
ABSTRACT 

XU, LE BO. Poly(lactic acid) Polymer Brushes as Dynamic Surfaces. (Under the 

direction of Dr. Christopher B. Gorman.) 

Degradable Poly(lactic acid), PLA, polymer brushes, were prepared to use as a 

temporary protective layer on a substrate. The PLA brushes degraded under basic 

conditions, which distinguished from bulk PLA, as well as PLA oligomer. The 

underlying substrate was able to be exposed with the removal of PLA brushes, resulting 

in a dynamic behavior. 

PLA brushes were grafted from silicon and gold substrates through surface initiated 

ring opening polymerization, ROP, of lactide catalyzed by tin octoate. The surface silanol 

groups on silicon and hydroxyl-terminated thiol self-assembled monolayers, SAMs, on 

gold were used as immobilized initiators for the surface initiated polymerization. The 

surface silanol groups worked equally well as the alcohol species to serve as initiator for 

the ROP of lactide. Synthesis conditions, such as temperature, monomer concentration 

and the type of catalyst and solvent, were explored to pursue the maximum brush 

thickness and well controlled growth on the surface. It was highlighted the different 

optimized synthesis conditions between the ROP in solution and the surface initiated 

ROP due to the equilibrium behavior of ROP. Both molecular weight and monomer 

conversion were considered in solution ROP. However, monomer conversion was not 

that important for surface ROP given merely trace amount of polymer was grafted on the 

surface as brushes. It was also demonstrated that the thickness of PLA brush could be 

tuned by varying either growth time or grafting density. The PLA brushes with a gradient 

thickness were prepared by gradually filling a reaction container with reactive solution. 



 PLA brushes were able to be removed by immersing them in basic aqueous solution. 

The degradation of PLA brushes was found to be unique. Bulk PLA degraded under 

acidic conditions. The degradation of PLA oligomer occurred under both acidic and basic 

conditions. While the PLA brushes only degraded under basic conditions. The base-

catalyzed degradation suggests the backbiting mechanism for brush degradation. The 

degradation rate of PLA brushes was able to be adjusted by tuning the pH values of 

buffer solution. 

Cyclic voltammetry, CV, experiments were conducted on an working electrode 

modified with PLA brushes to demonstrate that the substrate surface could be exposed 

when PLA brushes were removed. The CV curves were flat when acidic electrolyte was 

applied. PLA brushes did not degrade under acidic conditions, blocking the electrode 

surface. Under basic conditions, the collected CV curves gave increased redox peaks as 

PLA brushes were degraded away.
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Chapter 1 Introduction 

1.1 Impetus and Long Term Vision 

Polymer brushes, a monolayer of polymer chains attached by one end to a surface, are 

becoming an attractive approach to modify the surface for various applications, such as 

control of adhesion,
1-4

 biomaterials,
4-10

 protective coating,
11, 12

 control of friction and 

wear,
13

 microelectronics,
14, 15

  nano structured assemblies
16, 17

 and stabilization of nano 

particles.
18-20

 For these applications, the polymers were attached to the substrate to tune 

the surface properties. 

However, it is also interesting to think about whether the removal of polymer brushes 

could lead to some applications. When brushes are removed from a surface, the substrate 

underlying it will be exposed. Then, the protected surface is released to environment and 

might display some useful behaviors. The rate at which brushes are removed determines 

the temporal access to the protected substrate covered by polymer brushes.  In this sense, 

the removal of brushes introduces a temporally dynamic property to the surface, which 

might lead to some potential promising applications. This broad idea has had some 

investigations. By changing the pH of solution in contact with polyampholyte brushes, 

extension and collapse of the chains can be controlled.
21

 Additionally, it has been shown 

that the cleavage of chains from a surface can also be used as a form of a stimuli 

responsive surface.
22

   

One potential approach for a degradable polymer-based dynamic surface, which is 

being pursued in this research, is to prepare degradable polymer brushes on a surface 

http://en.wikipedia.org/wiki/Polymer
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with a gradient in thickness. The substrate can be gradually exposed as the gradient 

polymer brushes degrade. The protective cover for a sensor array (Figure 1.1) and 

controlled release by stepwise uncovering pockets or pores in the substrate (Figure 1.2) 

are examples of potential applications based on this type of dynamic surface. 

 

Figure 1.1. Scheme of gradient polymer brushes on a sensor array. 

 

Figure 1.2. Scheme of sequential release by removing gradient polymer brushes. 

To prepare a dynamic surface, the polymer brush must be removed with some stimuli, 

such as light, change in temperature or a chemical reaction. Moreover, to provide a well-

defined and reproducible degradation, the removal of the polymer should have well 

defined kinetics. It is hypothesized that a simple way to remove the brushes is the 

disassembly of ester linkages in polymer chains. This route has been applied to bulk 

polymer such as biodegradable polyesters.
23-25

 The sequential or random cleavage of ester 
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groups in brushes should offer very different temporal dynamics compared to those of the 

brush-based dynamic surfaces described above. The behavior of proposed brushes is not 

obviously predictable, however. The kinetics of degradation could be very different when 

brushes are compared to bulk polymer samples. Indeed, bulk samples of polyesters take 

days to weeks (or longer) to degrade.
26

 A brush is much smaller and thus will likely 

degrade substantially faster. In addition, previous research showed that the grafting 

density and grafting thickness affected properties of polymer brushes, such as the ionic 

strength
27

 and the interaction between brushes and particles.
28, 29

 It is reasonable to 

assume that the grafting density and grafting thickness will affect the degradation of the 

polymer brush. However, how the grafting density and grafting thickness affect the 

polymer brush degradation and the surface dynamic property is still an open question. 

In this work, poly (lactic acid), PLA, polymer brushes were studied. Appropriate 

conditions for the synthesis of brushes have been explored. Subsequently, experiments to 

investigate the thickness decreases via degradation were conducted. Some efforts were 

made to prepare PLA brushes with a gradient thickness and demonstrate that the 

underlying substrate can be exposed by removing the brushes. 

