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Abstract 

 The grafting of polymer chains to nanoparticles has been found as an important 

method to control the particle assembly structures on a thin film state. We hypothesized 

that polymer-grafted nanoparticles blends have similar upper or lower critical solution 

temperature type phase behavior corresponding to linear polymer blends if the degree 

of polymerization is larger enough. UCST system we take is poly (methyl methacrylate) 

silica (PMMA-SiO2) and poly(styrene) silica (PS-SiO2), LCST system we take is 

PMMA-SiO2 and poly(styrene)-(acrylonitrile) silica (PSAN-SiO2). Direct immersion 

annealing (DIA) method was used in switching the state of phase-separated structures 

in a binary blend film of UCST system, and thermal annealing method was used for the 

LCST system. Our results show that by varying the composition of the DIA solution, 

interchangeable phase separation state and homogeneous state are formed in the 

PMMA-SiO2/PS-SiO2 blends thin film within 1 minute. The phase reversibility of 

UCST system is stable. Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) 

reveals that the switchable phase separation state for UCST system occurs all 

throughout the film. However, for LCST system, phase reversibility is not feasible. We 

hypothesized a layered structure may formed underneath the surface of the thin film for 

this phenomenon. We believe that the phase reversibility of PGNPs blends will play an 

important role in the future nanoparticle-based material science and engineering. 
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1.  Introduction 

The remarkable and unique properties of nanocrystalline materials with limited size 

have been studied in past decades for applications in electronics,1 sustainable energy 

and magnetic storage.2-3 Looking through the long river of history, the earliest research 

on polymer nanocrystalline came from Bakelite's attempt in the 1900s to strengthen 

wood through impregnation of resin.4 A wide applications of polymer nanocrystalline 

was discovered and innovated after that age. 

The polymer-grafted nanoparticle is one of the most popular research fields in 

polymer nanocrystalline. Properties of polymer grafted nanoparticles were shown to 

sensitively depend on the grafting density and the degree of polymerization of the 

grafted chains.5 Firgure1.1 shows a simple schematic of polymer grafted nanoparticles, 

 
Fig 1.1 Schematic of a simple polymer-grafted nanoparticle 

where Rc is the radius of the nanoparticle’s core, L is the length of the polymer brush. 
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There are two parts of the polymer brush region: (1) the concentrated brush regime, 

which is characterized by high grafting density σ; (2) the intermediate brush regime, 

which is characterized by a reduced grafting density and relaxed polymer 

conformation.6 Based on the nature of polymer-grafted nanoparticles(PGNPs), the 

grafting density of polymer which is also the degree of polymerization N will have an 

obviously impacts on the phase behavior of PGNPs blends.  

 The phase behavior of polymer blends is largely governed by the Flory-Huggins 

interaction parameter χ. The Flory-Huggins equation7 is given below, 

                    
∆

= lnφ + lnφ + χφ φ  ,         Equation 1.1 

where ∆G   is the mixing free energy of polymer blends, k   is the Boltzmann 

constant, T is the temperature, φ  and φ  are the volume fraction of two different 

polymers, N is the degree of polymerization, χ is the interaction parameter which is 

also the Flory-Huggins interaction parameter. The mixing free energy of polymer can 

be affected by entropic contribution and enthalpic contribution. As is shown in Equation 

1.1, lnφ + lnφ   is contributed to the entropic contribution, χφ φ   is 

contributed to the enthalpic contribution.8 χ can be also written as below, 

χ = a +  ,                    Equation 1.2 

where a stand for the entropic part and b stands for the enthalpic part. As is shown in 

Equation 1.2, the Flory-Huggins parameter is a temperature dependence parameter. 

Based on Tombasco’s research,9 when χ  is positive, there will be an upper critical 

solution temperature (UCST) for polymer blends phase behavior. On the contrary, when 

χ is negative, there would be a lower critical solution temperature (LCST). Therefore, 
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for thermal annealing conditions, cooling or heating polymer brush would lead to the 

phase transition.  

 Polymer-grafted nanoparticles blends have a similar phase behavior as polymer 

blends. In figure 1.2, it illustrates the process that the phase transition of PGNPs blends 

when the temperature changes. 

 

 

 

 

 
 
 
 
 
 
 
 

 
Figure 1.2 Process of polymer grafted nanoparticles blends’ phase separation  

One phase in polymer-grafted nanoparticles blends is for the homogeneous state, and 

two phases region for polymer-grafted nanoparticles blends is for phase-separated state. 

As is shown in Figure 1.2, there is a critical temperature for both LCST system and 

UCST system, which is also known as the cloudy point. Flory-Huggins parameter χ 

can be different from the temperature difference. Thermal annealing can make both 

LCST and UCST system’s phase transit from homogeneous state to phase separation 

state. 

