


 
 

ABSTRACT 

Density Functional Theory Study of Microstructure and Phase Behavior 

of Stimuli-Responsive Polymer Brushes 

by 

Kai Gong 

Stimuli-responsive polymer materials can change their structure and 

physical properties drastically on external signals like a change in temperature, 

solvent properties (pH, ionic strength), the magnetic or electrical field etc. Such 

"smart" polymer materials play an important role in various fields such as biology, 

medicine, and soft materials. However, it is a great challenge to investigate such 

"smart" polymer materials due to highly inhomogeneous structure at the molecular 

scale and the complex interactions. In this thesis, we have systematically studied 

three common types of stimuli-responsive polymer brushes such as temperature 

responsive polymer brushes, copolymer brushes, and mixed polymer brushes by 

using classical density functional theory. We find a surface outer layer switch for 

both copolymer brushes and mixed polymer brushes with a selective solvent. 

Without using any temperature-dependent parameter, our theory successfully 

captures the lower critical solution temperature behavior of the associating polymer 

brushes. Related parameters such as molecular weight, grafting density, and solvent 

properties that affect the phase behavior of these stimuli-responsive polymer 

brushes have been also investigated. Qualitatively consistent with experimental 



 
 

observations, our results provide physical insight and helpful guidance for the 

experimental design of such stimuli-responsive polymer materials. 



 

 

Acknowledgments 

This dissertation was made possible through the support and contributions 

of many. 

I am grateful to Professor Walter Chapman, who introduced me to the world 

of thermodynamics, statistical mechanics and polymer physics. I thank him for his 

support and contribution to this work, which exposed me to both industrial and 

academic world. 

I thank Professor Beatrice Riviere and Assistant Professor Rafael Verduzco 

for serving on my thesis committee and for providing critical evaluation and input to this 

dissertation. 

For the group members, I first thank Zhengzheng Feng for answering my 

numerous questions when I start to do research. I thank Bennett Marshall for 

cooperating on the polymer brush project, which makes me finish this thesis earlier.  

I thank Deepti Ballal to discuss lots of problem that I met in research. She also helps 

me to debug the code. I am grateful to other group members. 

I thank all my friends for the happy memory at Rice. I also thank the lovely 

departmental staff for lots of help. 

I thank my girlfriend Xiwei Yi for supporting my research and future career. 

I thank my family for their love and support. 



v 
 

The financial support for this work was provided by the Robert A. Welch 

Foundation (Grant No. C1241) and by the National Science Foundation (CBET-

0756166). This work was supported in part by the Shared University Grid at Rice 

funded by NSF under Grant EIA-0216467, and a partnership between Rice 

University, Sun Microsystems, and Sigma Solutions, Inc. 

 



vi 
 

Contents 

Acknowledgments ..................................................................................................... iv 

Contents ................................................................................................................... vi 

List of Figures ........................................................................................................... viii 

Chapter 1 ................................................................................................................... 1 

Introduction ............................................................................................................... 1 

1.1. Motivation ................................................................................................................ 1 

1.1.1. Stimuli-responsive polymer brushes ................................................................. 2 

1.1.1.1. Synthesis ..................................................................................................... 3 

1.1.1.2. Characterization .......................................................................................... 5 

1.1.1.3. Application .................................................................................................. 6 

1.2. Challenge .................................................................................................................. 9 

1.3. Research scope ....................................................................................................... 11 

Chapter 2 ................................................................................................................. 13 

Theory of polymer brush .......................................................................................... 13 

2.1. Scaling theory ......................................................................................................... 14 

2.2. Self consistent field theory ..................................................................................... 16 

2.3. Density functional theory ....................................................................................... 20 

2.3.1. Hard sphere fluids ............................................................................................ 22 

2.3.2. Polymeric fluids ............................................................................................... 23 

2.3.3. DFT formalism for the stimuli-responsive polymer brush............................... 26 

Chapter 3 ................................................................................................................. 34 

Lower critical solution temperature behavior of associating polymer brush .............. 34 

3.1. Introduction ............................................................................................................ 35 

3.2. Molecular model .................................................................................................... 39 

3.3. Results and discussion ............................................................................................ 41 

3.4. Conclusions ............................................................................................................. 51 

Chapter 4 ................................................................................................................. 52 

Solvent response of copolymer brush ....................................................................... 52 



vii 
 

4.1. Introduction ............................................................................................................ 53 

4.2. Molecular model .................................................................................................... 56 

4.3. Results and discussion ............................................................................................ 57 

4.4. Conclusions ............................................................................................................. 67 

Chapter 5 ................................................................................................................. 69 

Solvent response of mixed polymer brush ................................................................ 69 

5.1. Introduction ............................................................................................................ 70 

5.2. Molecular model .................................................................................................... 73 

5.3. Results and discussion ............................................................................................ 74 

5.4. Conclusions ............................................................................................................. 89 

Chapter 6 ................................................................................................................. 91 

Concluding Remarks ................................................................................................. 91 

6.1. Achievements ......................................................................................................... 92 

6.2. Future work ............................................................................................................ 93 

6.2.1. High Dimension ................................................................................................ 94 

6.2.2. Topology .......................................................................................................... 94 

6.2.3. Complex interaction ........................................................................................ 95 

6.2.4. Non equilibrium properties ............................................................................. 95 

References ............................................................................................................... 96 

Appendix................................................................................................................ 104 

 

 



 

 

List of Figures 

Figure 3.1 Schematic illustration of associating polymer brushes immersed in 

explicit solvent. ....................................................................................................................... 39 

Figure 3.2 (a) Density profiles of polymer brushes and solvent at T = 303K. (b) 

Not bonded fraction of polymer brushes and solvent at T = 303K. (c) Density 

profiles of polymer brushes and solvent at T = 307K. (d) Not bonded fraction 

of polymer brushes and solvent at T = 307K. Other parameters are fixed: the 

polymer brush length NA = 50, grafting density ρgσ2 = 0.1, bulk solvent density 

ρBσ3 = 0.8. .................................................................................................................................. 42 

Figure 3.3 Semi-canonical free energy (A') versus temperature (T) 

(corresponding to Figure 3.2). All the possible morphology (diamond (blue 

line): collapsed. rectangle (red line): extended) has been marked in the semi-

canonical free energy diagram. The collapsed - extended structure phase 

transition happens at T=305K. The intersection between the collapsed - 

extended structure has a discontinuity of the slope, indicating the first-order 

phase transition. ..................................................................................................................... 44 

Figure 3.4 (a) Density profiles of polymer brushes and solvent at T = 281K. (b) 

Not bonded fraction of polymer brushes and solvent at T = 281K. (c) Density 

profiles of polymer brushes and solvent at T = 285K. (d) Not bonded fraction 

of polymer brushes and solvent at T = 285K. (e) Density profiles of polymer 

brushes and solvent at T = 303K. (f) Not bonded fraction of polymer brushes 

and solvent at T = 303K. All the other parameters are the same with Figure 3.2 

except ρgσ2 = 0.2. .................................................................................................................... 45 

Figure 3.5 Semi-canonical free energy (A') versus temperature (T) at higher 

grafting density ρgσ2 = 0.2 (corresponding to Figure 3.4). All the possible 

morphology (triangle (green line): collapsed. cross (purple line): partial 

collapsed. rectangle (red line): extended) has been marked in the semi-

canonical free energy diagram. The collapsed - partial collapsed structure 

phase transition happens at T=299K. The partial collapsed - extended 

structure phase transition happens at T=285K. The discontinuity of the slope 

for different structures indicates that both transitions are first order phase 

transition. ................................................................................................................................. 47 



ix 
 

Figure 3.6 Swelling ratio (Sw) of polymer brushes versus temperature (T) at 

different grafting density: ρgσ2= 0.05, 0.1, 0.15, 0.2. Other parameters are 

fixed: the polymer brush length NA = 50, bulk solvent density ρBσ3 = 0.8. ........ 48 

Figure 3.7 Swelling ratio (Sw) of polymer brushes versus temperature (T) at 

different chain length: NA = 20, 50, 100, 200. Other parameters are fixed: 

grafting density ρgσ2 = 0.1, bulk solvent density ρBσ3 = 0.8. ................................... 50 

Figure 4.1 Schematic illustration of solvent response of diblock copolymer 

brushes with different B block length. The length of A block is fixed. Red lines: 

A block. Blue lines: B block. A likes solvent, while B does not. The illustration 

shows all possible morphology of copolymer brushes immersed in explicit 

solvent: (a) mixed; (b) collapsed; (c) partial exposed; (d) exposed. ................... 58 

Figure 4.2  Density profiles of solvated copolymer brushes with ρg = 0.13, ρs = 

0.8, NA = 50, and NS = 10 at different lengths of B block: (a) NB = 2; (b) NB = 6; 

(c) NB = 8; (d) NB = 15; (a,b,c,d) show the corresponding microstructure 

previously illustrated in Figure 4.1. The density profile of B block is enlarged 

in the inset of (a) to present the mixed structure more clearly. ........................... 60 

Figure 4.3 Semi-canonical free energy (A') versus B block length (NB) with ρg = 

0.13, ρs = 0.8, NA = 50, and NS = 10. All the possible morphology (diamond: 

mixed. rectangle: collapsed. triangle: partial-exposed. cross: exposed) has 

been marked in the excess free energy diagram. The collapsed - partial 

exposed structure phase transition happens at NB = 8. ............................................ 62 

Figure 4.4 Semi-canonical free energy (A') versus B block length (NB) at lower 

grafting density ρg = 0.1. All the other parameters are the same with Figure 4.3 

except ρg = 0.1. NB = 17 is considered as the transition chain length. ................. 64 

Figure 4.5 Semi-canonical free energy (A') versus B block length (NB) at 

smaller solvent NS = 1. All the other parameters are the same with Figure 4.4 

except NS = 1. ............................................................................................................................ 65 

Figure 5.1 Comparision of brush density profile for three cases at the same 

total grafting density. Case 1: pure 50-mer, ρg=0.2, SF = 0.41. Case 2: pure 51-

mer, ρg=0.2, SF = 0.41. Case 3: mixture of 50-mer (A: ρg=0.1, SFA = 0.38) and 51-

mer (B: ρg=0.1, SFB = 0.44). The density profile in monodisperse systems (Case 

1 and Case 2) is multiplied by one half for comparision with the mixture (Case 

3). ................................................................................................................................................. 76 



x 
 

Figure 5.2 Brush density profile of a mixture of different chain length (A: 100-

mer  B: 50-mer). Grafting density: ρA=ρB=0.1. Stretching factor: SFA = 0.41, SFB 

= 0.30. ......................................................................................................................................... 78 

Figure 5.3 Brush density profile of a mixture of different interaction energy 

(εA=0.8 εB=0.2). Grafting density: ρA=ρB=0.1. Chain length: NA=NB=50. 

Stretching factor: SFA = 0.14, SFB = 0.39. ........................................................................ 79 

Figure 5.4 Distribution of monomer ρt(z) numbers t=3, 8, 12, 18, 27, 50 and 

also the density profile of polymer brush B in Figure 5.3. All the parameters 

are the same in Figure 5.3. The distribution of monomer number 12 is 

considered as the first monomer that is tethered to the "soft surface". ............. 80 

Figure 5.5 Chain length effect (NA) on the binary polymer brush structure. All 

the other parameters of the system are as in Figure 5.3 except the chain length 

of A. (a) NA=62  and (b) NA=64. .......................................................................................... 82 

Figure 5.6 Helmholtz free energy versus chain length of A (NA). All the other 

parameters are the same as in Figure 5.3. The intersection, or the 

discontinuity of the slope, is indicative of the first-order phase transition. .... 84 

Figure 5.7 Solvent selectivity effect on the transition chain length for εB=0, 

NB=50, ρA=ρB=0.1. The boundary line divides the system into two parts: A-

outer layer (left) and B-outer layer (right). .................................................................. 86 

Figure 5.8 Relative grafting density effect on the transition chain length for 

εA=0.6, εB=0, NB=50, ρB=0.1. The boundary line divides the system into two 

parts: A-outer layer (right) and B-outer layer (left). ................................................. 88 

 



 

1 
 

Chapter 1 

Introduction 

This dissertation makes key contributions to improve the understanding in 

microstructure and phase behavior of stimuli-responsive polymer brushes, with an 

emphasis on temperature responsive polymer brushes, copolymer brushes, and 

mixed polymer brushes. Such developments apply broadly to fields ranging from 

biology and medicine to soft materials. In this chapter, the motivation, objectives, 

and outline of this research will be introduced. 

1.1. Motivation 

Nature creates functionalized molecular assemblies and interfaces which can 

respond to the environment. The 2003 Nobel Chemistry Prize1 was awarded to Agre 

and MacKinnon for discovery and understanding of the molecular mechanism of 

ionic and water channels in cell membranes. The concerning channels are actually 

functionalized proteins that can change their structure to gate the flow of ions or 
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water upon some cellular signal. Fascinated by the amazing attributes of these 

natural materials, human beings dreamed to fabricate similar functional materials 

one day.  

Stimuli-responsive polymer materials,2 also called as "smart" polymer 

materials, are considered as potential candidates for such natural materials. Smart 

polymer materials refer to those materials that can change their structure or 

physical properties drastically to an external signal. The signals could be a change of 

temperature, solvent properties (pH, ionic strength), the magnetic or electrical field, 

applied mechanics force etc. For example, Poly(N-isopropylacrylamide) (PNIPAAM) 

is a typical temperature-responsive polymer. Above its lower critical solution 

temperature (LCST), the PNIPAAM chains collapse and are hydrophobic in the water 

solution. Below the LCST, they expand and become hydrophilic. Such smart polymer 

materials are unique because the response of each monomer to the environment is 

collected together and thus the system displays a non-linear response to the 

external signal. These materials can serve as a robust platform since we can easily 

tune the architecture, monomer sequence, chemical composition of polymers for 

targeted application. Consequently, the smart polymer materials have been used in 

various fields such as drug delivery,3-5 smart coatings,6-8 biosensor,9,10 muscle-like 

biomaterials,11 tunable catalysis,12,13 smart nanoparticles and colloids.14-16 

1.1.1. Stimuli-responsive polymer brushes  

If these smart polymers are grafted onto the surface or interface, stimuli-

responsive or smart polymer brushes17-19 can be obtained. Since one end of all 
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polymer brush chains is confined onto the same surface, the polymer chains have to 

stretch to avoid the overlap of neighbor chains, indicating a greater size than flexible 

polymers. As a result, a polymer brush acts quite differently than the typical 

behavior of flexible polymers.  