1.2 Biosensor and Protein Adsorption Issue 

A biosensor is an analytical device to detect an analyte that combines a biological 

component with a physicochemical detector component.
30

 A typical biosensor generally 

contains three main parts: a sensitive element, a transducer and signal processor as shown 

in Figure 1.3. The sensitive element binds with the analyte during measurement to 

generate initial signal. The sensitive element can be a biological element, such as tissue, 

http://en.wikipedia.org/wiki/Analyte
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enzymes, antibodies, nucleic acids, etc. After the initial signal is generated by the 

sensitive element, the transducer transforms it into another type of signal, which is easier 

to be measured and qualified. The signal processor takes over the information from the 

transducer and converts them into a user friendly form that can be read directly.   

 

Figure 1.3. Scheme of biosensor components. 

Contact between the sensitive element and the analyte is critical for signal generation. 

However, when sensors are implanted into the body, proteins intend to deposit onto the 

foreign surface. Usually, this is an irreversible process and occurs within seconds after 

implantation.
31-34

 If the protein itself is the element to be detected, the deposition is 

desired and causes no problem. However, if the protein is not the analyte, the deposit will 

block the surface of sensitive element, preventing the interaction between the sensitive 

element and the analyte. Thus no signal will be generated, resulting in a dead sensor. 

1.3 Protein and Protein Adsorption 

Proteins are organic compounds made of amino acids arranged in a linear chain and 

folded into a globular form. Chemically, they are polypeptides. The amino acids in a 

polypeptide chain are joined together by the peptide bonds between carboxyl and amino 

http://en.wikipedia.org/wiki/Organic_compound
http://en.wikipedia.org/wiki/Amino_acid
http://en.wikipedia.org/wiki/Peptide_bond
http://en.wikipedia.org/wiki/Carboxyl
http://en.wikipedia.org/wiki/Amino
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groups of adjacent amino acid residues. Most proteins fold into unique 3D structures. The 

shape into which a protein naturally folds is known as its native conformation. Although 

many proteins can fold unassisted, simply through the properties of their amino acids, 

others require the aid of other molecules to fold into their native states. A protein 

structure can be described in four levels: primary structure, secondary structure, tertiary 

structure and quaternary structure, as shown in Figure 1.4. Primary structure is the 

sequence of amino acids in a polypeptide chain. Secondary structure is the regularly 

repeating local structures stabilized by hydrogen bonds. Tertiary structure is the overall 

shape of a single protein molecule. Quaternary structure is the structure formed by 

several protein molecules, a combination of polypeptide chains with certain organization 

and special shape. 

 

Figure 1.4. Four levels of protein structures.
35

 

Protein adsorption is a common yet complex phenomenon. For certain applications, 

such as cell immobilization, protein adsorption on the surface is required.
36

 However, in 

http://en.wikipedia.org/wiki/Residue_(chemistry)
http://en.wikipedia.org/wiki/Protein_folding
http://en.wikipedia.org/wiki/Native_conformation
http://en.wikipedia.org/wiki/Peptide_sequence
http://en.wikipedia.org/wiki/Hydrogen_bond
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some other cases, protein adsorption is undesirable because it could lead to problems 

such as biofouling, thrombosis, reducing dynamic range of biosensors and other adverse 

events. 
37-39

 Several factors affect the adsorption of proteins on a surface, including 

properties of both protein itself and surface where it adheres. Considering a protein 

simply as a polymer (polypeptide), the adsorption is largely driven by enthalpic 

interactions, such as van der Waals forces and hydrophobic interactions.
40

 However a 

protein is more complex than a simple macromolecule composed of the same repeating 

unit. Some proteins are charged. In this case, the electrostatic interaction between 

oppositely charged surface and proteins is another important factor for the adsorption. 

The conformation of proteins may also affect adsorption. For “soft” proteins, which 

display large conformational changes, non-electrostatic driving forces contribute 

significantly to the adsorption. On the other hand, for “hard” proteins, whose 

conformational changes are limited, the adsorption is mostly due to electrostatic 

interactions.
41, 42

 In addition to the properties of proteins, the properties of the surface 

also contribute to the protein adsorption. Wettability is an important property to be 

considered. The adsorption of proteins on thiol self-assembled monolayers (SAMs) with 

different terminal groups (CH3 and -EG6OH) illustrates that more proteins absorb on a 

hydrophobic surface.
43

   Other protein adsorption experiments conducted on SAMs with 

charged and uncharged terminal groups, Figure 1.5, suggest that the surface charge is 

another factor that affects protein adsorption.
44

  The result suggests that protein 

adsorption can be prevented or minimized, if the surface has the opposite charge against 

the charge of proteins. 
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Figure 1.5. Thiol SAMs with various terminal groups used in protein adsorption 

tests. 
44 

Surface morphology is also been found to be an important factor related to protein 

adsorption. A protein adsorption experiment conducted on a nano-engineered surface 

showed that the increase of nanoscale roughness induced a decrease in protein affinity.
45

 

This result indicates the possibility to tune protein adsorption by engineering the surface 

nano structure. 

When a surface is exposed to a mixed protein environment, the competition or 

cooperation between different proteins makes adsorption even more complex. The 

adsorption of human albumin, IgG (immunoglobulin G) and a mixture of the two showed 

a competition between protein deposition which further depended on properties of the 

surface and solution conditions.
46
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1.4 Smart Surfaces 

In efforts to address the protein adsorption issue, the use of a smart surface has 

promising potential. A smart surface is one that can change its property in response to 

outside stimuli. SAMs and polymer brushes are commonly used to prepare smart surfaces. 

