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We present a combined theoretical/experimental study to investigate the effect of selective solvent vapor annealing treatment 
on the obtainement of highly ordered morphologies of symmetric poly(styrene-b-methyl methacrylate) diblock copolymer 
(PS-b-PMMA DBC) films loaded with compatibilized magnetic (Fe3O4) nanoparticles (NPs). Different amounts of NPs were 
considered (1, 2, and 5% wt) to study the effect of the inorganic content on the final properties of Fe3O4/PS-b-PMMA films. 
A precise control of the DBC nanostructure could be obtained by very simple and cost-effective fabrication steps, compatible 
with current industrial processes. Moreover, the modified NPs could be selectively placed into the PMMA domains of the 
DBC up to NP concentration of 5% wt while preserving the corresponding DBC lamellar morphology. 
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Introduction  
The self-assembly of diblock copolymer (DBC) films has 
become increasingly important as a method for nanoscale 
patterning, and there has been a growing interest in the study of 
thin heterogeneous films, both theoretically1,2 and 
experimentally.3,4 DBCs offer a bottom-up approach to 
nanoscale fabrication with feature sizes of the order of 
nanometers. From a technological standpoint, the self-assembly 
of DBCs provides a simple method for making a variety of 2D 
periodic or complex patterns, resulting from the controlled 
aggregation/organization of the two incompatible polymeric 
blocks into cylindrical, spherical, or lamellar domains. 
It is well understood that the equilibrium morphology, 
periodicity, interfacial width, and diffusivity of each DBC 
system depend on the Flory-Huggins interaction parameter (χ), 
the degree of polymerization (N), and the volume fraction of each 
block (f).5 Moreover, microphase separation and/or significant 
reordering or morphology changes of DBC microdomains can be 
achieved employing various experimental approaches.6-9 One of 
these consists in solvent vapour annealing (SVA) treatment at 
ambient temperature. SVA enables tuning the periodicity and the 
morphology over a wide range,10 and has the advantage of 
reversibility, with microdomains morphology changes upon 
solvent vapour conditions modifications.11 
On the other hand, magnetic nanoparticles (NPs) have received 
special attention due to its potential applications in many diverse 
fields such as ferrofluids, magnetic resonance imagining, 
biomedicine and drug delivery.12-14 Engineering the self-
assembly of those NPs within block copolymer nanodomains is 
useful in the design of periodic structures to form materials with 
enhanced mechanical strength as well as to achieve unique 
optical, electronic and magnetic properties at the nanometer 
scale, for applications in solar cells, catalysts or high density 
magnetic storage media.15-17 To overcome the problem of the 
tendency of NPs to aggregate due to their high surface area and 

surface energy, and to facilitate their dispersion in a selected 
block of a DBC, surface functionalization aimed at increasing 
their compatibility with the matrix has been one of the most 
adopted and successful routes.18  
However, the use of neat DBCs for modified-NPs dispersion still 
presents some disadvantages as, for instance, very low 
equilibration, which may result in the systems being kinetically 
trapped in a long-lived metastable state.19 Solvent based 
processing of DBCs has the potential to overcome these 
difficulties. A selective solvent can swell polymer chains and 
increase the relative volume of the DBC domain where 
nanoparticles are preferentially located. Therefore, exploring the 
possibility of using nanostructures formed by solvated DBCs for 
NPs dispersion is of great merit. 
Under this perspective, in this paper we present a combined 
simulated/experimental study to investigate the effect of 
selective SVA treatment on the obtainment of highly ordered 
morphologies of symmetric poly(styrene-b-methyl 
methacrylate) block copolymer (PS-b-PMMA) films. Film 
structures were predicted by mesoscale simulations and then 
compared with the relative experimental systems. In addition, 
simulations were further employed to examine how different 
amounts (1, 2, and 5 wt %) of surface-modified Fe3O4 NPs 
affect the final properties of the relevant DBC/NP films. To the 
purpose, 3-methacryloxypropyltrimethoxysilane (MPTS) was 
the NP compatibilizer of choice, in order to promote selective 
NPs location within the PMMA block of the DBC. All relevant 
nanocomposite morphologies were next experimentally probed 
by AFM analysis. 

