films exhibited
a moderate preference for the PS domains with 50–80 % of
the FePt residing there (not shown), guided by the hydrophobic interactions between styrene and the alkane tails of the
oleic acid capping molecules. The distribution of nanoparticles between the two domains displayed significant variation
between different samples despite similar preparation conditions. In order to maximize the selectivity and strengthen the
nanoparticle–substrate communication, one must modify the
chemistry of the polymer and/or the capping molecules. Dualsurface presentation of these PS-b-PMMA films is a rare characteristic that is convenient for templating applications, so it is
more straightforward to alter the chemistry post-casting
rather than to begin with a different diblock copolymer material.
We modified the polymer templates with vacuum ultraviolet (VUV) radiation prior to FePt deposition. Fourier-transform infrared (FTIR) spectroscopy, ultraviolet photoelectron
spectroscopy, mass spectrometry, and NMR studies with

lindrical-phase diblock copolymers as etch masks to produce
self-assembled arrays of nanoscale dots, pillars, or lines composed of various materials.[3,14–16] The advantage of our approach is that the length-scale of the final functional material
is an order of magnitude smaller than the original polymer
domains.
We have selected FePt nanoparticles because they are central to magnetic applications owing to their chemical stability
and the reported uniaxial magnetocrystalline anisotropy of Ku
∼ 7 × 106 J m–3.[17] A large anisotropy corresponds to a stable
magnetic moment. The probability, P, of thermal activation
reversing the magnetic axis of an individual nanoparticle
scales as:


Ku V
P / exp
(1)
kB T

2447

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

PMMA C=O stretch

PS ring C-C stretches

PS IP bends &
PMMA C-O-C stretch

Figure 1. Effect of VUV irradiation on a PS-b-PMMA ultrathin film depicted in schematic form
(a,d), with tapping mode AFM phase images (2 lm × 2 lm) (b,e), and with line scans showing surface corrugation (c,f). Pre-exposure surface corrugation is ∼0.6 nm, with the PMMA phase appearing brighter (higher). VUV irradiation causes selective etching of the surface PMMA half-cylinders
resulting in a corrugation of ∼8 nm. The etched surface is a highly selective template for the adsorption of FePt colloidal nanoparticles.

PS OOP ring bends
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PMMA homopolymer reported in the
literature have been used to characterize its response to high-energy irradiation, including VUV as used herein.[33–35] PMMA reacts through several
routes: severing the C–C main-chain
bonds, cleaving ester side-chain linkages, and generating C苷C bonds in the
backbone. PS is believed to crosslink
under VUV exposure resulting in a
chemical presentation at the interface
similar to that present before irradiation. Therefore, our process is expected
to selectively etch away the PMMA
half-cylinders leaving a highly corrugated PS surface; this has been verified
by means of AFM (Fig. 1). Figure 2 depicts FTIR spectra of the PS-b-PMMA
film before and after VUV irradiation.
Spectra of PS and PMMA homopolymers (not shown) reveal that the decay
of the peak centered at ∼1730 cm–1,
characteristic of a C苷O stretch (see
inset), is indicative of PMMA degradation. The chemical moieties displayed
within the etched regions are inferred
to be a combination of methyl methacrylate fragments and oxidized radical
bonds. These more reactive species
attract the nanoparticles to the etched
domains. This results in two notable
changes: 1) a reversal of the FePt domain selectivity when compared with
the original film, i.e., from PS to etched
PMMA; and 2) a significantly higher
degree of selectivity (Fig. 3). A possible
alternative explanation is that solvent
de-wetting plays a role in the deposition
within the troughs, because, as the FePt
solution dries during spin-casting, the
edge of the droplet may hesitate momentarily when it encounters each
etched domain, thereby allowing more
time for nanoparticles to deposit onto
the surface in these regions.[36] We have
tested this latter, kinetic hypothesis by
heating the FePt/VUV-PS-b-PMMA
system to 367 K, just below the PS-bPMMA glass-transition temperature
(Tg = 378 K), and have determined that
the adsorption selectivity presented in
Figure 3 is thermodynamically stable
and hence likely driven by chemical
interactions rather than de-wetting be-

Figure 2. FTIR spectra of PS-b-PMMA before (black) and after (red) VUV irradiation. Decay of the
C苷O stretching vibration peak centered at ∼1730 cm–1 indicates etching of the PMMA domains. It
does not fully disappear because there is still an intact PMMA layer in contact with the silicon nitride substrate. IP and OOP stand for in-plane and out-of-plane, respectively.
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Figure 3. Representative 2 lm × 2 lm tapping mode AFM phase images
showing ∼99 % selective adsorption of single FePt nanoparticles onto the
photochemically modified polymer domains (dark stripes) with a) low
coverage (∼100 clusters/lm2) and b) high coverage (∼225 clusters/
lm2). Increasing the coverage results in a somewhat larger population of
multiparticle clusters but does not reduce the overall selectivity of the
single particles.

