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Water/oil interfaces have been used extensively as platforms
for assembling systems that are capable of mimicking a
variety of biologically relevant systems and phenomena. The
study of the structure and behavior of molecules at water/oil
interfaces may help to increase our comprehension of the
behavior of biological membranes,[1] transmembrane pro-
teins,[2] protein folding,[3] and the fundamental principles that
govern wettability.[4] For many applications, for example, to
cross a biological membrane or barrier, a particle has to be
hydrophobic, but before and after it has to be hydrophilic.
Thus, reversibility of the wetting properties with avoidance of
aggregation is of paramount importance. Herein, we demon-
strate the transfer of gold nanoparticles (NPs), capped with a
stimuli-responsive polymeric coating, across the water/oil
interface in both directions. The present work demonstrates
an unprecedented surface wettability of NPs. The gold NPs
reported here are highly colloidally stable in both aqueous
and organic media, but spontaneously transfer from one bulk
phase to the other upon forming a biphasic salty water–oil
system.

Recently developed experimental[5,6] and simulation[7,8]

tools are capable of providing information about water/oil
interfaces at the molecular level. However, the molecular-
scale probes used to study the complex processes that occur at
interfaces are limited by size and time regimes that are
difficult to access by standard microscopy techniques. As a
result of their unique size-dependent physicochemical prop-
erties, inorganic NPs provide a promising alternative class of
materials with the potential to serve as model materials or
probes for biological systems.[9] Moreover, their nanoscale
dimensions, on the order of 2–20 nm, allow for direct imaging
by electron microscopy techniques.

The reproducible synthesis and functionalization of inor-
ganic NPs have been pursued for well over a decade.[10,11] We
and other groups now have a good understanding of how
inorganic NPs can be functionalized so that they are
interfacially active in biphasic water–oil systems.[12–19] Pre-

vious studies on inorganic NPs capped by stimuli-responsive
ligands either have not investigated the interfacial properties
of those NPs[20–24] or have focused on the interfacial attach-
ment of NPs to the water/oil interface.[12–19] However, one
area that has not been fully investigated is how to make NPs
truly “smart” materials that can cross the barriers of biphasic
systems, similar to the behavior of biomacromolecules. Thus,
the rational design and synthesis of inorganic NPs that are
capable of crossing immiscible water/oil interfaces may
ultimately be necessary to fully access the potential diagnostic
and therapeutic applications that are often cited for inorganic
NPs.

The gold NP–polymer system used in the present study is
shown schematically in Figure 1A. Disulfide-functionalized
homopolymers and random copolymers of oligo(ethylene
glycol) methyl methacrylate (OEGMA) and 2-(2-methoxy-
ethoxy)ethyl methacrylate (MEO2MA) were synthesized by
atom-transfer radical polymerization (ATRP) initiated by
disulfide-functionalized initiators.[25,26] The PEGylated poly-
methacrylates (PEG = polyethylene glycol) obtained in this
manner were used as stabilizers to form gold NPs with
diameters between 2 and 10 nm through a one-step reduction
process in methanol.[10] This grafting-to strategy was chosen to

Figure 1. Synthesis and stability of poly(OEGMA-co-MEO2MA)-capped
gold NPs. A) Schematic depicting the synthesis of 2–10-nm-diameter
gold NPs by the one-phase reduction of HAuCl4 in the presence of
disulfide-functionalized poly(OEGMA-co-MEO2MA) and methanol.
B) TEM and optical (inset) images showing gold NPs capped with
poly(OEGMA-co-MEO2MA) (8% OEGMA) dispersed in water. The
TEM image shows a 1004100 nm area. C) Hydrodynamic radius rh of
poly(OEGMA-co-MEO2MA)-capped gold NPs in solutions of varying
salt concentration and at different temperatures, as measured by
dynamic light scattering. The lines are provided to guide the eye.

[*] Dr. E. W. Edwards, M. Chanana, Dr. D. Wang, Prof. Dr. H. M;hwald
Max Planck Institute for Colloids and Interfaces
14424 Potsdam (Germany)
Fax: (+49)331-567-9202
E-mail: dayang.wang@mpikg-golm.mpg.de

[**] The authors thank Dr. J. F. Lutz for helpful discussions regarding
polymer synthesis and characterization. We also thank R. Pitschke
and H. Runge for TEM analysis and M. GrEwert for GPC analysis.
This work was supported by the Max Planck Society. E.W.E.
acknowledges a postdoctoral fellowship from the Alexander von
Humboldt Foundation.