Materials and methods 
Materials 

Magnetite (Fe3O4) nanoparticles (nominal size 9 nm) were 
purchased from Integram Technologies, Inc. MPTS with 98 % 
of purity, was purchased from ABCR. PS-b-PMMA block 

“This document is the  Manuscript version of a Published Work that appeared in final form in The Journal of Physical Chemistry C 2016 120 (13), 7403-7411, copyright © 2016 
American Chemical Society after peer review and technical editing by the publisher. To access the final edited and published work see https://doi.org/10.1021/acs.jpcc.6b01050



copolymer (fPS = fPMMA = 0.5) was purchased from Polymer 
Source, Inc.. The number average molecular weight of both PS 
and PMMA blocks is 80.000 g/mol, with a polydispersity of 
1.09. 

Nanoparticle modification 

Fe3O4 NPs were first modified with MPTS.20 Scheme 1 shows 
the reaction scheme of the silanization process. This reaction 
implies a nucleophilic attack of the NP –OH surface groups to 
the Si atoms of MPTS. 0.05 g of nanoparticles and 10 μmol of 
silane were mixed by sonication into 40 mL of toluene. The 
reaction was carried out under inert atmosphere for 3 hours at 60 
ºC. The resulting MPTS-functionalized NPs were subsequently 
washed with THF and dried in vacuum for 72 h at 40 ºC. 

Scheme 1. Reaction scheme of the silanization process 

FTIR and TGA measurements (see Supplementary Information 
for details and Figures S1 and S2), were used to assess the 
successful modification of the NPs with the organic compound, 
and to determine the amount of grafted compatibilizer.21 The 
surface density of the silane was about 3.1 molecules/nm2. A 
direct comparison of the surface density of hydroxyl groups (8.1 
molecules/nm2) with that of the silane on the NP surface yielded 
a reaction efficiency of 38.3 %. 

DBC and nanocomposite preparation 

Nanocomposites were prepared by mixing PS-b-PMMA block 
copolymer with the silanized Fe3O4 NPs. Accordingly, the NPs 
were dispersed in toluene for two hours by sonication, followed 
by PS-b-PMMA block copolymer addition. Thin films of both 
neat block copolymer and nanocomposite were then prepared by 
spin-coating onto Si(100) wafers at 2000 rpm for 120 s using a 
Telstar Instrumat P-6708D spin-coater. The film thickness, as 
measured by AFM after sample scratching, was around 100 nm 
for all investigated samples. For selective solvent annealing, thin 
films were exposed to saturated acetone vapors (selective for 
PMMA, with χPMMA = 0.18 and χPS = 1.1)22 at increasing times 
in a closed vessel and kept at room temperature following spin-
coating without removing the residual solvent. After vapor 
exposure, samples were removed and stored at ambient 
atmosphere before characterization. For nanocomposite films, 
the appropriate exposure time was chosen in order to obtain a 
lamellar morphology for the neat DBC. Nanocomposites were 
prepared at three different NP content: 1, 2, and 5 wt%, 
respectively.  

Characterization techniques 

Surface morphologies obtained for different films were studied 
by atomic force microscopy with a scanning probe microscopy 
AFM Dimension ICON of Bruker, operating in tapping mode 
(TM–AFM). An integrated silicon tip/cantilever, from the same 

manufacturer, having a resonance frequency of around 300 kHz, 
was used. Measurements were performed at a scan rate of 1 Hz/s, 
with 512 scan lines. 

