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The Structural Evolution and Application of Diblock
Copolymer/Nanoparticle Mixtures

We have controlled successfully Au nanoparticles (NPs) to confine in a specific block or to fill along the
interface of two blocks of a spherical poly(styrene-b-4-vinylpyridine) diblock copolymer (PS-b-P4VP). In the
case of Au NPs confined in spherical poly(4-vinylpyridine) nanodomains, we found that the electron
tunneling rate constant is eight times larger than that in the randomly distributed case. The result is
attributed to the collective electron transport behavior of Au NPs as dictated by Coulomb blockade in a
quasi one-dimensional structure. In the interface-filled case, in situ annealing small-angle X-ray scattering
was applied to monitor the structural evolution of a spherical PS-b-P4VP/2-phenylethanethiol-coated Au
(AuSC2Ph) NPs mixture during its thermal annealing. We found that the Au NPs that existed initially in a
random state in the PS domain diffused to the interface of the amphiphilic PS-b-P4VP diblock copolymer to
form NP-filled shell-like assemblies. More interestingly, the Au NP nano-shell assemblies located at the
interface between PS and P4VP were quite stable; they remained in the form of PS-Au-P4VP core/
shell/corona onion micelles even after edissolving in toluene, as evidenced from solution state small-angle
X-ray scattering data.

Diblock copolymer/NP mixtures have attracted much
attention recently because their dimensions are comparable; for
example, diblock copolymers can have ordered structures with
periodic thicknesses between 10 and 100 nm, while NPs having
sizes between 1 and 10 nm have the most interesting optical,
electrical, and magnetic properties. Hence, using diblock
copolymers as templates to control the spatial positions of NPs is
a natural approach to producing hierarchically ordered struc-
tures for various applications.

Metal nanoparticles (NPs) that have diameters in the range
of 1-10 nm are the subject of much current research interest
because the optical, electronic, and chemical properties of these
materials, such as their single charge tunneling and plasmon
resonances, are size-dependent. As a result, such NPs are being
investigated for use in various applications, including memory
cells, single-electron transistors, and biological sensors. In these
applications, the NPs are often capped with organic ligands or
are surrounded by other dielectric materials. Thus, an under-
standing of the collective electron transport of NPs dispersed in
organic or dielectric materials is of both scientific and techno-
logical importance. 

Hence, using diblock copolymers as templates to control the
spatial positions of NPs is a natural approach to producing
hierarchically ordered structures for various applications. In this
regard, the location of NPs in block copolymers, which critically
affects their resulting properties, has been the focus of a number
of theoretical and experimental studies. For our present study,
we have found the potential electronic devices and the
structural evolution of spherical PS557K-b-P4VP75K diblock
copolymer/Au NP mixtures. 

Beamline

17B X-ray Scattering 

Authors

K. H. W ei, C. M. H uang, and 
C. P. Li
National Chiao Tung University,
Hsinchu, Taiwan

U. S. J eng and K. S. L iang
National Synchrotron Radiation
Research Center, Hsinchu,
Taiwan



Scheme 1 outlines our approach toward preparing a
monolayer (Au NPs/P4VP)-b-PS thin film. First, the
trioctylphosphine (TOP) ligands on the Au NPs, which
were used during their synthesis, were replaced with
hydrophilic pyridine ligands. These pyridine-modified Au
NPs and the spherical PS-b-P4VP block copolymer were
then dissolved and mixed in pyridine; the Au NPs were
distributed selectively in the P4VP phase as a result of
dipole-dipole interactions. After drying, the (Au NPs/
P4VP)-b-PS sample was obtained in bulk form. Subse-
quently, toluene, which is a good solvent for PS but a poor
one for P4VP, was used to form micelles-having Au NPs/
P4VP cores and PS shells-in a solution that was spun into
a thin film.

To compare the effect that nanodomain confinement
has on the Au NPs, with respect to their randomly
distributed state, we prepared two samples that had the
same density of NPs in P4VP: the first contained 48% Au
NPs by volume with respect to the P4VP block in a PS-b-
P4VP diblock copolymer, and the second contained 48%
Au NPs by volume in a P4VP homopolymer.  Figures 1a
and 1b display the averaged I-V characteristics of the
monolayer (Au NPs/P4VP)-b-PS and Au NPs/P4VP thin
films, both measured at temperatures within the range
from 250 to 78 K.  In both cases, the I-V curves were ohmic
at 250 K, but become increasingly nonlinear upon decreas-
ing the temperature.  At 100 K and below, conduction
occurred through the composite only at potentials above
a minimum threshold voltage, VT, which indicates that a
collective Coulomb blockade resulted from electrical iso-
lation of the NPs. Figure 1c displays representative cur-
rent-voltage scaling data obtained for these two samples
at 78 K.  The accessible current-conducting pathways are
described by Eq. (1):

