Macromolecules 2005, 38, 9405—9410 9405

Directed Nanoparticle Binding onto
Microphase-Separated Block Copolymer Thin
Films

Wolfgang H. Binder,*" Christian Kluger,!
Christoph J. Straif,* and Gernot Friedbacher*

Institute of Applied Synthetic Chemistry/ Division
Macromolecular Chemistry, Vienna University of
Technology, Getreidemarkt 9/163/MC,

A-1060 Wien, Austria, and Institute of Chemical
Technologies and Analytics, Vienna University of
Technology, Getreidemarkt 9/164 IAC,

A-1060 Wien, Austria

Received August 18, 2005
Revised Manuscript Received October 4, 2005

Introduction. The binding of nanoparticles (NPs)
onto polymeric surfaces is an important step in generat-
ing ordered particle arrays.! Usually, self-assembly
processes are required to direct nanocrystals with sizes
from ~1 nm up to tens of nanometers onto functional
surfaces. Critical for this binding and deposition process
is (a) the control of the chemical nature of the surface
onto which the NPs are bound, (b) the structure of the
surface of the nanoparticles, in particular the chemical
moieties bound, and (c) the tuning of the supramolecular
interaction acting between the NP surface and the
polymeric surface in terms of binding strength, binding
multiplicity, and binding kinetics. In the past, several
NP/surface systems relying on self-assembled monolay-
ers (SAM’s) have been reported. Supramolecular inter-
actions (such as Reinhoudt’s molecular printboards
(relying on adamantane/cyclodextrine interactions),??
hydrogen-bonding systems (i.e., triazine/thymine bind-
ing system,* Hamilton receptor/barbituric acid systems,?
and other conventional hydrogen bonds®), DNA-based
systems,” and purely electrostatically assembly® have
been used for this purpose. Besides other approaches
(i.e., interfacial assembly, crystallization of opals),? the
supramolecular approach is still the most versatile in
that it allows the spatially separated use of several
interactions and thus the binding of several NPs on
different parts of a surface. These supramolecular
binding concepts have been transferred to the incorpo-
ration of NPs into polymeric matrices,? although using
widely nonspecific interactions, i.e., purely hydrophobic
incorporation,!! polymer/polymer interactions,!? polymer/
metal interactions, and single hydrogen bonds.!® An-
other approach starts with block copolymeric micelles
in solution, into which nanoparticles have been incor-
porated and subsequently deposited onto surfaces,
presenting the nanoparticles at a specific interface.1*
Highly specific supramolecular interactions to direct
nanoparticle binding on polymeric surfaces have—to the
best of our knowledge—not been reported to date.

In the present paper we report on the binding of Au
NPs onto microphase-separated polymeric films depos-
ited on surfaces, where a strong (highly specific) hydro-
gen-bonding interaction has been positioned in one of
the polymeric blocks of a block copolymer (BCP-1) (see
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Figure 1). The relevant interaction relies on the Hamil-
ton receptor/barbituric acid interaction, which comprises
a binding strength of 10*—10® M~!, depending on
whether the receptor is bound to polymers, oligomers,
or surfaces. Thus, the Hamilton receptor has been
incorporated 50-fold into one block of the BCP, and the
barbituric acid has been fixed to the surface of Au
nanoparticles. In contrast to previous investigations
(where the incorporation of the NPs is accomplished
directly in the bulk microphases of a BCP such as PVP—
PS),12b we have first prepared a microphase-separated
film of a BCP and subsequently bound the NPs with
the matching (barbituric acid) functionality. This ap-
proach yields a stable, highly specific NP attachment
onto specific BCP phases on surfaces.

