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Controlled incorporation behavior of gold nanoparticles
into ABC triblock terpolymer with double-helical

morphology

Takeshi Higuchil, Hidekazu SugimoriZ’S, Hiroshi Yabu! and Hiroshi Jinnai

1

Control of the incorporation behavior of Au nanoparticles grafted with polystyrene (PS) in an ABC triblock terpolymer composed
of PS, polyisoprene (PI) and poly(methyl methacrylate) (PMMA) with double-helical morphology was investigated by transmission
electron microtomography and three-dimensional structural analysis. The assemblies in the microdomains were controlled by
varying the molecular weight of the PS molecules grafted on the Au nanoparticles. For PS-grafted Au nanoparticles > 0.3 times
the domain dimension of the PS microdomain in the poly(styrene-b-isoprene-b-methyl methacrylate) (SIM) film, the nanoparticles
were located at the center of the PS microdomains to minimize the entropy loss of the PS segment of SIM. In contrast, Au
nanoparticles <0.2 times the domain dimension adsorbed preferentially to the interface of the PS and Pl microdomains to
reduce the interfacial tension between the nanoparticles and SIM. Intermediate-sized Au nanoparticles were uniformly
distributed in the PS microdomains. The distribution of PS-grafted Au nanoparticles was explained by the entropic and enthalpic

gains in the microdomains.

Polymer Journal (2016) 48, 509-515; doi:10.1038/pj.2016.19; published online 17 February 2016

INTRODUCTION
Block copolymers are composed of different polymer segments
connected via covalent bonds and spontaneously form ordered
nanoscale structures. Various types of microphase-separated structures
(for example, spherical, cylindrical, lamellar and double gyroid
structures in diblock copolymers) are formed depending on the
volume fraction of the polymer segments.” The periodic length of
a microphase-separated structure depends on the total molecular
weight of the block copolymer. Recent developments in polymeriza-
tion techniques have allowed various types of block copolymers
(for example, star,>* graft,5 multiblock® and gradient block
copolymers”®) to be synthesized, resulting in the formation of very
complicated periodic nanoscale structures. These diverse microphase-
separated structures are now used in various applications such as
separation filters,” photonic crystals,!!! laser devices!? and templates
for etching in lithography.!®14

Incorporating inorganic nanoparticles into polymer matrices is an
important strategy for creating new materials.'> These hybrid materi-
als, often called nanocomposites, exhibit excellent properties such as
high mechanical strength, electron conductivity, catalytic activity
and optical and magnetic properties. Owing to the morphological
diversity of block copolymers, incorporating inorganic nanoparticles
into microphase-separated domains has attracted a great deal of

attention.'® Various methods have been proposed to introduce
inorganic nanoparticles into microdomains,!”2! some of which
exploit the surface affinity of nanoparticles in order to control their
location in microdomains.????

Microphase-separated diblock copolymers were initially used as a
nanoscale template for inorganic nanoparticles,'®42¢ and later
multiblock copolymers such as triblock terpolymers were also
used owing to their rich variety of three-dimensional (3D)
morphologies.”’ >0 Recently, Li et al.’>! reported successful introduc-
tion of Au and Pt nanoparticles into a double-gyroid structure of an
ABC linear triblock terpolymer. ABC triblock terpolymers exhibit
more complicated and intriguing 3D morphologies. Depending on the
volume fraction of polymer segments, ‘cylinders-on-cylinder’ and
‘helices-on-cylinder’ morphologies were formed that consisted of
cylinders or helices of B polymer formed on the surface of A polymer
cylinders in the C polymer matrix.”?° Using these structures as
templates to accommodate nanoparticles may produce nanocompo-
sites with great potential as electromagnetic wave absorbers and
metamaterials.*?

