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Gold nanopatrticles functionalized with amphiphilic polybutadiepely(ethylene glycol) (PB-PEG) V-shaped
arms formed stable Langmuir monolayers at the-aiater and the airsolid interfaces. At these interfaces, the binary
arms vertically segregated into a dense polymer corona, which surrounded the gold nanoparticles, preventing their
large-scale agglomeration and keeping individual nanoparticles well-separated from each other and forming flattened,

pancake nanostructures. The presence of both PEG and

PB chains in the close proximity to the gold core was confirmed

by surface enhanced Raman spectroscopy, whereas the AFM phase contrast images revealed the presence of 2 nm
gold cores surrounded by the polymer shell with the diameter of 11 nm. We suggest that the amphiphilic shell drives
their spontaneous organization into discrete 2D pancakelike hybrid structures that measuredup to dixmeter

and had a high packing density of gold clusters.

Introduction

Nanoparticles of nobel metals with different dimensionalities
and surface functionalities are attractive targets for numerous
technological and biomedical applications due to their unusual
magnetic, optical, electronic, and catalytic properti¢'sCon-
trolled ordering of inorganic species at the interfaces is a
challenging goal, which requires their high packing density
without anirreversible agglomeration. Organinorganic hybrid
structures combine the attractive properties of the metalic
nanoparticle core with interparticle distances and ordering
controlled by the protecting polymeric shell. The “polymer

nanotemplating” approach creates defined nanoscale architecture:

by nucleating inorganic crystals within a polymer mati*?

For example, hybrid building blocks composed of 3.2 nm diameter
gold nanopatrticles encapsulated in PAMAM dendrimers have
been observed to self-organize on the amphiphilic patterned
surfaces}2 A similar approach of encapsulating Cu, Pd, and
Pt nanoparticles in PAMAM dendrimers was demonstrated by
Zhao and Crook&315
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As was suggested, the functionalization of small inorganic
nanoparticles with long polymeric brushes would isolate the
inorganic core from the environment and develop the hybrid
materials with novel properties. Indeed, gold nanopatrticles have
been physically encapsulated in cross-linked diblock copolymer
micelles, eliminating the need for linking moietit’s Such
amphiphilic copolymers are known to drive ordering at the-air
water interface and in selective solvents and thus can be explored
to control interfacial behavior of metal nanoparticles if used as
a shell componenrif~21 On the other hand, it was demonstrated
that mixed Langmuir monolayers of surfactants and ligand-
stabilized metatcore nanoclusters formed highly ordered
nanostructured film&?-24 However, to date, no examples of
inorganic nanoparticles encapsulated into responsive shells
capable of changing their properties under external stimuli (e.qg.,
variation of solvent polarity) have been demonstrated.

Therefore, this study examines stimuli-responsive gold nano-
particles functionalized with amphiphilic binary corona composed
of V-shaped polymer arms chemically grafted to the gold surface.
We focus on determining the molecular dimensions and interfacial
ordering of these coreshell nanoparticles at the aiwater and
air—solidinterfaces. The presence of hydrophobic and hydrophilic
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polymer chains chemically grafted to a single joint facilitates the Nanogold Paper 15
formation of stable Langmuir monolayers and fine structural
ordering within the monolayers caused by vertical segregation
of dissimilar arms and the formation of pancake nanostructures.
The branched binary gold nanopatrticles reported here expand Bu
a series of highly branched binary star-copolymers introduced |
earlier, which demonstrated peculiar amphiphilic behavior with =
strongly segregated nanophase structéffd$he advantage of Q
this system is the well-defined structure (PBI1.07 by GPC) A
and exact 1:1 molar ratio of hydrophilic PEG and hydrophobic
PB chains attached to a given gold core. Thisis due to the synthetic S
strategy used for the preparation of this material when pre- | < > o
synthesized carboxyl-terminated V-shaped f#HEG block ST O)‘Q 0
copolymer molecules are covalently attached to hydroxyl-
functionalized gold nanoparticles via an ester linkage as discussed W,
in detail elsewheré® This is a significant advantage over the )
systems prepared by reacting a mixture of two thiolated polymers 3

upon reduction of gold and the approach of chemically grafting N
monolayers from pre-assembled binary brush molecules on a Qv
planar substrat®. Q
T
Experimental Section ]

