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Poly(styrene)-b-poly(N,N’-diethylaminoethyl methacrylate) (PS-b-PDEAEM) block copolymer was synthesized by RAFT free-
radical polymerization using a trithiocarbonate type of chain transfer agent (CTA). Several block copolymer compositions were
achieved maintaining low polydispersities by using PS as macro-CTA in the first step. Thin films of PSy,,-b-PDEAEM,,,, were
deposited over mica substrate, and its equilibrium and nonequilibrium nanostructures were studied. Lamellar (equilibrium),
bicontinuous (nonequilibrium) and detached nanoflakes (nonequilibrium), were obtained by using different annealing methods.
Mixing nanocomposites of gold nanoparticlessPDEAEM in the block copolymer resulted in the formation of toroidal
nanostructures confining gold nanoparticles to the core of those nanostructures. The same toroidal nanostructure was achieved
by different annealing methods, including irradiation with UV light for 15 min. Electron micrographs show clearly this different

type of arrays.

1. Introduction

Block copolymers (BCPs) of immiscible blocks are comprised
of two chemically different chains covalently linked at one
end. BCPs self-assemble into various morphologies in thin
films depending on the following parameters: volume frac-
tions of the blocks ( f), molecular weight of BCP, interaction
parameter between the blocks (y), interfacial interactions
with substrate, film thickness relative to natural block copoly-
mer periodicity, and type of solvent used and its evaporation
rate [1-9]. According to the phase diagram by Matsen and
Bates, at thermodynamic equilibrium, self-assembly into
lamellar, cylindrical, spherical, or gyroid nanostructures can
be achieved, depending on f and molecular weight times
interaction parameter () of the BCPs [3]. In principle, the
same four nanostructures can be achieved for all BCPs of
immiscible blocks. However, one key factor in the practical

use of block copolymers is the control over the orientation
and lateral ordering of the morphologies in thin films [10].
Generally, the order in thin films of block copolymers can
be improved by means of thermal annealing [8, 11-16] and
solvent annealing [2, 7, 17, 18], among other methods. For
thermal annealing, there usually exists only a small tem-
perature window between the glass transition temperature
(T,) and the degradation temperature (T5) of the involved
blocks which are usually susceptible to thermal degradation
[19]. Solvent annealing provides an attractive alternative to
thermal annealing, since sufficient mobility of the block
chains is easily induced at room temperature without the
danger of degradation of the block copolymer, although some
low vapor pressure solvents would need some thermal aid
to induce phase separation [20-22]. The solvent annealing
approach has been used more and more widely in recent years
[23]. However, the details of solvent annealing remain rather



unclear since the relevant experimental parameters govern-
ing the resultant block copolymer nanoscale morphologies
(nature of the solvent, the relative solvent vapor pressure,
the annealing time, etc.) are usually complex and difficult to
control [24]. Among these factors, the nature of the solvent
and the relative solvent vapor pressure are crucial [25]. The
nature of the solvent influences the degree of the swelling of
each block and accordingly has severe effects on the resulting
block copolymer morphologies [7]. It has been shown that
the same block copolymer thin films annealed under different
selective solvents and nonselective solvents result in different
morphologies and orientations [7, 26]. On the other hand,
once a solvent is selected, the solvent vapor pressure is the
key factor to control the resultant morphologies [27, 28].
It has been reported that regular phase separated films can
only be achieved when the copolymer Hildebrand solubility
parameter is very similar to the value of the solvent used
for annealing [26]. A lot of practical know-how has been
reported in order to control the solvent vapor pressures,
such as the use of the flow of N,, to vary the amount of
solvent in reservoir, to close the lid of dish more or less
tightly, and to change the ratio between the surface area of
the solvent and the empty volume of the annealing chamber
(17, 23, 29, 30]. In thin films, the destabilization of films is
another important technical issue that should be considered
for pattern formation [31]. Under certain conditions, the
local fluctuation of film thickness is developed, and the film
is retracted from the substrate to create fragmentation of
continuous films into isolated droplets.

Due to the intrinsic nature of polymer chains, the
obtained nanostructures (in solution, bulk, or thin films) may
be kinetically trapped nonequilibrium systems, since the con-
stituent polymer chains may not be able to relax towards their
equilibrium conformation [32].

When polymers carrying functional groups in one of the
blocks are investigated towards nanoscale ordering in thin
films, a new factor can be included to increase the rich-
ness of self-assembled nanostructures that are achievable:
small molecules capable of forming complexes with the
functional groups of the one block. A well-studied example
of this approach is the use of poly(styrene)-b-poly(4-vin-
ylpyridine) (PS-b-P4VP) in combination with 2—(4'—hydr0xy—
benzeneazo)benzoic acid (HABA) by Tokarev et al. [33],
Sidorenko et al. [34], Bohme et al. [35], and Nandan et al.
[36].