1.1.1.1. Synthesis 

Polymer brushes18 are usually fabricated by physisorption20-22 and covalent 

attachment method.23-36 Physisorption refers to copolymer adsorption in the 

interface or surface. In this case, one block stays at the interface or surface like an 

"anchor", while the other block stretches and forms the polymer brush. Parsonage et 

al.20 used adsorption of poly(styrene) (PS)-poly(2-vinylpyridine) (PVP) block 

copolymer onto a solid surface to form the polymer brush. Similarly, Field et al.21 

and Motschmann et al.22 individually created the polymer brush by the physical 

adsorption of poly(styrene) (PS)- poly(ethylene oxide) (PEO) block copolymer to a 

surface. It is very convenient to prepare the polymer brush by the physisorption 

method. However, due to the weak interaction and reversible nature of 

physisorption, the formed brush layer can become unstable with a change of 

temperature or solvent properties. Also, this method shows poor control of grafting 

density.  

On the contrary, the covalent attachment method, either "grafting to"23 or 

"grafting from"24-36 technique, can overcome these shortcomings. In the "grafting to" 

method, the polymer chain with a functional end group is directly reacted with the 

reactive surface sites and forms the polymer brush. For example, Mansky et al.23 
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synthesized the copolymer brush (styrene and  methyl methacrylate) by triggering 

the reaction between the end hydroxyl group of copolymer and silanol groups of the 

silicon surface. The "grafting to" method has a feature that the free polymer chain in 

the solution has to penetrate an existed polymer brush region to react with the 

reactive surface sites. In this process, however, the penetration cost increases 

greatly with grafting density. Thus the "grafting to" method is only suitable to 

synthesis the polymer brush with low grafting density.  

In order to obtain polymer brush with high grafting density, the "grafting 

from" method is utilized. In the "grafting from" method, the polymer brush grows 

from the surface immobilized initiators. Various polymerization methods including 

conventional radical polymerization,28-30 controlled radical polymerization,24-27 

carbocationic,31,32 anionic,33,34 and other polymerization method35,36 can be used to 

synthesis the polymer brush. As an example, Ejaz et al.24 and Husseman et al.25 

successfully applied atom transfer radical polymerization (ATRP) to synthesis the 

Poly(methyl methacrylate) (PMMA) brush with high grafting density.  

Recent progress in polymer synthesis techniques makes it possible to control 

the molecular weight, grafting density, topology of the polymer brush very well. The 

block copolymer brush,25,37 mixed polymer brush,8,38 hyperbranched polymer 

brush,39,40 and molecular brush41,42 can also be easily synthesized. The rich 

architecture of polymer brushes provides a robust platform for modulating surface 

properties. 
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1.1.1.2. Characterization 

The above section sees the tremendous progress in synthesis of polymer 

brushes. To investigate the microstructure and phase behavior of polymer brushes, 

the experimental characterization is necessary. The experimental probe of polymer 

brushes mainly uses neutron reflectivity (NR),43,44 atomic force microscopy 

(AFM),33,45-48 scanning electron microscopy (SEM),49 quartz crystal microbalance 

measurements (QCM),50 water contact angle measurement,23,45,48  

ellipsometry,33,45,51,52 surface forces,48,53 surface plasmon resonance (SPR),45,54 and 

X-ray photoelectron spectroscopy (XPS).45,55 For example, Jordan et al.33 used AFM 

and ellipsometry to measure the PS brush thickness and surface roughness. 

Leckband et al.48 demonstrated the switch of temperature responsive polymer 

brush by conducting water contact angle measurements over a range of 

temperatures. Kilbey et al.53 utilized a surface force apparatus to obtain the force-

distance curve, indicating the structure properties of the polymer brush. Since each 

method reveals only a part of information about the microstructure of the polymer 

brush, a mix of these methods can provide a more complete picture of the polymer 

brush. Note that, these experimental techniques have their shortcomings. First, the 

measurements cannot give a detailed local structure of the polymer brush including 

the distribution of each monomer. They usually give an indirect probe of 

microstructure of the polymer brush. Second, the experimental methods are 

inefficient to investigate the effect of each parameter for a complex system. The 

complex feature includes number of components, surface interactions, complex 

interaction between the molecules, geometry, and molecular scale etc.  
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On the other hand, molecular simulations56-68 are more reliable to obtain the 

detailed microstructure of the polymer brush. For instance, Murat and Grest56-58 

performed molecular dynamics simulation to investigate the density profiles of 

polymer brushes. They studied the effect of grafting density, molecular weight, 

solvent quality, and surface interaction on the polymer brush morphology 

systematically. They found good agreement with the analytical theory for long 

chains at intermediate grafting density. Monte Carlo simulation59-61 is also employed 

to investigate the microstructure and phase behavior of polymer brushes. Good 

agreement with theoretical approaches is also obtained. The most serious problem 

for the molecular simulation is that it is very time-consuming to perform. Hence, the 

molecular simulation is only useful for a simple system. For the smart polymer 

brush system with explicit solvent, the large parameter space makes the simulation 

expensive to perform. Few molecular simulation studies treat the smart polymer 

brush system such as the mixed65-67 or copolymer brushes62-64, associating polymer 

brush.68 In these simulations, some techniques such as simulated annealing or 

coarse-grained method have to be used to decrease the computational time. For 

these reasons, the application of molecular simulation to smart polymer brushes is 

greatly limited. 

1.1.1.3. Application 

Polymer brushes, with some variations in interface and solvent, serve as a 

central physical model in many applications of smart polymer materials.17 The 

surfactants, micelles, copolymer melts are all important variations of the polymer 
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brush. The surfactant is the copolymer with a polar head and hydrocarbon tail. They 

usually stay in the liquid-liquid or liquid-vapor interface to decrease the surface 

tension. For an oil-water system, the polar head of surfactant stays in the water, 

while the tail has to stretch in the oil phase. This forms a polymer brush in a water-

oil interface. The micelle can be formed by the block copolymer in the solution. For 

instance, in the water solvent, the hydrophobic block of copolymer is condensed 

into an inner core, while the other block is tethered into the inner core and forms 

the spherical polymer brush. In addition, when the two blocks of copolymer are 

strongly incompatible, it can form the lamellar structure with a sharp interface. This 

forms the polymer brush in the A-B block interface. These important variations are 

considered as functional block in many applications. 

Polymer brushes first attracted people's attention due to its effect as 

flocculants in colloidal suspension.69,70 In a polymer-colloid mixture, the polymers 

are absorbed into the surface of colloids to form the polymer brush. As a result, two 

colloids cannot attract together due to strong steric cost, and the colloid solution 

stays very stable. 

Smart polymer brushes can respond to external stimuli with a high 

sensitivity through the change of molecule conformation. The "smart" property 

gives the polymer brush a wider platform for application in various fields including 

smart surface,8,38,71-74 smart nanoparticles,14-16,75 drug delivery,3-5 biosensors,76,77 

tunable catalysis,12,13 and microcantilevers.78-80  For example, inspired by the 

principle of ionic channel, the smart polymer can be grafted onto the surface of 
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micropores. Then we can control the environment (such as temperature, PH, 

electrical field) to make the polymer brush swell or deswell, creating a valve to open 

or close a micropores. Such feature has been utilized to govern the flow of the fluids 

in microfluidic device.81-83 The smart polymer brush also provides a large parameter 

space, such as molecular weight, chemical composition, grafting density, to employ. 

This indicates the surface properties (i.e., wettability, permeability, mechanical or 

optical properties) and its dynamic response towards the external signal can be 

tuned to match specific applications.  

The smart polymer brush has been proved to be a reliable and efficient 

method to create a smart surface whose properties can change depending on the 

environment. The surface can be tuned to be hydrophilic or hydrophobic by 

changing the physical property of the polymer brush. This feature is widely used in 

antifouling (proteins or bacterial) to create artificial organs with better 

biocompatibility. Another useful example of smart polymer brushes is in 

lithography where a neutral surface is required. The neutral surface23 can be simply 

obtained by grafting the surface with a random copolymer. The monomer fraction of 

the copolymer is tuned to make sure that the surface has no preference to each 

solvent. Moreover, if a smart polymer brush is grafted onto the surface of a 

nanoparticle, a smart nanoparticle can be fabricated. Such smart nanoparticles15,16 

are sensitive to the environment, thus we can control the position of nanoparticles 

by changing the environment (temperature, pH, ionic strength). The movement of 

nanoparticles from oil to water can break the emulsions16 indicating a strong 

application in enhanced oil recovery. 
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The smart polymer brush also has potential application in sensors77,79,80 and 

drug delivery.84,85 When the polymer is grafted to the surface, the surface acquires a 

lateral stress and becomes distorted.77,79,80 A change of environment triggers the 

conformation change of polymer brush, resulting in a curvature change of surface. 

Since the smart polymer brush is very sensitive to specific change of environment, 

the efficient transduction mechanisms in a smart polymer brush makes it suitable 

for sensors. For instance, PNIPAAM chains are grafted onto microcantilevers to 

design pH sensitive microsensors.77 In drug delivery,84 the block copolymer is 

utilized to produce a polymer micelle with a hydrophilic outer shell and 

hydrophobic inner shell. The inner shell can be used as drug reservoir, while the 

outer shell consists of a polymer brush that has biocompatibility and can be 

functionalized to specifically bind with target cells. Then such polymer micelle can 

respond to the external signal (pH or electrical field) and release the drugs to target 

cells. As a potential method for modern therapy, this intelligent drug delivery 

process has been extensively studied because of its high efficiency and precise 

control.  

1.2. Challenge  

Smart polymer materials are an emerging field that attracts increasing 

attention from academics due to its unique property and similarity with natural 

materials. Designing the stimuli-responsive polymer systems to mimic the life 

system or for some specific application, of course, is a difficult task for all scientists. 

The experimental probe of the local structure of smart polymer brushes such as 
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distribution of each monomer is very difficult due to the inhomogeneous molecular 

scale. Moreover, the microstructure and physical properties of smart polymer brush 

systems are determined by many parameters. First, the number and chemical 

property of each component in the system should be very important. Second, the 

complex interaction between these components should be also considered, such as 

long range attraction, short range, highly directional association, columbic 

interaction etc. Third, the surface geometry and its attraction towards each 

component also affect the local structure. Such large parameter space makes the 

simulation or experiments difficult and costly to perform. Therefore, a simple and 

efficient theoretical method which can provide guidance for the experimental design 

of smart polymer brushes is in great need.  

In this thesis, we propose to utilize a classical density functional theory 

(DFT) to investigate the microstructure and phase behavior of the smart polymer 

brush. DFT keeps all segments information and can be considered as a coarse 

grained method, acting like a bridge between macroscopic thermodynamic 

approaches and microscopic simulation. DFT gives good accuracy compared to 

simulation and also provides much better efficiency when employing the vast 

parameter space. Furthermore, DFT gives physical insight from a molecular 

viewpoint and thus can provide useful guidance for experimentalists in smart 

polymer materials field. In the next chapter, we will introduce the algorithm of DFT 

method for smart polymer brush. Meanwhile, two other theoretical approaches for 

the polymer brush are introduced: scaling theory, self-consistent field theory 
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(SCFT). We will compare these different approaches and point out their strengths 

and weaknesses. 

1.3. Research scope 

This thesis is confined to the study of linear planar polymer brushes with one 

dimension of inhomogeneity. The lateral segregation effect has been neglected. The 

spherical polymer brush should be similar except for the curvature effect. We have 

systematically studied three different types of polymer brushes which are widely 

used in designing smart surfaces. The thesis contributes to understand the 

microstructure and phase behavior of these polymer brushes from a molecular 

viewpoint. It is greatly helpful for the community who fabricates similar system 

based on the polymer brush.  

The heart of this thesis is development and application of density functional 

theory for smart polymer brush. Chapter 2 introduces the three common theoretical 

approaches in the polymer brush field: scaling theory, self-consistent field theory, 

and density functional theory. The advantage and disadvantage of each approach is 

discussed. In Chapter 3, a density functional theory incorporating the competition 

between the association and long range attraction is proposed for the temperature 

responsive polymer brush. The simple modeling parameters identify the existence 

of lower critical solution temperature behavior of associating polymer brush.  

Without using any empirical parameter dependent on the temperature or 

concentration, our model provides physical insight to the LCST behavior of polymer 
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brush. In Chapter 4, density functional theory is applied to copolymer brushes in 

explicit solvents. We identify three response regions of copolymer brushes for 

different block length ratio, which is proposed by previous experimental group. The 

physical reason for the phase behavior of copolymer brushes is also discussed. The 

work provides theoretical support for the experiments. In Chapter 5, density 

functional theory is applied to mixed polymer brushes with implicit solvent. The 

segregation effect in mixed polymer brushes with different chain length is observed, 

which is consistent with simulation. We also provide the microstructure and phase 

diagram of mixed polymer brushes by exploring the grafting density and molecular 

weight. Finally, Chapter 6 summarizes the key achievement of this dissertation. The 

future application and development of density functional theory is proposed and 

discussed. 
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Chapter 2 

Theory of polymer brush 

The theoretical investigation of polymer brushes has been long interest of 

scientists. For the polymer chain with fixed chain length N tethered onto a surface, 

the equilibrium structure of polymer is dependent on its grafting density σ. At the 

low grafting density, each polymer chain simply forms a half sphere with Flory 

radius (RF = N3/5a, a is the monomer size). However, when the grafting density 

increases, the distance between the grafting sites (D = σ-1/2a) decreases. At the 

region with D < Rf, the neighbor chains start to interact and thus the polymer chain 

has to stretch to form the so called "polymer brush". According to a historical 

viewpoint, we mainly introduce three approaches: scaling theory, self consistent 

field theory and density functional theory.   
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2.1. Scaling theory 

People are interested in the polymer adsorption in the interface due to the 

potential application in colloidal stabilization or enhanced oil recovery. There are 

two types of polymer adsorption. One is called uniform adsorption (UA) since the 

monomers in the polymer chain prefer the interface. de Gennes86 first discussed the 

UA based on his scaling theory. In the other case, only specific segment (i.e., polar 

head) in the polymer chain prefers the interface. Such kind of adsorption is called 

polar head adsorption (PHA). The surfactants that stay in the interface are a good 

example of the PHA. PHA is actually a good case of the polymer brush.  