DPD theory 

Dissipative Particle Dynamics (DPD)23,24 simulations are an 
effective tool for modelling structural phenomena like self-
assembly of diblock copolymers in melt and in solution,25,26 
polymer nanocomposites,27,28,29 and membranes30 under various 
solvent conditions, just to mention a few.  
In a DPD simulation,24 the actual material (solvents, 
nanoparticles or polymer chains) is modeled as a collection of 
spherical particles or beads that represent lumps of the material. 
DPD particles are defined by mass mi, position ri, and velocity 
νi, and interact with each other via a total force F that is the sum 
of a conservative force FC, dissipative force FD, and a random 
force FR: 

𝑭𝑭 = 𝑭𝑭𝐶𝐶 + 𝑭𝑭𝐷𝐷 + 𝑭𝑭𝑅𝑅 (1)  

FC typically includes non-bonded interaction between beads i 
and j: 

𝑭𝑭𝐶𝐶 = �𝑎𝑎𝑖𝑖𝑖𝑖�1− 𝑟𝑟𝑖𝑖𝑖𝑖/𝑟𝑟𝑐𝑐�𝒓𝒓𝑖𝑖𝑖𝑖   (𝑟𝑟𝑖𝑖𝑖𝑖 ≤ 𝑟𝑟𝑐𝑐)
         0                      ( 𝑟𝑟𝑖𝑖𝑖𝑖 ≥ 𝑟𝑟𝑐𝑐)

(2) 

where aij and rij = ri – rj
 
are the maximum repulsion and the 

separation vector between particles i and j, respectively, while rc 
is the cut-off distance at which the influence of FC vanishes. 
The remaining two forces, FD and FR, which arise from degrees 
of freedom neglected by coarse-graining, are given by: 
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where ωD(rij) and ωR(rij) are weight functions that vanish for rij 
≥ rc, γij is the friction coefficient, σij is the noise amplitude, νi = 
νi - νi is the velocity vector, ξij = ξji is a Gaussian random number 
with zero mean and unit variance that is chosen independently 
for each pair of interacting particles, and Δt is the time step. The 
pair-wise dissipative and random forces guarantee that 
momentum is locally conserved and this, in turn, ensures correct 
hydrodynamic behavior. 
Espanol and Warren31 showed that a DPD system samples the 
canonical ensemble and obeys the fluctuation-dissipation 
theorem if the following relationships hold: 
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where kBT is the Boltzmann constant and T the equilibrium 
temperature. ωD(rij) and ωR(rij) are typically chosen as23: 
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Finally, when modeling chains, another force is active in the 
system, i.e., a harmonic spring connecting two adjacent particles 
i and j: 

𝑭𝑭𝑆𝑆 = 𝐾𝐾𝑏𝑏�𝑟𝑟𝑖𝑖𝑖𝑖 − 𝑟𝑟0�
𝒓𝒓𝑖𝑖𝑖𝑖
𝑟𝑟𝑖𝑖𝑖𝑖

(8) 

where Kb is the spring stiffness and r0 is the equilibrium distance 
between the particles. 

