
Journal of Physics: Conference
Series

     

OPEN ACCESS

SCFT simulation and SANS study on spatial
distribution of solvents in microphase separation
induced by a differentiating non-solvent in a semi-
dilute solution of an ultra-high-molecular-weight
block copolymer
To cite this article: K Ando et al 2010 J. Phys.: Conf. Ser. 247 012040

 

View the article online for updates and enhancements.

You may also like
Undulatory swimming in fluids with
polymer networks
D. A. Gagnon, X. N. Shen and P. E.
Arratia

-

Wildland fire reburning trends across the
US West suggest only short-term negative
feedback and differing climatic effects
B Buma, S Weiss, K Hayes et al.

-

Silicon nanosheets as co-initiators for
diaryliodonium induced radical and
cationic polymerization
Marc Julian Kloberg, Tobias Helbich and
Bernhard Rieger

-

This content was downloaded from IP address 18.221.174.248 on 03/05/2024 at 19:41

https://doi.org/10.1088/1742-6596/247/1/012040
https://iopscience.iop.org/article/10.1209/0295-5075/104/14004
https://iopscience.iop.org/article/10.1209/0295-5075/104/14004
https://iopscience.iop.org/article/10.1088/1748-9326/ab6c70
https://iopscience.iop.org/article/10.1088/1748-9326/ab6c70
https://iopscience.iop.org/article/10.1088/1748-9326/ab6c70
https://iopscience.iop.org/article/10.1088/1361-6528/aaf3f2
https://iopscience.iop.org/article/10.1088/1361-6528/aaf3f2
https://iopscience.iop.org/article/10.1088/1361-6528/aaf3f2
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjsvgs-Uceu8LIFqGFrxDXQwNJ6TCo15DqyyQYWSBeHnZ3JluTusUgmVkpVspFeJ7YyWQK9iJGR5tvvjPLx3SNQNInmQBs2TP8Teq9ikzpAAcu2R5P4vugub9_NLZM3iWLf-zfaYTlawwtQo_5fuc3dHpVz_-o4q3ivlkUwmvLrMIUAghXdK1cFGLYX47Zktbv1uzPIhAWri77QROlBxiZ2lfLAvZa3SPu4KV92UC79MMOEwUtinpu2nhupGTYKiheg3ynLYFJrzaVqjpYQFC6MJIZoZ2tpJsDzWIn2NdJXNepL7ciKExUZ9PIkuGzQNCr4siew-u5ZnTMneYDfxRP8IvHD-zYA&sig=Cg0ArKJSzNS5gkUg3Fat&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://iopscience.iop.org/partner/ecs%3Futm_source%3DIOP%26utm_medium%3Ddigital%26utm_campaign%3DIOP_tia%26utm_id%3DIOP%2BTIA


 
 
 
 
 
 

SCFT simulation and SANS study on spatial distribution of 
solvents in microphase separation induced by a differentiating 
non-solvent in a semi-dilute solution of an ultra-high-
molecular-weight block copolymer 

K Ando1,2, T Yamanaka1,2,  S Okamoto*1,2, N Sakamoto3, D Yamaguchi4,                
S Koizumi4, H Hasegawa5 and N Koshikawa6 
1 Department of Materials Science and Engineering, Nagoya Institute of Technology, 
Gokiso-cho, Showa-ku, Nagoya 466-8555, JAPAN                                                            
2 ISS Advanced materials research and Application Center, Nagoya Institute of 
Technology, Gokiso-cho, Showa-ku, Nagoya 466-8555, JAPAN                                       
3 Analysis and Simulation Center, AsahiKASEI Corp., 2-1 Samejima, Fuji, 416-8501, 
JAPAN                                                                                                                                  
4 Advanced Science Research Center, Japan Atomic Energy Agency, Tokai, Ibaraki 
319-1195, JAPAN                                                                                                                
5 Department of Polymer Chemistry, Graduate School of Engineering, Kyoto 
University,  Kyoto-daigaku Katsura A3-014, Nishikyo-ku, Kyoto  615-8530, JAPAN                                                                                       
6 Space Environment Utilization Center, Tsukuba Space Center, Japan Aerospace 
Exploration Agency, 2-1-1 Sengen, Tsukuba-shi, Ibaraki 305-8505, JAPAN  