In our research group, we are interested in the study
of equilibrium and nonequilibrium self-assembled nano-
structures formed by poly(styrene)-b-poly(N,N’-diethylam-
inoethyl methacrylate) (PS-b-PDEAEM). PDEAEM is a pol-
ymer carrying tertiary amine groups capable of acting as
proton acceptors and lone pair donors (Bronsted and Lewis
bases) and also capable of coordinating with metals having
d and f orbitals with deficit on electrons. To the best of our
knowledge, the only report on the study of self-assembled
thin films of this BCP was recently published [37]. PS-
b-PDEAEM was studied together with the parent BCP,
poly(styrene)-b-poly(N,N'-dimethylaminoethyl methacryl-
ate) (PS-b-PDMAEM) in blends with polystyrene finding
that they formed micellar and donut-like structures over
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thin films independent of the parameters changed. The main
difference between PDEAEM and PDMAEM blocks is their
hydrophobicity and acidity constant (pK,): while PDMAEM
is soluble in water at neutral pH and has a pK, of 8.1 [38],
PDEAEM is only soluble in water at pH values close to 6 and
lower, while it has a pK, of 6.9 [39].

In the current report, not only the equilibrium and non-
equilibrium  self-assembly process of PS-b-PDEAEM was
investigated in detail, but also the interactions of gold nano-
particles (AuNPs) and their role in self-assembly process of
the title BCP was assessed.

2. Experimental Section

2.1. Materials. All reagents were purchased from Sigma-
Aldrich (Mexico) and were used as received with the excep-
tion of those described below. Styrene and N,N’-diethylami-
noethyl methacrylate (DEAEM) were distilled under reduced
pressure to the highest purity possible. 4,4'-Azobis(4-
cyanovaleric acid) (ACVA, Fluka) was recrystallized from
methanol. 4-Cyano-4-(dodecylsulfanylthiocarbonyl)sulfanyl
pentanoic acid (CTA) was synthesized following a procedure
reported in the literature [40] and was obtained with 72%
yield.

2.2. Synthesis of Macro-CTAs by RAFT Polymerization. All
polymerizations were performed in ampoules. In all cases,
4-cyano-4-(dodecylsulfanylthiocarbonyl)sulfanyl pentanoic
acid and 4,4'-Azobis(4-cyanopentanoic acid) were used as
CTA and as initiator (ACVA), respectively. The appropriate
amounts of monomers, CTA, and ACVA were dissolved in
p-dioxane (30 mL) under stirring at room temperature. Solu-
tions were degassed by three freeze-pump-thaw cycles. After
degassing, the ampoules were flame-sealed under vacuum
and heated in an oil bath at 90°C. The polymerizations
were terminated by rapid cooling and freezing. The hom-
opolymers obtained, also named macro-CTAs since they
include the CTA moiety, were purified by repeated pre-
cipitations using methanol for polystyrene and petroleum
ether for poly(DEAEM). Products were dried in vacuum
for 48h. An example of the synthesis of polystyrene is
described in detail: styrene (12.02 g, 0.115 mol), 4,4' -Azobis(4-
cyanopentanoic acid) (ACVA) (0.0485g, 0.1203 mmol), and
4-cyano-4-(dodecylsulfanylthiocarbonyl)sulfanyl pentanoic
acid (CTA) (0.0037g, 0.0132mmol) were dissolved in p-
dioxane (30 mL) and poured in a glass ampoule (50 mL) con-
taining a magnetic stir bar. Oxygen was removed using 2
freeze-thaw evacuation cycles, and the ampoule was sealed
with flame under vacuum. The ampoule containing polymer-
ization solution was submerged in an oil bath with mag-
netic stirring at 90°C. The polymerization was stopped by
rapid cooling at a given time. The polymerization yield was
obtained gravimetrically by adding a fivefold excess of cold
methanol. The polymer product was purified by dissolution
in the minimum amount of acetone followed by adding a five-
fold excess of cold methanol and filtering. This procedure was
repeated three times to remove residual monomer followed
by drying under vacuum to constant weight.
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2.3. Synthesis of Block Copolymers. The macro-CTAs
obtained in the first step were characterized and used for
the synthesis of diblock copolymers. The calculated amount
of macro-CTA was dissolved in p-dioxane (15mL) before
adding different amounts of the second monomer and the
initiator. The copolymerization procedure was the same as
the synthesis of macro-CTAs by RAFT polymerization. For
the purification of the block copolymers, a combination of
solvent and nonsolvent for each copolymer was settled down
according to their composition using petroleum ether/tet-
rahydrofuran(THF)/methanol. As an example, the detailed
synthesis of a polystyrene-b-poly(DEAEM) block copolymer
starting with a macro-CTA of polystyrene is described:
polystyrene (1.0 g, 0.02443 mmol) M,, = 40,940 g/mol, ACVA
(2mg, 0.00714 mmol), and (3.9 g, 0.02105 mmol) of DEAEM
were dissolved in p-dioxane (15mL) containing a magnetic
stir bar. Oxygen was removed using 3 freeze-thaw evacua-
tion cycles, and the ampoule was sealed with flame under
vacuum. The ampoule containing copolymerization solution
was submerged in an oil bath with magnetic stirring at 90°C.
The polymerization was stopped by rapid cooling at a given
time.