 Besides thermal annealing conditions, solvent annealing can also make phase 

separation of PGNPs blends happen. Solvent annealing, which is also called direct 

T

LCST UCST 

T

1 P 

1 P 2 P 
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immersion annealing (DIA), has been found that can make phase separation of thin 

block copolymer thin film.10 Compared to thermal annealing, direct immersion 

annealing can take the glass transition temperature (Tg) to the room temperature(Rt), 

and it is much faster than TA when achieving phase separation. There are two important 

factors of direct immersion annealing: the first one is the solvent mixture needs to be 

selected carefully. A poor or marginal solvent with a good solvent mixture will be 

chosen for block copolymer systems in order to achieve a well-ordered morphology.11 

The function of a poor solvent in the mixture is to control the rate of polymer film 

dissolution. Secondly, the ratio of the good solvent in a solvent mixture (SM) needs to 

be considered carefully. For example, for the PS-PMMA block copolymer system, 

heptane is a nonsolvent for both PS and PMMA, acetone is a good solvent for PMMA 

but a marginal solvent for PS. Usually, a ratio of acetone to heptane is 1:2. However, if 

the ratio of acetone becomes much larger, a thin block copolymer film could be washed 

out. Typically, a selective solvent would make polymer blends thin film phase 

separation, a neutral solvent would achieve a homogeneous state. A schematic of the 

DIA process is shown in Figure 1.3, 
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(i) 

 

(ii) 

 

Figure 1.3 (i) Schematic of proposed reversible phase separation of athermal LCST         
         blends. (ii) Schematic of reversible phase separation of PGNP blends using     
         DIA 

figure (i) in Figure 1.3 shows that there is a critical χN point for the UCST system’s 

phase transition. Typically, the critical χN point for block copolymers system is 10.5, 

but for polymer blends system is around 2.12 The Flory-Huggins parameter χ in DIA 

system would be affected by two different polymer-solvent interaction parameters, 

which can be expressed as the following equation: 

χ =
(χ − χ )

(δ + δ − 2δ )

RT

v
 , Equation 1.3 
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where χij represents the Flory-Huggins interaction parameter between component i and 

j, δ is the Hansen solubility parameter, and 1,2 represents polymers while s indicates 

the solution.13 For PGNPs blends in DIA system, the phase separation will depend on 

the polymer grafting density (degree of polymerization) and the polymer-solvent 

interaction parameter.  

In this work, we are managed to make a reversible phase separation between two 

different systems: UCST system: PS-SiO2 and PMMA-SiO2 and LCST system: PSAN-

SiO2 and PMMA-SiO2. We also tried to use ionic liquid as an additive to check its 

impacts on the phase separation of polymer-grafted nanoparticles. Results and details 

will be discussed in Chapter 3 and Chapter 4. 
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2. Review of previous work 

In this paper, there are three main part will be discussed: 1. The impact of ion liquid 

on the phase separation of PS-SiO2 and PMMA-SiO2 blends thin film; 2. Deep research 

of the phase reversibility of PS-SiO2 and PMMA-SiO2 blends thin film; 3. Additional 

research on the phase reversibility of PSAN-SiO2 and PMMA-SiO2 blends thin film.  

For phase separation of PGNPs blends, the properties of PGNPs are researched 

firstly. Choi and his coworkers indicated that by changing the grafting density of 

polymer-grafted nanoparticles (PGNPs), the system properties can be altered between 

‘hard-sphere like’ and ‘star polymer-like’ behaviors.14 Through their later research, 

they found that the PGNPs can form polymer-like crazing with enhanced elastic and 

mechanical properties when the outer brush is in the semi-dilute polymer brush (SDPB) 

region.15 This kind of property of PGNPs can be used in making hybrid material. 

Nevertheless, for some applications, a sub-micron domain with a well-controlled 

manner need to be achieved. This needs us to research the phase dispersion or the 

separation of PGNPs blends. Kumar revealed that the phase separation behavior 

depends on the grafting density of PGNPs (σ) and the degree of polymerization of both 

polymer matrix (P) and PGNPs (N). As is shown in Figure 2.1, where α equals to N/ P, 

they found out that with the higher grafting density PGNPs, which is also a larger size 

of PGNPs, the blends will reside in either phase separation (PS) or good dispersion 

(WD) state. However, with the lower grafted PGNPs, it will form into a range of 

structures, including strings (S), connected sheets (CS), and small clusters (SC), which 

is likely caused by the core-core attractions and brush physics.16-17  
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Fig 2.1 A composite morphology diagram created from the available data in the litera- 
      ture: σ√N as a function of 1/α with α = N/ P. 16-17 

As is shown in figure 2.1, the red point corresponds to well dispersed particles (WD); 

black to phase separated samples (PS); blue to strings (S); green to connected sheets 

(CS) and purple to small clusters (SC).16-17 Karim’s group reveals that the chemistry of 

the inner organic core can also influence the dispersion of PGNPs.18 All of these 

researches are focused on the properties of PGNPs blends. But for the phase separation 

of PGNPs blends, it has just been found out recently. Based on Bockstaller’s research, 

he has revealed that ligand interactions between the two PGNPs can drive it into phase 

separation state like homopolymer mixtures. By conducting thermal annealing on 

different kinds of PGNPs mixtures, they revealed that PGNP blends can show the same 

LCST/UCST behavior like the corresponded homopolymer mixtures.19  

 On the other hand, some researchers have found that ionic liquid can make a 

significant impact on the phase separation process of a block copolymer. According to 

Nealey’s group work, introduce ionic liquid(IL) such as N-butyl-N-
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methylpyrrolidiniumbis-(trifluoromethylsulfonyl)imide ([BMPR][TFSI]) to PS-b-

PMMA system allows that ionic liquid to be incorporated only into the polar PMMA 

block.20 The result is shown in Figure 2.2. 

