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The Effect of Nanoscale Confinement on the Collective Electron
Transport Behavior in Au Nanoparticles Self-Assembled in a
Nanostructured Polystyrene-block-poly(4-vinylpyridine) Diblock

Copolymer Ultra-thin Film**

By Chung-Ping Li, Chia-Hao Wu, Kung-Hwa Wei,* Jeng-Tzong Sheu, Jung Y. Huang, U-Ser Jeng, and

Keng S. Liang

This study involves the collective electron transport behavior of sequestered Au nanoparticles in a nanostructured polystyrene-
block-poly(4-vinylpyridine). The monolayer thin films (ca. 30 nm) consisting of Au nanoparticles self-assembled in the 30-nm
spherical poly(4-vinylpyridine) domains of an polystyrene-block-poly(4-vinylpyridine) diblock copolymer were prepared. From
the current-voltage characteristics of these thin films, the collective electron transport behavior of Au nanoparticles seques-
tered in the spherical poly(4-vinylpyridine) nanodomains was found to be dictated by Coulomb blockade and was quasi one-di-
mensional, as opposed to the three-dimensional behavior displayed by Au nanoparticles that had been dispersed randomly in
homo-poly(4-vinylpyridine). The threshold voltage of these composite increased linearly upon increasing the inter-nanoparticle
distance. The electron tunneling rate constant in the case of Au nanoparticles confined in poly(4-vinylpyridine) nanodomains is
eight times larger than that in the randomly distributed case and it increases upon increasing the amount of Au nanoparticles.
This phenomenon indicates that manipulating the spatial arrangement of metal nanoparticles by diblock copolymer can poten-

tially create electronic devices with higher performance.

1. Introduction

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
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these materials, such as their single charge tunneling and plas-
mon resonances, are size-dependent.[1'3] 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 understanding of the collective electron transport of
NPs dispersed in organic or dielectric materials is of both scien-
tific and technological importance. A number of reports have
described two- or three-dimensional electron transport in (a)
ordered arrays of dodecanethiol-capped Ag and Au nanoparti-
cles, ™! Au NPs/SiO, superlattices, organically capped Co NPs
and (b) disordered arrays of granular films of Au NPs linked
by alkanethiol molecules and Au/spacer/CdSe NP assem-
blies.* ' In contrast, very few reports describe one-dimen-
sional electron transport within granular films, mainly because
of the difficulties encountered when preparing such samples.
Nanostructured block copolymers that have period thick-
nesses between 10 and 100 nm, because of microphase separa-
tion of incompatible blocks, can be used as templates to selec-
tively control the spatial arrangement of NPs within one of the
blocks.'*®! For example, the selective sequestration of pre-
synthesized CdSe, CdS, and TiO, NPs into one block of a di-
block copolymer can be performed by ensuring that strong in-
teractions exist between that block of the copolymer and the
surface ligands of the NPs.'"'8! Additionally, block copolymers
can also be used as nanoreactors for the synthesis of nanomate-
rials. For example, quasi-regular arrays of Au clusters have

ST BWILEY g
5 InterScience’

d3idvd 11Ind

2283



[
™}
<
a
-l
wd
=
4

2284 www.afm-journal.de

FUNCTIONAL

K.-H. Wei/Confinement on the Collective Electron Transport Behavior in Au Nanoparticles

been obtained through the selective sequestration of metal ions
into one block of polystyrene-block-polyvinylpyridine.[19]