The block copolymer was precipitated by adding a fivefold
excess of cold methanol, decanting excess liquid, and dissolv-
ing the copolymer in the minimum amount of THE precipi-
tating again using cold petroleum ether and decanting again.
This procedure was repeated three times to remove residual
monomer and possible homopolymers formed. Finally, the
product was dried under vacuum to constant weight. The
copolymerization yield was obtained gravimetrically by this
process of solution-precipitation of the copolymer.

2.4. Characterization of Block Copolymers

2.4.1. Nuclear Magnetic Resonance Spectroscopy (NMR). 'H-
NMR measurements were carried out on a Varian mercury
(200 MHz) NMR instrument using chloroform-d as solvent
and tetramethylsilane as reference. The main signals of NMR
spectra for one example of each macro-CTA are described
below. The multiplicity of signal is abbreviated as follows:
s = singlet, d = doublet, t = triplet, and br = prefix for broad
signal.

Macro-CTA of PS: M, = 23,600 g/mol, PDI = 1.09. 'H-
NMR (CDCl;, 200 MHz) é 7.1 (3H, m, (Arom. 3CH)), 6.6
(2H, m, (Arom. 2CH)), 1.8 (1H, m, CH), and 1.4 (2H, m, CH,).

Macro-CTA of PDEAEM: M,, = 22,500 g/mol, PDI = 1.17.
'"H-NMR (CDCl,, 200 MHz) 8 4.1 (2H, m, O-CH,), 2.6 (6H,
m, N-(CH,)5), 1.8 (2H, m, CH,), L1 (6H, m, (CH,),), and 0.8
(3H, m, CH,).

2.4.2. Gel Permeation Chromatography (GPC). The number-
average molecular weight (M,) and polydispersity of the
molecular weight distribution (M,/M,) of the polymers
were determined with a GPC Varian 9002 chromatograph
equipped with two mixed-bead columns in series (Phenogel
5 linear and Phenogel 10 linear) and two detectors: refractive
index (Varian RI-4) and triangle light scattering (MINI-
DAWN, Wyatt Technology).

The measurements were performed in THF at 35°C at a
flow rate of 0.7 mL/min. Reported dn/dC values for polysty-
rene (dn/dC = 0.180mL/g) [41] were used for the molec-
ular weight evaluation of PST macro-CTA. The dn/dC of
PDEAEM was determined using a differential refractometer
IR Optilab DSP (Wyatt Technology) at 633 nm, 40°C, using
nine solutions with concentrations from 0.192mg/mL to
1.92 mg/mL in THE obtaining a dn/dC value of 0.087 mL/g.

For the molecular weight calculation of block copoly-
mers, the average dn/dC was calculated from the dn/dC
values for the corresponding homopolymers in the blocks
and its molar composition (X) determined by NMR using the
following equation:

dn > ( dn ) ( dn )
Y oxp(Z) +x s .
<dC CoP M\dc PST FPRARMA dC PDEAEM

2.4.3. Differential Scanning Calorimetry (DSC). The polymers
were dried and purified in vacuum at 40°C to constant weight
and their glass transition temperatures (Tg) were obtained
on a TA Instrument modulated DSC 2920. Analyses were
performed in a helium atmosphere. Samples of 8-12 mg were
heated in aluminum pans at a heating rate of 5 K/min in the
temperature range from —50°C to 150°C using a temperature
modulation of 0.5 K every 60 sec.

2.4.4. Thermogravimetric Analysis (TGA). The decomposi-
tion temperatures of the polymers were obtained on a TA
Instrument SDT 2920 Simultaneous DSC-TGA thermal ana-
lyzer. Analyses were carried out under nitrogen flow. Samples
0f10-15 mg were heated in aluminum cups at a heating rate of
10 K/min from room temperature to 700°C. Weight loss and
derivative of weight loss are reported.

2.5. Preparation of Thin Films of Block Copolymer. Solutions
of PS-b-PDEAEM block copolymers (1wt%) were prepared
in toluene or benzene by shaking overnight. Solutions were
then spin-coated over freshly cleaved mica using a Laurell
Technologies spin coater (model: WS-400B-6NPP/LITE/AS)
at spinning velocities of 2000 to 8000 rpm. After spin coating,
the thin films formed were dried overnight at ambient tem-
perature.

2.6. Posttreatments of Block Copolymer Thin Films

2.6.1. Thermal Annealing. Some block copolymer films were
introduced in a vacuum oven filled with nitrogen gas. A
vacuum of 10 torr was achieved and the temperature was set
to either 40°C or 90°C. Under such conditions, the films were
annealed for different periods of times (24 h up to 80 h). After
thermal annealing, the thin films were cooled down to room
temperature overnight.