We have reported the morphological control of the helices-on-
cylinder morphology formed by ABC linear triblock terpolymers
composed of polystyrene (PS), polybutadiene and poly(methyl metha-
crylate) (PMMA).3334  Transmission electron microtomography
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(TEMT) was used for 3D structural analyses of the complicated
morphologies.’>>7 The observations revealed that the helices-on-
cylinder morphology was composed of polybutadiene helical
microdomains around hexagonally packed PS cylindrical cores in a
PMMA matrix. In our previous studies, we controlled the number of
helical strands (two, three and four strands), the pitch of helices and
the orientation of helices to the substrate.>»3® In the present study, we
demonstrated that Au nanoparticles grafted with PS molecules were
selectively introduced into the microdomains of ABC linear triblock
terpolymers composed of PS, polyisoprene (PI) and PMMA by
changing the molecular weight of the PS on the surface of Au
nanoparticles.

EXPERIMENTAL PROCEDURE

Materials

Tetraoctyl ammonium bromide (C8H17NBr) was purchased from Sigma-
Aldrich (St Louis, MO, USA). Hydrogen tetrachloroaurate(Ill) tetrahydrate
(HAuClye 4H,0) and sodium tetraborohydride (NaBH,) were purchased from
Wako Pure Chemical Co., Inc. (Tokyo, Japan). Poly(styrene-b-isoprene-b-
methyl methacrylate) (SIM) and thiol-terminated polystyrenes (PS-SH) with
three different molecular weights were purchased from Polymer Source, Inc.
(Dorval, QC, Canada). The molecular characteristics of the polymers used in
this study are summarized in Table 1. All solvents in this study were purchased
from Wako Pure Chemical Co., Inc. All reagents were used as received without
further purification.

Synthesis of PS-grafted Au nanoparticles

Au nanoparticles were prepared by a two-phase liquid-liquid system according
to a modified literature procedure.>® An aqueous solution (20 ml) of HAuCly
(20.6 mg, 0.05 mmol) was prepared in a conical beaker (200 ml). A toluene
solution of C8H17NBr (82.0 mg, 0.15 mmol) was added to the solution with
stirring until all HAuCly was transferred into the organic phase. A toluene
solution (20 ml) of the PS-SH (150 mg, 0.05 mmol) was added to the organic
phase, and then aqueous NaBH, (10 ml, 189 mg, 5.0 mmol) was added
dropwise. The solution changed from yellow to red. After stirring for 2 h,
the organic phase was collected and extracted with toluene three times, and
then the solvent was concentrated to several ml in a rotary evaporator. To
remove excess PS-SH, ethanol (50 ml) was added and the precipitate was
collected by decantation. The crude product was washed with ethanol three
times by ultrasonication and centrifugation (12 000 r.p.m. for 15 min at 5 °C).
The purified product was dried in vacuo to remove the solvents completely.

Preparation of SIM films incorporated with Au nanoparticles
grafted with PS chains
The dried Au nanoparticles grafted with PS molecules were redispersed in
chloroform (CHCl3). The hybrid films were prepared by casting 5 wt% CHCl3
solutions of SIM containing the Au nanoparticles at weight concentrations
(pau) of 30 and 50 wt%. The resulting films were exposed to saturated CHCl3
vapor for 2 days at 24 °C, and then CHCIl; was evaporated by nitrogen gas at a
flow rate of 5 ml min~!.

The hybrid films were embedded in a photocurable acrylic resin, and then
irradiated with visible light (wavelength: 2400 nm). The cured resin blocks
were microtomed to a thickness of ~ 100 nm by using an ultramicrotome (EM

Table 1 Molecular characteristics of polymers

Name Mn(S/I/M) (kg mol~1) MM, Volume fractions (S/I/M)
SIM 58/22/330 1.10 0.20/0.09/0.71
PS-SH-11k 11.5/-/- 1.08 1.0/-/-
PS-SH-3k 3/-/- 1.07 1.0/-/-
PS-SH-1k 1/-/- 1.40 1.0/-/-

UCT, Leica Microsystems GmbH, Germany) with a diamond knife at room
temperature. The ultrathin sections were transferred onto Cu mesh grids with
supporting polyvinyl formal membranes. The sections were stained with RuO,
for 3 min, and then with OsO, for several hours to visualize the PS and PI
phases, respectively, in the microphase-separated structures of SIM. Finally, Au
nanoparticles 5 nm in diameter (British Biocell International, Cardiff, UK) were
deposited on the back of the supporting membranes.