SAMs are monolayers of small molecules containing head groups with an ability to 

bond to a surface. By adhering to a substrate, deposited molecules present their tail 

groups at the surface. In the case of n-alkyl groups, these tail groups are often well 

packed with an ordered structure. Other tails lead to less order. The SAMs prepared from 

them, however, do have a high density of molecules and are strongly adsorbed on the 

surface. SAMs are formed when molecules in the liquid or vapor phase deposit and 

spontaneously organize into a single layer on a surface as shown in Figure 1.6. 

 

Figure 1.6. Scheme of the formation of a well-ordered self-assembled monolayer 

with n-alkyl tail groups. 
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 The tail groups of molecules in SAMs could be the functional groups to response to 

stimuli from the environment, resulting in a change of surface properties. For example, it 

has been demonstrated that a molecule in a low density carboxylic-acid terminated alkyl 

thiol SAM, whose tail groups are charged, can bend depending on the charge on the 

substrate. In this case, the conformation of molecules in the SAM can respond to the 

charge on the substrate, as shown in Figure 1.7.
47

  

 

Figure 1.7. Scheme of electrically induced surface reorganization via switching of 

surface charge.
47

 

It should be noted that this low density carboxylic-acid terminated SAM is not 

prepared by direct deposition of carboxylic-acid terminated thiol molecules on the 

surface. It is the derivative of a SAM made of thiol molecules containing bulky tail 

groups. After the removal of the bulky tail groups by hydrolyzing the precursor SAM, the 

carboxylic-acid terminated SAM with low deposition density can be prepared. If the 

carboxylic-acid terminated thiol molecules are directly deposited on the substrate, a SAM 

with a high deposition density is expected due to the interaction between immobilized 
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molecules. In this case, the space between molecules in the SAM will be limited and the 

molecules will be unable to change their conformations. 

Polymer brushes are also widely used to prepare smart surfaces. Compared to SAMs, 

the advantage of polymer brushes is that they can carry a large number of functional 

groups. The functional groups in each repeat unit of grafted polymer can respond to a 

stimulus. If they work together, they can make a polymer brush tremendously responsive 

to a stimulus. Smart surfaces made of polymer brushes can respond to many types of 

stimuli.  These include changes in temperature, pH and photo irradiation. For example, 

poly(N-isopropylacrylamide), PNIPA, brushes grafted silicon wafers exhibit a response 

due to changes in temperature in order to change surface wettability, as shown in Figure 

1.8.
48

 PNIPA has a lower critical solution temperature, LCST, of ca. 32 °C. The polymer 

undergoes a phase change at this temperature. When the temperature is increased from 

below the LCST to above the LCST, PNIPA will convert from a soluble state to an 

insoluble state in aqueous solution. As a result, the surface with grafted PNIPA brush 

changes from hydrophilic to hydrophobic. 

 

Figure 1.8. Switching the surface wettability of PNIPA brushes grafted silicon 

wafer.
48
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A change in pH is a common trigger condition to stimulate smart surfaces made of 

polyelectrolyte brushes.
49, 50

 Electrostatic repulsion between charged polymer chains is 

controlled by the degree of ionization and the ionic strength of the medium. As ionized 

groups repel each other, the chain stretches and swells as shown in Figure 1.9. 

 

Figure 1.9. Scheme of polyelectrolyte brushes exhibiting (A) collapsed and (B) 

stretched conformations.
49

 

Photo irradiation is also commonly used as an external stimulus. The poly(spiropyran 

methacrylante-co-methyl methacrylate), PSPMA, brush is an example of a smart surface 

that responds to changes in photo irradiation.
51

  The photo irradiation changes the 

conformation of polymer leading to reversible side chain cleavage, which allows the 

polymer to switch between a colorless closed spiropyran, SP, form and a colored open 

merocyanine, MC, form. With this conversion, the surface polarity also changes from 

relatively nonpolar to polar. The PSPMA brushes have large change in dipole moment 

between two isomeric states according to UV and visible light treatment. After UV light 

treatment, the surface energy increases resulting in a decreased DI water contact angle as 

shown in Figure 1.10. 
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Figure 1.10. (A) DI water droplet on a PSPMA brushes grafted substrate after 

visible (left) and UV (right) irradiation. (B) Isomeric structures of SP and MC forms 

in PSPMA chains.
51

 

Smart surfaces have shown promising properties to control the protein adsorption. A 

series of papers has established a class of thermally responsive surfaces that control the 

protein attachment. PNIPA brushes are one of most studied systems. As previously 

discussed, PNIPA has a LCST of 32°C in aqueous solution. It is in an extended 

conformation when temperature is below its LCST. This behavior is based on the 

formation of a widespread hydrogen bond network between the amide groups and water 

molecules at lower temperature. In this state, the PNIPA brushes grafted surface is 

hydrophilic and resists the protein adsorption. When the surface is heated up above the 

LCST, the hydrogen bond breaks. The brushes undergo a phase transition to a collapsed 
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morphology which excludes water molecules. This leads to a hydrophobic surface.
48, 52

 

Under these conditions, protein absorption occurs on the surface as shown in Figure 1.11. 

 

Figure 1.11. Scheme of temperature responsive behavior of PNIPA brushes and the 

protein adsorption according to temperautre.
48

 

1.5 Proposed Approach to Resist Protein Adsorption Using Polymer 

Brushes 

Protein adsorption is the interaction between a protein and a surface. This process is 

strongly affected by surface properties. Thus surface modification would be a potential 

method for preventing or minimizing protein adsorption. 

Polymer brushes have been widely studied as a method of surface modification for 

the resistance of protein adsorption.
53-55

 Most work has focused on attaching polymer 
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onto a surface to protect it from protein adsorption. However, the opposite process, the 

removal of grafted polymer, may also be useful. If proteins deposit on degradable 

polymer brushes, they might be removed as brushes degrades. At the same time the clean 

surface under brushes can be exposed to the external system. However, the exposed new 

surface will be contaminated by protein eventually. Thus, a continuously released surface 

would be beneficial for keeping a certain amount of fresh surface in a bio-system for 

longer periods of time. A combination of polymer brush synthesis and surface 

engineering was proposed to provide a possible approach to maintain a certain amount of 

fresh surface in a bio-system. Specifically, degradable polymer brushes with a gradient in 

thickness would cover an array of sensor elements, as shown in Figure 1.12. 