(a) 

 
(b) 

 

Fig 2.2 (a) Top-Down SEM image of solvent mixture. P(S-r-MMA) depends on diff- 
       erent ionic liquid volume ratio and styrene ratio; (b) Maps of the orientation of 

self-assembled PS-b-PMMA in thin films when blended with different ionic 
liquid from left to right.20 
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As is shown in (a) in Figure 2.2, for the same polystyrene component for example 49% 

styrene mole ratio in the random brush, with the increase of the volume ratio of ionic 

liquid, the perpendicular orientations of the random brush surface become faded away. 

This phenomenon means that the ionic liquid can increase the effective interaction 

parameter (χ eff) and a higher ratio of ionic liquid in the PS-b-PMMA brush system 

requires less styrene to maintain the perpendicular orientations. Besides the impact of 

ionic liquid on the interaction parameter of PS-b-PMMA brush system, it can also affect 

the glass transition temperature (Tg) of these two homopolymers. The changing of Tg 

is shown in figure 2.3. 

 
Figure 2.3 Differential Scanning Calorimetry (DSC) scans of a) PS and b) PMMA  

  before and after blending with ionic liquid (20 wt%) of [BMPR][TFSI],  
  [EMIM][TFSI] and [HMIM][PF6] respectively. Scans are offset vertically  
  for clarity20  

As is shown figure 2.3, the glass transition temperature (Tg) of the PMMA 

homopolymer decreased by 30.1, 29.9, and 37.3 °C after being mixed with 20 wt % 

different types of ionic liquid, respectively. Nonetheless, there is no significant changes 

in the Tg were measured in the PS homopolymer upon the addition of ionic liquid.20 

The lack of plasticization in the PS homopolymer, therefore, indicates that a 
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homogeneous blend of the PS and ionic liquid is not formed. This selective 

compatibility allows the ionic liquid to be incorporated only into the polar PMMA block 

when added to the PS and PMMA homopolymer blends, thus enhancing the segregation 

strength between the two blocks as described by the effective interaction parameter (χeff) 

owing to the unfavorable interaction between PS and ionic liquid.29-31 

 Based on the previous study of the properties of PGNPs blends and the impact of 

ionic liquid on the self-assembly of a block copolymer, in our work, we tried to 

investigate the phase reversibility of polystyrene-silica(PS-SiO2) and poly(methyl 

methacrylate)-silica(PMMA-SiO2) and the effect of ionic liquid on the phase separation 

of PGNPs blends. This blend is called the athermal system, where the Flory-Huggins 

interaction parameter doesn’t vary a lot, which makes it impossible to achieve 

reversible and controllable phase separation thermally. We developed a solvent assisted 

annealing method named direct immersion annealing (DIA) to help control the 

morphologies of PGNP blends. DIA was recently developed and has been applied in 

the study of block copolymer phase separation.21-23 Different from the traditional 

solvent vapor annealing (SVA), it directly put the polymer films into the solvent mixture. 

The solvent mixture contains the selective solvent to one of the blocks and can help 

induce the phase separation. Non-solvent for both blocks is also added to avoid the 

dissolution of polymers into the solution. To our knowledge, this is the first research on 

PGNP blends using direct immersion annealing. We believe the better and reversible 

control of the PGNP blends can provide a better application of PGNPs. 
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 For another system, poly(styrene-acrylonitrile)-silica(PSAN-SiO2) and PMMA-

SiO2, there are few works about this system. According to Noboro’s work, they found 

out that the interaction parameter χ of SAN/PMMA system would decrease with the 

temperature increasing. The temperature dependence can be considered as a linear 

relationship of χ  versus the reciprocal temperature ranging from 140℃ to 170℃. 

Zhou’s group25 has found out that the critical phase separation point which is also the 

cloud point of SAN and PMMA homopolymer blends. It has been found that the cloud 

point will be changed ranging from 155℃ to 160℃ by changing the ratio of SAN and 

nanoparticles as is shown in Fig 2.3. 

 
Figure 2.4 Phase diagram of PMMA/SAN, PMMA/SAN/SiO2-OH, and PMMA/SAN/ 
         SiO2-PS blends. 

PSAN and PMMA will present a phase separation state when they are homopolymer 

blends. Paul and his co-workers found that the PSAN and PMMA copolymer blends is 

an LCST system which means that upon this system’s cloudy point it will present a 

phase separation state and below the cloudy point it will show a homogeneous state. It 

shows a reversible transition between miscible and phase-separated states provided that 
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the molar ratio NAN /NS is within the miscibility window 0.09~0.38.25 The interaction 

parameter of the PSAN/PMMA homopolymer brush system depends on both the 

constitution of PSAN as well as the composition of the blend. In our work, the molar 

composition of the PSAN is S/AN = 3: 1, and the corresponding interaction parameter 

is PMMA/SAN≈−0.15 (at T≈25°C). As is state before, the polymer blends system 

will present an LCST behavior when the interaction parameter is below zero. The LCST 

of linear PMMA / PSAN blends is approximately 160 °C for a polymer molecular 

weight of is around 90,000.26-27 Then based on Schmitt’s work, the PSAN-SiO2 and 

PMMA-SiO2 PGNPs blends in a thin film state will present phase reversibility as is 

shown Figure 2.4, 

 
Figure 2.5 Reversible structure evolution in SiO2-MMA257/SiO2-SAN262 (50:50) 

  LCST system26-27 
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the cloudy point is around 160°C which correlates well with the expected behavior of 

linear PMMA/PSAN blends.28 In their work, the degree of polymerization and the 

molecular weight of PSAN-SiO2 and PMMA-SiO2 are almost the same. In that case, 

the interaction parameter of these two polymer-grafted nanoparticles will be well 

controlled. 