Mesoscale models 

In our pursuit to properly mimic the DBC self-assembly and 
SVA process, we simulated self-organization via solvent 
evaporation and solvent annealing at the mesoscale level. The 
effect of solvent evaporation was reproduced in the DPD 
framework according to the procedure proposed by Neratova et 
al.32 Briefly, the DBC solution (3% wt of polymer in toluene) 
was placed on an impenetrable, fixed, substrate.33 Next, an 
exchange phase and a gas phase, respectively, were created on 
top of the film phase. During the DPD simulations, when solvent 
particles left the film phase and appeared in the exchange region, 
they were transformed into gas particles. As a result of such 
process, the fraction of the gas phase increased, while the 
thickness of the film decreased. Gas and polymer phases were 
assumed to be immiscible. 
Once each equilibrium film thickness was reached, the film was 
subjected to a virtual SVA process, inspired by the approach 
proposed by Potemkin et al.34. Briefly, the gas phase was “cut 
out” from the simulation box and the space above the film was 
filled-in by a homogenous mixture of particles modeling air and 
solvent (i.e., acetone) molecules. Again, air was completely 
immiscible with the DBC film and solvent molecules were able 
to penetrate inside PS and PMMA domains but with different 
affinity. The volume fraction of the solvent molecules can be 
considered as a measure of partial pressure. Thus, a proper 
solvent concentration was chosen to reproduced acetone vapor 
pressure p* at room temperature (p* = 139.6 mmHg35).
The same computational procedure was applied to simulate the 
dispersion of Fe3O4 nanoparticles in the films, starting from a 
homogenous mixture of toluene, PS-b-PMMA, and magnetite. 
At DPD level the types of particles present in the system were 
the following: solvent particles (denoted by St and Sa to 
distinguish between toluene and acetone), gas particles (G), PS- 
and PMMA-beads forming the DBC chain (S and M), substrate 
(W), and Fe3O4 nanoparticles (F). Since we focused on lamellar 
forming DBCs, we fixed the total length of the chain N to 40 with 
a relative fraction of each block equal to 0.5. 
Chemical interactions between particles were expressed by the 
conservative force FC via the interaction parameter aij, which in 
general could be estimated from the Flory-Huggins interaction 
parameter according to the formula36 χij = (0.286 ± 0.002)(aij-aii) 
at ρ = 3. For DBC particles (i.e. S and M beads), we applied the 
relationship proposed by Glotzer et al.37  
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N is the total length of the flexible chain and aij are expressed in 
terms of rc/kBT units, where kB is the Boltzmann constant, T the 
equilibrium temperature, and rc is the cut-off radius.  
χij in Eq. (9) is defined in terms of the solubility parameters of 
the i and j components as: 
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where VDPD is the volume of DPD bead and δi is the solubility 
parameters of the i-th component, which is in turn related to the 
cohesive energy density ecoh.38 
Further, solvent and air were considered as a homogenous 
mixture (ai/G = 25, where i refers to St and Sa beads)34, and air 
was supposed to be immiscible with the remaining components 
(ai/G = 50; aPS/G was set to 45 due to the slightly lower surface 
energy of PS with respect to PMMA39).  
Due to the high grafting density (3.1 chains/nm2), NPs were 
assumed to be fully covered by MPTS molecules, thereby 
screening out gold-gold interactions; thus, the solubility 
parameter of MPTS was calculated according to the group 
contribution approach.40  
The complete set of DPD parameters is reported in Table 1. 
In all DPD studies the following reduced units were used: rc (unit 
of length), m (mass of a DPD particle), and kBT (unit of energy). 
Simulations were carried out in a box of 67 x 67 x 60 with a time 
step of Δt = 0.03 and simulation periods of at least 5 x 105 steps 
or longer were adopted until stable morphology was observed. 
Periodic boundary conditions were imposed in lateral directions. 

Table 1 DPD interaction parameters 

aij G St Sa S M W F 
G 25.0 
St 25.0 25.0 
Sa 25.0 50.5 25.0 
S 45.0 26.6 28.8 25.0 
M 50.0 26.2 25.6 31.7 25.0 
W 50.0 30.0 30.0 25.0 25.0 25.0 
F 50.0 25.2 25.8 34.9 26.2 30.0 25.0 

Results and discussion 
Effect of solvent vapour annealing on PS-b-PMMA diblock 
microphase separation 
As pointed out by several authors,41 ordered microphase 
morphologies in  PS-b-PMMA DBC systems can be obtained by 
exposing the corresponding films to solvent vapor selective for 
PMMA (e.g., acetone). After solvent exposure, since PMMA is 
more soluble in acetone than PS, a strong attraction between 
polymer and solvent is realized when they get in contact, leading 
to polymer swelling. Concomitantly, the net interaction between 
polymer segments becomes repulsive. Diffusion of solvent to the 
DBC film surface plays an important role in obtained 
morphology. Taking all this into account, several microphase-
separated morphologies have been observed by different authors 



for PS-b-PMMA depending on exposure time and film thickness: 
hexagonally packed nanocylinders, lamellar, or striped 
morphologies.22, 41, 42,43,44,45