 

Figure 1.12. Scheme of gradient degradable polymer brushes to gradually release a 

fresh surface to the protein environment. 

Polymer brushes with a gradient thickness are expected to degrade to uncover fresh 

surface gradually, starting from the thinner end and progressing to the thicker end. The 

exposed surface should survive for a given amount of time before proteins begin to 

deposit. As protein adsorption happens, another part of underlying surface will be 
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released by the continuous removal of brushes. Thus, a certain area of fresh surface is 

able to be maintained in a bio-system until all of the brushes are gone. In order to make 

this proposal to work, two factors are important. One is the well controlled 

polymerization on the surface to facilitate the preparation of brushes with a gradient 

thickness. The other is tunable brush degradation to provide a surface exposure rate that 

can match the rate of protein adsorption.  

1.6 Introduction to PLA 

Poly (lactic acid), PLA, a well studied biodegradable polymer,
56-61

 is the candidate 

chosen for this research for several reasons. First, the degradation of bulk PLA has been 

widely reported.
62-65

 Second, lactide, the monomer of PLA, can be used to prepare 

copolymers with other monomers such as ε-caprolactone
66

 or glycolic acid.
67

 PLA 

copolymers can provide an approach to tune the surface properties or to change the rate at 

which the brush degrades. The difference in degradation behaviors between bulk samples 

of PLA and PLA copolymers has been studied.
68, 69

 This information may be useful when 

tailoring the rate of degradation of brushes. Third, PLA is a well-studied biocompatible 

polymer and has several documented uses in the medical and health area.
59, 70, 71 

The degradability of PLA results from the hydrolysis of the ester groups in the PLA 

backbone. One example of the application of degradation is drug delivery.  Drugs 

encapsulated in PLA can be released in a predictable way based on the known 

degradation kinetics of bulk PLA.
72

  

The monomer of PLA can be made from agriculture products, for example corn or 

straw, by fermentation.
73

 Furthermore, the PLA can be hydrolyzed and further 



16 

 

biodegraded to H2O and CO2, which is the basic element for plant growth. The 

renewability of PLA is shown in Figure 1.13. PLA has been successfully used in medical 

and health area because of its biocompatibility. The body can degrade PLA and 

metabolize the degradation products over time, leaving no residual foreign material in the 

body. PLA has been used to make absorbable sutures to replace denature collagen or 

catgut.
74

 Most recently, PLA has been used to make surgery accessories, including pins,
75

 

plates,
76

 screws,
77

suture anchors,
78

 and intravascular stents.
79 

 

 

Figure 1.13. PLA molecule structure and its life cycle. 

1.7 PLA Preparation 

Since PLA is a degradable polymer, it is a potentially unstable material in nature. 

Thus the synthesis of PLA is a challenge. Generally speaking, there are two main 
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synthetic routes to prepare PLA as shown in Figure 1.14. They are the condensation 

polymerization of lactic acid and the ring-opening polymerization, ROP, of lactide, the 

cyclized dimer of lactic acid. The lactide is prepared by the depolymerization of low 

molecular weight PLA prepared by condensation polymerization of lactic acid.  

Condensation polymerization, which is the common method for the synthesis of 

polyesters, was the earliest reported method. However, this method generally is not 

successful to synthesize PLA with high molecular weight. Subsequently, the ROP was 

developed to prepare high molecular weight PLA. 
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Figure 1.14. Scheme of polymerization routes to prepare PLA. 

Condensation polymerization of lactic acid was first reported by Carothers and co-

workers in 1932. 
80

 Attempts to produce high molecular weight PLA through simple 

dehydration without catalysis were unsuccessful, primarily due to the side reactions 

caused by impurities and side product (water). The depolymerization, so called 

“backbiting”, was observed in condensation polymerization of lactic acid to decrease the 
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molecular weight, forming lactide. 
81

 Low molecular weight PLA obtained from simple 

condensation is a brittle and glassy material with a molecular weight generally less than 

5000 Da. To increase the molecular weight of product, several approaches have been 

explored, including applying an esterification agent, a chain coupling agent and a high 

boiling aprotic solvent. The esterification agent promotes the combination of two low 

molecular weight PLA chains into one continuous chain through transesterification. 

Some examples of the esterification agents used are Triphenyl phosphite (TPPi)
82

 and 

dicyclohexylcarbodiimide (DCC).
83

 The shortcoming of using esterification agent is that 

the reaction byproducts must be neutralized or removed to obtain the pure final product. 

A chain coupling agent, such as hexamethylene diisocyanate,
84

 thiirane
85

 and diacid 

chloride,
86

 links two or more chains together. The main difference between the use of a 

chain coupling agent and an esterification agent is the coupling agent will be a part of the 

new chain. The use of chain coupling agents also has disadvantages including the need to 

remove remaining chain coupling reagent and the introduction of non-biodegradable 

component. The third approach to increase the molecular weight is the use of high boiling 

aprotic solvents, such as diphenyl ether.
87

 During synthesis, these solvents form 

azeotropes with water to remove it under vacuum. By applying high boiling aprotic 

solvent as well as a catalyst, high molecular weight PLA can be prepared at high 

temperature under vacuum. However, the residual catalyst causes some problems during 

further processing such as unwanted degradation and uncontrolled or irreproducible 

hydrolysis rates.  
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ROP of lactide is another approach to make PLA. First demonstrated in 1932,
80

 ROP 

did not yield high molecular weight PLA until an improved procedure for lactide 

purification was developed in 1954.
88

 ROP of lactide can be divided into four 

mechanistic approaches: coordination-insertion polymerization, anionic polymerization, 

cationic polymerization and nucleophilic polymerization. Table 1.1 briefly illustrates the 

mechanisms of each type and gives examples of typical catalysts.
89-101

 