E-mail: okamoto.shigeru@nitech.ac.jp                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           

Abstract. Lyotropic order-disorder transition (ODT) in a semi-dilute solution of an ultra-high-
molecular-weight block copolymer using a neutral solvent and a differentiating non-solvent 
was investigated. The role of the differentiating non-solvent in the ODT was revealed by the 
spatial distribution of the solvents simulated theoretically by the self-consistent field (SCF) 
theory approach and demonstrated experimentally by small-angle neutron scattering (SANS). 
The solutions of polystyrene-block-poly (tert-butyl methacrylate) (PS-b-PtBuMA) with an 
ultra-high-molecular-weight (UHMW) in a mixture of tetrahydrofuran (THF)/ water as a good 
and neutral solvent and a differentiating non-solvent, respectively, were used. The contrast 
variation method by SANS experimentally demonstrated that THF and water collectively move 
into the PtBuMA phase and that the volume fraction ratios of water to THF in both phases are 
almost equivalent to each other. This means that the solvent mixture of THF and water behaves 
as a single and strongly selective solvent. The collective movement of the solvents was well 
reproduced by the simulation. Interestingly, it was also suggested that THF gather in the 
vicinity of styrene-(tert-butyl methacrylate) interface to shield the unfavorable strong 
interaction between the PS and the PtBuMA phases and that water gather in the center of the 
PtBuMA phase to decrease the unfavorable contact with the PS phase. 
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1.  Introduction 
The most interesting feature of block copolymers (BCPs) is that they spontaneously form various 
microdomain structures with periodicity on the order of the molecular size, such as spheres, cylinders, 
lamellae and gyroids by the change of volume fraction of the constituent blocks. Many researches 
have been extensively conducted on microdomain structures in bulk [1-3] or solutions of neutral 
solvents [4-8]. Selective solvents provide richer phase behavior with thermotropic and lyotropic order-
disorder transition (ODT) and order-order transition (OOT) and also expand the reachable 
morphologies [9-12]. These characteristics enable us to apply BCPs to functional materials. BCPs with 
ultra-high molecular weight (UHMW), for example, have the potentials to form promising photonic 
crystals since the periodicities are on the order of visible light [13-15]. However, it is difficult to 
obtain highly ordered structures of UHMW BCPs in bulk or concentrated solutions because of their 
high viscosity. Lodge et al. reported a strongly selective solvent enhances the segregation power 
between constituent block chains [11, 12]. Thus we prepared semi-dilute solutions of BCPs using 
strongly selective solvent mixtures. This low concentration sufficiently decreased the viscosity while 
the segregation power was kept high enough to induce microphase separation. As a result, we obtained 
highly ordered photonic copolymers and succeeded in fabrication of non-linear optical materials [16]. 
Fuse et al. first reported a microphase separation induced by solvent mixture of a good and selective 
solvent in a low concentration solution [17]. We also found that the addition of “differentiating non-
solvent” to a semi-dilute BCP solution of a neutral solvent induces microphase separation. Here we 
define “a differentiating non-solvent” as a solvent that is miscible with a neutral solvent and 
immiscible with either constituent blocks but that has slight affinity to one of the blocks. Interestingly, 
the solvent mixture showed high selectivity to one component. To our knowledge, a systematic 
investigation on ODTs and OOTs induced by a strongly selective solvent in a semi-dilute solution has 
not been conducted. In this paper, we employ a semi-dilute solution of polystyrene-b-poly(t-butyl 
methacrylate) using tetrahydrofuran and water as a neutral and a differentiating non-solvent, 
respectively. Water has slight affinity for tert-butyl methacrylate because of the polarity of the 
carbonyl groups. This system shows lyotropic ODT, OOTs and macrophase separation, which will be 
described elsewhere. Here we investigate the role of the differentiating non-solvent in the mechanism 
of the microphase separation. Especially, we focus on the spatial distribution of the differentiating 
non-solvent and that of the neutral or common solvent under the influence of the differentiating non-
solvent, which will be revealed by using computer simulation on the basis of the self-consistent field 
(SCF) theory and the contrast variation method by small angle neutron scattering (SANS) with the 
combination of deuterated and protonated solvents.  