Inspired by the treatment of de Gennes for UA, Alexander87 applied the 

scaling theory to study PHA. The basic idea is to consider the equilibrium thickness 

(D) of polymer brush with chain length (N) and grafting density (σ) as a balance 

between its stretching cost and repulsive energy. By assuming the interactions 

between the surface and monomers are weak, the total free energy of the polymer 

brush can be written as: 

           
  

 
     

  

     
 ( 2.1 ) 

The polymer brush can be first viewed as a semi-dilute solution of the 

polymer, thus it has an osmotic pressure which represents the repulsive energy of 

polymer segments. This repulsive energy can be estimated with scaling approach 

and be included in the first term (fr). On the other hand, Alexander considers the 
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polymer brush as a dense solution of ideal chains of blobs with size ξ. The stretching 

energy of the polymer brush (fs) can be estimated from those of ideal chains. 

    
  

 
 
 
 
 

 ( 2.2 ) 

The layer thickness is obtained by minimizing the total free energy with 

respect to thickness D, 

         ( 2.3 ) 

This is the famous scaling law for the polymer brush in a good solvent 

(athermal). The scaling law shows that the equilibrium thickness of the polymer 

brush is dependent linearly on N. This indicates the polymer chain is more strongly 

stretched than the usual polymer coil, which scales N with only an order of 1/2. 

Thus the polymer brush properties are expected be different with its bulk solutions. 

Moreover, the thickness is dependent on the grafting density with an order of 1/3, 

which is much weaker compared to the dependence on the chain length. Above 

scaling relationship has been verified by later experiments and also simulations. de 

Gennes88 further elaborates the scaling analysis for the polymer brush in the solvent 

of polymer melts.  

The above scaling method86-89 gives a general sense of the distinct physical 

properties between the polymer brush and its bulk solutions. Due to over 

simplification of the scaling theory, however, the local structure, especially the 

distribution of each segment, is not included in this approach. In fact, the scaling 
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method gives an unrealistic "step profile" for the overall monomer density 

distribution. Moreover, it is very difficult to apply the scaling approach to more 

complex systems such as smart polymer brushes since it neglects too much detail 

about the monomer or solvent information. A more delicate theory is in great need 

to overcome the shortcomings. 

2.2. Self consistent field theory 

Self consistent field theory (SCFT), proposed by S. F. Edward,90,91 is a very 

powerful theory in polymer field. SCFT models each polymer chain as an ideal chain 

(or Gauss chain) in an external field. The mean field is generated by the interactions 

between the polymer segments.  Now the central approximation in SCFT is that the 

external field is proportional to the density profile of segments. With an assumed 

density profile, the external field can be calculated. The density profile can be again 

updated based on this external field.  The iterations continue until the density 

profile converges to a final stable solution ("self consistent").  

 Several groups60,92-96 have applied SCFT to the polymer brush and obtained 

numerical results. These SCFT calculations capture all the detailed microstructure of 

the polymer brush including each monomer's distribution, however, it is more 

computational expensive than the scaling theory. Later, Milner17,97,98 noticed that 

the chains of the polymer brush were strongly stretched. By applying strong 

stretching99 assumption, the SCFT can be greatly simplified, leading to a very simple 

analytical solution for the polymer brush. The analytical solution is compared with 
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previous numerical solution and the excellent agreement is found. Here, we also 

briefly review Milner's analytical SCFT theory17,97,98 for the polymer brush.  

Milner recognized that not all the chain ends were at the same outer edge of 

the brush. The optimum state for the polymer brush was that the chain ends should 

have a broad distribution. In the self consistent theory framework, the free energy is 

written as 

             
 

   
 
  

  
 
 

          ( 2.4 ) 

As similar as the scaling approach, the first term is stretching energy, while 

the second term explains the repulsive energy. By minimizing the above free energy 

with respect to the configuration Z(s), we can obtain the optimized configuration 

Z(s) in an external potential μ(z).  

   
        

     
   

   

   
 

  

  
 ( 2.5 ) 

where s can be viewed as segment index along the polymer chain. The free 

energy is dominated by this optimized configuration. 

Milner further noticed that above equation was like the equation of motion 

that one particle with path Z (s is the time) moving in an external potential -μ. If we 

assume that the grafted bead is the first bead, while the end bead is the last one, the 

boundary condition can be written as:  
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         ( 2.6 ) 

     
  

  
          ( 2.7 ) 

Solving above equations, we can obtain the expression of Z(s), 

             
  

  
  ( 2.8 ) 

which is also called the "classical path" for the particle moving in the 

prescribed chemical potential. 

By using similarity and enforcing a "equal time" constraint, Milner obtained 

the expression of the potential must be 

            ( 2.9 ) 

B can be directly calculated from this equal time constraint 

   
  

   
 ( 2.10 ) 

With mean field approximation, the effective potential is simply related to 

the monomer density distribution by 

            ( 2.11 ) 

ω is the Flory parameter explains the interaction between the monomers, Φ 

is the overall monomer density. 

Thus, 
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                 ( 2.12 ) 

Milner further proved that the above parabolic density profile was the 

unique solution of the SCFT. The parabolic density profile agrees very well with 

previous numerical solution of SCFT.  

 The thickness of polymer brush is defined as the location where the density 

of monomer decays to 0. 

         ( 2.13 ) 

By enforcing the grafting density condition, A can be calculated, 

           
 

 

 ( 2.14 ) 

   
   

 
 

   

 
 ( 2.15 ) 

By combining the above equations, we obtain a well known result for the 

polymer brush thickness 

                      ( 2.16 ) 

As we can see, this is consistent with previous scaling theory. Moreover, the 

end bead distribution ε(ρ) can also be evaluated, by enforcing a constraint 

              
  

  
 
   

 

 ( 2.17 ) 

dz/dn is the velocity of particles with an initial position ρ at z. 
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( 2.18 ) 

With the strong stretching assumption, the analytical SCFT solution captures 

the detailed microstructure with great simplicity. This is a significant improvement 

over previous theoretical calculations. The analytical SCFT method provides more 

physical insight for the morphology of the polymer brush. SCFT is a computationally 

efficient and reliable method that can be used to calculate the phase diagram of the 

polymer system.  SCFT has also been applied to more complex systems such as 

mixed polymer brush,100 copolymer brush,101-103 charged polymer brush104,105 etc. 

The drawback of SCFT is that it neglects the compressibility and fluctuation effects. 

Thus SCFT may not be accurate if it is applied in more complex systems such as melt 

region when such effects become important. 

2.3. Density functional theory 

Another important alternative is the classical density functional theory 

(DFT). DFT keeps all segments information and can be considered as a coarse 

grained method, which is like a "bridge" between macroscopic thermodynamic 

approaches and microscopic simulation. DFT gives good accuracy compared to 

molecular simulation, and it provides much better efficiency when studying the vast 

parameter space. Also, DFT provides physical insight from a molecular viewpoint 

and thus is useful to guide the design of smart polymer materials.  
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Density functional theory (DFT) was originally developed by Hohenberg and 

Kohn106 for describing the ground state of the inhomogeneous interacting electron 

liquid. It then has been applied to model interfacial properties of a classical 

Lennard-Jones (LJ) fluid by Ebner and Saam.107 DFT is very powerful to describe the 

microstructure and phase behavior of inhomogeneous systems.108-110 The basic idea 

of DFT is that the Helmholtz free energy of the system can be written as a functional 

of the density profiles of all components, independent of the external field. For the 

grand canonical ensemble, the grand potential can be related with the Helmholtz 

free energy by Legendre transformation,  

                                       ( 2.19 ) 

Minimizing the grand potential with respect to ρ(R), we can obtain the 

equation, known as the Euler-Lagrange equation, 

 
        

     
            ( 2.20 ) 

Given a formalism of the free energy A[ρ(R)], we can obtain the equilibrium 

density profile. From statistical mechanics, all the other thermodynamics properties 

can be calculated based on the equilibrium density profile. Now the central problem 

is to find the expression of Helmholtz free energy for the targeted system.  

Based on thermodynamic perturbation theory, the free energy can be written 

as a sum of different contributions. 
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( 2.21 ) 

They refer individually to the ideal term, hard sphere term, attraction term, 

association term, and chain term. We will discuss physical meaning of each term in 

following text. 

2.3.1. Hard sphere fluids 

For the hard sphere mixture fluids of m spheres, the total free energy can be 

decomposed as ideal term and hard sphere term from thermodynamic perturbation 

theory.  

                                      ( 2.22 ) 

The ideal term is the free energy of a mixture of ideal molecules. This term 

accounts for the pure entropic effect, and has exact form from the statistical 

mechanics. (The de Broglie wavelength term (Λ3) inside the logarithmic function is 

dropped since it is not density dependent). 

                                      

 

   

 ( 2.23 ) 

where β=1/kT, k is Boltzmann's constant, and T is the temperature. Since all 

real molecules have the volume, the hard sphere term explains this excluded volume 

effect. The hard sphere term is more difficult to find. It turns out the weighted 

density approximation (WDA) is a good strategy for searching the hard sphere term. 

The most successful version comes from Tarazona111 and Rosenfeld.112  
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                             ( 2.24 ) 

with       given by 

 Φ                 
            

    
 

  
            

         
 

 ( 2.25 ) 

The fundamental measure theory (FMT) gives a quite accurate prediction for 

the hard sphere mixture. 

With realistic fluids with attractive potential (i.e., Lennard-Jones, Square-

well), we use a mean field approximation for this attractive energy. 

                
 

 
            

   

 

   

 

   

                      ( 2.26 ) 

2.3.2. Polymeric fluids 

For the polymeric fluids, the search of corresponding DFT becomes much 

more difficult. Unlike the free segments, the segments are bonded with each other to 

form a chain. The segments in a chain cannot move freely. Thus we have to find a 

chain term that accounts for this chain connectivity effect. There are usually two 

types of methods to consider such connectivity effect. The first type is called as CMS-

DFT which is first applied to the polymer fluids by Chandler, McCoy, and Singer 

(CMS-DFT).113,114 CMS-DFT needs a single-chain Monte Carlo simulation and 

polymer integral equation theory (PRISM)115 for the direct correlation function. 

CMS-DFT is very sensitive to specific closure and has some inherent inconsistency.  
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The other type of DFT is based on Wertheim's theory for associating 

fluids.116-119 Associating fluids refer to the fluids with short-ranged, highly 

anisotropic attractions, like hydrogen bonding interactions. To describe the 

structure and phase behavior of such associating fluids, Wertheim used the graph 

theory to perform a fugacity expansion and derive a first order thermodynamic 

perturbation theory (TPT1). TPT1 can describe the phase behavior of associating 

fluids very well. Chapman120 first realized that Wertheim's theory for association 

could be written in general form for inhomogeneous fluids. Using perturbation 

theory, the free energy of m associating spheres can be written as (Chapman's 

notation) 

 

                

            

 

   

       
      

  
     

 
 

 

 
 

      

 

( 2.27 ) 

The first summation is overall segment α, the second is over all bonding sites 

in each segment α. X denotes the fraction of segment α which is not bonded at their 

site A. This fraction can be again related with the density of segment α', 

   
      

 

        
       

                 
 ( 2.28 ) 

α' denotes the neighboring segments that bonds with segment α; site A on α 

bonds to site B on α'.  
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                                      ( 2.29 ) 

where K is a constant geometric factor which accounts for the entropic cost 

associated with the orientations and bonding volume of two segments, and    is the 

association energy.              is the cavity correlation function for the 

inhomogeneous hard sphere reference fluid. With the association energy    

becoming infinite large, the segments have to bond with each other to form a chain. 

We will obtain a chain contribution Ach that can be applied to polymeric fluids.  

Kierlik and Rosinberg121-123 becomes the first one to develop a DFT for 

polymer based on Wertheim's theory. They obtained nice agreement with the 

simulation. Later, Yu and Wu,124 Tripathi and Chapman,125 Jain and Chapman126 

developed their own DFTs based on Wertheim's theory. The DFT developed by Jain 

and Chapman serves the theoretical basis for the work in this thesis. This version of 

DFT enforces stoichiometry and can treat any complex heteronuclear systems. The 

theory is proven to be accurate for a wide range of systems, including copolymer 

confined near selective surfaces,127 polymer brush,128,129 branched polymers,125 oil-

water-surfactants,130 polymer-colloid mixture,131 associating polymeric systems. 

Jain et al.126 used his DFT to treat the homopolymer brush and obtain excellent 

results compared with simulation. Here, we use Jain's method of treating polymer 

brush and rewrite the DFT in a more general framework. Such generalized method 

can treat different types of polymer brush properly including mixed polymer 

brush,132 copolymer brush,133 associating polymer brush,134 which are the main 

content of this thesis. 
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2.3.3. DFT formalism for the stimuli-responsive polymer brush 

We consider a mixture of polymer brushes (T1, T2) with association in 

explicit solvent (F). The chain length of the polymer brushes and solvent is denoted 

individually mT1, mT2, mF. The diameter σ of all segments of the chain is assumed to 

be the same. The grafting density ρg and chemical potential μ of the solvent is fixed. 

This is actually a semi-canonical ensemble. Next, we will write the corresponding 

form of density functional theory in this semi-canonical ensemble. The 

corresponding semi-canonical free energy is also given. 

In this semi-canonical ensemble, the equilibrium density profile of polymer 

brushes and solvent is obtained by minimizing the "semi-canonical free energy" 

functional, 

 

                      

                  

 

   

           

  

   

 
( 2.30 ) 

N is the total number of segments. (N = mT1 + mT2 + mF). (This semi-canonical 

free energy can be obtained by applying a Legendre transform from the Helmholtz 

free energy in the canonical ensemble.) 