Supporting information for this article is available on the WWW
under http://www.angewandte.org or from the author.

Communications

320 � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2008, 47, 320 –323



form polymer-stabilized gold NPs because a grafting-from
strategy (surface-initiated ATRP) led to dense polymer
brushes on the NP surface that rendered the particles
insoluble in water.

After dialysis to remove free polymer and salts,[27] the
polymer-coated NPs exhibited the solubility of the coating
polymer. The particles could be suspended at high concen-
trations (ca. 10 mgmL�1) in good solvents for the coating
polymer, such as water, methanol, ethanol, tetrahydrofuran,
and toluene, but could not be suspended in poor solvents, such
as chloroform and n-alkanes. Figure 1B shows a representa-
tive optical image of a water suspension of the poly-
(OEGMA-co-MEO2MA)-capped gold NPs and a TEM
image of those particles. For the particles shown in Figure 1B,
the poly(OEGMA-co-MEO2MA) had a lower critical solu-
tion temperature (LCST) of circa 37 8C and an OEGMA
molar fraction of 8%.

The solubility of PEG in aqueous media results from
hydrogen bonding between the polymer and surrounding
water. It is well-known that the addition of salt and heating
can weaken hydrogen bonds, thus reducing the water
solubility of PEG. In the present study, one may envision
that adding salt or heating results in a decreased solubility of
gold NPs capped by PEGylated polymethacrylates in water,
ultimately leading to aggregation. The hydrodynamic radius
of poly(OEGMA-co-MEO2MA)-capped gold NPs at various
temperatures and NaCl concentrations was analyzed by
dynamic light scattering. As shown in Figure 1C, the NPs
exhibit long-term stability at room temperature in the
presence of aqueous NaCl at concentrations as high as
0.15 molkg�1 NaCl. When the environmental temperature
was significantly higher than the LCST of the polymeric
capping layer, the NPs began to aggregate into large clusters
above a certain salt concentration depending on the temper-
ature. At 45 8C, particle aggregation occurred at 0.08 molkg�1

NaCl, whereas at 50 8C aggregation started at 0.04 molkg�1

NaCl.
Upon adding toluene to salt-containing aqueous solutions

of gold NPs capped with PEGylated polymethacrylate,
followed by standing at room temperature for 48 h, the NPs
spontaneously transferred to the toluene phase (Figure 2A).
The degree of particle transfer was dependent on the aqueous
salt concentration but independent of the specific salt. The
number of particles transferred to the toluene phase increased
with salt concentration and time in a nearly linear manner
(Figure 2B and C).

Furthermore, the relative fractions of the two monomers
contained in the capping copolymer had a pronounced
influence on the kinetics of the NP transfer from water to
toluene. PEGylated polymethacrylates with a greater fraction
of OEGMA required a greater salt concentration and/or a
longer standing time for transfer from water to toluene.
Additionally, heating biphasic mixtures of toluene and salty
aqueous suspensions of the polymer-capped gold NPs accel-
erated the transfer of the particles to the toluene phase and
resulted in a greater degree of particle transfer (Fig-
ure 2D).[28]

Dynamic light scattering of gold NPs capped with
PEGylated polymethacrylate in salty aqueous solutions and

toluene revealed that the hydrodynamic radius of the
particles was the same before and after transfer across the
water/oil interface. This finding indicates that NP transfer
from the aqueous phase to the organic phase does not result
from the aggregation of the particles in the aqueous phase and
redispersion in the toluene phase.