2.6.2. Solvent Annealing. Block copolymer films were intro-
duced in a glass desiccator filled with toluene vapor
(26 mmHg). A Petri dish filled with liquid toluene was also
introduced in the desiccator to maintain the toluene vapor
pressure. The desiccator was closed and maintained at room



temperature (25°C) for different periods of times (24 h up to
80 h). After solvent annealing, the thin films were taken out of
the glass desiccator and allowed to dry overnight at ambient
temperature.

2.6.3. UV Degradation of Block Copolymer Thin Films. It
has been reported that poly(methylmethacrylate) (PMMA)
domains can be selectively degraded by UV light irradiation
of PS-b-PMMA thin films [40-43]. Since PDEAEM is a
methacrylate type of polymer, it was tested if these domains
could be also degraded using UV light irradiation. Thin
films of the block copolymers over different substrates were
suspended inside a Rayonet UV reactor with air cooling
containing 12 lamps (A = 254nm). UV irradiation was
provided for different times. Afterwards, the thin films were
washed subsequently with acetic acid to dissolve PDEAEM
residues and methanol to eliminate acetic acid residues. After
drying at room temperature, the thin films were analyzed.

2.7. Preparation of Block Copolymer Thin Films Containing
Gold Nanoparticle. PDEAEM decorated with gold nanopar-
ticles (Au-NP) was prepared as described previously [44];
briefly, PDEAEM (M, = 18,000 g/mol) was dissolved in water
at pH of 4.8 by stirring to yield a 1 mg/mL solution. After-
wards, the Au-NP precursor, tetrachloroauric acid (HAuCl,),
was dissolved in the solution and the mixture was heated
to 60°C under reflux. 2mL of a 10 mg/mL solution of the
reducing agent tribasic sodium citrate was added dropwise
and the reaction was continued at 60°C for 120 min. After
cooling, the AuNp product was isolated by increasing the pH
of the reaction solution to 9. PDEAEM/AuNP precipitates
and it was separated by centrifugation (13,000 rpm). The
AuNP product was washed with deionized water, and the
clean product was dried in a vacuum oven overnight.

Different amounts of the PDEAEM-AuNP were mixed
with the title block copolymer (PS-b-PDEAEM), from 0 to
10 wt% relative to block copolymer. These mixtures were
dissolved in toluene to achieve a 1wt% solution by shaking
overnight. The solutions containing block copolymer and
AuNP were spin-coated as described before.

2.8. Characterization of Block Copolymer Thin Films

2.8.1. Atomic Force Microscopy (AFM). Surface character-
ization of the thin films was performed by means of a
SPM 5100 atomic force microscope (Agilent Technologies)
in intermittent mode using silicon cantilevers in the 145 KHz
to 160 KHz frequency range using amplitude of 3 to 5 V. The
scanner (N9520A) operation interval was 10 yum x 10 um.
Images were edited using the WSxM Develop 3.0 software
from electronic nanotechnology [45].

2.8.2. Scanning Transmission Electron Microscopy (STEM).
Thin films morphology was studied by STEM. Micrographs
were acquired using electron microscope model JEOL JEM-
2200-FS working at 200 kV. Images were acquired by bright
field and Z-contrast detectors. Samples were observed
directly without staining due to a reasonable contrast between
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PDEAEM and PST domains that appear darker compared
to PDEAEM. The samples for electron microscope were
obtained by detachment of films in hot water (T' = 50°C).
Those film pieces were then suspended on triple distilled
water and finally it was picked up over a holey carbon film
on a Cu grid of 400 mesh and dried. The average domain size
determination was made using DigitalMicrograph software
script, and these values were used for basic statistics.

3. Results and Discussion

3.1. Synthesis and Characterization of PS-b-PDEAEM Block
Copolymer. The preparation of polystyrene (PS) using the
RAFT controlled free-radical polymerization is well estab-
lished. By adequate selection of a RAFT chain transfer
agent (CTA), the ratio of monomer to CTA to initiator
determines the obtention of PS in different molecular weights
maintaining low polydispersity (PDI = M,,/M,,). In order to
use the synthesized PS for block copolymer preparation, it is
important to guarantee that the PS is functionalized with the
CTA moiety building a macro-CTA and also to guarantee that
the CTA moiety is active in the polymerization of the second
monomer, which is N,N’-diethylaminoethyl methacrylate
(DEAEM) in our case. In this study, a trithiocarbonate type
of CTA was used since it is reported that trithiocarbonates
can be used in the RAFT polymerization of PS [46] and
the specific CTA used in this work works well in RAFT
polymerization of methacrylates [47]. Table 1 summarizes the
results obtained in the synthesis of block copolymers. The
first 3 rows show the characteristics of the PS macro-CTAs
used in block copolymer preparation. The polydispersities
are very low and the obtained molecular weights match well
the theoretical values. The fourth row of Table 1 shows the
feeding ratios used for the block copolymer synthesis. Again,
the polydispersities are low, and the obtained molecular
weights demonstrate that the PS-macro-CTAs grew into the
desired PS-b-PDEAEM products. Figure 1 shows an example
of chromatograms (GPC traces) where a macro-CTA is
compared with the block copolymer product. The peaks
are narrow and the retention times decreased for the block
copolymer since in GPC high molecular weights are observed
at lower retention times due to the separation technique used.