The electron transport between semiconductor nanoparticles
embedded differently in polymer remains unexplored until re-
cently when the collective electron transport in CdSe quantum
dots self-assembled in the poly(4-vinylpyridine) (P4VP) nano-
domains of a polystyrene-block-poly(4-vinylpyridine) (PS-b-
P4VP) diblock copolymer thin film was found to be dictated by
tunneling behavior at room temperature.[lga] As opposed to
semiconductor nanoparticles, which were often used because
of their size-dependent optical properties, metal nanoparticles,
which were mainly used as sensor materials due to their pro-
nounced surface plasmon effect, appear to have different elec-
tron transport properties. In this present study, we prepared
self-assembled thin films that consisted of Au NPs sequestered
in the P4AVP nanodomains of a PS-b-P4VP diblock copolymer.
From the current-voltage (/-V) characteristics of these thin
films at low temperature, we can find what dictate the collec-
tive electron transport behavior of Au NPs sequestered in the
spherical P4VP nanodomains and how they behave, as opposed
to the behavior displayed by Au NPs that had been dispersed
randomly in homo-P4VP. Moreover, the electron tunneling
rate constant in the case of Au NPs confined in P4AVP nanodo-
mains can also been determined.

2. Results and Discussion

Scheme 1 outlines our approach toward preparing a mono-
layer (Au NPs/P4VP)-b-PS thin film. First, the trioctylphos-
phine (TOP) ligands on the Au NPs, which were used during
their synthesis, were replaced with hydrophilic pyridine ligands.
Owing to the fact that we would like to place pyridine-modi-
fied Au NPs in P4VP domains, which is a minor phase, and
both of them were hydrophilic; we chose pyridine as a good
solvent for Au NPs and P4VP to form micelles having Au NPs/
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Scheme 1. Fabrication of a self assembled (Au NPs/P4VP)-b-PS thin film through the selective in-

corporation of dispersed presynthesized Au NPs into P4VP domains.

Au NPs in P4VP

Monolayer film of
(Au NPs/P4VP)-b-PS
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P4VP shells and PS cores. The Au NPs were distributed selec-
tively in the P4VP phase as a result of dipole-dipole interac-
tions. In order to fabricate periodically ordered two-dimen-
sional structures, we then chose toluene, which is a
hydrophobic and good solvent for PS but a poor one for P4VP,
to form micelles — having Au NPs/P4VP cores and PS shells
— in a solution that was spun into a thin film. After the pyri-
dine ligands were removed during the annealing process, the
Au NPs were instead capped by P4VP, and therefore the loca-
tion of Au NPs was in the PAVP domain and their distribution
was rather homogeneous. The (Au NPs/P4VP)-b-PS sample
was obtained in bulk form. All samples in bulk state had under-
went an annealing process, which is performed at 160 °C for 48
h, to avoid kinetically introduced variations during processing.
The morphology of (Au NPs/P4VP)-b-PS samples did not
change after being maintained at 60°C for 36 h when they
were observed with Transmission Electron Microscopy, indicat-
ing the systems arrested in an equilibrium state.

Figure 1la displays one-dimensional small-angle X-ray scat-
tering patterns (SAXS) of (Au NPs/P4VP)-b-PS obtained using
synchrotron radiation. The scattering maxima, which are de-
noted by the letter “i” (i=1), are form factor peaks associated
with scattering from the isolated spherical domains. The low
angle peaks (at g~ 0.02 A7) decreased as the amount of Au
NPs increased because the periodicity of the P4VP spheres was
slightly distorted when the Au NPs are present in the PAVP do-
mains. The intensity of the form factor peaks increased as the
amount of Au NPs increased; owing to the intensity of the form
factor peaks of Au NPs increased. The form factor peaks
shifted slightly to lower values of Q as the amount of incorpo-
rated Au increased, which indicates that the volume or size of
the Au NPs/P4VP composite domains increased. The average
diameter of the P4VP domains of pure PS-b-P4VP, deduced
from the positions of the form factor maxima, was 26.6 nm.
The average diameters, measured by their volume, for the 10,
15, 26, 33, and 48 % Au NPs in the P4VP block were 27.3, 27.8,

28.6, 29.3, and 30.2 nm, respectively, as-
suming that the density of PAVP and Au
remained the same before and after mix-
ing. The inset of Figure la lists the free
volume per Au particle in a single PAVP
domain (Vie.), which is defined by the
average volume of an occupied Au parti-
cle and can be estimated using Equa-
tions 1 and 2:

Vau/pave — Vpavp
VAu

V Au/pave

n = Vfrcc (2)

where Vaypqvp is the volume of a single
Au NPs/P4VP composite domain, Vpgyp is
the volume of a single P4VP domain, Va,
is the volume of a Au NP, and # is the maxi-
mum number of Au NPs in a single P4VP
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Figure 1. a) Small-angle X-ray scattering of bulk (Au NPs/P4VP)-b-PS
nanocomposites having various contents of Au NPs. b) Schematic repre-
sentation of the cubic lattice model for the free volume per Au nanoparti-
cle in a single P4VP domain

domain. From analyses of the small-angle X-ray scattering peaks
(as shown in Fig. 1a), we estimated that the maximum number
of Au NPs sequestered within the P4VP nanodomains were
ca. 65,129, 169, 244, and 302 for the 10, 15, 26, 33, and 48 % Au
NPs, respectively. The edge-to-edge interparticle distance (d)
can be determined by assuming a cubic lattice model for the Au
NPs. The values of d were calculated using Equation 3 based on
the cubic lattice model presented in Figure 1b."!

d=L-2r=Viee)=2r 3)

where r is the radius of the Au NPs. The value of d decreased
when the amount of Au increased, as displayed in the inset of
Figure 1b.

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 P4AVP block in a PS-b-P4VP diblock copolymer, and the
second contained 48 % Au NPs by volume in a P4VP homo-
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polymer. Figure 2a displays a transmission electron microscopy
(TEM) image, obtained without staining, of the top view of a
thin film of 48 % (Au NPs/P4VP)-b-PS. The dark region repre-

Figure 2. a) Conventional, b) high-resolution, and c) cross-sectional TEM
images, obtained without staining, of a thin film of 48 % (Au NPs/P4VP)-
b-PS. d) Cross-sectional TEM image of a thin film of 48 % Au NPs/homo-
P4VP.

sents the Au NPs/P4VP composite phase (because of the high-
er electron density of gold). It is clear that PS-5-P4VP had a
spherical nanostructure. The diameter of the Au NPs/P4VP
sphere was ca. 30 nm, and the inter-domain distance was
ca. 90 nm. Figure 2b displays an HRTEM image of a single Au
NPs/P4VP nanodomain within a thin film of 48 % (Au NPs/
P4VP)-b-PS. The Au NPs were dispersed fairly homogeneously
in the P4VP nanodomain. The inset of Figure 2b reveals the
HRTEM lattice image (with a lattice spacing of ca. 2.8 A) of
one of the Au NPs incorporated within a P4VP nanodomain.
The average diameter of the Au NPs was ca. 3.1 nm. Figure 2c
displays a cross-sectional TEM image of a 48% (Au NPs/
P4VP)-b-PS thin film. The dark regions at the top and bottom
of this image are the Au electrodes; the circled regions are the
domains of the Au NPs/P4VP composite. Figure 2d displays a
cross-sectional TEM image of a 48 % Au NPs/homo-P4VP. Au
NPs were randomly distributed in the P4VP thin film. The fact
that Au NPs appear to disperse in P4VP nanodomain of PS-b-
P4VP or in PAVP homopolymer rather homogeneously as de-
termined from the top and cross-sectional views is important
for our cubic lattice model calculation since we assume inter-
particle distance are uniform in the calculation.
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Figure 3a and b display the averaged I-V characteristics of
the monolayer (Au NPs/P4VP)-b-PS and Au NPs/homo-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 decreasing the
temperature. At 100 K and below, conduction occurred
through the composite only at potentials above a minimum
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Figure 3. -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.
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threshold voltage, V1, which indicates that a collective Cou-
lomb blockade resulted from electrical isolation of the NPs. A
model for low-voltage electron transport through an array of
Coulomb islands predicts thermally activated behavior for the

zero-bias conductance:102!]