Table 1.1 Summary of reaction mechanisms for the ROP of lactide. 
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Table 1.1 Continued 
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Tin (II) octanoate (Sn(Oct)2) is the most commonly used catalyst, especially in 

industry, for ROP of lactide because it is highly active, commercially available, easy to 

handle and soluble in common organic solvents and in melt monomers.
57

 Coordination-

insertion polymerization is a widely accepted mechanism for Sn(Oct)2 catalyzed 

polymerization. However, the Sn(Oct)2 itself can not initiate the polymerization. The 

initiator, or co-catalyst, H2O or ROH, is needed as well. The detail mechanism of reaction 

catalyzed by Sn(Oct)2 is given in Figure 1.15. The Sn(Oct)2 first reacts with the hydroxyl 

group of the initiator to form the tin alkoxide compound, which is the active species for 

the polymerization.
102

 Then, the lactide coordinates to the active species due to the 

interaction between mental in the active species and the oxygen of the carbonyl group in 
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the monomer ring. Subsequently, the monomer ring is opened and the monomer inserts 

into the bond between tin and oxygen of the tin alkoxide compound. The coordination-

insertion step can be repeated continuously to propagate the polymer chain.  
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Figure 1.15. Mechanism of ROP of lactide catalyzed by Sn(Oct)2. 

The requirement of co-catalyst when Sn(Oct)2 is used as catalysts to synthesize the 

PLA provides the possibility to apply this polymerization on the surface. If the surface-

bound hydroxyl group can serve as co-catalyst, or initiator, to start polymerization, then 

PLA can be grafted from the surface. 
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1.8 PLA Degradation   

The degradation of PLA can be attributed to two different types of reactions, 

hydrolysis and backbiting, as shown in Figure 1.16.
26, 103, 104

 Hydrolysis is an acid 

catalyzed reaction to cleavage the ester bond in the PLA backbone at random positions, 

breaking long polymer chains into smaller segments. Backbiting is a base catalyzed 

interesterification initiated from the terminal hydroxyl group. Compared to hydrolysis, 

backbiting is relatively quick.
103-105

 The product of backbiting is lactide, the monomer.  
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Figure 1.16. Scheme of hydrolysis and backbiting reactions for PLA degradation. 

The mechanism for hydrolysis to break the ester bond is given in Figure 1.17. The 

acid catalyzed hydrolysis is regarded as the primary mechanism for the degradation of 

PLA bulk materials.
26, 105, 106

 The acid catalyst activates the carbonyl group to facilitate 

the attack of water on the carbonyl, followed by cleavage of ester bond. Acetic acid is 

typically used as the catalyst. Furthermore, the lactic acid formed during the hydrolysis of 
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PLA and the acid end groups of the PLA can further catalyze the hydrolysis.
26, 107

 Thus, 

the hydrolysis of PLA is viewed as a self-catalyzed process. The measured rate of acid-

catalyzed hydrolysis increases as hydrolysis proceeds.
26

 The reasons for accelerating rate 

include the increase in hydrophilicity of the bulk PLA during hydrolysis, the higher 

hydrolysis rate of the terminal esters than the mid-chain esters and the increase of 

carboxylic acid end groups of the hydrolysis products.
26, 105, 107-109
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Figure 1.17. Scheme of acid-catalyzed hydrolysis mechanism. 
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Besides the hydrolysis, the backbiting is another kind of reaction that is observed in 

the degradation of PLA oligomers in solution.  PLA oligomers are soluble in water due to 

their short chain lengths of approximately 10 or less repeat units.
103, 104

 As the result of 

backbiting, PLA oligomers show a different degradation behavior than bulk PLA. The 

PLA polymer degrades under acidic conditions. PLA oligomers degrade under both 

acidic and basic conditions. 

The degradation rate of PLA in solid state also depends on the material’s structure, 

for example the degree of crystallinity and water vapor permeability.
110-112

 These 

properties vary according to preparation procedures. Thus, the reported degradation rate 

of PLA can be quite different. For example, in two papers regarding to the degradation of 

PLA with different morphologies, the hydrolysis rate was 0.13 h
-1

 
108

and 0.41 day
-1 105

.  

How a PLA brush degrades is still an open question. The degradation rate of PLA 

brushes should be different from that of bulk PLA and PLA oligomer considering the 

differences of the structure. Compared to the bulk material, on one hand, brushes have 

potentially more accessible end groups than bulk materials whose end groups are mostly 

buried. This greater accessibility is expected to increase the degradation rate of brushes. 

On the other hand, during degradation, brushes contain less lactic acid, the product of 

degradation which can catalyze the degradation, than bulk materials because small 

molecules can diffuse away from brushes quickly. Less availability of lactic acid as a 

catalyst is expected to decrease degradation rate of brushes. Furthermore, the degradation 

rate of brushes should be influenced by structural parameters such as grafting density and 

grafting thickness. Compared to the PLA oligomer, the PLA brush is immobilized with 
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closer distance between polymer chains. The difference in structure could also lead to a 

different degradation. Therefore, it is not easy to predict the degradation of brushes 

because it is affected by many factors such as local water concentration, local catalyst 

concentration, structural parameters and even the properties of the substrate. 

1.9 Introduction to Polymer Brushes 

Polymer brushes are a monolayer of polymer chains with one end attached to a 

substrate. The grafting thickness and grafting density (σ) are two important parameters 

used to describe polymer brushes, as shown in Figure 1.18. Grafting thickness is how 

thick the brush layer is on the substrate, usually in the unit of nm or Å. The grafting 

density is how many polymer chains are in a unit area, usually reported as number per 

nanometer square. 

 

Figure 1.18 Scheme of grafting thickness and grafting density of polymer brushes. 