 In our work, we focus on developing the phase reversibility of two different 

systems: UCST system-PS-SiO2(Rc=55 nm) and PMMA-SiO2(Rc=59 nm) and LCST 

system-PSAN-SiO2(Rc=30 nm) and PMMA-SiO2(Rc=36 nm). The phase separation 

method we used is thermal annealing and direct immersion annealing. Ionic liquid is 

used as the additive to see its impacts on the phase separation of these two systems. 

Results will be discussed in the next two chapters. 
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3. Experiment Results And Discussion 

3.1 Phase reversibility of PS-SiO2/PMMA-SiO2 system 

In the chapter, we are going to show the result of phase reversibility of the UCST  

system: PS-SiO2 and PMMA-SiO2. First, we tried to add several sets of ionic liquid to 

the PGNPs blends to see its impact on the phase separation. Ionic liquid we used for 

this experiment is N-butyl-N-methylpyrrolidinium-bis(trifluoromethyllsul-fonyl)imide 

([BMPR][TFSI]). The microstructure of this ionic liquid is shown in Figure 3.1,  

 
Figure 3.1 Microstructure of [BMPR][TFSI] 

the properties for the PGNPs brush system are shown as the Table 3.1 below: 

Table 3.1 Summary of molecular characteristics of particle brush system 

Sample N Mn Rc/nm σ/nm  

PS-SiO2 35000 336 55 0.52 

PMMA-SiO2 32500 320 59 0.56 

we also measured the surface roughness transition trend for PGNPs brush system with 

different ratios of the ionic liquid. A comparison between the polymer-grafted 

nanoparticles brush system with or without ionic liquid is being discussed. A time 

dependent study for PGNPs brush system was also studied. Finally, the phase 

reversibility of PGNPs brush system was investigated and successfully developed for 

thin films without adding ionic liquid. The experimental instrument used in this chapter 

including AFM and Tof-Sims. The annealing method used in this experiment is the 
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direct immersion annealing.  

3.1.1 As cast study of phase transition for PGNPs blends with ionic liquid 

In this experiment, the PGNPs volume ratio is PS-SiO2: PMMA-SiO2=50:50. The 

ratio of ionic liquid selected for this experiment is 0%, 1%, 5%, 10%, 25%, which is 

respected to the volume of PMMA-SiO2. Thickness of thin films is around 100 nm. The 

as-cast state transition trend of PGNPs blends thin films,  

(i) 

 

(ii) 

 
Fig 3.2 (a)AFM image of as-cast state transition progress for PGNPs blends thin films  
      with different ionic liquid ratio; (b) Surface roughness changing trend for PG- 
      NPs blends thin film with different ionic liquid ratio. 

the dark region in phase images (a) is the PS domain, and the light area is the PMMA 

domain. For film with 25% ionic liquid, the dark region is the PMMA domain, and the 
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light area is the PMMA domain. As is shown in figure 3.2 (a), with increasing the 

volume ratio of ionic liquid, the self-assembly of each polymer-grafted nanoparticle 

becomes more apparent even for adding 1% to the PGNPs blends. As is stated before, 

the interaction parameter χ  will increase when ionic liquid is added to the PGNPs 

brush system. But the phase separation state is determined by χN as is shown in figure 

1.3. The Flory-Huggins interaction parameter for PS/PMMA is χS/MMA = 0.028 + 3.9/T, 

where T is the absolute temperature.29 The critical point of χN for polymer blends is 

around 2 when the weight ratio of two polymers is 50:50. Even a small change of the 

interaction parameter will not interact with the phase separation state of PGNPs brush 

since the molecular weight is the same. Figure 3.2 (b) present the surface roughness 

transition of PGNPs brush system with different ratio of ionic liquid. With increasing 

the ratio of ionic liquid, the surface would become rougher.  

3.1.2 Time dependent study of PGNPs blends thin film with ionic liquid 

Except the as cast study of PGNPs brush with different ratios of ionic liquid, we 

also tried the time dependent study of using DIA method to show the phase transition 

progress. We take ace:hep=1:1 as the selective solvent to see the phase transition. While 

heptane is a nonsolvent for both PS and PMMA, acetone is a good solvent for PMMA 

and a marginal solvent for PS. Hence, acetone only plasticizes the PS block to a limited 

extent, but sufficiently for enhancing overall block copolymer mobility.32-33 We believe 

the same DIA solution composition can be applied to the PGNPs blends thin film. The 

selective solvent selected in this experiment acetone and heptane which ratio is 1:2. The 

neutral solvent selected for this experiment is toluene and heptane which ratio is 1:2. 
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The time dependent study for different ionic liquid ratio on the phase separation of 

PGNPs brush system result is shown as in Figure 3.3,  

(i) 

 

(ii) 