To gain insight into the unique interfacial behavior of gold
NPs capped with PEGylated methacrylic polymers at the
interface between salty water and toluene, we measured the
surface energy of different PEGylated polymers grafted to
planar gold substrates. According to the van Oss–Chaudhury–
Good (VOCG) model the overall interfacial energy of the
surface, gtot

SL, can be expressed as shown in Equation (1).[29,30]

gtot
SL ¼ððgLW

S Þ1=2�ðgLW
L Þ1=2Þ

þ2 ððgþS g�S Þ1=2 þ ðgþLg�LÞ1=2�ðgþS g�LÞ1=2�ðg�S gþLÞ1=2Þ
ð1Þ

In Equation (1) the subscripts S and L denote the surface
energy components of the solid and liquid, respectively, gLW is
the Lifshitz–van der Waals component of the surface energy,

Figure 2. Poly(OEGMA-co-MEO2MA)-capped gold NPs spontaneously
transfer across the salty water/toluene interface. A) Optical image of
gold NPs capped with poly(OEGMA-co-MEO2MA) (8% OEGMA,
LCST�37 8C), originally dispersed in aqueous NaCl solution, 2 days
after creating a biphasic system with toluene. The NaCl concentra-
tions, in mmolkg�1, are shown on each vial. B) Fraction Ytr. of poly-
(MEO2MA)-capped gold NPs transferred across the salty water/toluene
interface after 1 h with vigorous shaking, as measured by UV/Vis
spectroscopy, as a function of salt concentration. C) Fraction Ytr. of
poly(MEO2MA)-capped gold NPs transferred across the salty water/
toluene interface as a function of time, initially in salt solutions with a
concentration of 150 mmolkg�1, as measured by UV/Vis spectroscopy.
The solid line is a linear fit to the data. D) Optical image of gold NPs
capped with poly(OEGMA-co-MEO2MA) (8% OEGMA, LCST�37 8C),
originally dispersed in a 30 mmolkg�1 solution of NaCl in water,
15 min after the introduction of toluene at room temperature and
15 min after heating the biphasic mixture at 40 8C.
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g+ is the electron-acceptor parameter of an acid–base
interaction, and g� is the electron-donor parameter. The
calculated values of gtot

SL for poly(MEO2MA), poly(OEGMA-
co-MEO2MA), and poly(OEGMA) with pure water, salty
water, and toluene, as well as the calculated values of gLW, g+,
and g� for the polymer-grafted planar gold surfaces, are
presented in Table 1. The details of the derivation of
Equation (1) in the VOCG model and the calculated values
of gLW, g+, g� , and gtot

SL are presented as Supporting
Information.

Table 1 reveals that the value of gtot
polymer�water for each

polymer is less than the value of gtot
polymer�toluene. This result

indicates that the gold NPs with a PEGylated polymethacry-
late capping are preferentially wetted by the aqueous phase of
a biphasic system consisting of pure water and toluene, and
explains why the polymer-capped NPs do not spontaneously
transfer across pure water/toluene interfaces. As salt is added
to the aqueous phase, the interfacial energy between the
polymer-capped NPs with the aqueous phase, gtot

polymer�0:5m NaCl,
increases such that it is comparable to or greater than
gtot

polymer�toluene. The particles are then preferentially wetted by
the toluene phase. In this scenario, it is energetically favorable
for particles to transfer from salty water to toluene. A
comparison of the gtot

polymer�0:5m NaCl values listed in Table 1
indicates that the addition of salt has a stronger influence on
gtot

polymer�water of poly(MEO2MA) relative to the toluene phase
than on gtot

polymer�water of poly(OEGMA-co-MEO2MA) and
poly(OEGMA) relative to the toluene phase. This finding is
consistent with the experimental observation that the par-
ticles with a polymer cap containing a higher fraction of
OEGMA require a higher salt concentration to cross the salty
water/toluene interface.

We found that gold NPs capped with poly(MEO2MA),
poly(OEGMA-co-MEO2MA), and poly(OEGMA) do not
spontaneously transfer from toluene back to a pure water
phase, as both the methacrylate backbone and the PEGylated
side group of the polymer cap are wetted by toluene. To
transfer the NPs from toluene back to water, one must
promote hydrogen bonding between the particles and the
aqueous phase. To accomplish this, we replaced the aqueous
phase with 2 wt.% citric acid solution (pH� 4) after trans-
ferring poly(OEGMA)-capped gold NPs from NaCl solutions
(5 molkg�1) to toluene. The NPs were found to spontaneously
transfer back to the citric acid solution overnight. This process

was accelerated by vigorous shaking (Figure 3A–C). The
spontaneous transfer of poly(OEGMA)-capped gold NPs
from toluene to 2 wt.% citric acid is documented in
Figure 3D. This reversible transfer can be repeated at least
five times without aggregation. Gold NPs capped with
poly(MEO2MA) and poly(OEGMA-co-MEO2MA) have
not been transferred back to such citric acid solutions in our
experiments to date.

