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Abstract In this paper, microphase behavior of an ABC triblock copolymer, polystyrene-block-poly(2-vinylpyridine)-block-
poly(ethylene oxide), namely PS-6-P2VP-b-PEO, was systematically studied during spin-coating and solvent vapor annealing
based on various parameters, including the types of the solvent, spin speed and thickness. The morphological features and the
microdomain location of the different blocks were characterized by atomic force microscope (AFM) and high resolution
transmission electron microscopy (HRTEM). With increasing thickness, the order-order transition from nanopores array to
the pattern of nanostripes was observed due to microdomain coarsening. These processes of pattern transformation were
based on the selectivity of toluene for different blocks and on the contact time between solvent molecules and the three
blocks. This work provides different templates for preparation of gold nanoparticle array on silicon wafer, which can be
adopted as an active surface-enhanced Raman scattering (SERS) substrate for poly(3-hexylthiophene) (P3HT).
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INTRODUCTION

Amphiphilic triblock copolymers attract increasing attention in the area of self-assembly, since their
self-assembly generates highly ordered periodic nanostructures!!™, which have various applications>!!,
including deposition of inorganic particles, drug delivery, bioengineering, membranes, nanolithography, organic
photovoltaics, to name a few.

As an effective nanostructured template to synthesize and organize nanoparticles in a controlled manner,
self-assembled nanodomains of triblock copolymers have been employed!?. In recent years, Raman
spectroscopy has been developed from conventional laboratory system to portable handheld device for rapid
on-site detection with the emerging applications of surface-enhanced Raman scattering (SERS), including
environmental monitoring!'3~1], biochemistry!'®!7l and chemical production'® ', Recently, Duan et al. reported
the development of bioconjugated plasmonic vesicles assembled from SERS-encoded amphiphilic gold
nanoparticles for cancer-targeted drug delivery, which can play multifunctional roles as delivery carriers for
anticancer drugs and SERS-active plasmonic imaging probes to specifically label targeted cancer cells and
monitor intracellular drug delivery™’. With all the advantages offered by SERS, many studies have been
directed toward fabricating an ideal SERS substrate, such as particle-in-bowl arraysi?!1, nanowire/nanoparticle
composite arrays?> 231, nanowire arrays?*, monodispersed nanoparticles® and nanodimple array!?®l,

Although polystyrene-block-poly(2-vinylpyridine)-block-poly(ethylene oxide), i.e. PS-b-P2VP-b-PEO, has
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been extensively studied, including the crystallization process of PEO block?’=3% and hydrophilicity difference
between diblock copolymers polystyrene-block-poly(2-vinylpyridine) (PS-b-P2VP) and PS-b-P2VP-b-PEOB!,
systematic study on the nanopattern transformation of PS-b-P2VP-b-PEO thin films during spin-coating is
limited. A systematic study is important for large-area and economical preparation of ordered gold nanoparticle
array which could be used as an active SERS substratel*?!.

In this work, we focus on a systematic study on the effect of different process conditions during spin-
coating on the different nanoscale structures of PS-56-P2VP-H-PEO thin films. Furthermore, the microdomain
location of the three blocks in PS-b-P2VP-b-PEO during spin-coating is also discussed in detail. Additionally,
patterned PS-b-P2VP-H-PEO thin films are used as template to fabricate large-area and well-ordered Au
nanoparticle arrays on silicon substrates for enhancing Raman intensity of poly(3-hexylthiophene) (P3HT) by
SERS. This work will promote the use of ordered nanopattern of ultrathin triblock copolymer films in a wide
area.

EXPERIMENTAL

Materials

Triblock copolymers, polystyrene-block-poly(2-vinylpyridine)-block-poly(ethylene oxide) (PS-b-P2VP-H-PEO
with molecular weight of 45000, 16000 and 8500 and molecular weight polydispersity of M,/M, = 1.05), were
purchased from Polymer Source Inc. and used without further purification. HAuCls-:3H,0 (99%, Au = 49%)
was purchased from Alfa Aesar of Thermo Fisher Scientific Ltd. P3HT (M., = 30000) was purchased from J&K
Scientific Co., Ltd., China. Chloroform (CHCIl;) was purchased from Guangzhou Chemical Reagent Factory.
Toluene (99+%), tetrahydrofuran (THF) and N,N'-dimethylformamide (DMF, analytical grade) were purchased
from Tianjin Damao Chemical Co., Ltd. Silicon (Si) wafer <100> was purchased from No. 46 Research Institute
of China Electronics Technology Group Corporation (CETC).