 
Figure 3.3 (i) Time dependent study of PGNPs brush system with different ratio of  

  ionic liquid phase transition progress in a selective DIA solution; (ii)  
  Height difference image of PGNPs blends thin film with different ionic  
  liquid ratio 
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since ionic liquid will increase the Flory-Huggins interaction parameter of PGNPs 

brush, putting PGNPs blends thin film into a selective solvent for several minutes 

should make a trend back to the two phases state. Figure 3.3 (i) shows that for PGNPs 

brush with 0% ionic liquid, DIA will not make a significant difference on the surface 

phase separation state. However, for PGNPs brush thin films with ionic liquid, a 

selective solvent will make a domain size change of two different PGNPs, especially 

for PGNPs brush with 25% ionic liquid. In figure 3.3, white block stands for PMMA-

SiO2, where dark block stands for PS-SiO2. With thin films annealed in a selective 

solvent, two blocks’ domain area was inversed. This is because of that unfavorable 

interaction between PS and acetone. PS-SiO2 will squeeze to the bottom of the PGNPs 

blend thin film since this kind of unfavorable interaction. For PGNPs blends thin film 

with 0% ionic liquid annealed for 40 sec, it presented a similar structure with PGNPs 

blends thin film with 1% ionic liquid annealed for 3 sec. The reason for this 

phenomenon is because of adding ionic liquid into this PGNPs blends brush system 

will increase the Flory-Huggins interaction parameter χ  and accelerate the phase 

separation behavior. This PGNPs blends thin film could present a desired phase 

separation state with less time when adding a small amount of ionic liquid. 

In figure 3.3 (ii), a calculated height difference image was presented. Increasing the 

ionic liquid ratio could induce a big difference of height. We designed a phase 

reversibility experiment for PGNPs blends thin film with ionic liquid to see the impact 

of ionic liquid on the phase reversibility.  
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3.1.3 Phase reversibility of PGNPs blends thin film with ionic liquid 

 Based on the conclusion that ionic liquid will affect the phase separation progress 

of PGNPs blends. We also tried the phase reversibility test of PGNPs blends thin films 

with ionic liquid. PGNPs blends thin films are immersed in a selective solvent (Acetone: 

heptane=1:1) and neutral solvent (toluene: heptane=1:1) for 3 minutes to see the phase 

reversibility. Figure 3.4 shows the result, 

Ionic liquid ratio Selective solvent Neutral solvent 

1% 

  
5% 

  

10%  

  

25% 

  

Figure 3.4 Schematic of phase reversibility of PGNPs blends thin films with different  
         ionic liquid ratio 
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in figure 3.4, from a) to b, a) shows the phase separation state, b) presents a 

homogeneous state, thus it is obvious to see the phase reversibility. However, with 

increasing the ionic liquid ratio, the phase reversibility is not clear. From c) to d), c) 

stay in a phase separation state, but d) presents a semi-homogeneous state of its surface. 

This phenomenon is much more notable for PGNPs blends with 10% and 25% ionic 

liquid. Even though e) and g) show a phase separation state, f) and h) still stays in a 

phase separation state. As is clarified before, adding ionic liquid to the PGNPs blends 

will increase the Flory-Huggins interaction parameter χ and change the phase surface 

roughness. For PGNPs blends with much more ionic liquid, the Flory-Huggins 

interaction parameter χ  will be changed a lot and the phase reversibility will be 

destroyed. Therefore, based on figure 3.4, when the volume ratio of ionic liquid is more 

than 5% respected to the volume of PMMA-SiO2, the phase reversibility will fade away. 

In order to circumvent this kind of situation, we managed to do a phase reversibility 

experiment for PGNPs brush system without ionic liquid. 

3.1.4 Phase reversibility of PGNPs blends thin film 

In this chapter, we tried to use AFM to show the phase reversibility of PGNPs   

blends without ionic liquid. PGNPs blends thin films are immersed in a selective 

solvent and neutral solvent to induce the phase behavior for 3 minutes. Figure 3.5 shows 

the result, 
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Figure 3.5 AFM phase images of PMMA-SiO2/PS-SiO2 blends indicating highly rever- 

sible phase separation by using two different DIA solutions. Scale    
bar:800nm 

figure 3.5 (a) is a phase image of a certain PMMA-SiO2/PS-SiO2 blends thin film 

annealed in acetone/heptane for 3 min. As is shown, a clear phase separation state was 

formed on the surface of PGNPs blends thin film. Then we put this film back to a neutral 

solvent for 3min, a homogeneous state on the surface was formed. Four cycles for the 

same film are conducted in our experiment. From d) to e), a homogeneous structure 

was successful back to phase separation state, which means this brush system can be 

reversible. Because of four cycles have been successfully reversed, we indicate that this 

system has a stable highly phase reversibility between two phase and one phase.  

Since AFM is only a surface characterization technique and it cannot provide the 

morphologies underneath the top surface. We also used time of flight secondary ion 

mass spectroscopy (ToF-SIMS) analysis for this experiment. ToF-SIMS is a highly 

sensitive analytical technique that analyzes the chemical composition and distribution 

of a solid surface or thin film. It uses a range of incident ion sources to impact on solid 

surfaces and generate secondary ions that can be analyzed by a time of flight (or 
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Orbitrap) mass spectrometer to determine the surface chemistry of that surface or layer. 