The composition of the obtained block copolymers was
determined by means of 'H-NMR (Figure 2).

For this purpose, the integration of signals at a chemical
shift of 4.1 ppm corresponding to two methylene protons of
the DEAEM units attached to oxygen was compared to the
integration of five aromatic protons of styrene units with
signals in the range from 6.3 to 7.3 ppm. A simple calculation
shows that the block copolymer depicted in the NMR
spectrum on Figure 2 contains 70.7 mol% of styrene and
29.3 mol% of DEAEM units.

Thermal analysis of the block copolymers was undertaken
to determine adequate temperatures for thermal annealing
of the films of block copolymers. Figure 3 shows the results.
In the case of calorimetry (Figure 3(a)), two distinct glass
transition temperatures (T,) are observed, one at —4.9°C

g
corresponding presumably to the poly-DEAEM units and
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TaBLE 1: Characteristics of block copolymers.
Macro-CTA y First block " Block copolymer )
n a . . n a ol 4P ¢ !
gimol PDI [M],: [PS]: (1], gimol PDI Yield Fos .
Polystyrene 37,090 1.02 84:1:0.11 45,760 1.09 56 0.91 0.85
Polystyrene 37,090 1.02 356:1:0.20 71,980 117 53 0.71 0.58
Polystyrene 24,870 1.09 545:1:0.19 76,280 1.15 51 0.60 0.46

*PDI = M,,/M,,; bby mass of recovered polymer; “molar fraction of PS by "H-NMR; dmass fraction of PS based on fps-

RI signal normalized

Time (min)

--- PS (37,090 g/mol)
--- PS-b-PDEAEM (71,980 g/mol)

FIGURE 1: GPC traces of a PS-macro-CTA (M,, = 37,090 g/mol) and
the block copolymer (M,, = 71,980 g/mol) prepared from it.
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FIGURE 2: ' H-NMR spectrum of a PS-b-PDEAEM block copolymer
(M,, = 71,980 g/mol).

the second one at 99.7°C corresponding well to the reported
values for PS. In the case of thermogravimetry (Figure 3(b)),
thermogram shows that the block copolymer is thermally
stable up to 220°C.

These results teach us that, at room temperature, the
PDEAEM units are viscoelastic and that, in order to move

the PS units, temperature above 105°C is needed. A tempera-
ture limit of 200°C can be established as the highest temper-
ature to anneal this block copolymer without degradation.

In addition to these facts, the calorimetry further con-
firms that the block copolymer consists of immiscible blocks
since two separate T,’s are observed. Furthermore, thermo-
gravimetric analysis shows thermal decomposition in two
steps: in the first step, parts of PDEAEM are detached, while
in the second step, both PDEAEM residual polymer and PS
are decomposed.

Results of other block copolymers that were prepared
can be consulted in a supplementary results file (see Sup-
plementary Material available online at http://dx.doi.org/
10.1155/2014/725356).

3.2. Towards Equilibrium Ordering of PS-b-PDEAEM Thin
Films. Given the composition of the block copolymers pre-
pared, we decided to study in deep the block copolymer
containing 60 mol% PS (46 mass%) with a molecular weight
of 76 280 g/mol. This block copolymer is expected to form
at thermodynamic equilibrium lamellae; however, a gyroid
nanostructure is also a possibility. As for solvents, toluene,
benzene, and tetrahydrofuran (THF) were chosen due to the
Flory-Huggins polymer-solvent (P-S) interaction parameters
(xp.g) calculated with PS and PDEAEM, namely, 0.347 and
0.350 for toluene, 0.341 and 0.380 for benzene, and 0.34 and
0.36 for THE, values that are very similar to both polymers
indicating that in this solvent there is only a slight or not a
solvating preference for one of the blocks. These parameters
were calculated according to (2) [48] using the solubility
parameters (6) reported in the literature [49] at room tem-
perature (298.15 K), with the exception of that of PDEAEM
estimated from the Hoy theory of group contributions [50] to
be Spppapm = 17.7 (MPa)'/2. For polystyrene the value used

is 8pg = 18.6 (MPa)'/?. Consider

V. 2
R_;“ (85— 8p)" +0.34. )
Vs is the molar volume of the solvent, R is the universal gas

constant, and T is the temperature.

Simple solubility tests showed that the best solubility for
both types of homopolymers was given by THE Nevertheless,
this solvent was discarded due to the high vapor pressure
of the solvent that resulted in film detachment and void
formation in the films. The following results make use of
toluene and benzene as selected solvents, even if the solubility
of PDEAEM is worse than that of PS in those solvents.