Preparation of Triblock Copolymer Thin Film

Si wafer was utilized as substrate to prepare PS-b-P2VP-b-PEO films. Si wafers were cleaned in DMF, ethanol
and deionized water with ultrasonic cleaner for 30 min at room temperature, subsequently. The triblock polymer
PS-b-P2VP-b-PEO was dissolved in toluene (at concentration of 0.1 wt%, 0.2 wt%, 0.4 wt%, 0.6 wt% and
1 wt%) and stirred for 24 h at room temperature. Thin films of PS-5-P2VP-H-PEO were prepared by spin-coating
at different spin speed (2000, 3000 and 4000 r/min) on silicon substrate (relative humidity: 65%—-95%).

Preparation of Gold Nanoparticle Array

The films spin-coated from PS-b-P2VP-b-PEO toluene solution (0.1 wt%) were immersed in an ethanol solution
of hydrogen tetrachloroauratetrihydrate (HAuCls:3H>0, 0.41 wt%) for 90 min. The films were then rinsed with
ethanol several times to remove any free Au-salt and thoroughly dried in air. The thin films of PS-b-P2VP-b-
PEO containing Au salts were then exposed to air plasma for 20 min and calcinated for 9 h at 600 °C to remove
the PS-b-P2VP-b-PEO thin films.

Preparation of P3HT Films

P3HT films on Au nanoparticle arrays were prepared by spin-coating from a solution of P3HT (5 mg/mL in
chlorobenzene) on the substrates at 3000 r/min with a fixed volume (30 uL). All samples were dried in a vacuum
oven for at least 12 h to remove the residual solvent. The samples were kept in a dark space to prevent
deterioration.

Characterization

Atomic force microscope (AFM) in SCANASYST-AIR mode (Nanoscope-V Multimode 8, Bruker Inc.,
Germany) by using a silicon cantilever (spring constant 5 N/m and resonant frequency ~150 kHz, Budget
Sensors, Bulgaria Ltd.) was used to investigate the morphological features of PS-b-P2VP-b-PEO thin films. The
thickness of film was measured by a spectroscopic ellipsometry over a wavelength range of 400—1700 nm using
a V-VASE spectroscopic ellipsometer (J.A. Woollam, USA). High resolution transmission electron microscopy
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(HRTEM) measurements was carried out on a JEM-2100HR (JEOL, Japan) operated at 200 kV accelerating
voltage. Film samples for TEM were prepared onto carbon-coated copper grids. Some of the samples were
exposed to I, vapor for certain period. Field-emission scanning electron microscopy (FE-SEM, JEOL JSM-
7001F, Japan) was operated at 15 kV. Image J software was utilized to analyze the nanoparticle size and size
distribution. Raman spectroscopic analysis was performed on a Lab RAM HR800 micro-Raman spectrometer
equipped with an Ar ion laser as the excitation resource (633 nm).

RESULTS AND DISCUSSION

The effect of the solvent for polymer solution is shown in Fig. 1. These films were spin-coated from 0.1 wt% PS-
b-P2VP-b-PEO solution (0.1 wt%) on the silicon wafers with 3000 r/min at room temperature. Toluene,
chloroform and tetrahydrofuran (THF) were used as solvents, respectively. Microphase-separated pattern of
holes could be obviously seen when toluene was used as the solvent (Fig. 1b). On the other hand, the nanopattern
of the films spin-coated from chloroform (boiling point of 62 °C) and THF (boiling point of 66 °C) were
disordered as shown in Figs. 1(a) and 1(c). Thus, the control of spin-coating process was weakened with
increasing solvent volatility®3). In addition, the difference of the selective solubility of toluene with regard to the
three blocks in PS-5-P2VP-b-PEO was larger than CHCIl; and THF. Toluene was a good solvent for PS block,
but poor for P2VP and PEO blocks, which was beneficial to microphase separation of PS-5-P2VP-b-PEO during
the process of spin-coating. Based on the volatility and solubility selectivity of the solvents, toluene was the
optimal solvent for PS-b-P2VP-b-PEO copolymer solution and the self-assembly during spin-coating with low
solvent volatility (The boiling point of toluene was 110.6 °C).