I [ - 1]ζ (1)

(for V > VT ), where I is the current, V is the
voltage, ζ is a scaling exponent, and VT is the
threshold voltage.  The scaling exponent ζ can
be regarded as the dimensionality for collective
electron transport for arrays of dots as modeled
in a previous study. We obtained power-law
scalings (ζ) of 1.31 for the nanodomain-con-
fined sample and 2.84 for the randomly distri-
buted sample.  These results indicate that
quasi-one-dimensional collective electron
transport occurs for the nanodomain-confined
Au NPs and that quasi-three-dimensional col-
lective electron transport occurs for the ran-
domly distributed Au NPs.
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Fig. 1:  I-V curves of (a) 48% (Au NPs/P4VP)-b-PS and (b) Au
NPs/homo-P4VP thin films measured at temperatures between
250 and 78 K. (c) Scaling behavior of the I-V curves of 48% (Au
NPs/P4VP)-b-PS and Au NPs/homo-P4VP at 78 K.

Scheme. 1:  Fabrication of a self-assembled (Au NPs/P4VP)-b-PS thin film
through the selective incorporation of dispersed pre-synthesized Au NPs into



Table 1 shows the conductivity and electron tunnel-
ing rate constant, obtained at room temperature, for
nanodomain confined and randomly distributed Au NPs
in P4VP domain. In the nanodomain confined case, the
current was assumed to flow through Au NPs/P4VP nan-
odomain, owing to a much higher resistance of PS phase.
In both the nanodomain confined and randomly dis-
tributed cases, the conductivity (σ) and electron tun-
neling constant (kET) increase as the amount of Au NPs
increased, owing to the fact that the distance between Au
NPs decreased at higher Au NPs densities. Both the
electron tunneling rate constant and electrical conduc-
tivity for the nanodomain confined case, which has quasi-
one-dimensional collective electron transport, is about
eight times larger than that of the randomly distributed
case, which has quasi-three-dimensional collective
electron transport.

Figure 2a displays the SAXS curves of the in situ-
annealed bulk PS-b-P4VPSph/AuSC2Ph mixture that had
previously experienced solvent annealing. The SAXS
curves display two distinct changes: the absolute inten-
sity underwent a dramatic increase in the low-Q range
(between 0.03 and 0.08 Å-1) and a large decrease in the
high-Q range (ca. 0.18 Å-1). The increase of the scattering
intensity can be divided into two stages: the early and
later stages of the annealing process. In the early stage,
the increase of intensity is attributed to the formation of
stronger correlations between the Au NPs in the PS-b-
P4VP. During this time, the Au NPs diffuse to the inter-
faces between the PS and P4VP, forming the Au NP-filled
shell, which in turn results in a stronger scattering inten-
sity and more-ordered scattering peaks (the scattering
peaks appear in the Q range between 0.03 and 0.08 Å-1). It
appears that the ordering of PS-b-P4VPSph improved after
simply raising the temperature to 170˚C. The stronger
oscillations of the mixture were dominated by the spatial
distribution of Au NPs, namely, the coherent or construc-

tive interference of the P4VP/Au complex con-
tributes to the much higher intensity than that
of the random dispersion or aggregation of Au
NPs. In the second stage (annealing time: > 1 h),
the Au NPs appeared to accumulate in the
interfacial area between the two blocks. A
certain degree of overlapping or aggregation
of the Au NPs occurred at PS/P4VP interfaces,
which deteriorated the shell structure and the
corresponding ordering of the peaks. Moreover,
the scattering peak of the composite at a value
of Q of ca. 0.18 Å-1 suggests a liquid-like order-
ing of the Au NPs in the PS phase after the sol-

vent had evaporated. It seems likely that, protected by
their attached ligands (see the inset of Figure 3a), the Au
NPs did not aggregate, but instead packed into a liquid-
like ordering phase (possibly because of the nature of the
ligand of the soft chains) with a mean spacing (2π/Q) of
3.5 nm, corresponding quite well to the diameter of the
Au NPs (2.2 nm) plus twice the length of the 2-phenyle-
thanethiol ligand (2 x 0.7 nm = 1.4 nm). As a conse-
quence, the correlated hierarchical structure increases the
scattering intensity of the composite, at a cost of the
phase-separated Au NP clusters (i.e., decreased intensity
of the 0.18 Å-1 peak). The peak of the Au NP clusters at
0.18 Å-1 disappeared completely after 4 h of annealing
and remained so even after increasing the annealing
time, indicating that the structure transformation of the
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Fig. 2:  (a) In situ thermal annealing SAXS profiles of the as-
prepared PS-b-P4VPSph/AuSC2Ph mixture. (b) TEM micrograph of
the PS-b-P4VPSph/AuSC2Ph mixture that had been subjected to
two-step annealing, 48 h of solvent annealing at 30˚C and 72 h
for thermal annealing at 170˚C. (c) Schematic illustrations of the
nature of the PS-b-P4VPSph/AuSC2Ph mixtures at different
annealing times.