Accordingly, in this work the development of microstructure in 
approximately 100 nm thick PS-b-PMMA copolymer films upon 
different exposure times to acetone vapours was followed in 
parallel by mesoscale simulations and imaging techniques. 
Acetone was chosen as selective solvent for PMMA, after 
consideration of the solubility parameters of each block and 
solvent.22 
Figure 1 shows the morphology predicted for the PS-b-PMMA 
film without SVA treatment at ambient temperature. As it is clear 
from the picture, the film exhibits microphase separation yet with 
no clear pattern. This can be easily explained by considering that, 
during the preparation process, a sufficient amount of solvent is 
present in the film to promote microdomains formation. 
However, the solvent is quickly evaporated before the DBC 
equilibrium state can be achieved, essentially freezing the 
morphology in a metastable or disordered state. 

Figure 1. Lateral (left) and top (right) view of PS-b-PMMA film morphology as obtained 
from mesoscale simulations in the absence of SVA treatment. Grey: PMMA regions, dark 
blue: PS regions. The substrate is depicted as light brown spheres. 

The disordered character of this structure was also confirmed by 
the analysis of the orientation order parameter. The time-
resolved orientation order parameter S is measured by the Saupe 
tensor:46 

𝑄𝑄𝜇𝜇𝜇𝜇 =  3
2
�𝒓𝒓𝜇𝜇𝒓𝒓𝜇𝜇 −

1
3
𝛿𝛿𝜇𝜇𝜇𝜇� (11) 

where r is a unit vector directing along the bond, which connects 
the PS-block and the PMMA-block in a single diblock chain, μ 
and ν are Cartesian indices, and δ is the Knocker symbol. The 
largest eigenvalue of the volume average of Qμν (denoted as S) is 
the orientation order parameter. According to its definition, then, 
the achievement of a high-value, persistent plateau in the time 
course of S might be taken as an evidence of structural 
equilibration of the system under investigation. 
From Figure 2 we see that the SVA-untreated PS-b-PMMA DBC 
system indeed undergoes reorganization from the initial 
completely random disorder morphology; however, the final 
value of S around 0.005 confirms that the system does not 
microsegregate into a specific ordered structure. 

Figure 2. Time evolution of the orientation order parameter S during toluene 
evaporation as calculated from DPD simulation. In the inset the film thickness 
contraction D/D0 is highlighted. 

Next, for characterizing the SVA-untreated film properties, we 
analysed the degree of drying, defined as the ratio between the 
film thickness D at a given time t and the initial film thickness 
D0 (Figure 2). As expected from the order parameter behaviour, 
the film initially contracts due to the solvent evaporation and 
then reaches a minimum value of D/D0 around 0.38 when the 
structure stabilizes. 
The surface morphology of the PS-b-PMMA film mimicked by 
simulation was experimentally assessed by AFM, as shown in 
Figure 3: the presence of indistinct bright/dark domains confirm 
the lack of orientational alignment of the underlying DBC 
structure. 

Figure 3. AFM phase image of SVA-untreated PS-b-PMMA film after spin coating. 
Lighter regions: PMMA domains; darker regions: PS domains.  

Next, we went on analysing the effect of acetone vapour 
treatment on PS-b-PMMA films morphology after spin coating. 
From the time-evolution of the orientation order parameter S 
reported in Figure 4 a clear reorganization of the copolymer 
morphology as a result of the exposure to the solvent can be 
observed. At the same time, the change in block organization is 
paralleled by a different degree of film swelling until saturation 
occurs. This is due to the fact that solvent diffusion is a 
morphology-controlled process, as evidenced in previous 
studies.34 



Figure 4. Time evolution of the orientation order parameter S (top) and film 
swelling D/D0 (bottom) during virtual SVA of the PS-b-PMMA DBC film with 
acetone at ambient temperature. 

Figure 5 reports the film morphology as obtained from mesoscale 
simulation after approximately 7x105 simulation steps. It is clear 
that a surface-perpendicular lamellar microphase morphology 
was obtained, with typical well-ordered PMMA and PS domains 
of repeat-spacing of 81 nm. 