Since we consider a constant grafting density for polymer brushes, we have 

such constraints, 

          

   

   

   
       ( 2.31 ) 
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       ( 2.32 ) 

By using the Lagrange multiplier technique, we construct the free energy 

functional as 

 

                         

   

   

   
       

              

   

   

   
        

( 2.33 ) 

By minimizing above functional             with respect to ρi(r), we can 

obtain 

 
           

   
    

           
    ( 2.34 ) 

 
           

   
     

               ( 2.35 ) 

 
           

   
     

               ( 2.36 ) 

Now the central problem is to find an expression of Helmholtz free energy 

          , we use thermodynamic perturbation theory (TPT) to decompose the 

Helmholtz free energy into several terms. 

 
                                                  

                                  

( 2.37 ) 

The specific expression for each term is given as, 



 28 
 

                                      

 

   

 ( 2.38 ) 

                             ( 2.39 ) 

with       given by 

 Φ                 
            

    
 

  
            

         
 

 ( 2.40 ) 

                
 

 
            

   

 

   

 

   

                      ( 2.41 ) 

 

                

            

 

   

       
      

  
     

 
 

 

 
 

      

 

( 2.42 ) 

The first summation is over all segments i, and the second over all the 

association sites on segment i as Г(i) is the set of all the associating sites on segment 

i.   
  denotes the fraction of segments of type i that are not bonded at their 

associating site A, which can be obtained by the law of mass action. 

   
      

 

        
       

                 
 ( 2.43 ) 

where i' denotes the neighboring segment which bonds with segment i; site A 

on i bonds to site B on i'. For hard sphere segments that do not overlap, 

                          
           ( 2.44 ) 
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where K is a constant geometric factor which accounts for the entropic cost 

associated with the orientations and bonding volume of two segments.             is 

the association Mayer-f function given as  

                            
               ( 2.45 ) 

where    is the bond energy and      
           is the bonding potential. In the 

complete association limit of     , the chain contribution to the free energy Achain 

can be obtained. For tangentially bonded segments, the bonding potential is given 

by 

            
            

               

        
  ( 2.46 ) 

and             is the cavity correlation function for the inhomogeneous hard 

sphere reference fluid. Since we don't have an exact expression for this 

inhomogeneous cavity function, we use the weighted density approximation to 

evaluate this term, 

                      
                       

               
   

 ( 2.47 ) 

where         is the weighted density of segment j at position r1. A simple 

weighting is used in this work, 

         
 

      
            ( 2.48 ) 



 30 
 

In addition, the functional derivative with respect to the density is added in 

the appendix. Substituting these derivative into the Euler-Lagrange equation, and 

then we can obtain 

For the free solvent, 

   
                    

           
            

         
      ( 2.49 ) 

For the polymer brush, 

   
                    

           
            

         
      ( 2.50 ) 

where   
     is given (l = F, T1, T2), 

 

  
     

 

 
      

     

    

  

  

            

                

   
    

   

 
     

   
    

 
      

   
    

 
        

   
    

 

( 2.51 ) 

The chain propagator I1 and I2 is individually given by following 

reoccurrence relationship, 

 

    
             

               
       

      
                  

                

( 2.52 ) 

     
        ( 2.53 ) 

and 
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( 2.54 ) 

      

     
    ( 2.55 ) 

Finally, the equilibrium semi canonical free energy will be 

 

                                         

                 

                 
       

 
   

 

   

             

  

          

 

( 2.56 ) 

This semi canonical free energy is important because we have to compare its 

value to determine which structure of polymer brush is more stable at specific 

condition. 

For the tethered bead of polymer brush, the external potential is 

   
        

                       
                     

  ( 2.57 ) 

and for the other segments 

   
        

                   
                       

  ( 2.58 ) 

Thus the density profile for the polymer brush is 

For the first tethered bead, 
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     ( 2.59 ) 

For the other segments, 

 

  
                      

    

          
          

         
      

( 2.60 ) 

where 

     
        ( 2.61 ) 

     
          

                    ( 2.62 ) 

     
             

               
              

                ( 2.63 ) 

and 

      

     
    ( 2.64 ) 

     
             

               
              

                ( 2.65 ) 

     
          

           
          

           ( 2.66 ) 

The Lagrange multiplier λT is adjusted to make the grafting density to be the 

given value ρg. 

       
                    

            
        

       
  ( 2.67 ) 

Based on the above equation, we can obtain the density profile of the 

polymer brush segments, which is a little different with the solvent. 
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      ( 2.68 ) 

To calculate the density profile numerically, the computational domain is 

divided into equally spaced grid points along the direction perpendicular to the 

surface. The density profiles are solved using Picard’s iteration method with a 

damping factor. The iterations start with a designed density profile as the initial 

guess. At every iteration, a new density profiles is determined which is then mixed 

with the old density profiles as the new input guess. The iterations do not stop until 

the difference between two density profiles is small enough (10-6). The above 

algorithm serves as the basis for all the work in this thesis. 
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Chapter 3 

Lower critical solution temperature 

behavior of associating polymer brush 

In this Chapter, we study the lower critical solution temperature (LCST) behavior 

of associating polymer brushes (i.e., poly(N-isopropylacrylamide) using classical density 

functional theory (DFT). Without using any empirical or temperature dependent 

parameters, we find the phase transition of polymer brushes from extended to collapsed 

structure with increasing temperature, indicating the LCST behavior of polymer brushes. 

The LCST behavior of associating polymer brushes is attributed to the interplay of 

hydrogen bonding interactions and Lennard-Jones (LJ) attractions in the system. The 

effect of grafting density and molecular weight on the phase behavior of associating 

polymer brushes has been also investigated. We find no LCST behavior at low grafting 

density or molecular weight. Moreover, increasing grafting density decreases the LCST 

and swelling ratio of polymer brushes. Similarly, increasing molecular weight decreases 

the LCST but increases the swelling ratio. At very high grafting density, a partial 
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collapsed structure appears near the LCST. Qualitatively consistent with experiments, our 

results provide insight into the molecular mechanism of LCST behavior of associating 

polymer brushes. 

3.1. Introduction 

Temperature responsive polymers
2
 such as poly(N-isopropylacrylamide) 

(PNIPAAM)
135

 undergo a sharp conformation change near the lower critical solution 

temperature (LCST) of 32 
o
C. Below the LCST, the PNIPAAM chains are hydrophilic 

and expand in water. Above the LCST, the PNIPAAM chains become hydrophobic and 

collapse to avoid contact with water. A common method to exploit this feature is to graft 

PNIPAAM chains onto a surface.
17

 This allows the surface properties to be controlled 

through temperature. Since the LCST (32 
o
C) is close to physiological temperature, 

PNIPAAM brushes have been utilized in various areas such as drug delivery,
136

 protein 

adsorption,
137

 cell adhesion,
138

 and chromatography.
139

  

To better tune conformation properties of PNIPAAM brushes for specific 

applications, it is very important to understand the PNIPAAM brushes phase behavior 

under different conditions such as molecular weight, grafting density, temperature etc. It 

is noteworthy that the PNIPAAM brushes may act differently as compared to bulk 

aqueous solutions since they are constrained by one end to a surface. The dependence of 

PNIPAAM brush conformation change on different molecular weight and grafting 

density has been extensively investigated by using a number of experimental techniques 

including neutron reflectivity (NR),
44,140-142

 atomic force microscopy (AFM),
46,143-145
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quartz crystal microbalance measurements (QCM),
50,143,144,146

 surface forces,
48,147,148

 

ellipsometry,
51

 water contact angle measurement
48,147

 and surface plasmon resonance 

(SPR).
54

 Generally, the molecular weight and grafting density are shown to be important 

for the phase behavior of PNIPAAM brushes. For example, Yim et al.
44,140-142

 performed 

neutron reflectivity (NR) to obtain the monomer concentration profile of PNIPAAM 

brushes at a variety of molecular weight and grafting density. A distinct phase transition 

for the polymer brushes was found only at higher grafting density and molecular weight. 

In addition, a “bilayer” structure, which consists of a dense inner "phase" and a dilute 

outer "phase", was observed when the temperature is close to the LCST. They also found 

that the maximum change of polymer brush thickness with temperature was at 

intermediate grafting density and high molecular weight. Leckband et al.
48,147

 conducted 

the surface force and water contact angle measurement for PNIPAAM brushes. In 

agreement with Yim et al.,
44,140-142

 they found the temperature-driven collapse transition 

for PNIPAAM brushes only happened at the higher grafting density and molecular 

weight.  Bittrich et al.
51

 used ellipsometry to measure the thickness of PNIPAAM brushes 

and observed similar behavior. They further demonstrated the decrease of hydrogen 

bonding interaction above the LCST by in situ attenuated total reflection Fourier-

transform infrared (ATR-FTIR) spectroscopy measurements for PNIPAAM brushes. By 

using AFM and QCM-D, Ishida et al.
143,144

 found that increasing grafting density 

decreased the LCST of PNIPAAM brushes. 

While there are a large number of experimental works on PNIPAAM brushes, 

relatively few theoretical
149-152

 and simulation
68

 studies have been conducted to explain 

the LCST behavior of PNIPAAM brushes. Lee et al.
68 performed molecular dynamics 
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simulation to investigate the deswelling mechanism of PNIPAAM brushes in water. They 

observed the deswelling of the PNIPAAM brushes above the LCST. They further found 

that it was mainly due to the decrease of the hydrogen bonding interaction between the 

amide groups and water molecules that caused the deswelling of PNIPAAM brushes with 

increasing temperature. Currently, most of the theoretical studies have been based on 

Flory-Huggins approach by using a phenomenological temperature-dependent χ 

parameter. Okada et al.
153

 explained the LCST behavior of PNIPAAM solutions by 

introducing the concept of cooperative hydration. Halperin et al.
149-152

 generalized the 

mean-field theory of Pincus to describe the LCST behavior of PNIPAAM brushes by 

introducing an empirical χ parameter that depends on concentration and temperature. The 

model predicted a bilayer structure at the higher grafting density and a single layer profile 

at lower grafting density. Mendez et al.
154

 used self-consistent field theory (SCFT) to 

study the effects of temperature, molecular weight, and grafting density on the 

equilibrium structure of PNIPAAM brushes. An empirical χ parameter obtained from the 

bulk phase diagram of PNIPAAM solutions was used as the input of their theory. They 

found that the maximum change of brush thickness was at intermediate grafting density 

and high molecular weight. The above theoretical studies provide some insight into the 

LCST behavior of PNIPAAM brushes.  

It is well recognized that the LCST phase behavior of PNIPAAM results from a 

balance between hydrogen bonding interactions and the long range attraction. Without 

considering the hydrogen bonding interaction between the polymer and solvent, it is 

difficult to explain the sharp LCST behaviors. In this chapter, the continuum space 

method based on Wertheim's theory
116-119

 considers both the compressibility effect and 
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hydrogen-bonding interaction and can provide molecular-level understanding to the 

nature of the LCST behavior. Jackson et al.
155-157

 and Arndt et al.
158

 successfully used this 

type of method to study the LCST behavior of hydrogen bonding polymeric systems in 

the bulk. Bymaster et al.
159

 developed the inhomogeneous statistical associating fluid 

theory (iSAFT) that incorporated the association interaction based on Wertheim’s theory. 

iSAFT has been successfully applied to study reentrant order-disorder phase transitions 

of associating polymeric systems. In this work, we used iSAFT to investigate the LCST 

behavior of associating polymer brushes. Rooted in statistical mechanics, DFT has 

become a popular tool to model polymeric systems.
109,125,126,160,161

 In comparison with 

simulation, DFT provides a more computationally efficient approach, especially when the 

solvent is explicitly included. McCoy et al.
113,114

 and later Jain et al.
129

 have extended 

DFT to polymer brush system. Their DFT results are in good agreement with simulation 

and follow the scaling relations proposed by Alexander
87

 and de Gennes.
86,88,89

 In our 

previous work, we successfully extended the work of Jain et al.
129

 to study the phase 

behavior of mixed polymer brushes
132

 and copolymer brushes.
133

 In this chapter, we 

extend the associating DFT of Bymaster et al.
159

 to model the LCST behavior of 

associating polymer brushes. Also, we have studied the effect of molecular weight and 

grafting density on the LCST behavior. Our results are qualitatively consistent with 

experimental results.  
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3.2. Molecular model 

We consider associating polymer brushes (A) of chain length NA in an explicit 

solvent (B). As shown in Figure 3.1, the polymer segment and solvent molecule have the 

same diameter σ. Each polymer segment has a single (type a) association site, and each 

solvent molecule has a single (type b) association site. These association sites represent 

hydrogen acceptor and hydrogen donor sites. The form of the association potential will be 

defined below.  

 

Figure 3.1 Schematic illustration of associating polymer brushes immersed in 

explicit solvent. 

As an initial study, we assume heterogeneity only perpendicular to the surface, 

thus the possible lateral inhomogeneity in the associating polymer brushes have been 

neglected. The polymer brushes are modelled as freely jointed chains with one end 
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tethered to a surface. The interaction potential between segments can be described as a 

sum of a hard sphere reference, a cut and shifted Lennard-Jones attraction with a Weeks, 

Chandler, and Andersen (WCA) separation,
162,163

 and association. 

       ω  ω                           
          ω  ω  

  

 ( 3.1 ) 

where r12 is the distance between two segments, ω1 (ω2) is the orientation of 

segment 1 (2) and 

           
               
               σ

   ( 3.2 ) 

The contribution due to long range attractions is 

            
                         σ          

                                    
  ( 3.3 ) 

where 

           ε    
σ

   
 
  

  
σ

   
 
 

  ( 3.4 ) 

rmin= 2
1/6
σ is the position of the Lennard-Jones potential minima, and rc=3.5σ is 

the cutoff distance.  

Finally, the association potential is given by 

    
          ω  ω    

 ε  
                          

           
  ( 3.5 ) 

where  a1 is the angle between the vector from the center of segment 1 to site a 

and the vector r12 and   b2 is the angle between the vector from the center of segment 2 to 

site b and the vector r12. The radial limits of square-well association were set to rc = 1.05σ 
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and the angular limit to  c = 27
o
. The surface is a smooth hard wall that is neutral (only 

repulsive) to the polymer brush segments and solvent molecules.  