Tab. 1:  Conductivity (σ) and electron tunneling rate constant (kET) for

nanodomain-confined and randomly distributed Au NPs in P4VP domain.



composite, closely associated with the Au NPs, did not
change furthermore after the complete disruption of the
Au NPs clusters in the first 4h of the thermal annealing. In
Figure 2b, the TEM image of PS-b-P4VPSph/AuSC2Ph
mixture that experienced the two-step solvent and ther-
mal annealing shows Au NP-filled nanoshell assemblies.
According SAXS and TEM results, the structural evolution
of PS-b-P4VPSph/AuSC2Ph mixture follows as Figure 2c,
that the Au NPs diffused into to the interfaces between
the PS and P4VP domains and formed Au NP filled shell/
core structures. 

Figure 3 displays the results of SAXS for the annealed
PS-b-P4VPSph/Au NP mixture redissolved in toluene. In
Figure 3a, the SAXS curve for the solution of PS-b-
P4VPSph/AuSC2Ph exhibits stronger oscillation character-
istics, reflecting a higher hierarchical structural order for

the mixture, than that for pure PS-b-P4VPSph, in toluene
solution. The higher electron density at the interface can
be used to fit the curves (dashed curve), implying that the
Au NPs reside at the interface between the PS and P4VP
blocks. Additionally, the Au NPs remained well dispersed
at the interface, as evidenced from the high-Q region of
the same transition feature, which is the same as that of
the pure Au NPs having a diameter of 2.2 nm. In contrast,
in the case of the PS-b-P4VPSph/AuPy solution, the SAXS
scattering characteristics revealed that the Au NPs were
incorporated within the P4VP domain, forming aggre-
gates having an average diameter of 5 nm. In Figure 3b,
the three plots of the lnI(Q) vs. Q2 data were fitted using
the corresponding Guinier approximations (dashed lines)
in the low Q-range of 0.006-0.012 Å-1, as represented by
equation (2):

I(Q) = I(0)exp(- ) (2)

where Rg is the radius of gyration of the diblock
copolymer in solution, and can be extracted from the
slopes (-Rg

2/3) of the fitted lines in Figure 6b. The values of
Rg for the PS-b-P4VPSph, PS-b-P4VPSph/AuSC2Ph, and PS-b-
P4VPSph/AuPy systems were 148±5, 152±3, and 173±5
Å, respectively. Thus, when the Au NPs were incorporated
within the P4VP domains, the global size of the composite
increased to 173 Å from 148 Å for the pure PS-b-P4VPSph.
This result can be understood by considering the fact that
the P4VP chains are tangled with Au NPs and, therefore,
are stretched to accommodate neighboring Au NPs. In
contrast, when the Au NPs were bound at the interface
between the PS and P4VP blocks, the global size was
virtually identical to that of the pure block copolymer.
Presumably, the Au NPs at the interface of the PS and
P4VP blocks reside in the corona-like chains of PS, which
remained in an extended state in toluene, a favorable
solvent for PS. Therefore, the PS-b-P4VPSph/AuSC2Ph sys-
tem formed a core/shell/corona (P4VP/Au/PS) micellar
structure. 

In summary, we have demonstrated that the collec-
tive electron transport behavior between Au NPs con-
fined within P4VP nanodomains is quasi one-dimensional,
as opposed to the three-dimensional behavior displayed
by Au NPs in homo-P4VP. The electron tunneling rate
constant in the case of Au NPs confined in P4VP nan-
odomains is much larger than that in the randomly
distributed case. Moreover, we have monitored the
structural evolution of spherical PS-b-P4VP/AuSC2Ph NP
mixtures in the solid state during thermal annealing. The
Au NP-filled nanoshell-like assemblies located at the
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Fig. 3:  (a) Solution state SAXS profiles of the PS-b-P4VPSph, PS-b-
P4VPSph/AuPy, and PS-b-P4VPSph/AuSC2Ph systems after they had
been subjected to annealing and redissolving in toluene. All
schematic micellar structures of PS-b-P4VPSph-Au NP mixtures
appear near the corresponding curves. (b) Three corresponding
profiles fitted using the Guinier approximation.



interface between the PS and P4VP blocks were quite
stable in bulk state, and they remained in the form of PS-
Au-P4VP core/shell/corona onion micelles even after
being redissolved in toluene.
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