Figure 5. Lateral (left) and top (right) view of PS-b-PMMA film morphology as obtained 
from mesoscale simulation after approximately 7x105 steps of exposure to acetone 
vapours. Grey: PMMA regions, dark blue: PS regions. The substrate is depicted as light 
brown spheres. 

When the vapour exposure was prolonged (i.e., calculation time 
extended), the relevant simulation showed a morphology 
consisting on PS hexagonally packed cylinders oriented 
perpendicularly to the free surface, characterized by a diameter 
of 48 nm and a center-to-center distance of 54 nm, as reported in 
Figure 6. 
Aside from visual inspection and orientation order parameter 
calculation, the organization of the PS and PMMA domains was 
further assessed through the calculation of the structure factor 
S(q). The structure factor S(q) was derived from simulation using 
the following relationship:47 

(𝒒𝒒) = (∑ cos(𝒒𝒒∙𝒓𝒓𝑖𝑖)𝑖𝑖 )2+(∑ sin(𝒒𝒒∙𝒓𝒓𝑖𝑖)𝑖𝑖 )2

𝑁𝑁
(12) 

where q is the wave vector and rj is the position of jth particle of 
type PS or PMMA. 
As shown in Figure 7, the calculated structure factor S(q) values 
confirm48 that the film morphology corresponds to a lamellar 
(after approximately 7x105 simulation steps) and cylindrical 
(after approximately 2x106 simulation steps) organization. 

Figure 6. Lateral (left) and top (right) view of PS-b-PMMA film morphology as 
obtained from mesoscale simulation after prolonged (2x106 steps) of exposure to 
acetone vapours. Grey: PMMA regions, dark blue: PS regions. The substrate is 
depicted as light brown spheres. 

Figure 7. Structure factor S(q) calculated from simulation of PS block in the 
lamellar (after approximately 7x105 simulation steps) (left) and cylindrical (after 
approximately 2x106 simulation steps) (right) morphology. 

Pleasingly, the simulated morphologies were nicely confirmed 
by the AFM images of the corresponding surfaces, as shown in 
Figures 8 and 9, where brighter regions correspond to the PMMA 
block, since PMMA has a modulus higher than PS at room 
temperature.22,49 After 16h of SVA treatment, a surface-
perpendicular lamellar microphase morphology is detected, with 
an average inter-lamellar distance of 77 nm. PMMA and PS 
lamellae are 68 and 8 nm wide, respectively. This morphology is 
the prototypical equilibrium state phase structure in symmetric 
diblock copolymer films.22 Of note, simulations and AFM 
indicated that, despite the equivalent fraction of the two blocks, 
the domains are characterized by a large asymmetry in their 
relevant dimensions, the lamellae of PMMA being much larger 
than those of PS. This dimensional asymmetry can be easily 
justified by considering that, since acetone is a selective solvent 
for PMMA, its molecules tend to remain within the methacrylate 
domains. Hence, the PMMA blocks have more chance to relax 
and assume a stretched configuration, while the PS blocks tend 
to aggregate to minimize the contacts with the solvent and the 
free energy of the film. As a result, the PMMA chains form 
thicker domains, (or the matrix phase of the film in the case of 
longer exposure time), while the PS blocks form thin lamellae 
(or cylinders when the annealing time is extended).  



Lastly, AFM characterization reveals that 26h of treatment leads 
to an in-plane cylindrical hexagonal order of the PS domains, 
thereby confirming the microphase segregation morphology 
evolution predicted by mesoscale simulations. The measured 
center-to-center distance between cylinders is of 49.2 nm.  
In aggregate, the above results allows to conclude that solvent 
exposure time plays a key role in the controlling the structural 
evolution of the PS-b-PMMA DBC film microphase separation.  