Grafting density can be calculated from σ = hρNA/M, where h is the thickness, ρ is 

the density of polymer, NA is the Avogadro’s number, and M is the molecular weight of 

the polymer in the brush.
113

 Based on this equation, when considering a polymer brush 
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with a certain thickness, the molecular weight has effect on the grafting density. 

Assuming that brushes thickness is 10 nm and the polymer density is 1 g/cm
3
,  the 

relationship between grafting density and molecular weight will be σM = 6000, which is 

plotted in Figure 1.19. When the molecular weight is smaller than 10000 Da, the grafting 

density is very sensitive to the molecular weight. A small change in molecular weight can 

lead to large difference in the predicted grafting density. 
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Figure 1.19. Plots of grafting density (σ) versus molecular weight (Mn) of polymer 

brushes of 10 nm thickness with polymer density of 1 g/cm
3
. 

The grafting density has an effect on the configuration of polymer chains in the brush. 

A low grafting density leads to mushroom domains and a high grafting density leads to 

brush domains, as shown in Figure 1.20. When the grafting density is low, the grafted 

polymer chains are independent of each other on the surface. The attached polymer 

chains tend to coil themselves to minimize the tension along backbone. When the grafting 
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density increases, the polymer chains are closer and repel each other. In this case, the 

attached chains spread out to form brush domains.  

 

Figure 1.20. Scheme of mushroom domains and brush domains according to 

grafting density.
114

 

Fundamentally, the creation of a polymer brush is tethering the polymer to a surface. 

The coupling can be done one of three ways: physisorption (noncovalent attachment of 

the polymer to the surface), “grafting to” (covalently bonding polymer to the surface) and 

“grafting from” (growing the polymer from the surfaced bound initiators) as shown in 

Figure 1.21. The physisorption approach involves the adsorption of a pre-prepared block 

copolymer onto the substrate. One block interacts strongly with the surface and the other 

block interacts weakly with the substrate. The interaction between the polymer and the 

substrate is Van der Waals forces or hydrogen bonding. However, there can be a large 

number of these interactions for each chain, so the overall interaction can be appreciable. 

Nevertheless, compared to covalent grafting approaches, brushes derived from 

physisorption are not that robust. Desorption can occur under various conditions such as 
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heating or displacement with a solvent that also has a favorable interaction with the 

substrate.
115-117

  

 

 

Figure 1.21. Scheme of Physisorption, “Grafting to” and “Grafting from” 

approaches.
118

 

In the “Grafting to” approach, the end-functionalized polymers couple with reactive 

groups on the substrate to tether the polymer with a covalent bond. The brush from the 

grafting to approach is more stable than that obtained from the physisorption because of 

stronger covalent bonds.  The shortcoming of this method is that it can be difficult to 

achieve a high grafting density. Grafted polymers block sites on the surface due to their 

bulky size and this steric restriction makes it more difficult for new chains to graft. 

In the “Grafting from” approach, the monomer is polymerized from surface bound 

initiators. This approach is the most attractive one to prepare a thick, covalently bound 

polymer brush with a high grafting density. The initiator can be immobilized on the 

substrate by treating it with plasma or a glow-discharge in the presence of initiators in the 

gas phase. Alternatively SAMs with the initiator group on the tail can be formed on the 

surface. Many types of polymerization can be used in the grafting from approach, for 
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example, conventional radical polymerization,
119

 controlled radical polymerization,
120-125

 

carbocationic polymerization,
126

 anionic polymerization
127-130

 and ROP.
131-135

  

To have a good control over the brush growth, a controlled polymerization is highly 

desired. Using controlled polymerization, it is possible to adjust brush structures such as 

grafting density and composition. Some commonly used controlled polymerization are 

ring-opening polymerization (ROP), ring opening metathesis polymerization (ROMP), 

living anionic/cationic polymerization,  atom transfer radical polymerization (ATRP), 

and reversible addition-fragmentation chain transfer polymerization.
136

 Some examples 

for preparing polymer brushes using the controlled polymerization are discussed below. 

 ROP is specific to cyclic monomers. The monomer ring is opened by immobilized 

initiators to form the initial propagating chains. The end of the propagating chains act as a 

reactive center and further cyclic monomers join to form a longer polymer chain. The 

driving force of polymerization is the relief of ring strain when it is opened during the 

reaction. When ROP is applied to cyclic ester monomer, no water is formed as side 

product. Thus, it has the advantage of avoiding hydrolysis of product to yield higher 

molecular weight polymers, such as poly(-caprolactone)
137, 138

 and poly(lactic acid)
139, 

140
 as shown in Figure 1.22. 

http://en.wikipedia.org/wiki/Reactive_center
http://en.wikipedia.org/wiki/Cyclic_compound
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Figure 1.22. Scheme of surface initiated ROP of (a) -caprolactone, (b) lactide. 

ROMP is a polymerization method applied on cyclic alkene monomers. The relief of 

ring strain during polymerization pushes the reaction, similar to ROP. The highlight of 

ROMP is that it can form polymer brushes with double bonds within the backbone.
141-143

 

Thus it is a promising way to graft conductive polymer as shown in Figure 1.23.   
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Figure 1.23. Scheme of surface initiated ROMP. 

Some anionic and cationic polymerizations are living if they lack a termination 

pathway. Monomers that are suitable for living polymerization have structures that 

stabilize the anionic or cationic chain end.  Thus, the type of monomer that can be used in 

anionic/cationic polymerization is limited. Styrene and diene are two common types of 

monomer used for anionic/cationic polymerization as shown in Figure 1.24.
130, 144, 145

 The 

reaction can be very sensitive to impurities such as water, oxygen or carbon dioxide. 
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Figure 1.24. Examples of surface-initiated living anionic polymerization (a,b) and 

living cationic polymerization (c). 