In summary, NPs capped with homopolymers and copoly-
mers of MEO2MA and OEGMA spontaneously transfer
across salty water/toluene interfaces. The NP–polymer com-
posite materials presented here represent the first report of
NPs that are capable of reversible transfer across an
immiscible interface without chemical modification or pre-
cipitation to induce that phase transfer. A particularly
significant result is that even in the so-called “collapsed
state” that induces the particles to transfer to toluene, the NPs
do not precipitate in water. This may result in new applica-
tions for inorganic NPs, such as crossing biological barriers,
which requires particles to be hydrophobic even as they
remain soluble in biomimetic conditions. Thus, the techno-
logical significance of this work lies in the potential utility of
the NP–polymer composite materials as carriers for drugs
across biological barriers, as imaging agents in biological

Table 1: Surface energy components and interfacial energies with
solvents of the surface-grafted polymers used as model systems for
the polymer-capped NPs investigated.[a]

MEO2MA OEGMA-co-
MEO2MA (10:90)

OEGMA

gLW [mNm�1] 40.8�0.6 40.5�0.2 42.1�0.1
g+ [mNm�1] 0.0 0.0 0.0
g� [mNm�1] 29.1�0.8 35.0�0.6 40.6�0.9
gtot
polymer�water [mNm

�1] �0.5�0.8 �5.8�0.6 �10.0�0.9
gtot
polymer�0:5mNaCl [mNm

�1] 6.4�0.6 1.6�0.6 �2.1�0.8
gtot
polymer�toluene [mNm

�1] 1.4�0.1 1.0�0.1 1.3�0.1

[a] The error values represent 95% confidence intervals.

Figure 3. Poly(OEGMA)-capped gold NPs can be transferred from
water to toluene and back again. A) Poly(OEGMA)-capped gold NPs
dispersed in a solution (5 molkg�1) of NaCl in water after the
introduction of toluene. B) The vial depicted in (A) after 5 min of
vigorous shaking to induce the transfer of the poly(OEGMA)-capped
gold NPs to the toluene phase. C) The same poly(OEGMA)-capped
gold NPs after removing the toluene phase, placing it in a vial with
2 wt.% citric acid solution, and shaking vigorously for 5 min. The
particles return to the aqueous subphase. D) Time evolution of the
fraction Ytr. of poly(OEGMA)-capped NPs that transfer from toluene to
2 wt.% citric acid solution, as measured by UV/Vis spectroscopy. The
line is an exponential fit to the data.
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systems, and as probes to investigate interesting interfacial
phenomena.

Experimental Section
Gold NPs were prepared by reducing HAuCl4 in the presence of
disulfide-functionalized PEGylated polymethacrylates with sodium
borohydride as the reducing agent and methanol as solvent.
Disulfide-functionalized polymer (100 mg) and HAuCl4 (10 mg)
were dissolved in methanol (100 mL). NaBH4 (37 mg) in methanol
(3 mL) was then added dropwise to the HAuCl4/polymer solution
under vigorous stirring. After stirring overnight, excess methanol was
removed by rotary evaporation and the concentrated NP solution was
dialyzed repeatedly against deionized water to remove NaBH4 and
free polymer. The resulting NP suspension was then filtered and the
filtrate was heated above the LCSTof the polymer to ensure that free
polymer was removed.

Gold NPs capped with PEGylated methacrylates were trans-
ferred across the water/oil interface by adding NaCl solutions to
highly concentrated aqueous suspensions of the NPs. After introduc-
ing toluene to the salty water NP suspensions, the particles sponta-
neously transferred to the organic phase. This process was accelerated
in some experiments by vigorously shaking the salty water–oil
mixture.

UV/Vis absorption spectra were recorded with a Cary 50 UV/Vis
spectrophotometer. TEM images were obtained with a Zeiss EM 912
Omega microscope at an acceleration voltage of 120 kV. Dynamic
light scattering experiments were performed on a Malvern HPPS 500
instrument. Contact angle measurements were made with a contact
angle measuring G10 apparatus (KrFss, Germany) at ambient tem-
perature.
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