Gy o exp [ k:j;] 4)
where Gy is the zero-bias conductance, E, is the activation
energy to charge an electrically neutral nanocrystal, kg is the
Boltzmann constant, and 7 is the temperature. The insets to
Figure 3a and b present plots of InG, versus 1/7. From the
slopes of the theoretical fits obtained using Equation 4, we cal-
culated the experimental values for the activation energies
(E.) of the nanodomain-confined and randomly distributed
samples to be 27 and 28 meV, respectively. The activation ener-
gy is about the same for both cases. This is because the density
and the capacitance of Au NPs are the same for both cases, de-
spite the macroscopic placement of the metal nanoparticles is
different. We can also calculate E, value theoretically since the
value of E, can be expressed as ¢*/2C, where e is the charge of
the electron and C is the total capacitance of a nanoparticle, re-
sulting from the inter-nanoparticle capacitance, C;, and the
nanoparticle self-capacitance, C,. Neglecting the small contri-
bution to C from Cg, we obtained C=ng Ci=ny2neyerIn[(r+d/
2)/(d/2)], where ¢ is the dielectric constant of the surrounding
P4VP matrix (ca. 3), r is the nanoparticle radius (1.5 nm), d is
the interparticle distance (0.55 nm), and n, is the average num-
ber of nearest neighbors (assuming each nanoparticle has an
average of between six to twelve nearest neighbors).**! Using
the parameters of r=1.5 nm and d = 0.55 nm, we estimated that
the total capacitance (C) would be between 2.3 and 4.5 aF;
therefore, we calculated the activation energy to be 35—
17.5 meV (E, =¢*2C). Thus, the experimental values of the ac-
tivation energies within both the nanodomain-confined and
randomly distributed samples are in reasonable agreement
with the calculated values. Figure 3c displays representative
current-voltage scaling data obtained for these two samples at
78 K. The accessible current-conducting pathways are de-
scribed710%3] by Equation 5:
14 4/

I x (V_r — l) (5)
(for V>Vr), where I is the current, V is the voltage, { is a
scaling exponent, and V't is the threshold voltage. The scaling
exponent { 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 () of 1.31 for the
nanodomain-confined sample and 2.84 for the randomly dis-
tributed sample. These results indicate that quasi-one-dimen-
sional collective electron transport occurs for the nanodomain-
confined Au NPs and that quasi-three-dimensional collective
electron transport occurs for the randomly distributed Au NPs.

Figure 4 presents a plot of V versus d for nanodomain-con-
fined and randomly distributed samples having various Au NP
contents. The values of V1 of the Au NPs in the P4AVP domains

Adv. Funct. Mater. 2007, 17, 2283-2290
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Figure 4. Plots of Vr versus d for the 48 % (Au NPs/P4VP)-b-PS and Au
NPs/homo-P4VP samples having various contents of Au NPs.

of PS-b-P4VP were ca. 14 % smaller than those of the Au NPs
in the homo-P4VP. In both cases, the values of V- of these com-
posites increased linearly upon increasing the interparticle
distance because the resistance of collective electron transport
increases with respect to the interparticle distance.*

Insets of Figures 5 and 6 display the /-V characteristics, mea-
sured at 78 K, of monolayered (Au NPs/P4VP)-b-PS and Au
NPs/homo-P4VP thin films, respectively, having various con-
tents of Au. Details of the fitting and determination of the
threshold voltages and scaling exponents are provided in the