TEM and TEMT observations

Transmission electron microscopy (TEM) and TEMT (JEM-1200EX, JEOL,
Co., Ltd, Tokyo, Japan) were performed at 100kV, and the system was
equipped with a slow-scan CCD camera (Gatan USC 2000, Gatan Inc.,
Pleasanton, CA, USA). A series of TEM images were acquired at tilt angles
of £60° in 1° step. The TEM images were aligned by the fiducial marker
method with Au nanoparticles deposited on a supporting membrane. After the
alignment, the tilt series of the TEM images were reconstructed by a filtered
back projection algorithm.*’

RESULTS AND DISCUSSION

Synthesis of PS-grafted Au nanoparticles

A typical TEM image of Au nanoparticles grafted with PS-SH-11k is
shown in Supplementary Figure Sla. The Au nanoparticles were
observed, whereas the PS molecules on the Au nanoparticles were not
visualized in the TEM image because of their low electron density. The
average diameter of the Au nanoparticles (da,np) Was measured as
32nm in the TEM images (Supplementary Figure S1b). The
synthesized Au nanoparticles in this experiment, including Au
nanoparticles grafted with other PSs, had similar Au core diameters,
as summarized in Table 2. Because the grafted PS molecules were not
clearly observed in the TEM images, the whole diameters (D) of Au
nanoparticles containing the grafted PS molecules were calculated
according to the literature*!(Table 2).

Hybrid films of SIM and Au-11k

The microphase-separated structure of the neat SIM film was
determined by TEM and TEMT before incorporation of the Au
nanoparticles (Supplementary Figure S2). SIM forms a double-helical
structure of PI around hexagonally packed cylinders of PS in a PMMA
matrix. The diameters of the PI and PS domains were 11+ 1 and
30 +4 nm, respectively. TEM images of the SIM films incorporated
with Au-11k nanoparticles at ¢, =30 and 50 are shown in Figures 1a
and e, respectively. To determine the 3D structures of the hybrid films,
the films in the regions enclosed in black squares in Figures la and e
were observed by TEMT. The sliced images from the reconstructed
images in the xy and xz planes are shown in Figures 1b, ¢, f and g,
where the z axis corresponds to the direction of the electron beam. In
the reconstructed images, small black dots are Au-11k nanoparticles.
With respect to the microphase-separated structure of SIM, gray, black
and white regions are attributed to PS, PI and PMMA domains,
respectively, because the PS and PI segments are stained with RuO4
and OsQOy, respectively. When the Au-11k nanoparticles were incor-
porated into the SIM films at ¢, =30, and the nanoparticles were

Table 2 Diameters of Au nanoparticles

Name daune (nmpP D (nmpP
Au-11k 3.2 1.6
Au-3k 2.7 8.2
Au-1k 3.3 6.2

Abbreviations: PS-SH, thiol-terminated polystyrene; SIM, poly(styrene-b-isoprene-b-methyl
methacrylate).
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2Diameter of Au nanoparticles measured in transmission electron microscopy (TEM) images.
bPolystyrene (PS) chains on Au nanoparticles were calculated for a conical conformation.?
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Figure 1 Transmission electron microscopy (TEM) and three-dimensional (3D)
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structures of poly(styrene-b-isoprene-b-methyl methacrylate) (SIM) films

incorporated with Au-11k nanoparticles. (a) TEM image, and reconstructed images in region enclosed by the black square in (a) digitally sliced in the (b) xy
and (c) xz planes of SIM films incorporated with Au-11k nanoparticles at ¢pa,=30. (d) The 3D structures of polyisoprene (PI) and Au nanoparticles from
three directions visualized from the region enclosed by the black square in (b). (e) TEM image, and reconstructed images in the region enclosed by the black
square in (e) digitally sliced in the (f) xy and (g) xz planes of SIM films incorporated with Au-11k nanoparticles at ¢a,=50. (h) The 3D structures of Pl and