3.3. Results and discussion 

In this section we study the phase behavior of associating polymer brushes (A) in 

explicit monomer solvent (B). To minimize the large parameter space, we first fix the 

polymer brush length NA = 50, grafting density ρgσ
2
 = 0.1, bulk solvent density ρBσ

3
 = 

0.8. The surface is located at z = 0. For simplicity, the interaction energy is set such that 

(1) the Lennard-Jones (LJ) interaction energy:    
         

             ; (2) 

Hydrogen bonding (HB) interaction energy:    
              ; (3) All other 

interactions are equal to 0. The parameters are chosen to mimic the balance between 

hydrogen bonding versus the van der Waals interactions of real systems. While simple, 

this model can still capture the essential physics of the associating polymer brush system.  

Before discussing our results, we first define two useful parameters: the thickness 

of the polymer brush <z> and the swelling ratio (Sw) of the polymer brush. The thickness 

of the polymer brush <z> is defined as twice the first moment of the density profile ρ(z): 

     
         

       
 ( 3.6 ) 

The swelling ratio of the polymer brush is defined as the brush thickness at 

desired temperature (T) divided by the one at T = 323K: 

    
    

       
 ( 3.7 ) 



 42 
 

 

Figure 3.2 (a) Density profiles of polymer brushes and solvent at T = 303K. (b) 

Not bonded fraction of polymer brushes and solvent at T = 303K. (c) Density 

profiles of polymer brushes and solvent at T = 307K. (d) Not bonded fraction 

of polymer brushes and solvent at T = 307K. Other parameters are fixed: the 

polymer brush length NA = 50, grafting density ρgσ2 = 0.1, bulk solvent density 

ρBσ3 = 0.8. 

Figure 3.2 (a-b) shows the density profiles (a) and not bonded fraction (b) of 

polymer brushes and solvent at T = 303K. An advantage of our theory is that, we can 

easily calculate the hydrogen-bonding fraction between the polymer brushes and solvent. 

At T = 303K, the polymer brushes are well solvated. The whole domain can be divided 

into two regions: the polymer brush region, which contains both polymer segments and 
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solvent, and the solvent region which contains pure solvent. For example, in Figure 2 (a), 

the separation line is about z = 11. The solvents have a density of about 0.45 in the 

polymer brush region, which is almost the same concentration with the polymer 

segments. Their density profiles both have strong oscillation near the surface due to 

packing effects. In the polymer brush region, as we can see from Figure 3.2 (b), about 

70% of polymer segments are bonded with the solvent, while 90% of solvents are bonded 

with the polymer segments. In this case, the hydrogen bonding interaction between the 

polymer brushes and solvent dominates the system and the solvent can easily penetrate 

into polymer brush region. However, as the temperature is increased from 303K to 307K, 

the polymer brushes suddenly collapse and phase separation occurs, as shown in Figure 

3.2 (c-d). It is a very sharp transition, and the transition temperature is the LCST of the 

polymer brushes. The collapse of the polymer brushes is due to the LJ attraction which 

exists between polymer segments. As temperature is increased, the hydrogen bonding 

between the polymer brushes and solvents decreases, and the LJ attraction becomes the 

dominant factor that makes the polymer brushes collapse. Increasing loss of entropy that 

occurs with association with increasing temperature can overcome the energetic benefit 

of association. The treatment of the association in the theory is why this theory is able to 

describe the LCST behavior without empirical parameters. In particular, we notice that 

there is almost a "bilayer" of solvent that can penetrate into polymer brush region and 

stay close to the surface. This effect is entropic in nature, since the penetration cost of 

solvents is relatively small compared to the entropic cost due to the complete collapse of 

the polymer brushes. We expect that the penetration of solvent will become less with 

increasing the size of the solvent molecules. The effect of solvent properties will be 
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considered in a future publication. Figure 3.2 (d) shows that hydrogen bonds still form at 

the interface between the polymer brush and solvent.  

 

Figure 3.3 Semi-canonical free energy (A') versus temperature (T) 

(corresponding to Figure 3.2). All the possible morphology (diamond (blue 

line): collapsed. rectangle (red line): extended) has been marked in the semi-

canonical free energy diagram. The collapsed - extended structure phase 

transition happens at T=305K. The intersection between the collapsed - 

extended structure has a discontinuity of the slope, indicating the first-order 

phase transition. 

We also calculate the free energy for each state. The semi-canonical free energy 

versus T can be found in Figure 3.3. As shown in Figure 3.3, we can see the intersection 
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(LCST = 305K), which has a discontinuity of the slope, indicating the first order phase 

transition from the exposed to collapse structure with increasing temperature. Without 

using any empirical temperature-dependent parameter, our theory successfully captures 

the LCST behavior of hydrogen bonding polymer brushes. 

 

Figure 3.4 (a) Density profiles of polymer brushes and solvent at T = 281K. (b) 

Not bonded fraction of polymer brushes and solvent at T = 281K. (c) Density 

profiles of polymer brushes and solvent at T = 285K. (d) Not bonded fraction 

of polymer brushes and solvent at T = 285K. (e) Density profiles of polymer 

brushes and solvent at T = 303K. (f) Not bonded fraction of polymer brushes 

and solvent at T = 303K. All the other parameters are the same with Figure 3.2 

except ρgσ2 = 0.2. 
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As we increase the grafting density to a very high ρgσ
2
 = 0.2, we find a partially 

collapsed structure (Figure 3.4 (c-d)) in addition to the extended (Figure 3.4 (a-b)) or the 

collapsed (Figure 3.4 (e-f)) structure. This kind of structure has been observed in the 

Yim et al.’s experiments
142

 and also predicted by Halperin et al.’s theoretical work with 

an empirical parameter χ.
149-152

 In Figure 3.4 (c), the partially collapsed structure is 

actually a mixing structure between the collapsed and the extended, since the inner part 

of the polymer brush is collapsed, while the outer part is well solvated. From the Figure 

3.4 (d), the collapsed portion of the brush is depleted in solvent/polymer hydrogen bonds, 

while the outer extended portion of the brush exhibits a significant amount of hydrogen 

bonding. This partially collapsed structure is very stable at high grafting density and it 

only appears at the temperature close to the LCST. The appearance of the partially 

collapsed structure is involved with the entropic cost of folding polymer brush. At very 

high grafting density, the polymer brush cannot collapse completely due to the high 

entropic cost. This is different than the phase behavior of bulk polymer solutions. 
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Figure 3.5 Semi-canonical free energy (A') versus temperature (T) at higher 

grafting density ρgσ2 = 0.2 (corresponding to Figure 3.4). All the possible 

morphology (triangle (green line): collapsed. cross (purple line): partial 

collapsed. rectangle (red line): extended) has been marked in the semi-

canonical free energy diagram. The collapsed - partial collapsed structure 

phase transition happens at T=299K. The partial collapsed - extended 

structure phase transition happens at T=285K. The discontinuity of the slope 

for different structures indicates that both transitions are first order phase 

transition. 

 In Figure 3.5, from the semi-canonical free energy phase diagram, we can see the 

structure transits from extended to partial-collapsed to collapsed as the temperature is 

increased. Both transitions are first order since the slope of curves is different. (The curve 
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for partial-collapsed structure does not connect to the collapsed state curve because 

partial-collapsed structure cannot be converged at higher temperature. This may be due to 

numerical instability of the current DFT methods.) 

 

Figure 3.6 Swelling ratio (Sw) of polymer brushes versus temperature (T) at 

different grafting density: ρgσ2= 0.05, 0.1, 0.15, 0.2. Other parameters are 

fixed: the polymer brush length NA = 50, bulk solvent density ρBσ3 = 0.8. 

The grafting density and molecular weight are considered as two important 

factors that affect the LCST behavior of polymer brushes. Since the swelling ratio of the 

polymer brush is very important for a specific application, we plot the swelling ratio of 
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the polymer brush as a function of temperature in Figure 3.6 - Figure 3.7. In Figure 3.6, 

the grafting density is varied from 0.05, 0.1, 0.15, and 0.2 to see its effect on the swelling 

ratio of polymer brush. At the lower grafting density ρgσ
2
 = 0.05, there is no LCST 

behavior found for the polymer brushes, and its thickness shows a gradual decrease as 

temperature is increased. At ρgσ
2
 = 0.1, we can see clearly a step change of swelling ratio 

at T = 305K, indicating the phase transition or the LCST behavior of the polymer brush. 

The LCST behavior of the polymer brush is shown to happen only at higher grafting 

density, which is consistent with numerous experiments.
44,48,51,140,141,147

 Increasing the 

grafting density from 0.1 to 0.15 decreases the LCST from 305K to 297K, the swelling 

ratio from about 1.6 to 1.4. The effect of grafting density on the LCST is qualitatively 

consistent with Ishida et al.'s experiments.
144

 The effect of grafting density on the 

swelling ratio is partially consistent with the viewpoint that intermediate grafting density 

and high molecular weight gives maximum swelling ratio change with temperature, 

which was shown by Mendez et al.’s SCFT results
154

 and Yim et al.’s 

experiments.
44,140,141

 At even higher grafting density ρgσ
2
 = 0.2, due to appearance of 

partial-collapsed structure, the swelling ratio curve first has a discontinuity at 285K (from 

extended to partial-collapsed), and then continuously decreases until a small step at 299K 

(from partial-collapsed to extended).  
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Figure 3.7 Swelling ratio (Sw) of polymer brushes versus temperature (T) at 

different chain length: NA = 20, 50, 100, 200. Other parameters are fixed: 

grafting density ρgσ2 = 0.1, bulk solvent density ρBσ3 = 0.8. 

The molecular weight (or the chain length) is another important parameter that 

can affect the phase behavior of the polymer brush. In Figure 3.7, we vary the chain 

length from 20, 50, 100, and 200 to see its effect on the swelling ratio of the polymer 

brush. At the lower chain length NA = 20, no LCST behavior is found. Instead, a gradual 

decrease of brush thickness is observed with increasing temperature, similar to the 

previous lower grafting density case. The other three cases (NA = 50, 100, 200) all show 

LCST behavior. Increasing the chain length from 50 to 100 leads to a decrease of LCST 
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from 305K to 297K. However, we find the LCST changes little with an increase chain 

length from 100 to 200. In addition, the swelling ratio increases monotonically from 

about 1.6 to 1.9 with increasing NA from 50 to 200, which is partially consistent with 

Mendez et al.’s SCFT results
154

 and Yim et al.’s experiments.
44,140,141

 The partially 

collapsed structure is not found at NA = 200. However, it could reappear at even higher 

molecular weight.  

3.4. Conclusions 

Understanding the effect of molecular weight and grafting density on the LCST 

behavior of associating polymer brushes is of great importance for smart material design. 

In this work, we have employed a DFT to study systematically the large parameter space 

(i.e., molecular weight, grafting density, temperature) that can affect the phase behavior 

of associating polymer brushes. Compared with molecular simulation, DFT has the great 

advantage of computational efficiency, especially when explicit solvent is included in the 

system. Consistent with experiments, our theory captures the LCST behavior of polymer 

brushes at higher grafting density and molecular weight. No LCST behavior is found at 

low molecular weight and grafting density. At very high grafting density, the partial 

collapsed structure is found near the LCST. Moreover, increasing grafting density 

decreases the LCST and swelling ratio of the polymer brush. Similarly, increasing 

molecular weight decreases the LCST but increases the swelling ratio of the polymer 

brush. This further demonstrates iSAFT’s capability to capture the hydrogen bonding 

effect of the associating polymer systems. 
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Chapter 4 

Solvent response of copolymer brush 

The understanding of phase behavior of copolymer brushes is of fundamental 

importance for the design of smart materials. In this Chapter, we have performed 

classical density functional theory (DFT) calculations to study diblock copolymer brushes 

(A-B) in explicit solvent which prefers the A block to B block. With increasing B-block 

length (NB), we find a structural transition of the copolymer brush from mixed to 

collapsed, partial-exposed and exposed structure, which is qualitatively consistent with 

experiments. The phase transitions are attributed to the interplay between entropic cost of 

folding copolymer brushes and enthalpic effect of contact between unlike components. In 

addition, we examine the effect of different parameters, such as grafting density (ρg) and 

the chain length of solvent (NS), on the solvent response of copolymer brushes. The 

transition chain length (NB) increases with decreasing ρg, and a smaller solvent molecule 

makes the collapsed structure less stable due to its lower penetration cost. Our results 
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provide the insight to phase behavior of copolymer brushes in selective solvents from a 

molecular view. 

4.1. Introduction 

Grafting polymer brushes to surfaces
17,18,23

 has proven to be a versatile method to 

tune surface properties with wide application in colloidal stabilization,
164

 drug 

delivery,
165

 or antifouling coatings.
166,167

 Copolymer brushes,2 due to the phase separation 

between the blocks, are commonly utilized to create smart surfaces. In particular, the 

inclusion of solvent can selectively expose one block of the copolymer brushes, resulting 

in changes of surface properties. Thus copolymer brushes attract much attention and have 

been studied extensively by experiments,
37,71,72,168

 simulation
62-64

 and theoretical 

calculation.
101-103,169

  

Recently, Xu et al.
71

 studied the effect of block length on solvent response of 

poly(n-butyl methacrylate)-b-poly(2-(N,N'-dimethylamino)ethyl methacrylate) (PBMA-

b-PDMAEMA) brushes. In their experiments, the diblock copolymer brushes with 

different top block (PDMAEMA) were immersed to hexane. Since hexane is a better 

solvent for PBMA than PDMAEMA block, the copolymer brushes rearranged themselves 

into different morphology, which was characterized by measuring the water contact 

angles. They found that, as the increase of top block (PDMAEMA) length, the response 

behavior of copolymer brushes transited from response region, partial-response region, to 

non-response region. In the response region PBMA dominated the surface, while 

PDMAEMA occupied the surface in the non-response region. In the partial-response 
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region, PBMA and PDMAEMA coexisted in the surface. However, the microstructure of 

copolymer brushes in different regions was not observed directly in the experiments and 

their explanation lacked theoretical support. 