2.  Experimental 
 
2.1. Materials. 
A polystyrene-block-poly (tert-butyl methacrylate) (PS-b-PtBuMA) diblock copolymer with an 
UHMW was synthesized by the anionic living polymerization procedures under high vacuum. Prior to 
polymerization, styrene and tert-butyl methacrylate monomers were purified from commercial product 
by tert-butyl magnesium chloride and triethyl aluminium, respectively. Tetrahydofuran (THF), the 
polymerization solvent, was also purified under vacuum by sodium. Polystyrene was polymerized first 
using sec-BuLi as the initiator in THF at -50 °C for 2 hours. Then tert-butyl methacrylate was added 
to form PS-b-PtBuMA diblock copolymer and allowed to proceed for 24 h, followed by the 
termination with methanol. The molecular weight and the polydispersity of PS-b-PtBuMA were 
characterized by gel permeation chromatography (GPC). The weight-averaged molecular weight, Mw, 
and PDI were estimated to be 8.2×105 g/mol and 1.2, respectively.  The volume fraction of polystyrene, 
fPS was evaluated to be 0.43 by 1H-NMR. Hence the degrees of polymerization of PS and PtBuMA  
were 2910 and 2970, respectively.  
 
2.2. Small-angle neutron scattering (SANS). 
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Small-angle neutron scattering measurements with a SANS-J-II spectrometer were performed at JRR-
3 (Japan Research Reactor-3) in the JAEA (Japan Atomic Energy Agency, Tokai, Japan). The 
wavelength (λ) was 0.665 nm. The scattering intensity was detected by a 5 inch size cross-wired 
position-sensitive photomutiplier tube (R3239, provided by Hamamatsu Photonics Co. Ltd.) with a 
thin sheet of ZnS/6LiF scintillator (0.2 mm thickness) [18]. The cameralength between a sample and 
the detector was 3.5 m. The scattering vector is defined by q = (4πsinθ)/λ, where 2θ is the scattering 
angle. All the samples were filled in a quartz cell with the sample thickness of 2mm thickness.  
Exposure time was 1800 sec. The observed two-dimensional scattering intensities were azimuthally 
averaged and corrected for transmission, sample thickness, electric background, empty cell 
contributions and incoherent scattering. They were scaled to absolute intensity by using Al as a 
secondary standard. BCP solutions were prepared using tetrahydrofuran (THF) as a neutral solvent and 
water as a differentiating non-solvent. Four combinations of deuterated/protonated THF (d-THF and 
h-THF) and deuterated/protonated water (D2O and H2O) were prepared with the ratios of d-THF/h-
THF/ D2O/ H2O = 1/0/1/0, 1/0/0/1, 0/1/1/0 and 0/1/0/1 by volume, for the contrast variation 
measurements. For the other experiments, deuterated THF and D2O were used. Polymer concentration 
was kept constant at 9.7 vol % for all the solutions.   
 
2.3.1 Theory. 
We used computer simulation software, SUSHI, based on the self-consistent field (SCF) theory in the 
OCTA system [19] to calculate equilibrium concentration distribution φ of K-type segments taking the 
chain conformation into account using the path integral formalism. To calculate the statistical 
distribution of the chain conformation, they focused on a single chain in a system composed of 
mutually interacting many chains, and approximate this tagged chain by a single ideal chain in a mean 
field. For that reason, this mean field is called self-consistent field. Here we briefly summarise the 
theory described by Honda et al. [19]. The self-consistent field is a potentials field determined by the 
interaction between segments and the incompressible conditions and is given by  

! 