Xp-s =
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FIGURE 3: Thermograms by DSC (a) and TGA (b) of a PS-b-PDEAEM block copolymer (M,, = 71,980 g/mol).

FIGURE 4: AFM topographic images obtained using the intermittent contact mode of PSty,, -b-PDEAEM,,, thin films prepared from a 1% w/w
toluene solution over mica substrate as a function of spin coating velocity: (a) 2000 rpm; (b) 5000 rpm; and (c) 8000 rpm.

Figure 4 shows thin films prepared from toluene solutions
over mica substrate at room temperature (25°C) as a function
of spin coating velocity. It is clear that no equilibrium
structure is formed and that a spinning velocity of 5000 to
8000 rpm seems to favor phase segregation.

Figure 5 shows AFM images of thin films prepared using
the same polymer but in solution in benzene over freshly
cleaved mica substrate.

In this case, a constant spinning velocity was used and
thermal annealing at a relatively low temperature was applied
to gain movement of PDEAEM units in the block copolymer
that resulted in a transition from elongated type of aggregates
right after spin coating to a phase separated nanostructure.
Results show that after 36 h of moderate thermal annealing
(40°C) a knitted pattern resembling a bicontinuous gyroid
nanostructure was obtained. However, longer annealing time
destroyed this nanostructure.

Figure 6 shows AFM images from the same block copoly-
mer deposited over mica substrate, but in this case by using

toluene solution for the start and at constant spinning velocity
0f 8000 rpm. In this case, the annealing temperature was risen
to 90°C, a temperature at 10 torr at which the movements
of both PDEAEM and slightly for PS units in the block
copolymer were expected. Results show that, after 40h of
thermal annealing, the same knitted nanostructure was found
in this case as for thin films prepared from benzene solutions
after annealing at 40°C. The best order was found after 90 h
of thermal annealing; however, the main features can be
observed already after 40 h.

Up to these results, it looked like a bicontinuos (gyroid)
nanostructure was the equilibrium self-assembled one for
this specific block copolymer; however, solvent annealing
proved to us that we were wrong. Figure 7 shows AFM
images of solvent-annealed nanostructures obtained from
the PSggq,-b-PDEAEM,, block copolymer deposited by spin
coating over mica substrate. Images clearly show that solvent
annealing in toluene at 25°C for extended periods of time
(80h) resulted in the most expected equilibrium lamellar
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(a) (b)

FIGURE 5: AFM topographic images obtained using the intermittent contact mode of PSt,,, -b-PDEAEM,, thin films prepared from a 1% w/w
benzene solution over mica substrate at a spinning velocity of 5000 rpm: (a) directly after spin coating (25°C) and after annealing in vacuum
(10 torr) at 40°C for (b) 36 h and (c) 48 h.

(d)

FIGURE 6: AFM topographic images obtained using the intermittent contact mode of PSty,, -b-PDEAEM,, thin films prepared from a 1% w/w
toluene solution over mica substrate at a spinning velocity of 8000 rpm: (a) directly after spin coating (25°C) and after annealing in vacuum
(10 torr) at 90°C for (b) 20 h, (c) 40 h, (d), 60 h, and (e) 90 h.

nanostructures. It is also clear that from toluene solution To confirm the lamellar nanoordering, polymer film
the direct spin-coated films show micelle-like features and was detached from the mica substrate with hot water, and
that only after prolonged solvent annealing treatment, the  the thin film was studied using scanning transmission elec-
equilibrium nanostructures are formed. tron microscopy (STEM).
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FIGURE 7: AFM topographic images obtained using the intermittent contact mode of PSt,,, -b-PDEAEM,, thin films prepared from a 1% w/w
toluene solution over mica substrate at a spinning velocity of 5000 rpm: (a) directly after spin coating (25°C) and after annealing in a toluene

vapor chamber (760 torr, 25°C) for (b) 24 h, (c) 36 h, and (d) 80 h.
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FIGURE 8: Images of PSt,, -b-PDEAEM,,, thin films prepared using a 1% w/w toluene solution over mica substrate at a spinning velocity of
5000 rpm and annealed for 80 h with toluene vapor at 25°C: (a) AFM topographic image obtained using the intermittent contact mode and

(b) STEM image (Z-contrast) obtained from detached film.

Figure 8 compares STEM images with AFM images for
the thin films prepared confirming the lamellae nanopatterns.
The lamellae were measured from AFM and STEM images
giving the following results (see statistics in Supplemen-
tary Material). In the case of AFM, the average diameter of

a (light yellow) lamella is 51.5+3.7 nm, while the interlamellar
distance is 73.6 + 6.8nm; in the case of STEM image,
85 + 0.95nm is an average diameter of the pale gray
lamellae (PDEAEM phase) and 5.5 + 0.77 nm for the dark
grey lamellae (PS-phase); and the interlamellar distance is
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FIGURE 9: AFM topographic images obtained using the intermittent contact mode of PSt,,, -b-PDEAEM,,, thin films prepared from a 1% w/w
toluene solution over mica substrate at a spinning velocity of 2000 rpm: (a) directly after spin coating (25°C) and after thermal annealing in

vacuum (10 torr, 170°C) for (b) 120 h and (c) 138 h.