Table 1. Figures 5 and 6 display representative I-V scaling
data, recorded at 78 K, for (Au NPs/P4VP)-b-PS and Au NPs/
homo-P4VP thin films having various contents of Au. The data
in Figure 5 provide power-law scalings, (, for the 15, 26, 33, and
48% Au NPs of 1.42, 1.39, 1.32, and 1.31, respectively. The
pathway for electron transport should increase with the dimen-
sionality of the space in which Au NPs occupied (indirectly the
number of Au NPs) in fixed interparticle distance cases as the
simulation predicted.[23] In the present case, as the number of
Au NPs increase, the interparticle distance becomes shorter,
and electron will more likely find a closest neighboring Au
nanoparticle to tunnel through. As the number of Au NPs in a
P4VP domain increase, there are more Au NPs aligning along
straight lines between two planar electrodes, leading to lower
power-law scalings. Therefore, the scaling reduces as the con-
centration of Au NPs increases. These values indicate that the
effect of nanodomain confinement for quasi-one-dimensional
collective electron transport for Au NPs in a nanodomain de-
creases when the number of Au NPs decreases. The data in Fig-
ure 6 provide power-law scalings, ¢, for the 15, 26, 33, and 48 %
Au NPs of 2.89, 2.89, 2.87, and 2.84, respectively. These values
indicate that the dimensionality for collective electron trans-
port in the randomly distributed sample is independent of the
number of Au NPs; i.e., quasi-three-dimensional collective
electron transport occurs for the randomly distributed Au NPs.
Figure 7a displays the averaged current-voltage (I-V)
curves of (Au NPs/P4VP)-b-PS thin films having various con-
tents of Au NPs derived from the measurement of a sand-
wiched device at 300 K, in which a Au-coated Si wafer as the
bottom electrode and Au film as the top electrode. The cur-
rent must flow through Au NPs/P4VP nano-

domain, owing to a much higher resistance

[
<
N~

of PS phase. The current density of a single

1 ;z:: Au NPs/P4VP nanodomain can therefore be
10° 1 eoury calculated from the density of Au NPs/P4VP
10* B nanodomain in PS phase by using the follow-

5-! :wx'io: ing parameters, where the area of top Au
10 T ~20m07 electrode is 1.96 x 10 cm?; the density of Au
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9] product of the area of Au electrode and the
10 3 density of Au NPs/P4VP nanodomains, which
10'")-i ¢ =1.36%0.008 is about 6 x 10°. We calculated the conductiv-
1 0_11 E R ity value of an Au NPs/P4VP nanodomain
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Figure 5. Scaling behavior of the |-V curves of (Au NPs/P4VP)-b-PS having various contents of
Au NPs at 78 K. Inset: I-V Curves, measured at 78 K, of (Au NPs/P4VP)-b-PS thin films having

various contents of Au NPs.
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a Au NPs/P4AVP nanodomainan. Figure 7b
displays the averaged current-voltage (I-V)
curves of Au NPs/homo-P4VP thin films hav-
ing various contents of Au NPs measured at
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[
al
= 107 — — where R.is the gas con.st.ant, T .is the temper-
o 5 ;0:0 ‘ ; ature, o is the conductivity, F, is the Faraday
-l 10 3 o] constant, J. is the average center-to-center in-
-=I 104]' soe”] terparticle distance (5.=d.+30 A), and C is
[ 10° _! T the concentration of Au NPs in the P4VP do-
D main (molecm™). Table 2 shows the conduc-
10-6'! 40x10" tivity and electron tunneling rate constant,
10'7_; ::x:z obtained at room temperature, for nanodo-
— 8] e main confined and randomly distributed Au
< 10 -! NPs in P4VP domain. In the nanodomain
~ 10-91_ confined case, the current was assumed to
10'“’.; £ =2.84+0.009 flow through Au NPs/P4VP nanodomain, ow-
11 3 R ing to a much higher resistance of PS phase.
10 {=2.87%0.007 In both the nanodomain confined and ran-
IO_IZj X domly distributed cases, the conductivity (o)
10-13_; {=2.89£0.007 _ A A 260 and electron tunneling constant (kgrt) in-
14 ] = 6% crease as the amount of Au NPs increased,
10 z ¢ =2.89£0.008 B-15% owing to the fact that the distance between
10" +——— i L B L | L L Au NPs decreased at higher Au NPs densities.
0.1 1 10 Both the electron tunneling rate constant and
V7vr=1) electrical conductivity for the nanodomain

confined case, which has quasi-one-dimen-
Figure 6. Scaling behavior of the I-V curves of Au NPs/homo-P4VP having various contents of sional collective electron transport. is about
Au NPs at 78 K. Inset: I-V Curves, measured at 78 K, of Au NPs/homo-P4VP thin films having . . port,
various contents of Au NPs. eight times larger than that of the randomly
distributed case, which has quasi-three-di-
mensional collective electron transport.
Table 1. Parameters of the fitting of I-V curves, measured at 78 K, for (Au NPs/P4VP)-
b-PS and Au NPs/P4VP thin films having various contents of Au NPs, and determina-

tion of the threshold voltages and scaling exponents. 3. Conclusion

-b- - —1)¢ .
(Au NPs/P4VP-PS | = lo(V/Vr 1) We have demonstrated that the collective electron