Au nanoparticles from three directions visualized from the square region of (f).

observed in the PS microdomains. The 3D structures of PI
microdomains and Au nanoparticles in the region enclosed by
a black square in Figure 1b are shown in Figure 1d. The PI
microdomains and Au nanoparticles are visualized as blue and yellow,
respectively. The 3D structure revealed that spherical PI domains
were formed around the PS cylinders and Au nanoparticles were
located in the center of the PS cylinders. However, in the films
incorporated with Au-11k nanoparticles at ¢a, =50, a lamellar
structure of PS and PMMA was formed and the Au nanoparticles
were located at the center of PS layers, as shown in Figure 1h.
The result indicates that a morphological transition of the microphase-
separated structure of SIM was induced by incorporating Au-11k
nanoparticles.

Hybrid films of SIM and Au-3k
To prevent the morphological transition of microphase-separated
structures of SIM by incorporating Au nanoparticles, PS molecules

with a lower molecular weight than PS-SH-11k were grafted onto Au
nanoparticles. As shown in Table 2, the average and whole diameter of
Au-3k nanoparticles were da,np=2.7 and D=28.2 nm, respectively.
The size of Au core was similar to that of the Au-11k nanoparticles,
whereas the whole size of Au-3k nanoparticles was approximately half
that of the Au-11k nanoparticles. Figure 2 shows the TEM image
(Figure 2a), reconstructed images (Figures 2b and c) and 3D structures
(Figure 2d) of the SIM films incorporated with Au-3k nanoparticles at
Gau=30. Figure 2d clearly shows that the double-helical morphology
of the PI phases was retained on the PS cylinders, although the PI
phases were partially disconnected. The Au-3k nanoparticles were
incorporated into the center of the PS cylinders and also near the
interfaces between PS and either PI or PMMA. When the concentra-
tion of Au-3k nanoparticles was increased to ¢, =50, the
microphase-separated structures of SIM disappeared and the macro-
phase separation between SIM and Au-3k nanoparticles occurred as
shown in Supplementary Figure S3.
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Figure 2 Transmission electron microscopy (TEM) and three-dimensional (3D) structures of poly(styrene-b-isoprene-b-methyl methacrylate) (SIM) films
incorporated with Au-3k nanoparticles. (a) TEM image, and reconstructed images in the region enclosed by the black square in (a) digitally sliced in the
(b) xy and (c) xz planes of SIM films incorporated with Au-3k nanoparticles at ¢pa,=30. (d) The 3D structures of polyisoprene (PI) and Au nanoparticles from

three directions visualized from the square region of (b).

Figure 3 Transmission electron microscopy (TEM) and three-dimensional (3D) structures of poly(styrene-b-isoprene-b-methyl methacrylate) (SIM) films
incorporated with Au-1k. (@) TEM image, and reconstructed images in region enclosed by the black square in (a) digitally sliced in the (b) xy and (c) xz
planes of the SIM films incorporated with Au-1k at ¢pa,=50. (d) The 3D structures of polyisoprene (Pl) and Au nanoparticles from three directions visualized

from the square region of (b).

Hybrid films of SIM and Au-1k

The Au nanoparticles grafted with PS-SH-1k, which has a lower
molecular weight than PS-SH-3k, were incorporated into the SIM
films. Compared with the Au-3k nanoparticles, the Au-1k nanopar-
ticles had a similar Au core diameter (da,np=3.3) and a smaller
whole diameter (D=6.2nm). Figure 3 shows the TEM image
(Figure 3a), reconstructed images (Figures 3b and c) and 3D structures
(Figure 3d) of the SIM films incorporated with Au-1k nanoparticles at
$au=>50. The 3D structures obtained with TEMT revealed that the PI
phases formed double-helical structures on the PS cylinders even at
$au=>50. It is also remarkable that many Au-1k nanoparticles were
located near the interfaces between the PS and PI phases (Au-11k
nanoparticles were located in the PS and PI microdomains), although
the Au nanoparticles were grafted with the PS molecules.