Computer simulation can be an alternative method to study the phase behavior of 

copolymer brushes from a molecular viewpoint, however, simulations become 

computationally demanding when explicit solvent is included in the system. Therefore, 

few simulations
62-64

 of copolymer brushes are performed with explicit solvent. To include 

explicit solvent in the simulation, simulated annealing
62

 or coarse-grained techniques
63,64

 

are commonly used to decrease computation time. For instance, Yin et al.
62

 studied the 

phase behavior of copolymer brushes in selective solvents with the simulated annealing 

Monte Carlo method. They found complex morphology, such as the micelle, layer, and 

"flower", and also systematically studied the structure dependence on block length, 

grafting density, and solvent selectivity. Wang et al.
63

 performed a single-chain-in-mean-

field (SCMF) simulation of a coarse-grained model to investigate systematically the 

microphase separation of diblock copolymer brushes in selective solvents. They showed 

the phase diagram in terms of block fraction and grafting density. Also, Guskova et al.
64

 

used a coarse-grained dissipative particle dynamics (DPD) simulation to study the 

morphological transitions of diblock copolymer brushes in selective solvents.  

Self consistent field theory (SCFT), which commonly imposes an 

incompressibility constraint, is also widely used in studying the complex phase behavior 

of copolymer brushes. For example, using the self-consistent field theory (SCFT), 

Ferreira et al.
103

 studied the microstructure of diblock copolymer brushes in an implicit 
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good solvent by varying the Flory-Huggins interaction parameter χ, a parameter to 

characterize the incompatibility between two blocks. A demixing transition is found for 

the diblock copolymer brushes (A-B) if χ is positive and solvent is poor. For a negative χ, 

the A and B block are attracted by each other. Thus the B segment can enter the A block 

region near the surface and the copolymer brushes become less stretched. Later, Meng et 

al.
101

 used SCFT to quantify the explicit solvent response of diblock polymer brushes by 

the changes of surface-layer composition and brush height. The influence of different 

parameters, such as block fraction, block chain length, grafting density, incompatibility 

between two blocks, and solvent selectivity, was also investigated.  

Designing specific copolymer brushes for targeted application is a delicate and 

challenging process because the response range of copolymer brushes is limited and 

depends on a large parameter space, such as grafting density, solvent properties etc. 

Inspired by Xu et al.'s
71

 experiments, we take advantage of density functional theory 

(DFT) to investigate the microstructure and response behavior of diblock copolymer 

brushes with explicit solvent. Rooted in statistical mechanics, DFT is becoming a popular 

tool to model polymeric systems.
109,125,126,160

 In comparison with simulation, DFT 

provides a more computationally efficient approach especially when the solvent is 

included explicitly. DFT has been extended to polymer brush systems by McCoy et 

al.
113,114

 and later Jain et al.
129

 Their results show that DFT is in good agreement with 

simulation and also follows the scaling relations proposed by Alexander
87

 and de 

Gennes.
86,88,89

 In our previous work,
132

 we extended the work of Jain et al.
129

 to study the 

surface switch of mixed polymer brushes with implicit solvent. Now in this chapter, DFT 

is further applied to model copolymer brushes with explicit solvent. Different from other 
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works, we focus on solvent response of diblock copolymer brushes (A-B) with different 

top block (B) length. Four different structures (mixed, collapsed, partial-exposed, and 

exposed) are found in this study. We also calculated the semi-canonical free energy for 

each structure to find the stable state. Another advantage of DFT over simulation is the 

ability to directly calculate semi-canonical free energy and thus to identify first-order 

phase transitions in copolymer brushes. In addition, several important parameters, such as 

grafting density and solvent size, are systematically studied to present their effects on the 

phase transition of copolymer brushes. Consistent with Xu et al.'s
71

 main experimental 

results, this study provides a theoretical basis for their conclusions.  

4.2. Molecular model 

We consider diblock AB copolymer brushes in an explicit solvent (S). As an 

initial study, all the calculation in this work is performed in 1D, thus the possible lateral 

inhomogeneity in diblock copolymer brushes have been neglected. The copolymer 

brushes are modelled as freely jointed chains with one end tethered to a surface. 

According to Weeks-Chandler-Andersen (WCA) perturbation theory, the interaction 

potential between segments can be desribed as a sum of a hard sphere reference and a cut 

and shifted Lennard-Jones attraction. 

       ω  ω                      ( 4.1 ) 

where  
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  ( 4.4 ) 

rmin= 2
1/6
σ is the position of the Lennard-Jones potential minima, and rc=3.5σ is 

the cutoff distance. The interaction energy between segments are εAA = εBB = εSS = εAS = 

0.5 for the like species, and εBS = εAB = 0 for the unlike species. The surface is a smooth 

hard wall that is neutral to the copolymer brush segments and solvent molecules. 

4.3. Results and discussion  

We have studied the solvent response properties of diblock copolymer A-B 

brushes (A is tethered to the surface). To minimize the large parameter space, we first fix 

the grafting density ρg = 0.13, length of A block NA = 50, the chain length of solvent NS = 

10, and the solvent density ρs = 0.8. The surface is located at z = 0. The interaction 

energy is set such that the A block is attracted to the solvent, while the B block is solvent 

phobic. The length of B block (NB) is varied to see its effect on the response properties. 

This parameter set is chosen to be qualitatively consistent with Xu et al.'s experiments. 

Figure 4.1 gives an illustration of all the possible structures, which can exist when the 

copolymer brushes are immersed in an explicit solvent: (a) mixed; (b) collapsed; (c) 
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partial-exposed; (d) exposed. Our results are consistent with Xu et al.
71

 except the mixed 

structure (a). Xu et al.
71

 divided the diblock copolymer brushes into three regions based 

on NB: response region (similar to collapsed), partial-response region (partial-exposed), 

non-response region (exposed).  

 

Figure 4.1 Schematic illustration of solvent response of diblock copolymer 

brushes with different B block length. The length of A block is fixed. Red lines: 

A block. Blue lines: B block. A likes solvent, while B does not. The illustration 

shows all possible morphology of copolymer brushes immersed in explicit 

solvent: (a) mixed; (b) collapsed; (c) partial exposed; (d) exposed. 
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To provide detailed information about the different structures, the density profiles 

of the copolymer brushes (A-B) and solvent (S) with different lengths of B block are 

presented in Figure 4.2: (a) NB = 2; (b) NB = 6; (c) NB = 8; (d) NB = 20. Each case is 

corresponding to structures given in Figure 4.1. We illustrate the morphology transition 

as the order of decreasing NB. In Figure 4.2, the density profiles are plotted as a function 

of the distance from the tethered surface scaled by the diameter of the segment. When NB 

is large, the B block cannot hide within the A block and the exposed structure (d) is 

observed. Due to the complex interaction between copolymer brushes and solvents, there 

are two interfaces formed in (d): AS/B and B/A. The density profile of A block has 

strong oscillation near the surface and then forms a step like shape, which is commonly 

observed when homopolymer brushes are immersed in a good solvent. The solvent 

phobic B block arranges itself far from the surface in contact with the solvent. In 

addition, the solvent (S) penetrates into the polymer brush resulting in a fully extended 

solvent philic A block. Due to unfavorable S-B interactions on each side, the B block has 

been compressed significantly and forms the step like structure, where no solvent exists. 

When measuring contact angle, (d) will display the typical contact angle of B block due 

to the fact that B block consists of the surface outer layer and shields A block. This is the 

structure proposed by Xu et al.
71

 "the non-response region". When decreasing NB to 8, 

the partial-exposed structure appears, as shown in (c). This type of structure is basically 

the same as the exposed structure except that the B block folds back toward the surface a 

little bit so that it is partly shielded by the A block. Although the DFT calculation is in 

1D, this structure might imply that a surface-attached ripple, dimple micelle or perforated 

layer structure could be present as has been observed in simulation. Determining the 
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detailed equilibrium structure would require much more computationally intensive 3D 

DFT calculation. Therefore, the surface outer layer actually contains the mixture of A 

block and B block. Now if the contact angle is measured, an intermediate value between 

the contact angles of A block and B block is expected. The solvent can still penetrate into 

the polymer brushes surface region and even coexist with the solvent phobic B block. 

This is consistent with the so called "partial response region".  

 

Figure 4.2  Density profiles of solvated copolymer brushes with ρg = 0.13, ρs = 

0.8, NA = 50, and NS = 10 at different lengths of B block: (a) NB = 2; (b) NB = 6; 

(c) NB = 8; (d) NB = 15; (a,b,c,d) show the corresponding microstructure 

previously illustrated in Figure 4.1. The density profile of B block is enlarged 

in the inset of (a) to present the mixed structure more clearly. 
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When further decreasing NB to 6, a structural transition from partial-exposed to 

collapsed morphology is observed. As shown in (b), B block collapses and forms a 

double layer near the surface due to unfavorable contact with solvent. The collapse of the 

B block further drags the A block to fold back toward the surface, which results in very 

high density in the polymer brush region. The solvent cannot easily penetrate into the 

polymer brush region, thus a depletion zone for solvent appears. Now the A block 

completely dominates the surface outer layer, and the contact angle is expected to be that 

of A block. This region is equal to "response region". When NB is equal to 2, (a) presents 

the mixed structure. The mixed structure is simply a combination between the collapsed 

and partial-exposed structure. Even though most of the B segments collapse toward the 

surface, a small fraction of B segments still stay far away from the surface and form a 

partial-exposed structure. Such kind of structure has not been observed in experiments, 

but our theory says that it is a possible stable structure when NB and NS are quite small.  
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Figure 4.3 Semi-canonical free energy (A') versus B block length (NB) with ρg = 

0.13, ρs = 0.8, NA = 50, and NS = 10. All the possible morphology (diamond: 

mixed. rectangle: collapsed. triangle: partial-exposed. cross: exposed) has 

been marked in the excess free energy diagram. The collapsed - partial 

exposed structure phase transition happens at NB = 8.  

We calculate the semi-canonical free energy (A') for each state and plot it versus 

NB to show the stable states of the system. As shown in Figure 4.3, the partial-exposed 

structure has almost the same semi-canonical free energy with collapsed structure when 

NB is between 6 and 9. However, if we zoom in Figure 4.3, we can see the intersection at 

NB = 8, indicating a possible first order phase transition from partial-exposed to collapsed 

structure. The first order phase transition is more obvious in Figure 4.4. However, the 
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transition from exposed to partial-exposed, or from collapsed to mixed is not so obvious 

since they have a similar slope. When NB is relatively large, the collapsed structure has a 

higher surface free energy than the exposed or partial-exposed structure. The state that 

has a lower surface free energy is proven to be more stable. Thus in the order of 

decreasing NB, the copolymer brushes transit from exposed, partial-exposed, collapsed 

and finally to a mixed structure.  In this diblock copolymer brush system, the B block is 

solvent phobic and would rather stay near the grafting surface to hide from solvent, while 

the solvent philic A block likes to be immersed in the solvent. This is the enthalpic effect. 

On the other hand, the collapse of B block causes A block to fold back and forms a "U" 

shape. Thus a region with a high density of polymer brush and a low density of solvent 

appears, resulting in a large entropic penalty. The objective of the system is to minimize 

the surface free energy by striking a balance between the enthalpic effect and the entropic 

cost. When NB is large, the entropic effect dominates and the exposed or partial-exposed 

structure is more stable. Meanwhile, a smaller NB results in the enthalpic effect becoming 

the dominant factor and the collapsed or mixed structures become more stable. 
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Figure 4.4 Semi-canonical free energy (A') versus B block length (NB) at lower 

grafting density ρg = 0.1. All the other parameters are the same with Figure 4.3 

except ρg = 0.1. NB = 17 is considered as the transition chain length. 

A larger parameter space can be employed to provide guidance for design of 

smart materials based on copolymer brushes. We mainly focus on the effect of grafting 

density ρg and chain length of solvent NS in this chapter. Grafting density is an important 

parameter for the polymer brushes and can be controlled in the experiments. In 

comparison to Figure 4.3, Figure 4.4 presents the relatively lower grafting density case 

ρg = 0.1. As we can see in Figure 4.4, all the structures presented for ρg = 0.13 can still be 

found, and the phase diagram is also similar. However, the transition chain length NB 
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increases from 8 to 17, as expected. The entropic cost resulting from folding of 

copolymer brushes increases with grafting density ρg, and it becomes a dominant factor in 

comparison to the enthalpic effect because of contact between unlike components. The 

result is actually consistent with our previous calculation of mixed polymer brushes with 

implicit solvent.
132

 With inclusion of the explicit solvent, our conclusion that lower 

grafting density increases the transition chain length is further validated here. 

 

Figure 4.5 Semi-canonical free energy (A') versus B block length (NB) at 

smaller solvent NS = 1. All the other parameters are the same with Figure 4.4 

except NS = 1. 
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The chain length of solvent NS is also an interesting parameter to employ, which 

most of the experiments and simulations have neglected. For example, if in the 

experiments one switches the top and bottom block of the copolymer brushes and water 

instead of hexane is used to treat the copolymer brushes, then a different result might be 

obtained. Such kind of prediction can easily be made by the DFT theory. Now the chain 

length of solvent Ns is decreased from 10 (Figure 4.4) to 1 (Figure 4.5) to show its effect 

on the phase behavior of copolymer brushes. All the other parameters in Figure 4.5 are 

the same with Figure 4.4. Interestingly, the collapsed structure is not a stable state at any 

value of NB, even though it can still exist as an unstable structure. There is a direct 

transition from the partial-exposed to mixed structure, instead of an intermediate 

collapsed structure. No first order phase transition is found since the slopes of mixed and 

partial-exposed structures are almost the same. However, as shown in Figure 4.5, the 

slope of collapsed structure is still different with the other structures'. Usually it is easier 

for the smaller size solvent to penetrate into the polymer brush region due to the lower 

entropic cost. The strong penetration of solvent makes some fraction of A block become 

fully extended and thus B block has to stay far away from the grafting surface. This 

explains why the mixed structure is the preferred one in comparison with the fully 

collapsed structure for the smaller Ns case. 

It is of interest to compare our results with previous simulation
62-64

 and SCFT
101

 

calculations. Quantitative comparison is difficult because of the different molecular 

models used. Qualitatively, as shown in simulation, the copolymer brushes transited from 

the layer, perforated layer, ripple micelle, to dimple micelle with decrease of B block 
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length. Compared with our work, the layer structure is the same as the exposed structure, 

while the other three correspond to the partial-exposed structure. The collapsed and 

mixed structure is not found in simulation. The missing collapsed structure is not 

surprising since all the simulation is performed with only single bead solvent. According 

to our previous conclusion, the collapsed structure became unstable as the solvent size 

decreased from 10 (Figure 4.4) to 1 (Figure 4.5). In addition, 1D calculation of SCFT
101

 

only showed the partial exposed structure. 