ATRP is a controlled radical polymerization that produces polymers with a relatively 

low polydispersity index. The initiator for ATRP usually is a metal salt which can 

undergo a redox reaction to switch propagating chain between an active state and a 

dormant state.  Over the course of polymerization, the propagating chains are mostly 

dormant.  This state keeps them from undergoing termination and chain transfer reactions 

that are common in free radical polymerizations. The mechanism of ATRP is shown in 

Figure 1.25.  Pn-X is a dormant chain, Pn* is a propagating chain, and Mt
n
/L and Mt

n+1
/L 

are the metal-ligand complex with different redox states. The one sacrifice in ATRP is 
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the very slow rate of propagation because the propagating chains exist mostly in the 

dormant state. 

Pn-X + Mtn/L

kact

kdeact

Pn* + X-Mtn+1/L

kp

kt

Monomer  

Figure 1.25. Scheme of ATRP mechanism. 

ATRP is widely used in preparing polymer brushes because of advantages such as 

compatibility with various monomers, living character and toleration of moisture in the 

system. Generally speaking, ATRP initiators are first immobilized on the surface. Then 

brushes grow from the immobilized initiators. Some examples of surface initiated ATRP 

are given in Figure 1.26.
146-148
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Figure 1.26. Examples of surface-initiated ATRP of (a) methyl methacrylate, (b) N-

isopropylacrylamide and (c) hydroxylethyl methacrylate. 

1.10 Gradient Assembly of Polymer Brushes 

The long term goal of this project is to prepare a dynamic surface with polymer 

brushes that have a gradient in grafting thickness and grafting density or both. A gradient 

can be defined as a pattern of molecules or macromolecules that has a spatiotemporal 

change of at least one of the physicochemical characteristics of the molecule or 

polymer.
149 

Besides the final goal, a gradient brush sample is also a tool to help 

understand the effect of the grafting density and grafting thickness on the properties of 

brushes. The advantages of a gradient brush sample include saving time in preparation 
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and minimizing any preparation differences between samples. It also provides a way to 

make changes between a series of points as continuous as possible.  

In this project, gradients in grafting thickness of PLA brushes will be pursued. 

Although there are no previous reports on the preparation of gradient PLA brushes, there 

are a number of examples of other type of the polymer brushes with spatial gradients in 

grafting thickness. For example, poly(methyl methacrylate), PMMA, brushes with a 

gradient in grafting thickness were prepared by draining reactive solution during 

polymerization as shown in Figure 1.27.
150

 The substrate with bound initiators was put 

into a polymerization solution consisting of monomer and catalyst. A micro-pump was 

used to drain the system at a given speed. The time during which the bound initiator at a 

given position on the sample was exposed to the polymerization solution was controlled 

by the draining speed. The molecular weight of grafted polymer (e.g. the thickness of the 

brush), was related to the time during which the initiator was in contact with the reactive 

solution. 
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Figure 1.27. Scheme of preparing polymer brushes with a gradient thickness by 

draining reactive solution.
150

 

1.11 Progress in the synthesis of PLA brushes 

Poly(lactic acid), PLA, brushes could be a promising candidate for preparing a 

dynamic surface due to the degradability of PLA,
56-61, 70, 71

 which provides the possibility 

to remove PLA brushes. PLA brushes have been prepared on silicon and gold substrates 

using surface initiated ROP of lactide.
140, 151

 Silanol SAMs for silicon and thiol SAMs for 

gold were applied to immobilize the initiators on the surface as shown in Figure 1.28.  

Sn(Oct)2 was the common catalyst for the reaction. 
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Figure 1.28. Scheme of surface initiated ROP of lactide on Si and Au surface to 

prepare PLA brushes. 

There is, however, substantial variability in the reported thicknesses of PLA brushes. 

Choi et al. reported on the formation of 70 nm (dry thickness) brushes using an amino 

silane SAMs on silicon as the initiator at 80°C.
140

 In contrast, 12 nm (dry thickness) 

brushes were obtained by using hydroxyl-terminated thiol SAMs on gold as the initiator 

at 40 °C.
140

  Möller et al. prepared 18 nm (dry thickness) brushes using hydroxyl-

terminated thiol SAMs on gold as initiator at 40 °C.
151

 From these examples, one can see 

that there is fairly substantial variation in brush thickness.  

The control of brush thickness is important to prepare brushes with a gradient 

thickness. However, the control of the grafting thickness of PLA brushes was not 

discussed in these references. The initiator has some effect on the grafting thickness 

based on the reported data. The brush thicknesses from thiol SAMs initiator on gold were 

close, around 10 to 20 nm. However silane SAMs on silicon gave much larger thickness, 

over 5 times than that from thiol SAMs on gold. Temperature also has some effect on the 

brush thickness. The temperature used to prepare brushes was relatively low compared to 

the temperature applied in traditional bulk ROP of lactide (>80 °C). The low synthesis 
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temperature is partly due to the thermal stability of thiol SAMs, which is unstable above 

60 °C. The low synthesis temperature might also result from the difference between 

surface initiated polymerization and bulk polymerization in solution. These unanswered 

questions, specifically, how to control PLA brush thickness and how difference between 

surface initiated ROP and ROP in solution, will be addressed in this project. 

In the subsequent chapters, PLA brushes were prepared and their degradation were 

studied. It was demonstrate that the substrate could be exposed by removing PLA brushes. 

These experiments support the idea that a dynamic surface can be generated by the 

removal of degradable polymer brushes. 
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Chapter 2 Preparation of PLA Brushes  

2.1 Introduction 

PLA brushes were prepared through surface initiated ring opening polymerization, 

ROP.
1-4

 Since PLA is a well-known degradable material, PLA brushes could be a 

promising candidate for degradable polymer brushes. The degradation of PLA brushes 

provides a possible approach to tune surface properties by removing brushes on the 

surface. 