Selective placement of Fe3O4 nanoparticles into PS-b-PMMA 
lamellae  
Mastering dispersion and selective location of nanoparticles in 
ordered block copolymer nanostructures can pave the way for the 
design and production of engineered nanomaterials with 
enhanced mechanical, electrical, or magnetic properties. In this 
spirit, the ultimate goal of the present effort was indeed the 
achievement of a proper and specific dispersion of MPTS-
modified Fe3O4 NPs within PMMA lamellae of a PS-b-PMMA 
DBC. 

Figure 8. AFM phase image (left) and 3D height (right) of PS-b-PMMA film after 
exposure to SVA treatment with acetone for 16h. Lighter region: PMMA domains; darker 
regions: PS domains. 

Figure 9. AFM phase image (left) and 3D height (right) of PS-b-PMMA film after 
exposure to SVA treatment with acetone for 26h. Lighter regions: PMMA domains; darker 
regions: PS domains. 

Therefore, on the basis of the foregoing discussion, a SVA 
exposure time of 16h was selected to ensure the obtainment of 
PS-b-PMMA DBC nanometric films characterized by lamellar 

morphologies, and the effects MPTS-modified Fe3O4 NPs 
addition on the relevant nanocomposites was investigated at 
three different NP concentrations: 1, 2, and 5 wt %.  
The DPD simulated equilibrium morphologies of DBC/NP films 
at increasing NP loading are shown in Figure 10, while the 
corresponding surfaces obtained by AFM are shown in Figure 11 
for comparison.  
Both simulation and AFM characterization reveal that NPs 
addition do not prevent the self-assembly of the PS-b-PMMA 
DBC matrix, and do not induce further lateral microphase 
segregation, the lamellar morphology being maintained 
independently of the content of the inorganic part. Moreover, 
simulations predicted that, at all concentrations considered, the 
NPs could be selectively dispersed via SVA into the PMMA 
phase, as assessed by the corresponding bead density profiles 
calculated along a direction perpendicular to the lamellar 
orientation at equilibrium (Figure 11, bottom panels). The 
simulations further reveal that, at 1 wt% loading, the NPs are 
preferentially located in the middle of the PMMA domains; 
increasing concentration (2 and 5 wt%) does not result in a 
change of selectivity but only in a higher spatial occupation of 
the PMMA lamellae. At the same time solvent molecules are 
selectively adsorbed into the PMMA domains, with 
concentration decreasing as NP concentration rises. with 
concentration decreasing as NP concentration rises. 
The eventual degree of NP aggregation, in term of size and shape 
of NP clusters, was characterized through the cluster gyration 
tensor Rg2 and shape asphericity As, respectively.50 The mean 
square radius of gyration is defined as:

〈𝑅𝑅𝑔𝑔2〉 = 〈1
𝑁𝑁
∑ �𝑟𝑟𝑖𝑖 − 𝑟𝑟𝑖𝑖,𝑐𝑐𝑐𝑐�

2
𝑖𝑖 〉 (13) 

where ri are the components of the position coordinates (x,y,z) 
of the center of mass of a NP and ri,cm are the components of the 
position coordinates of the CM of a cluster (xcm, ycm, and zcm). N 
is the number of NPs present in a cluster. The eigenvalues of the 
matrix are R12, R22, and R32. The asphericity As of a cluster can 
be defined as follows:51 

𝐴𝐴𝑠𝑠 =
∑ �〈𝑅𝑅𝑖𝑖

2〉−〈𝑅𝑅𝑖𝑖
2〉�23

𝑖𝑖>𝑖𝑖=1

2�∑ 〈𝑅𝑅𝑖𝑖
2〉3

𝑖𝑖=1 �2
 (14) 

Accordingly, As is equal to 0 for a perfect sphere and 0.5 for a 
cylinder. Cluster gyration tensor Rg2 and asphericity As analysis 
from simulation reveals that only limited aggregation of the NPs 
occurs in all cases, the most concentrated nanocomposite (5 
wt%) showing the largest (albeit still quite modest) degree of NP 
aggregation. The system loaded with NPs at 1 wt% is 
characterized by the presence of small, almost spherical NP 
clusters (As = 0.03), with average size Rg of 42 nm. Increasing 
NP concentration (2 wt%) results in more elongated NPs clusters 
(As = 0.36), with average size of 69 nm.  