48% 33% 26% 15% transport behavior between Au NPs confined within
9 —9 -10 10 . . . . .

lo  (232£0.55)x 10 (1.81£0.45) x10°  (7.82£0.85) x 10 (7.07+0.88) x 10 P4VP nanodomains is quasi one-dimensional, as op-
Vr 0.299+0.006 0.363+0.007 0.429+0.006 0.498 +0.007 osed to the three-dimensional behavior displaved

¢ 1.3120.007 1.362+0.008 1.3950.006 1.4200.009 p ) play
by Au NPs in homo-P4VP. The threshold voltage of
these composite increased linearly upon increasing
the inter-nanoparticle distance for both the nanodo-
main-confined and randomly distributed samples.

Au NPs/P4VP [ = Iy(V/Vy — 1)

48% 33% 26% 15% The electron tunneling rate constant in the case of
lo  (438£067)x10°  (3.17£0.50)x10°  (1.30£0.39) x 107°  (9.9420.84) x 107° Au NPs confined in P4AVP nanodomains is much larg-
Vr 0.349+0.005 0.415+0.006 0.489+0.007 0.549+0.007

er than that in the randomly distributed case, and it

¢ 2.846£0.009 2.870£0.007 2.893+0.007 2.895+0.008 . . .
increases upon increasing the amount of Au NPs.

300 K. We calculated the conductivity value of Au NPs/homo-

P4VP thin films using Equation 7: Table 2. Conductivity (¢) and electron tunneling rate constant (kgr) for a sin-
’ gle P4VP domain of nanodomain-confined and randomly distributed Au NPs.

1 L
i (7)
R A o @ em M x 107 ker [s7] x 1072
. . . . vol% of
where R is the resistance, L is the thickness between tWo  ayinpavp  (Au/PAVP)-b-PS  Au/PAVP (Au/P4VP)-b-PS Au/P4VP
electrodes, and A, is the contact area of the electrode. Further- (nanodomain (randomly (nanodomain (randomly
more, the first-order electron tunneling rate constant (kgt) can confined) distributed) confined) distributed)
be estimated from the conductivity by assuming a cubic-lattice 10 0.09 0.01 0.8 0.09
model described?**) by Equation 8: 15 0.32 0.03 21 02
26 46 0.5 19.5 2.1
6RTo 33 43.2 4.7 161.5 17.5
-1
ker(s™) = 252C ®) 81.2 9.1 258.1 29.1
a’c
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Figure 7. |-V Curves, measured at 300 K, of a) (Au NPs/P4VP)-b-PS and
b) Au NPs/homo-P4VP thin films having various contents of Au NPs.

4. Experimental

Materials: The PS-b-P4VP diblock copolymer and the P4AVP homo-
polymer were purchased from Polymer Source, Inc. The polydispersity
index (M/M,) of PS-b-PAVP was 1.07; the molecular weights (M,) of
the PS and P4VP blocks were 557000 and 75000 g mol™, respectively.
Hydrogen tetrachloroaurate(i) trihydrate (HAuCly-3H,0), tri-n-oc-
tylammonium bromide (TOAB, 99%), and sodium borohydride
(NaBH,, 99 %) were obtained from Acros. Trioctylphosphine (TOP,
90 %) were purchased from Aldrich. Toluene (99 %, TEDIA USA),
hexane (99 %, TEDIA USA), methyl alcohol (MeOH, 99 %, TEDIA
USA), and pyridine (99 %, Showa) were obtained from commercial
sources.