13.46 + 1.27nm. Given the molecular weight of the
block copolymer (76,280 g/mol), the content, and molecu-
lar weights of both comonomers, we can calculate that the
number of repetitive units is as the following: PS,_,s)-
b-PDEAEM,,,,_75). If the block copolymer would be an
extended chain, its maximal size would be 517 times the
contribution of a monomer unit based on tetrahedral C-C
bond (0.254 nm [51]), namely, 131.3 nm. However, polymer
chains are coiled, even if dispersed in a good solvent. For
example, for PS in tetrahydrofuran (THE), the relationship
between molecular weight and radius of gyration (R,) is

described by the following equation (3) [52]: !

R, (A) = (0.2092) My 3)

If we consider the whole block copolymer constituted of
styrene units (517 units), its molecular weight would be close
to 54000 g/mol, which would yield a R, of 9.3 nm only. The
end to end distance (extension /) of a coiled polymer chain
in a good solvent can be estimated by the following simple
equation [53]:

K = 7.04R;. (4)

In our case, h would be 24.7 nm. Therefore, domains between
25nm and 130 nm are to be expected in self-assembled films
of the studied PSqo,-b-PDEAEM,,. The lamellae observed
by AFM are in between the calculated sizes, while the STEM
image shows smaller domains, possibly by shrinkage as a side
effect of film detaching and drying procedures.

3.3. Nonequilibrium Ordering of PS-b-PDEAEM Thin Film.
The fact that the PStg,-b-PDEAEM,,, block copolymer
formed gyroid-like patterns under certain conditions as
a nonequilibrium nanostructure opened the possibility to
study which other nanostructures are possible to obtain using
this block copolymer in a reproducible way.

In the following text, case examples are presented which
show the richness of nanostructures that can be produced
using this block copolymer.

Figure 9 shows what happens if a not very thin film
of the title block copolymer is prepared and annealed at a
relatively high temperature of 170°C (where both blocks are
freely mobile). The polymer film is detached from the mica
substrate to form “nanoflakes” of an average size of 193.5 +
73.4nm (Figure 9(c)).

Another case consisted in UV irradiation treatment
of PStgyy,-b-PDEAEM,, thin films prepared at 5000 rpm.
Figure 10 shows AFM images of the thin film directly after
spin coating compared to the film after irradiation with UV
light (A = 254 nm) for different periods of time. Results show
that partial degradation occurred, presumably partial depoly-
merization of the PDEAEM phase leading to a rough surface.
RMS values increased from 1.09nm (Figure 10(a)) directly
after spin coating to 3.53nm after irradiation for 15min
(Figure 10(b)) and to 4.07 nm after irradiation for 30 min
(Figure 10(c)). Degradation of polymethacrylate domains by
UV irradiation is well known and served as a method to
generate nanotemplates [42, 54]. This study demonstrates
that nanopatterns can be generated fast (spin coating + 15 min
UV irradiation) using PS-b-PDEAEM as template; however,
no regularly ordered nanostructure can be achieved that fast.

It has been reported that the ordered nanostructures
formed by block copolymers can be altered by mixing them
with homopolymers, enriching one of the phases [55], or
by mixing them with nanoparticles that may show specific
interactions with one of the two blocks [56]. In this study,
we used a linear PDEAEM (M,, = 18,000 g/mol) that already
contains gold nanoparticles (AuNPs) of an average size of
75nm to study nanostructure modification of PStgy,-b-
PDEAEM 0,

Figure 11 shows results on thin films prepared using
10 w% of the AuNPs containing PDEAEM and 90 w% of the
title block copolymer. Images taken at 25°C directly after
spin coating showed that there is no significant difference to
the previously studied thin films with block copolymer only.
However, thermal annealing at 90°C showed a substantial
difference as compared with thin films prepared of block
copolymers only. While the title block copolymer forms
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FIGURE 10: AFM topographic images obtained using the intermittent contact mode of PStgy,,-b-PDEAEM,,, thin films prepared from a
1% w/w toluene solution over mica substrate at a spinning velocity of 5000 rpm: (a) directly after spin coating (RMS =1.09 nm) and after UV
irradiation (A = 254 nm) for different times: (b) 15 min (RMS = 3.53 nm) and (c) 30 min (RMS = 4.07 nm).