Experimental Section. a. Instrumentation. NMR
spectra were obtained with a 200 MHz Bruker AC200
spectrometer and a 400 MHz Bruker Avance DRX 400
MHz in CDCl3 and DMSO-d¢. GPC analysis was per-
formed on a Viscothek VE 2001 system using Styragel
linear columns in THF at 40 °C. Polystyrene standards
were used for conventional external calibration using a
Waters RI 2410 refractive index detector.

b. Materials. THF was dried by distillation from
potassium and benzophenone, and CHyCl, was freshly
distilled from CaHs. All solvents used during the po-
lymerization process as well as for postmodificational
reactions were dried and deaerated thoroughly. All
reaction vessels were heated and flushed with argon
before use. All chemicals were purchased from Sigma-
Aldrich. exo-Oxabicyclo[2.2.1]hept-5-ene-2,3-dicarbox-
imide,!® exo-N-(6-bromohexyl)-7-oxabicyclo[2.2.1]hept-
5-ene-2,3-dicarboximide (5),!6 and 5-hex-5-ynoylamino-
N,N'-bis(6-octanoylaminopyridin-2-yl)isophthalamide®
were prepared according to the literature. Preparation
of the block copolymers BCP-1, BCP-2, and BCP-3 is
given in the Supporting Information. Au nanoparticles
(5 nm, bearing barbituric acid moieties) were prepared
according to the literature.’ Polymer films were pre-
pared on Wacker Siltronic silicon wafers by dip coating
(3 mm/min) from a 0.5% solution in THF solution.
Annealing of the polymeric films was carried out at 80
°C under vacuum for 48 h. Nanoparticle binding:
nanoparticle solutions of 0.1-0.3% in toluene were
sonicated for 5 min prior to use and directly used for
the assembly experiments onto the polymer films.
Assembling nanoparticles onto polymeric films was
carried out at room temperature in toluene solutions
for 16 h without stirring. The films were purified once
with pure toluene and blow-dried with nitrogen gas.
Then, AFM experiments were performed directly on
these substrates. Monomer 4 was prepared as described
in the Supporting Information.

c. AFM Measurement. For the AFM investigations
a NanoScope III multimode SPM from Digital Instru-
ments, Veeco Metrology Group, Santa Barbara, CA, has
been used. Measurements were performed in tapping
mode under ambient air using single-crystal silicon
cantilevers (Arrow NC cantilevers, NanoWorld, Swit-
zerland, spring constant 42 N/m, resonance frequency
~ 285 kHz). Scanning was accomplished with an E-
scanner (maximum scan range 10 um x 10 um) operated
at a scanning rate of 2 Hz and an image resolution of
512 x 512 pixels. Data evaluation was performed with
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Figure 1. Strategy to bind nanoparticles (NP) onto block copolymer surfaces (BCP) via multiple hydrogen-bonding interactions
(Hamilton receptor). Starting from BCP 1 a microphase-separated thin film is prepared, onto which NPs are bound subsequently.

the NanoScope software version 6.13r1 (Digital Instru-
ments, Veeco). The roughness data used in this paper
are root-mean-square (rms) values, derived as standard
deviations of all height values in an image. Phase
images (i.e., the phase lag between the piezo-oscillation
driving the AFM cantilever and its response) have been
recorded simultaneously with the topographic images
through the second data channel of the instrument.

Results and Discussion. We have started our
investigations with BCPs derived from poly(oxynor-
bornenes), where (a) the Hamilton receptor is positioned
in one of the polymeric blocks and (b) a fluorinated side
chain is designed into the other block to enhance the
microphase separation (Figure 1). The synthesis of the
BCP relied on a previously developed combination of
ROMP homopolymers with “click-type” reactions,'® fur-
nishing the corresponding BCP-1 in high yields (M, =
23 800 g mol™1, M, /My, = 1.20, n = 50; m = 50) in a
short reaction sequence (Figure 2). Briefly, the two
oxynorbornene monomers 4 and 5 were polymerized
using the Grubbs I catalyst, furnishing the block
copolymer BCP-2. After transformation into BCP-3 via