To provide more guidance for the experimental design of the copolymer brushes, 

a larger parameter space such as solvent quality or temperature, solvent density, solvent 

selectivity, and the chain flexibility should be explored. In this chapter, we have 

investigated several important parameters to show how the diblock copolymer brushes 

respond and self-organize after the solvent treatment.  

4.4. Conclusions 

Both copolymer brushes and mixed polymer brushes are considered as natural 

materials to fabricate smart surfaces. Our previous work
132

 has demonstrated that DFT 

can capture the competition between entropic cost and enthalpic effect in the surface 

switch of mixed polymer brushes. However, the packing effect of solvent molecules was 

neglected due to an implicit solvent assumption in the model. In this study, the phase 

behavior of diblock copolymer brushes in explicit solvent is examined by DFT. 

Compared with molecular simulation, DFT has the great advantage of computational 

efficiency, which makes it easy to include explicit solvent. Consistent with experimental 
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observation, we have found four different structures: mixed, collapsed, partial-exposed, 

and exposed. The transition chain length increases with decreasing grafting density, 

which is similar with the mixed polymer brushes case.
132

 Moreover, the collapsed 

structure becomes less stable on decreasing the solvent size. The approach is 

demonstrated as an alternative to simulation or SCFT methods that is capable of 

representing the complex phase behavior of copolymer brushes by accurately modeling 

the interplay between the entropic and enthalpic effects.  
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Chapter 5 

Solvent response of mixed polymer 

brush 

In this Chapter, we have performed classical density functional theory (DFT) 

calculations to study the behavior of mixed polymer brushes tethered to a planar 

surface. We assume no lateral segregation of the polymer at the grafting density 

studied and consider an implicit solvent. For a binary mixture of short and long 

athermal polymer chains, the short chain is compressed while the long chain is 

stretched compared with corresponding pure polymer chains at the same grafting 

density, which is consistent with simulation. This results from configurational 

entropy effects. Furthermore, we add a mean field interaction for each polymer 

brush to simulate their different response towards a solvent. The long chain is 

forced to dislike the solvent more than the short chain. Through the interplay 

between the solvent effects and configurational entropy effects, a switch of the 



 70 
 

polymer brush surface (or outer) layer is found with increasing chain length of the 

long chain. The transition chain length (long chain) increases with increasing the 

solvent selectivity, and decreases with increasing the grafting density of the long 

chain. These results can provide guidance for the design of smart materials based on 

mixed polymer brushes. 

5.1. Introduction 

"Smart" materials, also known as self-responsive materials, has attracted 

increasing attention in recent years due to its broad application such as controlled drug-

delivery, micro- and nanofluidics, biocompatible materials, chemical sensors, and 

antifouling coatings. These materials can respond to an external signal or environment 

such as temperature, light, pH, solvent selectivity, electric field, etc.
2,7,170

  

Polymer brushes,
17

 especially copolymer brushes or mixed polymer brushes, is 

considered as a novel and robust way of creating smart surfaces.
2,7,170

 Recent advances in 

the synthesis of polymer brushes have made the control of the chain length, the monomer 

fraction, and the grafting density possible.
23,71,171,172

 The self-assembly of mixed polymer 

brushes has special interest because the vast parameter space including molecular weight, 

grafting densities, and solvent selectivity can be easily employed to create rich phase 

behavior.
171,172

 Numerous experiments,
171-176

 simulation,
41,65-67,177-179

 and theoretical 

studies
24,100,180-184

 have been done in this area. Generally, there are three kinds of 

structure for the incompatible binary polymer brushes: the layered state, the ripple state 

and the dimple state. The layered structure means one component enriches near the 
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substrate and the other is on the top. There is no lateral segregation in the layered state. 

The mixed polymer brushes can also assemble laterally to form the ripple state. The 

dimple state means one component forms a cluster due to poor solvent, and the other can 

fill space between these clusters. Marko and Witten found the former two types of 

structure theoretically.
180

 Later, Minko el al.
100

 used self-consistent field theory to predict 

the dimple state and observed its existence later experimentally.  These rich phase 

structures can be exploited to design the smart materials. Lai
65

 used the Monte Carlo 

simulation to study the binary mixture of incompatible grafted chains under good solvent 

conditions and find that the ripple state is the only phase in the case of symmetric binary 

mixtures, while the layered state only appears in highly asymmetric mixtures. Merlitz et 

al.
66

 used Langevin dynamics to study the solvent quality induced switch of the surface 

properties and also dynamics of switching. Zhao et al.
171,172

 studied the molecular weight 

and grafting density effect on the solvent-induced self-assembly of two polymer brushes 

(PS and PMMA) in experiments and proposed the possible micelle structure with PS in 

the core shielded by outside PMMA. These studies have generally taken into account the 

effect of parameters such as molecular weight, grafting density, solvent quality, etc. 

However, most theoretical studies have focused on the incompatibility in different 

polymer brush species and neglect the configurational entropy effect. Merlitz et al.
185

 

found that very slight difference of the chain length between the brushes (such as 

removing just one monomer of one component) could cause the short chain to collapse 

toward the surface due to configurational entropy effect. In addition, a surface with 

switchable properties can be easily created by modifying the end monomer of the 

polymer chain (i.e.: the size) and making it thermal to the solvents at high grafting 
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density.
186

 Xue et al.
67

 found an entropy driven phase separation in binary polymer brush 

systems with compatible components of different chain length by using dissipative 

particle dynamics simulations (DPD). They also found the reversion of the layered 

structure by varying the solvent selectivity. By combining the effects of solvent 

selectivity and molecular weight in mixed grafted polymers, we can provide additional 

control of these tunable systems. To perform this study, we use density functional theory 

(DFT). DFT, based on rigorous statistical mechanics, is becoming an increasing popular 

tool to model the polymeric systems. DFT has the advantage of including packing and 

configurational entropy effect while providing a more computationally efficient approach 

than simulation particularly when solvent is explicitly included. DFT can also reproduce 

the simulation results very well.
167

 McCoy et al.
113,114

 is the first group to use density 

functional theory to study the tethered chain. Their theory requires input from polymer 

reference interaction site model (PRISM)
187

 for the bulk polymer fluid and is complicated 

by specific closure. More recently, other DFT approaches have been proposed for grafted 

polymer. Jain et al.
126,129

 derived modified iSAFT that applies to heteronuclear tethered 

chain and found very good agreement with simulation at various parameters such as 

grafting density, chain length, and temperature. The theory also agrees with the scaling 

relations of Alexander
87

 and de Gennes
86,88,89

 very well (the average dry brush height 

(<z>) as <z>~Ngρg
1/3

, Ng is the grafted chain length, ρg is the grafting density). In this 

study, we plan to extend Jain et al.'s work and use iSAFT to study the binary polymer 

brush. As opposed to previous work, we focus on the competition between 

configurational entropy and solvent selectivity effects. The possible lateral structure is 

neglected and the different solvent response is considered implicitly. We investigate the 
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microstructure of binary polymer brushes and observe a transition, or the switch of the 

surface outer layer that depends on solvent selectivity and chain length. This transition is 

due to the interplay of entropic and enthalpic effects, implying potential application in 

various fields mentioned before. We also study solvent selectivity and grafting density 

effect on this transition.  

5.2. Molecular model 

We model the mixed polymer brushes as fully flexible chains of spherical 

segments tethered to a hard, smooth surface. The segments interact through a hard sphere 

potential with a Lennard-Jones attraction. In the spirit of Weeks-Chandler-Anderson 

(WCA) perturbation theory, the potential is split into a hard sphere reference and 

attraction term. 

                           ( 5.1 ) 

where  

           
               
               σ

  ( 5.2 ) 

and 

            
                         σ          

                                    
  ( 5.3 ) 

where 
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           ε    
σ

   
 
  

  
σ

   
 
 

  ( 5.4 ) 

rmin= 2
1/6
σ is the position of the potential minima, and rc is the cutoff distance. The 

attractive interactions are included by taking a larger cutoff, rc=3.5σ. It is to be noted that 

in the modified iSAFT, the repulsion is treated as hard repulsion (with temperature and 

density independent hard sphere diameter). In this work, we choose a shifted WCA 

Lennard-Jones attraction term for the segment-segment attraction as given in Equation 

(5.3). The surface is treated as a smooth "hard wall" with no long range interaction. Some 

calculation in this chapter is carried out using Tramonto.
188

 

5.3.  Results and discussion 

We first consider the case of pure and mixed athermal polymer chains at a 

planar surface. Such a system has been studied with simulation by Merlitz, et al.185 

Figure 5.1 shows the density profile of polymer brushes as a function of the distance 

from the grafted surface scaled by the segment diameter (z/σ). We compare the 

density profile of a pure 50-mer and 51-mer (both with ρg=0.2 (grafting density)) 

with the density profile for a mixed tethered polymer system of 50-mer (A) and 51-

mer (B) (both with ρg=0.1). Since the chains are all repulsive, all the effects are due 

to entropic interactions. Looking at the curves of 50-mer and 51-mer, the total 

monomer density of 51-mer is almost the same with the 50-mer's for z/σ<20 and 

slightly larger for z/σ>20, which can be attributed to the effect of the addition of the 

end monomer of the 51-mer. The end monomer is more like to stay far away the 

surface due to the high entropic cost of staying near the surface, especially when the 
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grafting density is high.189 The stretching factor (SF), defined as the ratio of end-to-

end distance and full stretching length, is a useful parameter that can measure the 

stretching degree of the polymer brush quantitatively. Interestingly, the 50-mer (A) 

in mixture (SF: 0.38) is significantly comressed compared with the pure 50-mer (SF: 

0.41), while the 51-mer (B) (SF: 0.44) is much extended compared with the pure 51-

mer (SF: 0.41). The density profile of the mixture is not a simple combination of the 

pure 50-mer and 51-mer. Such a structure for the mixture actually has lower 

Helmholtz free energy than the simple combination of 50-mer and 51-mer. This is 

consistent with the Merlitz et al's simulation results.185 They give another 

explanation that the short polymer brush in the mixture feels a much smaller 

"pulling force" and thus collapses at high grafting density. They also found that 

modification of the size of the end monomer could lead to similar effects. Even a 

very slight difference between the two chains can cause large separation of the two 

chains. DFT theory successfully captures this effect.  
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Figure 5.1 Comparision of brush density profile for three cases at the same 

total grafting density. Case 1: pure 50-mer, ρg=0.2, SF = 0.41. Case 2: pure 51-

mer, ρg=0.2, SF = 0.41. Case 3: mixture of 50-mer (A: ρg=0.1, SFA = 0.38) and 51-

mer (B: ρg=0.1, SFB = 0.44). The density profile in monodisperse systems (Case 

1 and Case 2) is multiplied by one half for comparision with the mixture (Case 

3). 

To further investigate the chain length effect, the density profile of an athermal 

mixture (A: 100-mer  B: 50-mer) is presented in Figure 5.2. For the short chain, there is 

strong oscillation near the surface due to layering and the density follows a parabolic 

shape curve with distance from the surface. The latter is predicted both by self-consistent 

field theory (SCFT)
17,97,98

 and simulation.
189

 For the long chain, the density profile can be 
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divided into two regions: the inner layer (the layer containing both A and B) and the outer 

layer (the layer containing solely A). For the long chain, we still observe the oscillation 

near the surface and the following flat density profile (step-like nature) because of high 

density in that area. In this region, the brush density of the long chain (A) is significantly 

lower than the short chain density (B), which indicates that the short chain is compressed, 

as mentioned in Figure 5.1. Beyond this region, chain A has a parabolic shape, which is 

similar with the Ferreira et al.'s description of the copolymer brush.
103

 The density of A 

increases first because the volume fraction of chain B decreases in going further away the 

surface. Then the density of A decays like the homopolymer brush. Moreover, the total 

density profile has a kink in the interfacial region between the inner layer and outer layer. 

The system wants to minimize the total volume fraction in that region, like in the 

copolymer brush system.
103
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Figure 5.2 Brush density profile of a mixture of different chain length (A: 100-

mer  B: 50-mer). Grafting density: ρA=ρB=0.1. Stretching factor: SFA = 0.41, SFB 

= 0.30. 

To model a more realistic system, we want to include the solvent or temperature 

effect on the binary polymer brush. In this chapter, the solvent effect is solely considered 

implicitly. The interaction energy for two components (A and B) is set to different values 

(εA=0.8 and εB=0.2) to simulate the different responses of A and B towards the solvent. 

We fixed the grafting density and the chain length of the two components (ρA=ρB=0.1, 

NA=NB=50). We also assume that components A and B interact as hard chains towards 

each other. A large value of ε means the chain “hates” the solvent more and the chain will 
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shrink towards the surface to avoid unfavorable interactions with the solvent. For 

example, if we assume the solvent is water, then the A component is the hydrophobic 

chain (εA=0.8) and the chain B acts more like a hydrophilic chain (εB=0.2). We find 

similar treatment in Merlitz et al.'s work.
66,186

  

 

Figure 5.3 Brush density profile of a mixture of different interaction energy 

(εA=0.8 εB=0.2). Grafting density: ρA=ρB=0.1. Chain length: NA=NB=50. 

Stretching factor: SFA = 0.14, SFB = 0.39. 

Figure 5.3 shows some very interesting results. The hydrophobic chain (A) 

collapses and forms a step-like profile, as is similar to temperature effect in a 
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homopolymer brush case.
129

 Thus the density is also quite high (0.6) in that area. On the 

other hand, the hydrophilic chain (B) forms a stem-like structure in the inner layer. This 

stem-like structure indicates possible highly ordered structure in that region.  

 

Figure 5.4 Distribution of monomer ρt(z) numbers t=3, 8, 12, 18, 27, 50 and 

also the density profile of polymer brush B in Figure 5.3. All the parameters 

are the same in Figure 5.3. The distribution of monomer number 12 is 

considered as the first monomer that is tethered to the "soft surface". 

We will show a detailed study about each monomer's density distribution in 

Figure 5.4. Chain B also has a relatively low average density (0.15) because the 

hydrophobic chain A already occupies the space. In the outer region, the density of chain 
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B follows a parabolic shape, which is very similar with Figure 5.2. Chain B in the outer 

layer is like tethered to another "surface" which is formed by the collapse of the chain A. 