(a)

FIGURE 11: AFM topographic images obtained using the intermittent contact mode of PStg,, -b-PDEAEM,,,,/PDEAEM-AuNP (9:1) thin
films prepared from a 1% w/w toluene solution over mica substrate at a spinning velocity of 8000 rpm: (a) directly after spin coating (25°C)

and after annealing in vacuum (10 torr) at 90°C for (b) 24 h and (c) 48 h.

abicontinuous (gyroid like) phase, the mixture with PDEAEM-
AuNP forms micelle-like nanostructures with voids in the
middle. A similar nanostructure is reported already with
the name of toroids [57, 58]. After 48h annealing time,
the micellar nanostructures are kept. From the images in
Figure 11, there is no clear evidence where PDEAEM-AuNPs
are located. What we can expect is that AuNPs are located

in vicinity of PDEAEM units since tertiary amine groups
interact strongly with AuNPs.

Electron microscope images obtained by STEM mode
show the uniform size and homogeneous distribution of
AuNPs. Figures 12(a) and 12(b) show a comparison between
AFM image and STEM. In both images, a similar morphology
after the sample was detached from the mica substrate can
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FIGURE 12: Images of PSt, -b-PDEAEM,o,/PDEAEM-AuNP (9:1) thin films prepared using a 1% w/w toluene solution over mica substrate
at a spinning velocity of 8000 rpm after annealing in vacuum at 90°C for 48 h: (a) AFM topographic image obtained using the intermittent
contact mode, (b) STEM low magnification image, obtained from detached film, and (c) higher magnification image of a cluster of AuNPs

from image shown in (b).

(c)

FIGURE 13: AFM topographic images obtained using the intermittent contact mode of PSt,, -b-PDEAEM,,,/PDEAEM-AuNP (9:1) thin
films prepared from a 1% w/w toluene solution over mica substrate at a spinning velocity of 8000 rpm after different treatment methods:
(a) after annealing in vacuum (10 torr) at 90°C for 48 h; (b) after annealing in a THF vapor chamber (760 torr, 25°C) for 24 h; and (c) after UV

irradiation (A = 254 nm) by 20 min.

be seen. The tiny dark spots represent the AuNPs, which
are dispersed homogeneously in arrays. These images show
that PDEAEM-AuNPs are located in the middle part of the
micelle-like toroidal nanostructres formed (Figure 12(b)).
Therefore, we postulate that PS domains form the outer layer
of the micelles and PDEAEM phase forms the internal part,
resembling the core-shell morphology.

From the images the diameter of these spherical nan-
odomains was measured and an average of 261 + 14.5 nm was
calculated as diameter of the micelles, formed by a core of
99.5 + 31.9nm and a shell of variable thickness. Figure 12(c)
shows bright field image at higher magnification, evidencing
that these gold NPs are crystalline and all of them show
d-spaces which belong to metallic gold. The morphology
obtained by using PDEAEM-AuNP is interesting since it
tends to form micelles with voids in the middle that can be
used to position AuNPs in a controlled way over a surface.

Given these results, we decide to test if this morphol-
ogy was achievable by other treatment methods. This was
important, since in the case of polystyrene-block-poly(4-
vinylpyridine) it was reported that the formation of toroids
was only achievable at specific strong acidic conditions [57] or
only in a combination of a specific surface (gold or substrate
with nitrided layer) and annealing with high polarity solvents
like ethanol and methanol [58]. Figure 13 shows that the
formation of toroidal morphology is robust, since it can be
obtained by using at least three different methods: thermal
treatment, solvent annealing, and also irradiation with UV
light. In the latter case, the size of the toroids is similar
to that obtained by thermal annealing: diameter of 268 +
36 nm with 87.5 + 1.7nm core. These results show that
the title block copolymer can be combined with PDEAEM
attached to nanoparticles to create an ordered surface where
nanoparticles may be deposited in an ordered manner.
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4. Conclusions

A series of poly(styrene)-b-poly(N,N’-diethylaminoethyl
methacrylate) block copolymers can be prepared controlling
size and composition by using RAFT free-radical polymer-
ization starting with a PS block; polydispersities were low
(<1.2).

Thin films of PSgy,-b-PDEAEM,, block copolymer
deposited over mica substrates form a lamellar nanostructure
at equilibrium. This was achievable only after solvent anneal-
ing (toluene) for extended periods of time (80 h).

Thin films of PSgy,-b-PDEAEM, block copolymer
deposited over mica substrates form several nonequilibrium
nanostructures that are reproducible: a knitted bicontinuous
nanostructure by thermal annealing in vacuum at 90°C, a
porous nanotemplate direct after spin coating and UV irra-
diation for short time (15 min), and toroidal self-assembled
nanostructures with PS shell and PDEAEM core when
the title block copolymer is mixed with a linear PDEAEM
attached to gold nanoparticles.

PS¢qo,-b-PDEAEM,, block copolymer can be combined
with PDEAEM attached to gold nanoparticles to create an
ordered surface where nanoparticles may be deposited in an
ordered way. This is achievable, fast, and easy by using, for
example, UV irradiation. This approach may be extended to
other types of nanoparticles.

Additional AFM images can be found in the Supplemen-
tary Material file described before.
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