azide exchange, the Hamilton receptor 6 was attached
using the azide/alkine “click” reaction.14:17 Reaction
yields within this synthesis were high, reaching nearly
quantitative levels due to the high efficiency of the
azide/alkine “click” reaction from polymer 5 with the
terminal alkine 6. The resulting BCP-1 was cast into
thin films (thickness ~50 nm) onto silicon wafers, by
either spin-casting or dip-casting. Figure 3a,b shows
AFM images (topography, Figure 3a; phase image,
Figure 3b) of a BCP film as derived from dip-casting
(drawing speed of 3 mm/min) in THF without any
further heat treatment. In the topographic image a
smooth and largely homogeneous film surface with an
rms roughness of 0.5 nm (0.3 nm without the holes) can
be observed. Only three minor pore defects in the upper
part of the image are present. The high homogeneity of
the film with respect to chemical composition and
surface termination is supported by the uniform ap-
pearance of the phase image. Other solvents (such as
chloroform and toluene) did not yield films of sufficient
quality. In fact, AFM images of films obtained with
these solvents (not shown in this paper) have revealed



Macromolecules, Vol. 38, No. 23, 2005 Communications to the Editor 9407

(0]
6]
N ~Cibs
o 4
0 Grubbs I
0 CH,CI,
N\/\/\/\Br
(0]
R=Br BCP-2
7 N\ >_C7H15 NaN;
N DMF
0. )N R=N, BCP-3
N
H
H
N

Cu(I)
6 | DMF/toluene
rt, 40h

N
6 \ 7/
o>_C7H15 BCP-1

Figure 2. Preparation of BCP 1 via ROMP and subsequent azide/alkine “click” reactions.
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Figure 3. AFM images of thin films prepared from BCP 1 on silicon wafers. (a) Height image and (b) phase image of a directly
prepared film via dip-coating from THF-solution (0.5% solution). Height (c) and phase image (d) of the same film after annealing

at 80 °C for 48 h in vacuo. The bright regions in the phase image are also somewhat higher in the topographic image (see e.g.
white arrows).

much more inhomogeneous films with a much higher from THF. Annealed films (48 h, 7'= 80 °C, in vacuo)
density of pore defects than in the case of dip-casting of the polymer show microphase separation in the AFM
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Figure 4. AFM images of polymer films after incubation with 5 nm Au-nanoparticles. (a) Height and (b) phase image of BCP-1
film incubated with NPs for 16 h. The height differences of 5 nm clearly indicate the surface-bound NPs. (¢, d) Same surface
recorded at higher resolution. The relevant “island-type” regions are indicated by white arrows. (e) Height and (f) phase image
of a polymer film (BCP-1) after incubation with Au NPs displaying the N,N'-dimethylbarbituric acid receptor with a low association

constant of ~15 M~1. Only some larger aggregates are visible.

phase contrast image (Figure 3d), demonstrating the
formation of domains consisting of two different blocks
of the BCP. Whereas the topographic image (Figure 3c)
still shows a flat and homogeneous film (rms roughness
= 0.3 nm), the pronounced contrast in the phase image
(Figure 3d) indicates that chemical inhomogeneities
through microphase separation have developed. This
microphase separation leads to the formation of domains
consisting of two different blocks of the BCP. From the
phase image a typical diameter of these domains on the
order of 15—20 nm can be derived. A closer comparison
of the topographic and the phase image reveals that the
bright areas in the phase image are higher (approxi-
mately 0.5—0.7 nm) in the topographic image (see e.g.
arrows in Figure 3c,d). It can be assumed that the
hydrophobic blocks are pointing outward from the
surface, leading to slightly thicker films in these regions.

Thus, the bright areas in the phase image most likely
constitute the hydrophobic portion of the phase-sepa-
rated polymer film. Additionally, microphase separation
in bulk BCP-1 was proven by SAXS (see Supporting
Information). Since the Hamilton receptor structure is
only located in one block of the BCP, it can be concluded
that presentation of this receptor is effected in only one
domain of the BCP on the surface. Films prepared
without annealing directly form the solvent do not show
microphase separation with the hydrophobic block
pointing outward from the surface and the hydrophilic
block being buried into the surface.