 

Figure 3.6. ToF-SIMS in-depth profile for PMMA-SiO2/PS-SiO2 blends thin film at  
         different phases 

Figure 3.6 shows the in-depth mass spectroscopy of PGNP blends. The normalized 

intensity can stand for the composition of each component in PGNPs blends. As is 

shown, for one phase, the composition of PS decreased from the surface to the bottom, 

yet the composition of PMMA increased a little bit to a peak then decreased to a stable 

state from the surface to the bottom. This changing trend of each component clarifies 

that PS exists more on the surface and PMMA has more on the substrate. For the 

composition of SiO2, even though it has a similar changing trend with the composition 

of PMMA, it has more intensity peaks than PMMA. We believe this phenomenon is 

because of the actual nanostructure of PMMA-SiO2. Since the outer PMMA corona 

region needs to be sputtered away for the SiO2 core can be detected. In the phase 

separation state, the composition of PS and PMMA decreased a little bit then become 

0 50 100 150 200 250 300 350
0.00

0.02

0.04

0.06

0.08

0.10

N
or

m
a
liz

ed
 I
n
te

ns
ity

Sputter Time (sec)

 % 2 phases
 % 1 phase

PS

PMMA

SiO2



24 
 

stable. This illuminates that the composition of PS and PMMA will stay the same 

throughout the film. 

As is indicated in chapter 1, the Flory-Huggins model can be used to investigate 

the phase behavior of PGNPs blends since the similar properties between PGNPs blends 

and polymer blends. Typically, the critical χN point for block copolymer is 10.5, but 

for polymer blends system is around 2. Therefore, the changing trend of the interaction 

parameter χ  and the degree of polymerization N is our research focus. In this 

experiment, the degree of polymerization is stable for PGNPs, so we assume that the 

interaction parameter would be changed with the difference of DIA solution 

composition. Based on Zeman’s34 study, he indicated that for polymer blends in a 

selective solution, when χ polymer1-solution is not equal to χ polymer2-solution, the 

χ polymer1-polymer2 will increase. As expressed in equation 1.3, the relationship 

between the polymer-polymer interaction parameter and the difference between two 

polymer-solvent interaction parameters was developed by him,  

                         χ12 =
χ1s−χ2s

2

(δ1+δ2−2δs)2

RT

v
 ,               Equation 1.3 

he indicated that χ12 is the key parameter that increased to induce the phase separation 

between polymer blends when this system is annealed in a selective solution. Compared 

to a selective solvent, a neutral solvent can induce a homogeneous state for polymer 

blends since it can decrease χ12. As we clarified in chapter 1, since the PGNPs blends 

has similar characters with polymer blends. We believed this theory can be applied to 

the PGNPs blends brush system when the degree of polymerization N is larger enough 

to drive the PGNPs blends brush system have a ‘polymer-like’ state. 
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Since the toluene is a good solvent for both PS and PMMA and toluene/heptane is 

a neutral solvent for PS/PMMA homopolymer blends system in DIA, we designed to 

add a different ratio of toluene to selective solvent acetone: heptane=1:2(volume ratio) 

to study the impact of the interaction parameter χ on the phase behavior of PGNPs 

blends. Results are shown in figure 3.7 (i), 

(i) 

 

(ii) 

 
Figure 3.7 (i) AFM images as a function of volume ratio of toluene in fixed ratio ace- 
         tone: heptane solution. (a) 3.3%; (b) 10.0%; (c) 16.7%; (d) 23.3% (Scale   
         bar: 800 nm); (e)-(h) is the corresponded images in smaller scanning scale 
         (Scale bar: 100nm) (ii). Calculated surface coverage and interparticle  
         distances of PS-SiO2 with different amount of toluene added. 
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the phase images of PGNPs blends thin films annealed in the selective solvent with 

different ratio of toluene for 1 minute. As is shown in figure 3.4, PGNPs blends thin 

film will present a phase separation state after annealed in a selective solvent-

acetone/heptane. We believe the surface coverage and interparticle distance of PS can 

evaluate the impact of the interaction parameter χ . We set four different ratios of 

toluene to the DIA solution: (a) 3.3%; (b) 10.0%; (c) 16.7%; (d) 23.3%. In figure 3.7 

(i), a)- d) shows the dark area which stand for the PS phase coverage will increase with 

the toluene adding to the DIA solution. The changing trend of PS surface coverage is 

much more clear in detailed images shown as Figure 3.7.(i).e)-h). From the detailed 

images we can see that the phase separation state is apparent even for 16.7% toluene 

adding to the DIA selective solvent. Nonetheless, when we are making a comparison 

between e) and h), the boundary of the PS-SiO2 become unclear. In image e), a whole 

PS-SiO2 can still be observed, but in image h), the boundary between each PS-SiO2 

become disappeared. In image h), we can only see the inner core of PS-SiO2. The reason 

for this phenomenon is because of outer chains of PS-SiO2 swelled since the impact of 

adding toluene to the selective solvent composition. This reason can be proved in figure 

1.1, the brush region of a PGNP can be stretched or compressed. The self-boundary of 

PS-SiO2 shown in figure 3.7 (i) e)-h) illuminate that with increasing the ratio of toluene 

added to the selective solvent, the extension of polymer chains will be broadened. The 

self-boundary changing trend of PS-SiO2 is one way to track the impact of the 

interaction parameter χ on the phase behavior of PGNPs blends.  
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The changing trend of the interparticle distance of PS-SiO2 can also measure the 

impact of the interaction parameter χ. In figure 3.7.(ii), it shows that the interparticle 

distance of PS-SiO2 increases from 77.5 nm to 98.4 nm with adding toluene volume 

ratio from 3.3% to 23.3%. Our standpoint of a self-boundary changing trend with 

increasing the ratio of toluene added to the selective solvent, the extension of polymer 

chains will be broadened, can be also proved by this phenomenon. Another line shows 

the increasing trend of PS surface coverage. We believe the reason for the increasing 

trend of PS surface coverage is toluene could block the interaction of PS and PMMA, 

some small size PMMA-SiO2 could be dissolved into PS-SiO2 chains. This is also 

corresponding to the impact of the interaction parameter χ.  