VK(r) =WK(r) + "(r) ,                                                            (1) 
where γ(r) is a potential decided by incompressiblity condition and WK(r) is the mean field resulting 
from the interaction between segments, and is given by  
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By solving equation 3, path integral is determined and the concentration distribution φ of K-type 
segments can be calculated by  
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the self-consistent field VK (r) depends on the segment concentration φK (r). Then, φK (r) is calculated 
from the path integral QK (i, r) through equation 4. Finally, the path integral QK (i, r) is obtained by 
solving equation 3 that contain the self-consistent field VK (r). Therefore, VK (r), φK (r) and QK (i, r) 
define themselves in a recursive manner or self-consistently. In our case, the volume fraction of the 
components φα(r) (α = PS, PtBuMA, THF, water) are functions for which the total free energy attains 
a minimum.   
  
2.3.2 Simulation condition. 
We performed one-dimensional simulation on the basis of SCF theory as described above. The 
polymer concentration, φP, was fixed at 9.7vol %. The order-disorder transition and the order-order 
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Table 1. Interaction parameter χ between A and B. 
 PS PtBuMA THF water 

PS 0 1.46 0 4.07 
PtBuMA  0 0 0.01 

THF   0 0 
Water    0 

transition between lamellar and gyroid and cylinder occurred with increase of φw at this polymer 
concentration, which will be described in detail elsewhere. Below φw =3.6 vol %, the system was in the 
disordered state by using UV-vis spectrometer. SAXS measurements revealed lamellar structure were 
formed at φw = 3.6 vol % and cylinder structure were formed at φw =6.4 - 9.1 vol %. The spectroscopic 
measurements also revealed that gyroid structure were formed φw = 5 and 5.4 vol %. Rigorously 
speaking, a comparison between the free energies of all the different possible morpholgies is needed to 
determine the most stable one. However, we neglected these comparisons for the simplicity of 
discussion in this study: We concentrated on the strong effect of differentiating non-solvent on the 
drastic selectivity increase of the solvent mixture, the resulting phase separation phenomenon and the 
solvent distribution in the phases. We employed the system size optimization method that minimizes 
the free energy density of the system by optimizing the length of the one-dimensional simulation space 
on which reflection boundary condition is satisfied [20]: The system size, X, is automatically 
optimized around X=256. The degrees of polymerization was set NPS:NPtBuMA:NTHF:NWater = 29:39:1:1. 
Note that NPS:NPtBuMA = 29 : 39 is employed in order that the ratio of the values reflect the volume 
fraction determined by 1H-NMR, i.e., fPS = 0.43 ≈ 29 / ( 29 + 39), even though the actual degrees of 
polymerization of the synthesized copolymer is  2910 and 2970, respectively. The Flory-Huggins 
interaction parameters, χs, between the components are shown in table 1. For simplicity, the value of 
χs between THF and the other was set at 0, because THF mixes freely with water and is very good 
solvent for PS and PtBuMA. The other values of χs were determined to match the calculated phase 
diagram with the experimental phase diagram. 

3.  Result and Discussion 
 
3.1 Result of simulation.  
In figure 1, we show the calculated composition profiles of the four components, PS, PtBuMA, THF 
and water, at φP =9.7 vol % and φw =1.8 vol %. The left axis indicates the concentrations of PS, 
PtBuMA and water (designated as φPS, φPtBuMA and φw, respectively) and the right axis indicates the 
concentration of THF (designated as φTHF) and the bottom axis indicates the spatial axis, x. The red,  
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Figure 1. Spatial distribution of all the 
components at φw = 1.8 vol %. 

Figure 2. Spatial distribution of all the 
components at φw = 3.6 vol %. 
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Figure 3. Spatial distribution of all the 
components at φw = 9.1 vol %. 

Figure 4. Spatial distribution of all the 
components at φw = 13 vol %. 