As demonstrated previously,” the strength of the
Hamilton receptor (surface/NP association constant =
1.2 x 105 M) is sufficiently high to assemble NPs (with
surfaces presenting barbituric acid) with sizes of 5 and
20 nm onto SAMs presenting the Hamilton receptor.
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The crucial point was the presence of multivalent
interactions, thus presenting the receptor molecule in
a sufficient density. Thus, it can be concluded that
similar forces should act on the surface of the current
phase-separated BCP-1 film, where a high density of
the Hamilton receptor is present in one block (50
Hamilton receptors in the poly(oxy(norbornene) block).
The binding of Au nanoparticles was effected by im-
mersion of the BCP films into solutions containing
nanoparticles functionalized with the matching barbi-
turic acid receptor (for the preparation of the barbiturate
nanoparticles see ref 5). Figure 4a shows an AFM image
of the polymer film after incubation with the NPs. A
pronounced topographic contrast (rms roughness = 1.1
nm) clearly indicates the attachment of the NPs. The
cross-sectional profile along the white horizontal line
shows a typical height for the particles of 5 nm, which
is in good agreement with the nominal particle size. The
lateral size of the observed features is on the order of
20—25 nm, which is in good agreement with the dimen-
sion of the phases observed in the phase image of Figure
3d. This indicates that specific binding of the particles
took only place on one phase of the phase-separated
polymer film. A more detailed picture of the mode of
binding is revealed in Figure 4c,d, which has been
recorded with higher resolution. The NPs (bright re-
gions) bind only to specific regions (marked with white
arrows in Figure c¢), whose size is in accordance with
the domain sizes of the block copolymer. Approximately
50% of the whole area is filled with islands of NPs,
whereas the other part (dark regions) is free of NPs,
only presenting the other microphase of BCP-1. The
presence of two different surface regions is also sup-
ported by the contrast in the phase image (Figure 4d)
of the same surface area as in Figure 4c. Thus, the
binding of NPs to specific parts of a microphase-
separated BCP surface can be effected by use of the
medium strength hydrogen bond (displaying an associa-
tion constant of Kyeen = 1.2 x 105 M1).

Another important point concerned the selectivity of
the binding process. Thus, the BCP surface was incu-
bated with NPs bearing N,N-dimethylbarbiturate moi-
eties on their surface, which only binds to the Hamilton
receptor with a relatively low association constant (K,ssn
=15 M1).> The AFM images of the polymer film after
incubation (16 h) with NPs functionalized with these
blocked barbiturate groups are shown in Figure 4e,f. A
random deposition of nanoparticular aggregates on the
surface (rms roughness = 2.5 nm), which does not reflect
the phase separation pattern seen in Figure 3, can be
observed. This indicates an unspecific binding of the
NPs on this surface. The comparatively large sizes of
the adsorbed features up to over 100 nm in diameter
and over 20 nm in height indicate that agglomeration!8
takes place, which in fact has already been observed in
solution by dynamic light scattering measurements
(data not shown).

In conclusion, we have demonstrated for the first time
the selective binding of NPs onto specific regions of the
microphase-separated BCP-1 by use of specific hydrogen
bonds. Phase separation is achieved via a defined
molecular design of the block copolymer BCP-1 and
clearly seen upon generating films on silicon wafers and
thermal annealing. Selective nanoparticle binding can
be effected on specific regions of the BCP film, in
particular those displaying the Hamilton receptor. Thus,
together with the simple synthetic approach for BCP-
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1, a number of related polymers can easily be prepared
and used as assembly platform for appropriately surface
modified NPs. Because of the large number and high
specificity of hydrogen-bonding interactions, the attach-
ment of different nanosized objects can be envisioned.
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