Figure 10. (Top) Mesoscale morphology (top view) of PS-b-PMMA striped thin film filled with 1%, 2%, and 5% wt MTPS-modified Fe3O4 NPs (from left to right). PS chains are 
represented as blue sticks, PMMA with grey sticks, while NPs as shown as red spheres. (Bottom) One-dimensional bead density profiles for the systems in the top panel. Diagram 
legend: black points, PS; white points, PMMA; empty red points, NP; filled red points, solvent. 

Figure 11. AFM phase images at different magnifications (top 3 x 3 µm; bottom 1 x 1 µm) for PS-b-PMMA films filled with 1 (left), 2 (center) and 5 wt% (right) of MTPS-modified 
Fe3O4 nanoparticles after exposition to acetone vapours for 16h. The lighter regions are PMMA domains, the darker zones correspond to PS domains. 

Finally, at the highest NP concentration (5 wt%), nearly spherical 
clusters are again observed (As = 0.08), with average diameters 
around 76 nm, always located in the PMMA phase.  
AFM inspections of the corresponding experimental systems 
fully confirm computer predictions. Thus, the right panels of 
Figure 11 show small clusters of almost spherical shape and 
diameter of 38 nm, essentially dispersed in the PMMA phase for 
1 wt% NP concentration. When the NP content is increased to 
2% wt (middle panels in Figure 11), the aggregates become 
elongated. Typical length is in the range of 80-100 nm, with an 
average height of 38 nm. At the highest concentration considered 
(right panels in Figure 11), NPs are present in form of nearly 
spherical agglomerates of 68 nm, still mainly located in the 
PMMA domains. Therefore, although NPs cluster formation are 
predicted and experimentally verified at all NPs concentrations, 
their dimensions correspond to the aggregation of few NPs, 
being the nominal diameter of a single equal to 9 nm (see 
Materials and methods). Accordingly, we can conclude that the 

modification of Fe3O4 via MPTS decoration and the use of SVA 
methodology allowed to satisfactorily and selectively disperse 
magnetite NPs into the PMMA lamellar region of the 
corresponding PS-b-PMMA DBC, at least up to a concentration 
of 5 wt% NPs. 

Conclusions 
Polymer-based nanocomposites have gained popularity in the 
last two decades due to their exciting bulk and surface properties. 
However, the current bottleneck for the exploitation of the 
theoretical excellent properties of these systems is the complete 
dispersion of the nanoparticles in the matrix and the consequent 
development of a large interfacial area. Complete NP dispersion 
will allow maximizing the available matrix–particle interphase, 
thereby optimizing the organic–inorganic interaction responsible 
of the enhanced properties of the final material. 



So, most of the research efforts in this area have been focused on 
developing rational processing strategies for polymer 
nanocomposites and in promoting better matrix–particle 
interactions. 
In this scenario, through combined mesoscale simulations and 
experimental study we investigated the development of highly 
ordered morphologies in symmetric poly(styrene-b-methyl 
methacrylate) block copolymer films loaded with MPTS 
modified magnetic nanoparticles and subjected to selective 
solvent vapor annealing treatment (SVA). 
Calculations and experiments showed that the presence of 
PMMM-selective solvent (i.e., acetone) induced controlled 
microphase separation of PS and PMMA blocks in lamellar 
morphology for shorter exposure times (16 h) or in in-plane PS 
cylindrical hexagonal pattern for longer exposure times (26 h). 
Lamellar morphology was preserved after the addition of 
nanoparticles at all concentrations considered. A satisfactory and 
selective dispersion of MPTS-modified Fe3O4 nanoparticles into 
the PMMA lamellar-region of SVA annealed PS-b-PMMA film 
was achieved up to a concentration of 5 wt % Although 
nanoparticle cluster formation were predicted and 
experimentally verified at all NPs concentrations, their average 
dimensions correspond to the aggregation of few NP units. 
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