green, purple and blue colors indicate the components of St, tBuMA, THF and water, respectively. As 
can be seen, the distributions of all the components are uniform over the whole system, i.e., the system 
is in the disordered state, which is in good agreement with the experimental data observed by UV-bis 
spectrometer. Next, the composition profiles was calculated for φw = 3.6 vol % as exhibited in figure 2. 
For the simplicity, the profiles were shown over one period with the x-axis normalized by the domain 
periodicity, D. Here the value of D was 10.8 pixels. All the components periodically fluctuate around 
their average compositions, i.e., the system went into the ordered state by the increase of the solvent 
selectivity prompted by the addition of enough amount of water. Here it is worthy noting that the 
neutral solvent, THF, gathers in the vicinity of the phase boundary between PS and PtBuMA. This 
shield the unfavorable contact between the two components at the interface, as first reported by Lodge 
et al. [21]. It should be also noted that the water molecules locate in the middle of the PtBuMA, i.e., 
away from the interface, which also decreases the unfavorable contact [21] .We defined PS and 
PtBuMA phases as the regions where the concentrations are higher than their average values, from 
which the volume fractions of the phases were measured and will be discussed later in the next section. 
Figure 3 shows the calculated composition profile for φw =9.1 vol %. Here the profiles were plotted 
over one period with the x-axis normalized by the value of D = 13.1 pixels. The fluctuations of all the 
components were enhanced. Surprisingly, the spatial fluctuation of the neutral solvent, THF, was also 
enhanced to the same extent as the others, i.e., THF behaved as a selective solvent in the presence of 
water. The major amount of THF and water locate in the PtBuMA phase. This is qualitatively 
rationalized as follows; if THF uniformly distributes over the whole system while water is selectively 
introduced into the PtBuMA phase, the macrophase separation between THF and water should take 
place. This segregation brings about a huge entropy loss because the majority of the components (90.7 
vol.% by volume or over 99 mol% by the numbers) consists of the small molecules, THF and water. 
Thus the segregation is energetically unfavorable. Figure 4 indicate the calculated composition profile 
for φw =13 vol %. The amount of water added to the system exceeded the upper limit of solubility in 
PtBuMA phase, so that the macrophase separation between solvents and BCP occurred. Indeed, two 
types of the composition fluctuation were observed: in the region at 0 ≤ X ≤ 210, all the components 
periodically fluctuate around their average composition (microphase separation), while at X ≥ 210, the 
space were mostly filled with solvents. Note that the typical profiles of the domain structures over two 
periods in the polymer-rich phase and those of an appropriate size in the solvent-rich phase were  
shown for the simplicity. 
 
3.2 Small-angle neutron scattering (SANS). 

As Takenaka et al. and Endo et al. reported, the contrast variation method by the SANS is a useful  
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Table 2. The scattering length density of polymers and solvents. 
(cm-2) ρPS ρPtBuMA ρh-THF ρd-THF ρH2O ρD2O 

ρβ × 1010 a 1.34 0.537 0.183 6.39 -0.560 6.34 
a β = PS, PtBuMA, h-THF, d-THF, H2O and D2O 
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Figure 5. 1-D scattering profiles for the solution of 
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concentration of 9.7 vol % with increase of φw.  

10
0

10
1

10
2

10
3

10
4

In
te

ns
ity

 (
cm

-1
)

1.5x10
-2

1.00.5
q (Å-1)

        !w = 8.2 vol. %
 d-THF=1,D2O=1
 d-THF=1,D2O=0
 d-THF=0,D2O=0
 d-THF=0,D2O=1

 

 

10
0

10
1

10
2

10
3

10
4

In
te

ns
ity

 (
cm

-1
)

1.5x10
-2

1.00.50.0
q (Å-1)

       !w  = 9.1 vol. %
 d-THF=1,D2O=1
 d-THF=1,D2O=0
 d-THF=0,D2O=0
 d-THF=0,D2O=1

 

Figure 6. 1-D scattering profiles at φw = 8.2 
vol %. 

 Figure 7. 1-D scattering profiles at φw = 9.1 
vol %. 