Polymer Journal

Incorporation behaviors of Au nanoparticles in microphase-
separated structures of SIM

The localization mechanism of the nanoparticles grafted with polymer
molecules in the microphase-separated structures has been studied
theoretically*> and experimentally.*>*> The relative size of nanopar-
ticles to the domain spacing of microphase-separated structure is a
major factor governing the localization of the incorporated nanopar-
ticles. A simulation of Au nanoparticle localization in the micro-
domain predicted that small particles with sizes of D/L <0.2 would be
located at the interfaces of microdomains, whereas large particles with
sizes of D/L >0.3 would be located near the center of the
microdomains to minimize the entropy loss of the block copolymer
segment, where D is the particle diameter including grafted polymers
on the nanoparticles, and L is the dimension of the microdomain.*?



Bockstaller et al.*® reported that the theoretical prediction is in good
agreement with the experimental results.

To consider the entropic effect on localization of Au nanoparticles
in the microphase-separated structures of SIM, D/L values of Au-11k,
Au-3k and Au-1k were calculated to be 0.53, 0.27 and 0.21,
respectively (Table 3). According to the theory described above,*?
the Au-11k nanoparticles tend to segregate at the center of PS
microdomain (Figure 4a). Because Au-3k nanoparticles have an
intermediate value of D/L between 0.3 and 0.2, they would uniformly
distribute in the PS microdomains (Figure 4b). The theory predicts
that the Au-1k nanoparticles (D/L ~0.2) would be located at the
interfaces between the microdomains of either PS/PI or PS/PMMA.
The experimental results are in good agreement with the theoretical
predictions.

For the nanoparticles located at the interfaces of the microdomains,
an interfacial tension (that is, enthalpic energy) among the nanopar-
ticles and polymer segments is also important in addition to the

entropic effect. The absorption energy (E,) is defined as follows:*>47

: Ry, 2
kl]:;iT =z kr:? (1 — |cosOa—g])

_ lnea=vesl Ay
‘C059A7B| - YA-B - }’A—/B

(1)

where R is the nanoparticle radius, ys _p is the interfacial tension
between A and B segments of the AB diblock copolymer and ynp 4 or
y~p _ is the interfacial tension between the nanoparticle and the A or B
segment of the block copolymer. Haryono and Binder!® reported that
the interfacial energy between nanoparticle and polymer segment is
Ay=ya_p, so that |cosOs_p| << 1 and E,~7mR?y,_p. Because the
Au-1k nanoparticles are located at the interfaces of microdomains, the
enthalpic effect is important for discussing their localization. The
surface tensions of PS, PI and PMMA are 40.7, 32.0 and 41.1 mN m ™},
respectively.*® Because ps_p; > Vps_pvima» Fa is larger when the Au-1k
nanoparticles are located at the interface between PS and PI than when

Table 3 Size relationships between PS-grafted Au nanoparticles and
SIM

Au nanoparticle D/L rps Wet or dry brush?
Au-11k 0.53 1.2 Dry brush
Au-3k 0.27 0.44 Wet brush
Au-1k 0.21 0.22 Wet brush

Abbreviations: PS, polystyrene; SIM, poly(styrene-b-isoprene-b-methyl methacrylate).

rps = ,’::ﬁ = m, where Nps homo and Npg plock are polymerization degrees of PS homopolymer
and PS block in SIM, respectively.

When rps > 1.0, Au nanoparticles are blended like a dry brush.

2When rps < 1.0, Au nanoparticles are blended like a wet brush.

o Au-11k

D/ >03
Locatation: center of PS domain
s > 1.0 (dry brush)

02<D/N<03
Locatation: PS domain
s < 1.0 (wet brush)
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the nanoparticles are located at the interface between PS and PMMA.
Therefore, the nanoparticles selectively absorb at the PS/PI interfaces
(Figure 4c). The localization of the three types of Au nanoparticles are
successfully explained by the entropic and enthalpic energies between
the Au nanoparticles and SIM.