Fig. 1 AFM height images of PS-b-P2VP-H-PEO films spin-coated from 0.1 wt% PS-b-P2VP-H-PEO solution with
three different solvents at 3000 r/min on silicon substrate: (a) chloroform, (b) toluene and (c) tetrahydrofuran

The influence of spin speed is shown in Fig. 2. The films with three different nanopatterns were spin-coated
from PS-H-P2VP-b-PEO toluene solution (0.1 wt%) with various spin speeds. When the spin speed was
2000 r/min, the low evaporation rate and small centrifugal force led to the inhomogeneous distribution of PS-b-
P2VP-bH-PEO, resulting in a pattern with a few irregular holes observed in rough surface (Fig. 2a). When the spin
speed was 3000 r/min, appropriate evaporation rate would lead to an adequate movement of the molecular
chains, resulting in the formation of ordered nanoporous pattern (Fig. 1b). When the spin speed increased to
4000 r/min, the molecular chains would be frozen before their adequate movement because of too fast
evaporation rate, resulting in disordered nanoporous pattern with various sizes (Fig. 2b). The solvent evaporation
rate during spin-coating was proportional to the spin speed, which controlled phase separation and domain
coarsening**l. Changes in spin speed provided a method to systematical change for the solvent evaporation rate.
These results demonstrated that both 2000 and 4000 r/min caused disordered arrangement of the molecular
chains when the thickness was 8.560 nm, and the spin speed should be controlled at 3000 r/min in the process of
spin-coating to obtain an ordered nanopattern of PS-b-P2VP-b-PEO.
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Fig. 2 AFM height images of PS-b-P2VP-b-PEO films spin-coated on silicon wafers from its toluene
solution (0.1 wt%) at different spin speeds: (a) 2000 r/min and (b) 4000 r/min

The films of PS-6-P2VP-H-PEO of different thickness spin-coated with different concentrations are
presented in Fig. 3. When the thickness was 8.560 nm (0.1 wt%), nanoporous pattern was given in Fig. 1(b) with
the average diameter of holes about 26 nm. When the thickness was 22.594 nm (0.2 wt%), a large part of pores
held their position, but a strong tendency to transit into the structure of stripe was shown in Fig. 3(a). In
Fig. 3(b), the pattern of the stripe became the majority with the decreasing number of the pores when the
thickness was 29.959 nm (0.4 wt%). The average diameter of the holes was about 26 nm, and the average width
of the stripe was about 25 nm. With an increase in the thickness to 52.690 nm (0.6 wt%, Fig. 3c), the average
width of the stripe was about 30 nm, which was larger than the former (0.4 wt%). The average diameter of holes
was about 28 nm. The spacing between the nanostripes was also more compact than the former. When the
thickness increased to 87.276 nm (1 wt%), a pattern of the stripe with less pores appeared as shown in Fig. 3(d).
The average width of the stripes was about 34 nm and the average diameter of the pores was about 30 nm.

Fig. 3 AFM height images of the PS-b-P2VP-H-PEO films with various thickness: (a) 22.594 nm,
(b) 29.959 nm, (c¢) 52.690 nm and (d) 87.276 nm
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As we all know, the triblock copolymer solution spreads uniformly on the substrate to form a liquid film
during spin-coating, which is controlled by competition between centrifugal and viscous forcesi** 331, The
viscous forces increase with increasing solution concentration, restricting film thinning. And a thicker film
provides a longer period of time for the solvent to evaporate and for microphase separation and domain
coarsening. Considering the component of PS-6-P2VP-5-PEO and the selectivity of toluene for three blocks, the
process of nanopattern transformation from nanopores to nanostripes will occur with increasing thickness, which
indicates that the continuous matrix in different thickness should consist of PS block, and the microdomains of
P2VP and PEO should be the dispersed phases.

In order to further clarify the microdomain location of the three blocks in thickness (8.560, 29.959 and
87.276 nm), various films were further investigated by TEM with or without staining the P2VP block by I,.
Because the effect of tip amplification for AFM was inevitable, the size of the nanopores and the nanostripes in
AFM height images was larger than that of those structures (corresponding images) in TEM images after
selective staining.

When the thickness was 8.560 nm (0.1 wt%), the image without staining was shown in Fig. 4(a). The holes
appeared as bright regions (which matched with Fig. 1a) because of the thickness difference. However, dark
rings around the holes were observed after the selective staining of the P2VP block, implying that the periphery
of the holes corresponded to the P2VP block (Fig. 4b). Thus, the rest of the holes should match with the PEO
block. The continuous matrix was the PS block. Each hole consisted of the P2VP and PEO blocks. Considering
the sequence of the three blocks in PS-b-P2VP-b-PEO copolymers, the hole has to be a hollow cylindrical
nanostructure. The average outer diameter of holes was about 23 nm. These holes could result from the cavity
formation of the P2VP and PEO blocks by spin-coating in a high-humidity (65%—-95%). Because both P2VP and
PEO blocks could be swollen by water, kinetically frozen holes were formed by evaporation of water after
vitrification of the PS block by fast evaporation of the solvent during the spin coating. A similar cavitation was
reported for poly(acrylic acid) (PAA) domains in PS-b5-PAA diblock copolymer because of the swelling of PAA
by water*¢],