havior. Indeed, further indication of the attractive interactions is that the nanoparticles do not even migrate within the
etched domains during annealing.
While the as-synthesized nanoparticles exist primarily as
isolated single particles in dilute solution mediated by the solvent, they have a tendency to aggregate into small clusters
during deposition due to attractive van der Waals’ interactions
between the surfactant capping molecules. As the solvent evaporates during spin-casting the concentration of the deposited
nanoparticle solution increases, thereby inhibiting the ability
of the solvent to prevent aggregation. Clusters containing two
particles represent 20 % of the surface population, and those
containing three or more particles represent 30 %. The remaining 50 % are isolated nanoparticles. A statistical analysis
of numerous AFM images reveals that 99 % of the single FePt
nanoparticles adhere to the exposed PMMA phase. Larger
clusters often adsorb partially onto the PS phase because their
dimensions are comparable to, or larger than, the polymer microdomain spacing. Those larger clusters that have a linear aspect ratio, i.e., nanoparticle chains, also exhibit a high selectivity for the etched regions and align such that their long axis is
parallel to the channels. Taken together, these data demonstrate that exposing a PS-b-PMMA film to VUV radiation
results in a superior template for nanoparticle adsorption. Remaining challenges include minimizing nanoparticle aggrega-
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tion while increasing the overall surface coverage and obtaining the high anisotropy fct-FePt phase without inducing
interparticle sintering. A related issue important for future
applications and fundamental investigations of one- and twodimensional nanoparticle interactions is the spatial ordering
of the nanocrystals within the channels. We are investigating
the driving forces that govern this ordering with the aim of
ultimately gaining control of both the interparticle spacing
and the long-range order.
In summary, we report a novel approach for obtaining selforganized assemblies of magnetic nanoparticles using a modified polymeric template. A PS-b-PMMA diblock copolymer
thin film was irradiated with VUV light to selectively etch
the surface PMMA domains thereby producing a corrugated
organic substrate. The exposed film was used as a template
for the self-assembly of oleic acid-capped FePt nanocrystals
that adsorb with nearly 100 % selectivity within the photochemically created nanoscopic channels. Ramifications of this
work extend to potential future bit-patterned magnetic-storage media. The method does not rely on the magnetic character of the FePt core. It is, therefore, general to all surfactantmediated nanoparticles suggesting possible applications in the
templating of electronic, photonic, and catalytic systems.

Experimental
Asymmetric PS-b-PMMA with a molecular weight of 77 000 g mol–1
and a polydispersity of 1.09 was obtained from Polymer Source.
Excess PS homopolymer was removed via Soxhlet extraction in cyclohexane. Thin films were then spin-cast at 5000 rpm from 1.5 wt.-%
toluene solution onto clean silicon nitride substrates and annealed for
six hours at 518 K in an inert atmosphere. FePt nanoparticles were
deposited onto prepared polymer films via spin-coating a 5 ll drop of
dilute octane solution (∼0.5 wt.-%) at 3000 rpm. Imaging was
performed on a Digital Instruments Nanoscope IV using Veeco tapping-mode etched silicon tips (radius of curvature ∼ 10 nm, spring
constant ∼ 40 N m–1). VUV irradiation was carried out at pressures of
∼2 × 10–7 torr (1 torr = 133.32 Pa) using a Hamamatsu L2793 deuterium lamp with a MgF2 window. This configuration provides continuum spectral output in the range 115–400 nm, with an average intensity
of 8 × 10–6 J cm–2 s–1. Typical exposures times were 7–15 min.
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A Reagentless Biosensing Assembly
Based on Quantum Dot–Donor Förster
Resonance Energy Transfer**
By Igor L. Medintz,* Aaron R. Clapp,
Joseph S. Melinger, Jeffrey R. Deschamps, and
Hedi Mattoussi*
Reagentless biosensors combine the specific recognition of
biochemical receptors, usually proteins, with the ability to
concomitantly produce quantitative output data that does not
require further processing. These biosensors can help meet
the growing analytical demands in diverse applications such
as healthcare, security, food and water assurance, environment, and industrial process monitoring.[1,2] Bacterial periplasmic binding proteins (bPBPs) have provided many of the
biorecognition elements used in reagentless biosensors, targeting various sugar, peptide, and ion analytes.[3,4] Upon binding of a specifically recognized analyte in their binding pockets, these hinge-bending proteins undergo an obligatory
conformational change. Cass and co-workers have demonstrated that judicious placement of a dye within the maltosebinding protein (MBP) structure allows fluorescent signaling
of changes in maltose concentration, derived from changes in
the dye emission.[5] MBP has further served as a versatile
platform for testing various reagentless biosensing modalities
including redox-active sensing and an elegant fluorescence
resonance-energy transfer (FRET)-based multifluorescent
protein–MBP fusion sensor.[6,7] Hellinga and co-workers have
also shown that the binding pocket of bPBPs could be remodeled to target non-natural analytes, such as trinitrotoluene
(TNT), using computationally intensive redesign and muta-
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