Synthesis of Au/TOP NPs: Au/TOP NPs were synthesized using a
modification of a procedure reported previously [26]. First, HAuCl, -
3H,0 (0.24 g, 0.616 mmol) was dissolved in deionized water (6.25 mL)
in a 50-mL three-neck flask. This solution was added to a mixture of
TOAB (0.39 g, 0.711 mmol) in toluene (8.125 mL) and stirred vigor-
ously. Once all of the color has transferred from the aqueous layer into
the organic phase, a solution of TOP (0.20 mL, 0.43 mmol) in toluene
(2 mL) was injected into the reaction mixture. The organic phase
turned bright red; neat TOP was then slowly added dropwise until the
mixture turned a milky white color. A solution of NaBH, (88.0 mg,
2.33 mmol) in deionized water (5 mL) was then added to the mixture
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at a nominal rate of 7 mLh™" using a syringe pump. Upon addition, the
organic phase immediately darkened, progressively turning a deeper
brown/black color. After the complete addition of NaBH,, the reaction
mixture was stirred for 30 min. The nanoparticles were collected as a
powder through size-selective precipitation with methanol and then
they were re-dispersed in toluene. From an analysis of over 300 Au NPs
and repeated measurements on multiple samples, it indicate an average
Au NP size of 3 nm diameter with standard size deviation of 6~13 %.

Preparation of Au/Pyridine NPs: The Au/TOP NPs powder (30 mg)
was dissolved in pyridine (5 mL) and then stirred at 65 °C for 6 h. Hex-
ane (30 mL) was added to reprecipitate the Au NPs. The suspension
was centrifuged and then the powder was collected and redissolved in
pyridine.

Preparation of Bulk (Au NPs/P4VP)-b-PS: PS-b-P4VP (0.05 g) was
added to pyridine (1 mL). Samples of 10, 15, 26, 33, and 48 % Au/pyri-
dine (percentages with respect to the volume fraction of P4VP block)
were mixed in the PS-b-P4VP/pyridine polymerization solution. These
mixtures were dried slowly under vacuum at 50 °C and then maintained
at 160 °C for 48 h to obtain the bulk (Au NPs/P4VP)-b-PS composites.

Preparation of Thin Films of (Au NPs/P4VP)-b-PS: Micellar solu-
tions (0.5 wt %) of (Au NPs/P4VP)-b-PS were prepared by dissolving
bulk (Au NPs/P4VP)-b-PS in toluene. The micellar solutions were spin-
coated at 5000 rpm for 60 s onto carbon-coated silicon wafers [for
transmission electron microscopy (TEM)] and Au-coated wafers [for
current-voltage (I-V) curves measurements]. The sample of Au NPs
distributed in the P4VP homopolymer was prepared under the same
conditions used to prepare (Au NPs/P4VP)-b-PS, including the amount
of Au in P4VP and the thickness of the thin Au NPs/homo-P4VP film.

Preparation of the Samples for Cross-Sectional TEM Images: A mi-
cellar solution of 48 % (Au NPs/P4VP)-b-PS in toluene was spin-coated
at 5000 rpm for 60 s onto a Au-coated polyethersulfone substrate; a
layer of Au (200 nm) was then vacuum-deposited as the top electrode.
The sandwiched sample was placed into an epoxy capsule, which was
cured at 70 °C for 48 h in a vacuum oven. The cured epoxy samples
were microtomed using a Leica Ultracut Uct into ca. 50-nm-thick
slices.

Characterization: TEM images were obtained using a JOEL-2010
transmission electron microscope. The thin film sample for TEM was
obtained after using 1 % HF to remove the film from the carbon-coat-
ed silicon wafer. The current-voltage (I-V) characteristics of the thin
film device of (Au NPs/P4VP)-b-PS were kept in a vacuum chamber in
the dark and measured using a Hewlett-Packard 4156B instrument with
Helium cooling system. Using a base pressure below 1x 107 Torr, a
layer of Au (100 nm) was vacuum-deposited as the top electrode.
Small-angle X-ray scattering experiments were performed on a wiggler
beamline BL-17B3 at the National Synchrotron Radiation Research
Center (NSRRC), Taiwan.
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