3.2 Phase behavior of other PGNPs blends brush system 

As is stated in Chapter 1, PSAN-SiO2 and PMMA-SiO2 is an LCST system. 

Contrary to UCST systems, LCST blends are miscible at low temperatures, when the 

temperature is raised above the LCST, the blends will be phase separated. Compared to 

UCST polymer blends, LCST polymer blends have attracted much more attention as 

model systems in the study of polymer phase separation as this system can better control 

the phase separation process and the phase reversibly cycle between homogeneous state 

and phase separation state by subsequent heating and cooling.35 For polymer grafted 

nanoparticle blends, the prospect of reversible phase separation is particularly 

interesting because it promises intriguing new opportunities to dynamically control the 

structure (and hence properties) of particle solids.13 
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In this chapter, we take a similar molecular characteristic of PSAN-SiO2 and 

PMMA-SiO2. The molecular characteristics of these two particle brush system are 

summarized in Table 3.2. 

Table 3.2 Summary of molecular characteristics of PSAN-SiO2 and PMMA-SiO2  
 particle brush system 

Sample N Mn Rc(nm) σ/nm  

PSAN-SiO2 23600 150 35 0.68 

PMMA-SiO2 23000 200 39 0.70 

3.2.1 As cast study of LCST system PGNPs brush with ionic liquid 

In this chapter, we analyzed the phase behavior of an LCST system: PSAN-SiO2 

and PMMA-SiO2 to demonstrate the feasibility of phase reversibility of this PGNPs 

blends brush system. To accelerate the phase separation of this PGNPs blends, a small 

amount of ionic liquid (around 5%) is added to the PGNPs blends. We tried to use the 

thermal annealing to show the phase behavior because of DIA solution may wash the 

thin film out of the silicon wafer. Based on Huang and his coworker’s research,36 the 

glass transition temperature (Tg) of PSAN-SiO2 is around 105℃, and the LCST point 

of PSAN-SiO2 and PMMA-SiO2 is ranging from 155℃ to 165℃, depending on the 

ratio of these two PGNPs. However, by adding ionic liquid to the PGNPs blends, the 

Tg of PGNPs will decrease from 105℃ to 95℃. In our experiment, we take a similar 

molecular characteristic of these two PGNPs and we assume that the LCST point for 

the PGNPs blends is 160℃. PGNPs blends thin film with thickness around 80 nm at 

105℃ (24hrs), 170°C (24 hours) was annealed. As cast state with different ratio of 

ionic liquid was shown below, 
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(i) 

 

(ii) 

 
Figure 3.8 (i) AFM images of PGNPs blends thin film as cast state with different ratio    

of ionic liquid: a) 0%, b) 5%, c) 10%, d) 20% (Scale bar: 800nm); (ii) 
Surface roughness analysis of PGNPs blends thin film 

in as cast state, PGNPs blends thin film exhibited a weakly phase-separated structure 

which is like UCST blends (not shown here). This can be rationalized by considering 

Hildebrand solubility parameters (dPMMA = 19.0 MPa , dPSAN = 19.6 MPa ). Figure 

3.8 (i) presents a phase behavior of PGNPs blends thin film. Yellow block is PSAN and 

dark block is PMMA. As is shown, with increasing the ratio of ionic liquid, the PMMA 

phase area gradually increased. We believe it is because of the impact of ionic liquid 

making PMMA chains swelled. Figure 3.8 (ii) shows the surface roughness changing 
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trend with increasing the ionic liquid ratio. The reason why surface roughness declined 

from 0% to 5% has been explained in the former chapter.  

3.2.2 Phase reversibility of PSAN-SiO2/PMMA-SiO2 system 

Based on the as cast state film surface condition and phase behavior, we designed 

to measure the phase reversibility of PGNPs blends brush system with 5% ionic liquid. 

According to the polymer blends phase separation theory, upon the LCST point the 

PGNPs blends thin film should be homogeneous and below the LCST should be phase 

separated. However, the result we found become contradicted to the theory. Figure 3.9 

shows the result, 

 

Figure 3.9 Schematic of phase reversibility test for 50PSAN-SiO2/50PMMA-SiO2  
         blends (Scale bar: 800nm) 

in figure 3.9 (a), we first put PGNPs blends thin film in 105℃-oven annealing for 24 

hrs and it stays in phase separation state. Then we put this film into an oven with 170℃, 
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the phase state turns into the homogeneous state. We believe the reason for this 

phenomenon is because of the as cast sate. This PGNPs blends thin film may 

dynamically track to the substrate when we are casting film. It will make the phase 

behavior of PGNPs blends thin film difficult since this behavior needs a lot of energy. 