This surface is not "hard", but quite "soft". That's why we do not see any oscillations near 

this "surface". Further, if we look at the total density profile in Figure 5.3, the kink in 

Figure 5.2 now becomes a small "dimple", which is also observed in the liquid-liquid 

interface or in the microphase separation of a copolymer. But there is a slight difference 

that both chains are tethered to the surface and thus they cannot reach a complete 

microphase separation but merely incomplete microphase separation. Lower grafting 

density results in a similar effect, but the stem-like structure may not be as clear as in the 

higher grafting density case, which we focus here. 

To study the detailed structure of chain B, DFT is employed to track each 

monomer's distribution of chain B in Figure 5.3. As shown in the inner layer in Figure 

5.4, the monomers have quite narrow distributions, indicating that they are quite 

constrained in that region. The reason is the collapse of the hydrophobic chain and the 

total density in that region is quite high. The resulting strong entropic stretching of the 

hydrophilic chain leads to the formation of a stem-like structure. The peak can be 

considered as the most probable position that the monomer appears. The distance 

between these peaks is about 0.8 or 0.9, which means the angle between the bond and z-

axis is quite small but not equal to zero. This is direct evidence that the chain B has a 

stem-like structure. In the outer layer (starting from t=12), the bead density distribution is 

much wider when increasing the monomer's number (as we can see from t=50). 

Moreover, it seems very difficult for these beads in the outer layer to penetrate into the 
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inner layer because of the high entropic cost, which is an evidence of the existence of the 

"soft wall". The monomer (t=12) can be considered as the first monomer that is tethered 

to the "soft wall". But it has a relatively broad distribution instead of a delta function, 

which is the reason that we call it a "soft wall". DFT can be used to calculate the overall 

stress profile of the mixed polymer brush system from the excess surface free energy. 

The stress here
190

 is defined as the difference between the normal component and 

tangential component of the pressure tensor. The stress profile has a similar shape with 

the total density profile except that the peak of the stress profile always corresponds to 

the dimple of the total density profile in the "stem" region. Since little additional 

information about the system can be provided by the stress profile, we have not included 

the profile in this chapter.  

 

Figure 5.5 Chain length effect (NA) on the binary polymer brush structure. All 

the other parameters of the system are as in Figure 5.3 except the chain length 

of A. (a) NA=62  and (b) NA=64. 
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Given the similar effects of differing chain length in Figure 5.1 - Figure 5.2 and 

solvent selectivity in Figure 5.3, it is interesting to allow competition between these 

effects. The parameters in are the same as in Figure 5.3 except we increase the chain 

length of the "hydrophobic" chain A (NA). A clear transition happens when we increase 

NA from 62 (Figure 5.5 (a)) to 64 (Figure 5.5 (b)). Figure 5.5 shows the outer layer is 

switched, and this is a reversible process. Remember in Figure 5.1, it is always the short 

chain that would like to collapse to minimize the free energy of the system, which is just 

the pure entropic effect. But here when the environment becomes different for the two 

chains (solvent selectivity), it becomes possible for the long chain to collapse because of 

the energy effect. The transition in Figure 5.5 is interplay of the two competing effects, 

the enthalpic and entropic effect. When the long chain is relatively short, the long chain 

can still collapse because the system can produce a lower free energy by reducing the 

unfavorable touch between the long chain and the solvents. However, when NA increases 

further, the collapse of the long chain A will make the short chain afford stronger 

entropic stretching. This will increase the free energy of the system greatly and make B-

outer layer structure become unstable. Thus the transition happens. This transition can be 

taken advantage to make self-responsive materials (smart materials). This also tells us 

that chain length difference or polydispersity effect can be an important factor when 

fabricating such smart materials in experiments. This also indicates if the long chain is 

too long, the surface may not have the response (outer layer switch) towards the solvent 

treatment, and it is called a “non-response” region. Although it seems pretty 

straightforward, we provide the basis in statistical mechanics for this effect. 
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Comparing (a) and (b) in Figure 5.5, firstly we find that the inner layer range 

does not change a lot. In the inner layer, the density of A in (a) is about 0.6 while the 

density of B (b) is 0.4. A "hates" the solvent more (higher ε) and thus it compresses more 

than the other. In the outer layer, for (a), B is the outer layer and has a parabolic shape 

because of its low ε. While in (b), A is the outer layer and has a step shape profile due to 

its relatively high ε. That is why (b) has a narrower range than (a) in the outer layer. This 

is the same with the temperature effect as for the homopolymer brush.  

 

Figure 5.6 Helmholtz free energy versus chain length of A (NA). All the other 

parameters are the same as in Figure 5.3. The intersection, or the 

discontinuity of the slope, is indicative of the first-order phase transition. 
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We also calculate the corresponding Helmholtz free energy for different states to 

show the stable state of the system. The Helmholtz free energy (A') versus the chain 

length of A (NA) is shown in Figure 5.6. There are two kinds of structure in this figure: 

A-outer layer and B-outer layer. There is a distinct change of slope at the intersection, 

which is the evidence of the first-order phase transition. When the chain length A is 

longer than 63 (we can call it transition chain length), the B-outer layer has a larger free 

energy than A-outer layer and thus can be considered as unstable or metastable state. The 

system would like to self-organize itself into A-outer layer structure at this range. 

However, when the chain length A is shorter than the transition chain length, the B-outer 

layer is more stable than the other structure.  
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Figure 5.7 Solvent selectivity effect on the transition chain length for εB=0, 

NB=50, ρA=ρB=0.1. The boundary line divides the system into two parts: A-

outer layer (left) and B-outer layer (right). 

To provide some useful instruction for the experiments, we also employ the vast 

parameter space that can affect the transition such as the relative grafting density and the 

relative interaction energy for the two chains. The relative interaction energy represents 

the degree of their response towards the solvent, which is like solvent selectivity in 

experiments. The relative grafting density is also a very common parameter that can be 

controlled easily in experiments. We will focus on the effect of these two parameters on 

the transition. 
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For simplicity, we set εB=0 and study the effect of εA on the transition in Figure 

5.7. As we can see from Figure 5.7, the transition chain length increases almost linearly 

as we increase εA. The boundary line divides the system into two parts: A-outer layer 

(left) and B-outer layer (right). Switching of the exposed polymer brush should be 

possible to control experimentally by changing temperature or switching solvents. The 

larger the value of εA, the more the A brush tends to stay near the surface to minimize 

unfavorable interaction with the solvents (stronger energy effect), while the entropic 

contribution to the system is almost the same. The transition chain length thus increases. 

Because the chain length has to be an integer, the line plotted in Figure 5.7 is only a 

guide for the eye. 
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Figure 5.8 Relative grafting density effect on the transition chain length for 

εA=0.6, εB=0, NB=50, ρB=0.1. The boundary line divides the system into two 

parts: A-outer layer (right) and B-outer layer (left). 

We also study the effect of the relative grafting density on the transition. To be 

simple, we fix the grafting density of B as 0.1 and vary the ρA to see its effect on the 

transition. For this calculation, we again set εB=0, εA=0.6 and NB=50. The boundary line 

divides the system into two parts: A-outlayer(right) and B-outlayer(left). The line plotted 

in Figure 5.8 is only a guide for the eye. As we can see, the transition chain length 

decreases with increasing  grafting density of chain A. Resulting from collapse of chain 

A, the other chain B affords stronger entropic stretching at higher grafting density of A, 
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which is unfavorable for the system. The entropic cost of the system increases with 

increasing ρA while the energy effect due to unfavarable interaction with the solvents is 

almost the same. Thus the transition chain length decreases. The transition chain length 

should be divergent at the dilute limit density of chain A. 

Studying the phase diagram can give some helpful guidence for the experimental 

design of smart materials. Here we have presented a simple study of the phase diagram to 

show the effect of the two important parameters: relative grafting density and relative 

interaction energy. More detailed study of the phase diagram can be conducted to provide 

useful information for experimental design of smart materials.  

5.4. Conclusions 

We have performed density functional theory (DFT) calculations with one 

dimension of inhomogeneity to study the response of binary polymer brushes to an 

implicit solvent. A transition is found by increasing chain length of one component. The 

phase transition is due to the interplay of the enthapic and entropic effects. The effect of 

solvent selectivity and grafting density on the transition is also studied. The transition 

chain length increases when increasing the interaction energy of brush A, and it decreases 

with increasing grafting density of the A brush. 

In the problem treated here, the translational invariance of the monomer density 

parallel to the grafting surface, the "layered" structure, is assumed. We exclude all the 

other morphology that may be found in 2 or 3 dimensional analysis (i. e. the "dimple" or 

the "ripple" state). This could be a worthwhile extension of this work. 
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Our work is based on a very simple model, but it still can provide some guidance 

to the design of the smart surfaces with mixed polymer brushes for targeted application. 

An advantage of the DFT is the low computational cost of including additional 

components, relative to other approaches like simulation. 
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Chapter 6 

Concluding Remarks 

This dissertation presents the development of density functional theory to 

predict the phase behavior and microstructure of smart polymer brushes including 

temperature responsive polymer brush, copolymer brush and mixed polymer brush. 

The DFT is based on Rosenfeld's fundamental measure theory (FMT) for the hard 

sphere excluded volume effect and Wertheim's first order thermodynamic 

perturbation theory (TPT1) for the chain contribution and association interaction. 

The mean field approximation is used for the long range attraction. Generally, the 

DFT gives a qualitatively consistent result with experiments and molecular 

simulations. The key findings and contribution of this work are discussed below. 
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6.1. Achievements 

The DFT is first used to study the lower critical solution temperature (LCST) 

behavior of associating polymer brush such as PNIPAAM. It is well known that the 

LCST is determined by the interplay between the hydrogen bonding interaction and 

long range attraction. We find that, the polymer brush expands in the solvent at 

lower temperature than the LCST. While above the LCST, the polymer brush 

collapses. The bonded fraction of polymer segments with solvent is also calculated 

as a function of distance from the surface. The effect of grafting density and 

molecular weight on the swelling of the polymer brush is also studied. Moreover, 

increasing grafting density decreases the LCST and swelling ratio of polymer brush. 

Similarly, increasing molecular weight decreases the LCST but increases the 

swelling ratio. At low grafting density and molecular weight, the LCST disappear. At 

high grafting density, we find a partial collapsed structure for the polymer brush. 

These results are qualitatively consistent with the experimental observations. 

Without using any empirical parameter that is dependent on the temperature or 

concentration, our DFT approach incorporating the association based on 

Wertheim's theory demonstrates its capability to describe the LCST behavior. 

The DFT is then applied to investigate the microstructure and phase behavior 

of copolymer brushes. The solvent is explicitly included here. By tuning the 

parameters, we find the four different regions for the copolymer brush: mixed, 

collapsed, partial exposed and exposed structure. The microstructure is mainly 

determined by the interplay between entropic cost of folding copolymer brush and 



 93 
 

enthalpic effect of contact between unlike components. We have also studied the 

effect of grafting density and solvent size on the phase diagram of the copolymer 

brush. The transition chain length increases with decreasing grafting density, and a 

smaller size solvent molecule makes the collapsed structure less stable due to its 

lower penetration cost. This finding is consistent with the proposed mechanism for 

the copolymer brush from previous experimental group. Our results provide 

physical insight and are helpful to guide the smart material design based on the 

copolymer brush. 

The DFT is finally used to study the morphology and phase transition of 

mixed polymer brushes. The detailed monomer distribution is calculated. We find, 

for an athermal mixture of short polymer brushes, the short chain is significantly 

compressed, while the long one is stretched. Moreover, when we add selective 

solvent implicitly, the surface outer layer can be switched by solely tuning the 

molecular weight of the polymer brush. The effect of grafting density and solvent 

selectivity on the phase transition is also considered. The transition chain length 

increases with the solvent selectivity, and decreases with the grafting density. These 

results can provide guidance for the design of smart materials based on mixed 

polymer brush. 

6.2. Future work 

Except the work that has been done by this thesis, density functional theory 

can be widely applied in more complex systems. The possible future direction 
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includes the high dimension, topology, complex interaction, nonequilibrium 

properties. 

6.2.1. High Dimension 

The extension of the current work to high dimension (2 or 3) should be 

straightforward. More complex structure such as micelle should be found for high 

dimension calculation. The curvature effect is also an interesting parameter to 

explore. For example, the polymer brush on the nanoparticle or cylinder can be 

easily calculated and compared with the planar case. The interaction between these 

nanoparticles is also an interesting property to calculate. The high dimension DFT 

calculation is obviously more computationally expensive. However, it can provide a 

more realistic picture for the smart polymer brush and thus be used for quantitative 

comparison with experiments. 

6.2.2. Topology  

In this thesis, the polymer is considered a flexible chain. We can consider 

more complex topology for the polymer brush such as rod polymer brush, rod-coil 

polymer brush, liquid crystal polymer brush, hyperbranched polymer brush, chiral 

polymer (DNA) brush etc. The rich topology can provide more choice for the 

experimental design of such smart polymer brushes. 
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6.2.3. Complex interaction 

Except the Lennard-Jones attraction, the charge interaction can also be 

considered for the polymer brush. The polyelectrolyte brush has a strong 

application since it has advantage of easy control (electrical field) and fast response 

time. Based on Jiang et al.'s initial work191,192 for the polyelectrolyte brush, we can 

investigate rich phase behavior resulting from different types of interactions for the 

polymer brush system. Moreover, DFT can be incorporated with the charge 

interaction and then be applied to study the biomolecules such as DNA or proteins 

in the future.  

6.2.4. Non equilibrium properties 

Most application of current DFT is in the stage of equilibrium calculation. 

Frink et al.193 introduced the local equilibrium assumption to the DFT and used it to 

study the steady diffusion of simple molecules. On the other hand, the transport 

properties have a simple relationship with the excess entropy of the equilibrium 

system.194,195 This feature can also be employed by DFT to investigate the transport 

properties. These two methods can be combined to provide a more powerful tool to 

investigate the transport phenomena such as gas permeation through porous 

membranes. In addition, the dynamic density functional theory (DDFT)196-198 might 

be another interesting area in future. 
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Appendix 

The free energy derivative with respect to the density profile for each term is 

summarized as following: 
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