measurement for evaluation of the distribution of a specific component in complex system [22, 23]. 
Lodge et al., for example, experimentally demonstrated the distribution of solvent to the interface 
between different phases in BCP solutions near order-disorder transitions by the SANS contrast 
variation method as described above [21]. Here, we performed SANS contrast variation measurements 
in order to investigate the distribution of the BCP and the solvent molecules in the semi-dilute solution. 
Figure 5 shows 1-D SANS from the BCP dissolved in deuterated THF and deuterated water at the 
constant polymer concentration of 9.7 vol % with varying the water concentration at φw = 3.6 - 9.1 
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vol %. The peak position gradually shifted toward the lower q-region with increasing the amount of 
water. The scattering length densities of the polymer chains and deuterated and protonated solvents are 
shown in table 2. The value of the scattering length density of PS (ρh-PS = 1.34 × 1010 cm-2) is higher 
than that of PtBuMA (ρh-PtBuMA = 0.537× 1010 cm-2).  At φw = 3.6 and 4.5 vol %, the system was in the 
weak segregation regime and thus the scattering peak was very weak. Subsequently peaks disappeared 
at φw = 5.4 and 6.4 vol % because water selectively went into the PtBuMA phase as was described by 
the computer simulation in the previous section, thus the scattering length density of the PtBuMA 
phase increased and eventually the scattering length density matched between the two phases at these 
water concentrations. Above φw = 7.3 vol %, the scattering length density difference reversed and 
became larger and the system went into the stronger segregation state, so that the scattering intensity 
became strong. The red profile at φw = 9.1 vol % in figure 5 showed the multiple scattering maxima, 
indicating that well-ordered microdomain structures were formed under these conditions. At φw = 8.2 
vol % and 9.1 vol % where the relatively strong intensity was observed, a contrast variation 
experiment by SANS were performed using deuterated and protonated THF and water. This method 
allows us to determine the concentrations of the components in each phase by changing scattering 
contrast with combinations of the protonated and deuterated solvents. Figures 6 and 7 show the 
scattering intensity profile of the solutions at φw = 8.2 vol % and φw = 9.1 vol %. The scattering 
profiles of the red, yellow, green and blue colors indicate that the solvent mixture consists of 
deuterated THF and D2O (designated as “d-THF = 1 and D2O = 1”), deuterated THF and H2O ( d-THF 
= 1 and D2O = 0), protonated THF and D2O (d-THF = 0 and D2O = 1), and protonated THF and H2O 
(d-THF = 0 and D2O = 0), respectively. The red scattering profiles for “d-THF = 1 and D2O = 1” in 
figures 6 and 7 showed the multiple scattering maxima, which also indicate well-ordered microdomain 
structures were formed. The scattering intensity, I(q), is proportional to the square of scattering length 
density difference, Δρ, between the PS and the PtBuMA phases, the lattice factor, Z(q), and the form  
factor, P(q), respectively. 

! 

I (q) " # 2$ Z(q)P(q)                                                       (5) 
The SANS profiles in figures 6 and 7 have the primary intensity maxima at ca. 4.32 × 10-3 and ca. 4.19 
× 10-3 Å-1, respectively. The peak position and the shape of the profiles remained unchanged while the 
peak intensity altered with the contrast variation. Therefore, we consider that the product, Z(q)P(q), 
was constant throughout all the contrast. The equation 5 is simplified as follows;  
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I (q) " # 2$                                                                             
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= "PS_PS # $PS +"w_PS # $water +"THF_PS # $THF[                                                         
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$ %
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where φi_PS (i = PS, water and THF) and φϕ_PtBuMA (j = PtBuMA, water and THF) are volume fractions 
of i-th and j-th species in the PS and the PtBuMA phases, respectively. The values of ρwater and ρTHF 
indicate the scattering length densities of water and THF: ρwater = ρH2O or ρD2O and ρTHF = ρh-THF or ρh-THF. 
Note that we should consider the four combinations of deuterated/protonated water (D2O and H2O)and 
deuterated/protonated THF (d- THF and h-THF) for equation 6. The scattering intensity from the 
solution with the ratio of d-THF/h-THF/ D2O/ H2O = 1/0/1/0 is designated as Idd (q). In the same way, 
Idh(q) , Ihd (q), Ihh (q) are used.  The ratios of the scattering intensities Idd(q) / Idd(q), Idh(q) / Idd(q), Ihd(q) / 
Idd(q), Ihh(q) / Idd(q) were calculated. Table 3 shows comparison of the ratios of the experimental and 
calculated scattering intensities. All the experimental ratios were consistent with the calculated ratios 
except for Ihd/ Idd at φw = 8.2 vol %. We consider this slight error occurred due to the statistical 
precision because Ihd (q) was very weak. Table 4 shows the composition of each component in each 
phase determined from the values in table 3. The values of φwater_PtBuMA and φTHF_PtBuMA at φw = 8.2 vol % 
are 9.80 and 84.8 vol %, respectively, and greater than the average values (8.2 and 82.1 vol %, 
respectively), while φwater_PS and φTHF_PS are smaller than the averages. Thus φPS_PS is greater than the  
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Table 3. Ratio of experimental and calculated peak intensities at φw = 8.2 and φw = 9.1 vol %. 
 φw = 8.2 vol % φw = 9.1 vol % 