We believe 105℃ is not enough for the PGNPs to move in a thin film but 170℃ is 

enough. However, things became more interesting when we put the same film back into 

the oven with 105℃, PGNPs blends thin film stays in the homogeneous state without 

turning back to phase separation state. This is contradicted with polymer blends phase 

reversibility theory. In order to make the phase reversibility of this LCST PGNPs blends 

brush system, we also tried three other possible solutions: 

1. We cast thicker films and put them into an oven for longer time; 

2. We elevated the oven’s temperature from 170℃ to 230℃; 

3. We cast some films without adding ionic liquid, then repeat the thermal 

annealing procedure. 

All results we collected from these three possible solutions stays the same-this 

system’s phase behavior under AFM scanning is not reversible. We believe that there is 

one possible reason can explain this problem: thermal annealing will flatten the surface 

of PGNPs blends thin film and PMMA-SiO2 will be covered by PSAN-SiO2 after 

thermal annealing. We believe that for temperature upon 160℃ , there is a great 

enthalpic force that squeezes the PMMA-SiO2 to the bottom and makes PSAN-SiO2 

elevated up to the surface. This phenomenon may form a layered structure. Therefore, 
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we verified it by using tof-sims test to show the composition underneath the surface of 

PGNPs blends thin film. Figure 3.10 shows the result, 

 

Figure 3.10 ToF-SIMS in-depth profile for PMMA-SiO2/PSAN-SiO2 blends thin film  

          at different phases annealed at 170℃ for 24 hrs  

the composition of PSAN is decreased a little bit then stays in a stable intensity and 

finally goes down to the bottom. Compared with the changing trend of PSAN, the 

composition of PMMA has a similar changing trend with ionic liquid. In figure 3.10, 

both the composition of PMMA and ionic liquid decreased to a bottom from the surface, 

then increased to a stable state, and finally decreased to zero. After 160s, the 

composition and changing trend of PMMA and PSAN will stay the same. This 

illuminates that the composition of PSAN-SiO2 and PMMA-SiO2 will stay the same 

below a certain depth of the thin film and these two PGNPs should be phase separated. 

This is corresponding to what we speculate before. After this PGNPs blends thin film 

annealed in 170℃ for 24 hrs, it will be phase separated underneath the thin film surface 
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and form a layer structure, which cannot be detected from an AFM phase image. Future 

research can focus on the layer structure of this PGNPs blends brush system, we will 

not address it more here. 
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4. Conclusion 

In this thesis, we investigate the phase behavior of two different PGNPs blends 

system under DIA and thermal annealing condition: PS-SiO2/PMMA-SiO2(UCST 

system) and PSAN-SiO2/PMMA-SiO2(LCST system). We also investigate the impact 

of a small amount of ionic liquid on the phase separation of PGNPs blends thin film. 

Here are the conclusions. 

1%, 5%, 10%, 25% ionic liquid were chosen for PS-SiO2/PMMA-SiO2 blends. 

From our experiment results, ionic liquid will accelerate the process of phase separation 

and make the thin film surface become roughness. Adding ionic liquid to the PGNPs 

blends will increase the interaction parameter χ. We also did a time dependent study of 

PGNPs blends thin film with different ratio of ionic liquid. Even though a small amount 

of ionic liquid could accelerate the speed of phase separation, it will also make a 

significant height difference in the thin film state which is not desired for our phase 

reversibility experiment.  

 A successful phase reversibility result of PS-SiO2/PMMA-SiO2 blends thin film 

was shown in chapter 3. We proved that PS-SiO2/PMMA-SiO2 blends brush system 

will have a ‘polymer blends like’ phase behavior which is known as UCST. From our 

results, we demonstrated the key reason for the phase reversibility of PS-SiO2/PMMA-

SiO2 is the difference of interaction parameter χPMMA-PS. A selective DIA solvent can 

increase the interaction parameter and induce phase separation, while a neutral DIA 

solvent can decrease the interaction parameter and induce homogeneous phase state. 

We also clarified that polymer chains grafted on the nanocore could be swelled if the 
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PGNPs blends thin film are annealed in a good solvent. The ability of a nanoscale phase 

reversibility could enable transformative advances in the high-throughput fabrication 

of solid films with tailored and mutable structures and properties that play an important 

role in a range of nanoparticle-based polymer material technologies. 

 We also investigated the phase behavior of the PSAN-SiO2/PMMA-SiO2 blends 

with or without ionic liquid. The result is the same as PS-SiO2/PMMA-SiO2 blends 

brush system when adding ionic liquid to the blends. PMMA covered the surface 

gradually with the increase of ionic liquid ratio. But for phase reversibility results of 

PSAN-SiO2/PMMA-SiO2 blends thin film with adding 5% ionic liquid. This system’s 

phase behavior is not coordinated with the UCST system. We suspect there is layer 

structure formed in this PGNPs blends thin film. From the result of ToF-SIMs test, the 

composition of PSAN-SiO2 and PMMA-SiO2 will stay the same below a certain depth 

of the thin film after annealed in 170℃  for 24 hrs. A layer structure of PSAN-

SiO2/PMMA-SiO2 was formed underneath the surface of thin film. A layer structure 

should be the future research orientation.  
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