The gold nanoparticles with amphiphilic V-shaped arms were Figure 1. Chemical formula of a single V-shaped molecule attached
synthesized as described in detail elsewR&r&he V-shaped to a gold core of Au(PB-PEG), nanoparticles.
amphiphilic molecule containing a hydrophilic poly(ethylene glycol)
PEGss (My = 2200) and hydrophobic 1,4-polybutadiene;P@As  spectra were recorded by a cooled charge-coupled device (CCD)
=1000) was attached covalently to 2 nm mercaptophenol-derivatizedcamera with resolution of 0.32 crh Transmission electron
gold nanoparticles via ester linkage, forming a dense shell (Figure microscopy (TEM)images were obtained on a JEOL 2010 microscope
1). Monomolecular films from these molecules were prepared by gperating at 120 kV. The samples were prepared by casting a drop
the Langmuir technique on an RK-1 trough (Riegel & Kirstein, of 0.1 wt % THF solution on carbon-coated copper grid followed
GmbH) according to the usual procedure adapted in oufi#ithe by drying atroom temperaturerf® h before imaging. The geometrical
trough was placed in a laminar flow hood. The compound studied parameters of all molecules were estimated from molecular models
here was dissolved in chloroform (Fisher, ACS reagent grade) at it with the Materials Studio 3.0 software package and the Cerius
~0.01 mmol/L concentration. The solution was spread over the program on a SGI workstation. The combination of molecular

water subphase (NanoPurel8 MQ cm) and dried for 30 min  gynamics and force-field energy minimization was used to generate
before compression. Monomolecular films were deposited on cleanedmolecular models before taking molecular dimensions.

silicon substrates (Semiconductor Processing Co.) using the Lang-
muir—Blodgett (LB) technique. Freshly prepared silicon wafers were Results and Discussion
treated in “piranha” solution (30% hydrogen peroxide:94% sulfuric ) . ”
acid, 1:3,chemical hazard!according to the standard procedéte. Surface Behavior at the Air—Water Interface. Initial GPC
Atomic force microscopic (AFM) imaging of the LB monolayers ~ @nalysis performed for the molecules studied here estimated only
was performed with AFM microscopes, Dimension-3000 and 6 V-shaped molecules attached to the gold core. However, this
Multimode (Digital Instruments), in the light tapping mode according  technique is known to significantly underestimate the molecular
to an experimental procedure described elsewffefé.Raman weight of branched structures as was previously demonstrated
spectroscopy was conducted with a custom-designed instrumentbasefbr high generation dendrimers and star-shaped polyAiers.
on an Aurora-Ill near-field scanning optical microscope (Digital - Therefore, on the basis of high-resolution TEM images and the
Instrumentsj® A Nd:YAG (yttrium aluminum gamet) laser (532 glemental analysis, it was estimated that approximately 65
nm) was used as the light source, with an intensity of 1 mW. The \;_ghaned molecules were tethered to a given Au NP as discussed
ot : _— ek Do Teuui, M detail earliers
V. 32.532%%7‘35’2’30&’53’ inant, . Teng, J.; Zubarev, E. R.;Vaknin, D Tsukitk, - he extended diameter of Au(PBPEG), hybrid molecules
(26) Xu, J.; Zubarev, E. RAngew. Chem., Int. EQ004 43, 5491. with the given composition was calculated to be about 30 nm
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V. Langmuir2003 19, 7832. (b) Julthongpiput, D.; Lin, Y.-H.; Teng, J.; Zubarev, with each V shaped molecule measuring 13nmin afu”y extended

E. R.; Tsukruk, V. V.J. Am. Chem. So@003 125 15912. (c) Lin, Y.-H.; Teng, ~ conformation (Figure 2, top). However, the collapse of the
i.;’vzl_ubare’\%/,g. 5.; ?{hlll_lihaéH.: TS;kBUk'AX' ﬁanso Iiettt3-2005E5,£9# (?() . polymer arms to form a dense shell surrounding the gold
eMieux, M. C.; LIn, Y.-H.; Cuong, P. D.; n, H.-S.; Zubarev, . R.; | SUKIuK, : H H H
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surface for these coreshell nanoparticles is extremely high,
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Figure 3. Thez—A isotherm of Au(PB-PEG), nanoparticles at
modest lateral compression.