The distributions of Au-11k and Au-3k nanoparticles in the
microdomains were similar to those from the prediction based on
the wet and dry brush theory.*>>° The PS-grafted Au nanoparticles are
not PS homopolymers but were assumed to have the same size as PS
molecules (rps_nps) to discuss the morphological transition by
incorporating the Au nanoparticles as:

D rpg_Nps (2)

T'PS—NPs

Ips = _ NPS*homn (3)
ps—block  NPs—block

where 7pg_pjock is the size of PS block in SIM, Nps homo and Nps_piock
are polymerization degrees of PS homopolymer, which is estimated as
the Gaussian chain with same-sized PS molecules to D, and PS block
in SIM, respectively. The sizes of Au nanoparticles approximated as PS
molecules are summarized in Table 3. When rps2> 1, the PS-grafted
nanoparticles are localized at the center of the PS microdomain
(dry brush regime), where the nanoparticles are unperturbed by the
surrounding PS segments of SIM. It is also assumed that the
nanoparticles weakly affect the chain conformation of the PS
segments. However, the nanoparticles are uniformly distributed in
the PS microdomain when ry <1 (wet brush regime) and affect the
chain conformation of the PS segments. The rpg value of the
Au-11k nanoparticles was calculated as 1.2, indicating that the
Au-11k nanoparticles were incorporated in the dry brush regime
(Figure 4a). The Au-11k nanoparticles were located at the center of the
PS domains and did not affect the chain conformation of the PS
segments of SIM. Thus, even though the Au-11k nanoparticles were
incorporated at high concentrations, the SIM molecules retained the
same chain conformation in bulk and the morphology was trans-
formed to a lamellar structure by the volume increase of the PS phase.
However, the rpg value of Au-3k nanoparticles was calculated as 0.44,
indicating that the incorporated Au-3k nanoparticles were under the
wet brush regime (Figure 4b). The Au-3k nanoparticles affect the
chain conformation of the PS segments of SIM, and hence when the
nanoparticles were incorporated at high concentration, the
microphase-separated structure became disordered and the nanopar-
ticles were macroscopically separated.

D/A =02
Locatation: interface between PS/PI
eg < 1.0 (wet brush)

Figure 4 Schematic illustration of incorporation behaviors of (a) Au-11k, (b) Au-3k and (c) Au-1k nanoparticles into the poly(styrene-b-isoprene-b-methyl
methacrylate) (SIM) microdomains. A full color version of this figure is available at Polymer Journal online.
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CONCLUSION

In this study, we demonstrated the controlled incorporation of Au
nanoparticles grafted with PS molecules in the helical microdomains
of ABC-type linear triblock terpolymers composed of PS, PI and
PMMA. The Au nanoparticles grafted with three PSs with different
molecular weights were synthesized and incorporated into the SIM
films. The morphologies of composite films and localization of Au
nanoparticles were 3D characterized with TEMT observation. TEMT
structural analysis revealed that the PS-grafted Au nanoparticles,
whose size is >0.3 times the respective domain dimension of PS
microdoamin in SIM, were located at the interfaces of PS micro-
doamins to minimize the entropy loss of the PS segment of SIM. In
contrast, Au nanoparticles <0.2 times the respective domain dimen-
sion were located at the interface of PS and PI microdomain to reduce
the interfacial tension between the nanoparticles and SIM. The
intermediate-sized Au nanoparticles were uniformly distributed in
the PS microdomains. When the incorporating ratio of Au nanopar-
ticles exceeded the limit, the helical microdomains of SIM were
transformed to lamellar structures to retain their chain conformation
in the case of Au nanoparticles with PS molecules having a higher
molecular weight than that of PS segment of SIM. In contrast, when
the Au nanoparticles with PS molecules had a lower molecular weight
than that of PS segment of SIM, the microphase-separated structures
were transformed to the disordered structure.
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