With the thickness increased to 29.959 nm (0.4 wt%), the image without staining is shown in Fig. 4(c). The
stripes occupied the dominance with a few of dots. Then the films displayed a sphere-in-depressed stripe
structure after the selective staining for P2VP block. And dark rings, corresponding to P2VP block, were seen at
the edge of those spheres (Fig. 4d). Thus the rest part of those spheres should be consisting of the PEO block.
Hence, the continuous matrix was PS block. The outer average diameter of the dark rings was still around 18 nm.
The average width of the nanostripes was about 25 nm. Because a thicker film, spin-coated from higher
concentration, provided a longer period of time for the solvent to evaporate, toluene molecules had more time to
be in contact with the three blocks. Moreover, toluene was a good solvent for PS but poor for the other blocks of
P2VP and PEO, which promoted the structural transformation from pores to stripes. Thus, a lot of pores,
corresponding to P2VP and PEO microdomains were wrapped by the PS block to decrease the interface between
toluene molecules and the hydrophilic segments of PS-b-P2VP-b-PEO, resulting in decreasing number of
nanopores, as shown in Fig. 3(b).

For the thickest film (87.276 nm, 1 wt%), the pattern of fuzzy stripes appeared as shown in Fig. 4(e).
However, a few black dots and dark rings were also observed at the end of stripes after P2VP block staining,
implying that the dots and the rings corresponded to the P2VP block (Fig. 4f). The bright region in those rings
consisted of PEO block and the rest of the stripes consisted of the PS blocks. The average width of the stripe was
about 28 nm, which was wider than that of the stripe shown in Fig. 4(f). The average outer diameter of the dark
rings was about 23 nm. Because the contact time of the solvent molecules with the three blocks would be further
prolonged with additionally increased concentration from 0.4 wt% to 1 wt%, the nanostripes coarsening would
occur with the aggregation of the P2VP and PEO blocks, resulting in a further decreased number of the
nanopores.
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bl g 2V nm > ; S >V nm
Fig. 4 TEM images of PS-6-P2VP-b-PEO film with different thickness: (a) 8.560 nm without I staining,
(b) 8.560 nm after I» staining, (c) 29.959 nm without I staining, (d) 29.959 nm after I staining, (¢) 87.276 nm without
1> staining and (f) 87.276 nm after I> staining
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Fig. 5 (a) SEM image of gold nanoparticle array; (b) Diameter distribution diagrams of gold nanoparticle array;
(c) Raman spectra of the P3HT films on bare silicon substrate and Au nanoparticle array
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The nanopattern shown in Fig. 1(b), spin-coated from PS-h-P2VP-h-PEO toluene solution (0.1 wt%) was
used as template to prepare gold nanoparticle array, as shown in Fig. 5(a). The average size of the gold
nanoparticles was 13 nm (Fig. 5b) and the average interparticle distance was 25.94 nm. In order to demonstrate
SERS performance of the ordered Au nanoparticle array on silicon substrate, P3HT was used as the target
molecule. Compared with Raman signals of P3HT film on bare silicon substrate, the characteristic peaks
intensity of P3HT films on the Au nanoparticle array was enhanced due to electromagnetic field enhancement
based on the localized surface plasmon resonances (LSPR) of the gold nanoparticle and the electromagnetic
coupling among the gold nanoparticles (Fig. 5¢)['4l.

CONCLUSIONS

We have systematically studied various parameters of the microphase separation for PS-b-P2VP-b-PEO,
including the effect of solvent, spin speed and thickness of the film. The process of morphology evolution from
the nanoporous array to a pattern of stripe was observed via increasing thickness of the film. Many
nanostructures could be obtained due to the contact period among the solvent molecules and the three blocks in
different thickness. On the other hand, the selectivity of toluene towards PS block and P2VP block also played
an important role in the process of structural transformation. The patterned PS-5-P2VP-b-PEO thin films could
be used as the template to prepare gold nanoparticle array, which could be used as an effective surface-enhanced
Raman scattering substrate. Because of electromagnetic enhancement based on the localized surface plasmon
resonances, Raman intensity of P3HT on Au nanoparticle array was much stronger than that on the bare silicon
substrate. This work provides a simple approach to precisely control microdomains location in the triblock
copolymers for preparation of gold nanoparticle array, which can be further used as an active surface-enhanced
Raman scattering substrate. It has great potential applications as the sensors for biomolecules and in
nanolithography, pattern transfer, bioengineering, membranes and other areas of interests.
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