The Au(PB-PEG) hybrid nanoparticles with both hydrophilic
and hydrophobic arms comprising a polymer shell formed stable
Langmuir monolayers at the aiwvater interface with reversible
compression behavior at modest surface pressures reaching 10
mN/m (Figure 3). The Langmuir monolayer was compressed
irreversibly and collapses at higher lateral compression with the
surface pressure reaching 18 mN/m (not shown). The molecular
area that corresponded to an initial slight rise in the surface
pressure was estimated to be within 2@50 nn? per molecule.

On the other hand, the cross-sectional area per molecule in the
condensed monolayer determined from the rise in the surface
pressure was close to 140 AfFigure 3). Finally, the limiting
cross-sectional area for the reversible compression was close to
50 nn? with the smallest cross-sectional area preceding the
monolayer collapse at 30 rfm

The detectable surface pressure increase observed below 250
nn? fell between the maximum cross-sectional area of the
compound with completely extended arms500 nn¥) and that
inthe partially collapsed state with coiled conformation of flexible
arms (140 nrd (Figure 2). In this state, the PEG chains can be
partially adsorbed at the aiwater interface and partially
submerged in the water subphase. Considering that the surface
packing density in this loose state should not exceed 60%, the
estimated molecular area of 230 #fits closely to the onset of
the surface pressure increase. The following rise in the surface

Figure 2. Molecular model of gold nanoparticles with amphiphilic  Pressure for the molecular areas below 150 meflects the
binary shells with extended (above) and collapsed polymeric arms formation of the more condensed Langmuir monolayers with
(below). For clarity, only ten attached molecules are included. White, diminishing molecular areas associated with gradual submerging
carbon; blue, hydrogen; red, oxygen; and green, sulfur. of the hydrophilic PEG arms into the water subphase. This
behavior is similar to that reported before for star and branched
molecules containing a variable number of PEG arms varying
from 2 to 18%°

Finally, a sharp precollapsed rise in the surface pressure can
associated with direct lateral contact of rigid cores (3@ nm

. . >He per molecule) of gold nanoparticles with attached rigid fragments
available for packing of polymer chains in the outer shell. The after a1 hydrophilic arms completely submerged in the water
estimated grafting density for these molecules is much higher g,phhase. In this state, the hydrophobic arms should vertically
than thatusually observed for polymer chains chemically grafted gggregate above the water surface, a common phenomenon for
to a planar subtsrafé:3” However, for nanoparticles with small PEO-containing star-block copolyméfsioThe highest reachable
diameters, it has been demonstrated that steric constraints in theyrface pressure in our case is well below that usually observed
lateral packing of polymer chains within curved shells are much for amphiphilic star-copolymers, which can be caused by a
removed due to an additional free volume provided by highly disturbance introduced into in-plane packing by the eafeell
curved grafting surfaces for outer shells, thus allowing the surface

area per a single molecule to reach 6:0824 nn?.38 (39) (a) Peleshanko, S.; Gunawidjaja, R.; Jeong, J.; Shevchenko, V. V.; Tsukruk,
V. V. Langmuir2004 20, 9423. (b) Peleshanko, S.; Jeong, J.; Shevchenko, V.
V.; Genson, K. L.; Pikus, Y.; Petrash, S.; Tsukruk, V.\Macromoleculef004

(37) Luzinov, I.; Julthongpiput, D.; Malz, H.; Pionteck, J.; Tsukruk, V. V. 37, 7497. (c) Gunawidjaja, R.; Peleshanko, S.; Genson, K. L.; Tsitsilianis, C.;
Macromolecule200Q 33, 1043. Tsukruk, V. V.Langmuir2006 22, 6168.