 experimental calculated experimental calculated 
Idd/ Idd 1 1 1 1 
Idh/ Idd 0.18 0.18 0.23 0.23 
Ihd/ Idd 0 0.02 0.02 0.02 
Ihh/ Idd 0.18 0.18 0.14 0.14 

Table 4. Composition of each component in each phase. 
 φw = 8.2 vol % φw = 9.1 vol % 

 PS phase PtBuMA phase PS phase PtBuMA phase 
PS 

PtBuMA 
16.3 

0 
0 

5.40 
19.0 

0 
0 

4.40 
THF 78.0 84.8 75.2 84.6 
water 5.70 9.8 5.80 11.0 
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Figure 8. The change of volume fraction of 
PS phase as a function of φw.  

 Figure 9. The volume fraction ratios between 
water and THF in both phases as a function 
of φw. 

average (9.7 vol %) and φPtBuMA_PtBuMA is smaller than that (9.7 vol %). Note that both of φ PS_PS and 
φPtBuMA_PtBuMA should be 9.7 vol % if the solvents uniformly distribute over the whole system. These 
tendencies are enhanced at φw = 9.1 vol % as shown in table 4. The volume fraction of the PS phase at 
φw = 8.2 and 9.1 vol % are shown by the open circles as a function of φw in figure 8, where the 
calculated values obtained by SUSHI are also plotted by the closed circles. Both of the experimental 
and the theoretical values decreased with the increase of φw. In other words, the PS phase was de-
swelled while the PtBuMA phase was swelled. This means that the solvents moved from the PS phase 
into the PtBuMA phase progressively as φw increased. Here it is interesting to investigate the ratio of 
the water content to the THF content in each phase. The values of φwater_PS / φTHF_PS and φwater_PtBuMA  / 
φTHF_PtBuMA are shown by the red and the green open circles, respectively, as a function of φw in figure 9. 
The theoretical values obtained by SUSHI are also plotted by the red and the green closed circles. The 
experimental values are in good agreement with the theoretical ones and approximately close to those 
averaged over the whole system shown by the blue open circles. These results of figures 8 and 9 
means that the ratio of the water content to the THF one was kept almost constant while both of water 
and THF moves from the PS phase into the PtBuMA phase by the addition of water. Therefore we  
consider that water and THF distribute together as a single solvent. 
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4.  Conclusion 
 
The mechanism of the lyotropic microphase separation induced by the differentiating non-solvent in 
the semi-dilute solution of an UHMW PS-b-PtBuMA was studied by simulation on the basis of SCFT 
and SANS. The composition of each component in each phase was evaluated by the SANS contrast 
variation method. It was found that at higher φw, major amount of water and THF selectively located in 
the PtBuMA phase than in the PS phase. The two solvents, THF and water, collectively moved from 
the PS phase to the PtBuMA phase by the addition of water in order to avoid unfavourable entropy 
loss by the separation of the solvents. In other words, de-swelling of PS and swelling of PtBuMA 
occurred. Additionally, the ratios of the amounts of the solvents in both of the phases are close to each 
other. This means that the solvent mixture behaved as a strongly selective single solvent and enhanced 
the segregation power between the PS and the PtBuMA phases. These tendencies were well 
reproduced by the simulation based on the SCF theory. Two- and three-dimensional simulations of 
this semi-dilute solution system are still under investigation in order to reproduce the lyotropic OOT 
and will be reported in future.  
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