(38) Corbierre, M. K.; Cameron, N. S.; Lennox, R. Bangmuir2004 20, (40) Peleshanko, S.; Jeong, J.; Gunawidjaja, R.; Tsukruk, Ma¢romolecules
2867. 2004 37, 6511.

reaching 0.2 nrhper a V-shaped molecule. This value reaches
the limits of the dense packing of phenylbenzoate groups in the
upright orientation and indicates very dense packing of V-shaped be
junctions in the vicinity of the gold surface with more space
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Figure 4. AFM topographical (left) and phase (right) images of the
LB monolayer deposited at 5 mN/m at different magnifications. The
Z scales are 5 nm and 2fr upper images, and 20 nm and°Z6r
lower ones.

images for the LB monolayer deposited at 5 mN/m demonstrating
compressed and expanded ringlike structures: the domain edge (a)
and the underlying layer (b). Th&scales for images (a) are 2 nm
and 5, and 3 nm and Sfor (b).

structure as well as a nonuniform monolayer morphology areas surrounding the domains. The phase contrast of the dimpled

(heterogeneous domain microstructure) (see below). structure showed a ringlike surface structure with the significant
Surface Morphology of LB Monolayers. A well-defined phase contrast between cores and rims, suggesting a gold core

domain structure was confirmed for the LB monolayers deposited ringed by the aggregated polymer corona. From high-resolution

at low and medium surface pressures. The AuPEG) AFM images, we calculated the ring diameter by exploiting the

molecules formed very large round domains (the diameter varying cross-sectional analysis and taking into account the AFM tip
from 4 to 10um) at all molecular areas studied here (Figure 4). shape as discussed in a number of previous publicatfons.
The number of circular domains rose for the monolayer deposited Moreover, for ringlike structures with elevated rims and depressed
atthe lowest cross-sectional area, resulting in their denser packingcores, the influence of the AFM tip is minimal as discussed in
A thin underlying monolayer was observed to spread between our previous studie¥:3244The diameter of 14 1.5 nm measured
the domains, suggesting the two-phase monolayer structurefor the monolayers was close to the diameter of the molecular
usually observed in the condensed liquid state and the expandegnodel when the polymer corona densely packed around the gold
solid state of Langmuir monolayers where two types of molecular core and hydrophobic chains aggregated above the overall surface
packings coexist in a wide range of pressufe¢gMore densely  (Figure 2).
packed planar domains with slightly increased thickness are  Further evidence of the possibility for dense but nonaggregated
formed within laterally compressed regions. Comparison of the surface packing of Au(PBPEG), was obtained from TEM
domain height versus the gold nanoparticle core diameter furtherexperiments (Figure 6). When a molecular film of nanoparticles
supported this conclusion. The average height of the domainsijs deposited onto a carbon-coated grid, one can observe a dense
modestly increased from 040.1 nm for monolayers deposited  packing of dark dots measuring2 nm, which represent the
at lower pressure to 04 0.1 nm for monolayers deposited at  metallic cores of the hybrid Au(PBPEG), structures. The dots
the highest surface pressure. This difference suggests that therre separated by the polymeric shell, which creates a light gray
domains are composed of molecules with PB chains vertically background because the polymer arms scatter electron density
segregated and spread at the air-layer surface rising aboveo a much lower extent. The apparentinterparticle distance varies
molecules with horizontally spread arms, thus generating the from 6 to 8 nm, which is somewhat smaller than the average
overall pancake shapes in the selected surface areas. interparticle distance observed in the AFM images in laterally
The pancake shape of the cewhell nanoparticles at the  compressed monolayers. However, the molecular film prepared
interfaces and the vertical segregation of the hydrophobic chainspy casting a dilute solution onto carbon support may have
into a dense corona surrounding the gold nanoparticle core werecontained more than a single molecular layer in some areas. The
confirmed by high-resolution AFM images for domain surface overlap of several layers would diminish the average interparticle
areas. As was observed, the Au(PBEG) molecules formed  distance when viewed in 2D projection. However, the overall
a fine dimpled texture within the circular 2D nanostructures
(Figure 5). A similar texture with slightly large circular (43) (a) Ratner, B., Tsukruk, V. V., EdScanning Probe Microscopy in

nanostructures was observed for the underlying layer at the surfac%‘(’:'yTgegz_ASi’l Sg’grzp‘zg')“?sffrnis; \}Ar?/erls\ellgh(llh;mgglkﬂ ?gggt%ct\(ﬁsgmton,

Microtribology of Polymer SurfaceACS Symposium Series; American Chemical
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Interscience: New York, 1966. (b) Ulman, ltroduction to Ultrathin Organic Eds. Advances in Scanning Probe Microscopy of Polymidiecromol. Symp.
Films; Academic Press: San Diego, 1991. 2001, 167. (c) Tsukruk, V. V.Adv. Mater. 2001, 13, 95.

(42) (a) Kaganer, V. M.; Mbwald, H.; Dutta, PRev. Mod. Phys1999 71, (44) Holzmueller, J.; Genson, K. L.; Park, Y.; Yoo, Y.-S.; Park, M.-H.; Lee,
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Langmuir-Blodgett Monolayers of Gold Nanoparticles Langmuir, Vol. 22, No. 16, 20a8BL5

5000

si
c-C
(PEG, PB)

(:é C-C, ester

- link

> CH, Ch, (PEG)

2 PB) SO

2 (PEG) ' c=C

g l « (PB)

— 77—
500 1000 1500 2000

Raman Shift (cm™)

Figure 7. Raman spectrum of Au(PBPEG), LB monolayer with
major bands assigned to specific vibrational modes.
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Figure 6. TEM image of Au(PB-PEG), nanopatrticles cast from
THF solution on a carbon-coated TEM grid.

appearance and the high packing density of the hybrid Ai(PB  strongest Raman peak at 1488 ¢ncan be assigned to a GH
PEG),structures observed by TEM are very similar and consistent scissor vibration of PEG chains according to the literature sources
with the dimpled surface nanostructures found in high-resolution as well as G-C stretching for the benzene rings of the V-shaped
AFM images. fragment (Figure 1374° Another peak that belongs to PEG is
Raman Scattering for Au(PB—PEG), Monolayers.We were near 1058 cmt. This peak is related to-€0 bond vibration in
able to confirm the chemical composition of the amphiphilic the PEG backbon®.The broad peak at 1156 crhis associated
structures in the monolayers with Raman spectroscopy and reveaWith C—C stretching of both PEG and PB backbofg¥Finally,
additional features of intramonolayer molecular packing. The the peaks at 1665 and 964 chtorrespond to €C stretching
presence of gold nanoparticles was vital in this experiment because2nd CH rock vibrations of PB backbones, respectivély.
for a single monolayer with similar composition and thickness ~_ An even enhancement of Raman bands that belong to two
Raman scattering is extremely weak and is well below any dlfferer_lt arms is a strong indication of t_he|r_eq_u_al and close
sensitivity limits preventing any detection. However, as known, Proximity to the gold surface. To obtain significant SERS
noble metal nanostructures can be responsible for a tremendou®henomenon, this distance should be W|thm42nm§1 This
increase in Raman scattering cross-section. These nanostructurd§Sult rules out the model of arms arrangement within the outer
are widely applied as active fillers or substrates to enhance theShell with a preferential segregation of one type of the arms in
Raman scattering and facilitate surface-enhanced Raman scatin€ Vicinity of the gold core. In contrast, this result strongly
tering (SERS) phenomendhSERS makes it possible to study supports the model of vertical segregation of dissimilar arms and
microstructures and molecular orientations down to a single the formation of the pancake nanostructures as suggested above
molecule resolutior®*” Considering the inclusion of gold from AFM data. For such segregation, both types of arms form
nanoparticles with a very small diameter into LB monolayers, thin layers abqve.a.md belowthe gold nanopartlcles, thu_s providing
we expected to observe SERS signals for the AuPEG) achar?cefor5|gn|f|c.anltand comparable portions qfthglrsegments
monolayer, but even in the case of LB monolayers with similar to be in close proximity to the gold surface, which is passible

thickness the Raman signal cannot be detected only for vertically segregated hydrophilic and hydrophobic arms

. in the outer shells of hybrid nanoparticle structures.
Indeed, a series of strong Raman peaks was observed for the 4 P
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