A controlled growth of PLA on the surface is required to create engineered brushes 

with a gradient thickness for proposed sequentially released bio-sensor array as discussed 

in Chapter 1. However, it is unclear how thick brushes can be grown and how much 

control over brush thickness will be possible from the literature. Choi et al. reported 

70 nm brushes using amino silane SAMs on silicon to polymerize lactide in THF at 80 °C 

for 72 h. In contrast, 12 nm brushes were obtained by using a hydroxyl-terminated thiol 

SAMs on gold to run polymerization in THF at 40 °C for 72 h.
1
 Moller et al. prepared 

18 nm brushes using a hydroxyl-terminated thiol SAMs on gold by polymerizing lactide 

in THF at 40 °C for 96 h.
2
 Tretinnikov and co-workers grafted 35 nm brushes to 

hydroxyl-terminated thiol SAMs on gold in toluene at 60 °C for 72 h.
3
 From those 

examples, one can see there is fairly substantial variation in brush thicknesses. Different 

temperature and initiators were applied in those brushes synthesis. Those variations could 

be the reason for the different thicknesses. In addition, no discussion or experimental data 

about the grafting density were provided in these references. 



52 

 

In this chapter, PLA brushes were prepared through surface initiated ROP. First, 

initiators were immobilized on the surface. Different types of immobilized initiators were 

explored to pursue the high quality initiator layer for better brush thickness control. Then 

the surface initiated ROP of lactide was performed to graft PLA from the surface. The 

polymerization conditions, such as temperature, solvent and monomer concentration, 

were screened to optimize the synthesis parameters for the thicker brushes. Sn(Oct)2 , the 

commonly used catalyst in traditional solution ROP of lactide, was demonstrated also to 

be an efficient catalyst for surface initiated ROP of lactide compared to other explored 

catalysts. The difference between surface initiated ROP and ROP in solution was 

highlighted. The effect of grafting density on the brush thickness was also demonstrated. 

2.2 Results and Discussion 

2.2.1 Multilayer deposit of amino silane initiator 

The first attempt to prepare a PLA brush employed a literature procedure.
1
 The 

molecule N-(2-aminoethyl)-3-aminopropyltrimethoxysilane, AEAPTS, was used to 

produce an amino-terminated SAMs on silica/silicon substrates. The silicon substrate was 

first etched in 5% HF/ethanol solution to remove native oxide layer and then treated in 

ultraviolet ozone (UVO) cleaner to re-oxidize the surface. The oxidation in the UVO 

cleaner is expected to generate a thin layer of silica (SiO2) on the silicon that is 

terminated with surface hydroxyl groups. These groups, called silanol groups, are 

expected to react with the trimethoxysilane groups of AEAPTS to form SAMs. 

A set of polymer brushes were prepared using AEAPTS SAMs as the initiator 

following the reported procedure.
1
 AEAPTS SAMs for these samples were deposited 
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using different temperatures and times. Identical polymerization conditions were used for 

each sample. The thicknesses of samples before grafting and after grafting were 

measured by ellipsometry. The difference between two measurements, before and after 

polymerization, is assigned as the thickness of the grafted layer. Table 2.1 gives the 

various deposition conditions of amino-terminated SAMs and thicknesses of polymer 

brushes grown from those SAMs.  

Table 2.1. Ellipsometric thicknesses of the PLA brushes initiated by AEAPTS SAMs 

prepared under different deposit conditions. 

SAMs Deposit Condition Brushes Thickness 

(Å) 
Average Thickness (Å) 

Solvent Temp (°C) Time (h) 

1% Acetic 

Acid (aq) 

RT 2 1 ± 4 

8 RT 2 0 ± 7 

RT 2 23 ± 1 

RT 12 500 ± 7 
308 

RT 12 117 ± 1 

RT 24 672 ± 41 
416 

RT 24 160 ± 1 

 
120 12 134 ± 43 

348 

 
120 12 562 ± 134 

Anhydrous 

Toluene 

RT 6 15 ± 19 

43 

RT 6 69 ± 41 

RT 6 46 ± 39 

RT 6 104 ± 32 

RT 6 134 ± 30 

RT 6 303 ± 41 

RT 6 150 ± 43 

RT 36 992 ± 66 

417 RT 36 870 ± 70 

RT 36 369 ± 52 
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The increased thickness indicates a thin layer was formed on the surface. The 

maximum thickness of the grafted layer from silanol SAMs deposited in 1% acetic acid 

aqueous solution is around 67 nm, which is close to 70 nm reported value.
1
 However, 

thicknesses of samples varied a lot depending on the deposition conditions for the amino-

terminated SAMs. For example, SAMs deposited for 2 h at room temperature gave 

brushes with average thickness of ca. 8 Å. In contrast, the average thicknesses of brushes 

obtained from SAMs deposited for 24 h at room temperature was ca. 400 Å.  Furthermore, 

brush thicknesses from SAMs prepared using the same conditions are also quite different. 

For example, three SAMs, deposited for 2 h at room temperature, initiated the synthesis 

of polymer brushes resulting in thicknesses of ca. 1Å, ca. 0 Å and ca. 23 Å. This 

variability is not acceptable, particularly considering the longer term goal of preparing 

samples with a gradient thickness.  

Based on these results, the primary concern is the variability in the thickness of the 

SAMs initiator. Several papers suggested the anhydrous toluene would be a better solvent 

to prepare a high quality amino silane SAM.
5-9

 Thus, anhydrous toluene was used to 

deposit AEAPTS SAMs. Then, the polymer brushes were prepared from newly deposited 

amino-terminated SAMs. The polymerization conditions were controlled to be the same 

as the former experiments. The thicknesses of the grafted layer were measured and are 

also listed in Table 2.1. The thicknesses of these trials are still various. For example, for 

brushes grown from SAMs deposited for 6 h at room temperature, thicknesses of the 

resulting polymer brushes vary from ca. 15 Å to ca. 300 Å. Polymer brushes initiated 
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from SAMs deposited for 36 h at room temperature are thicker on average. However, the 

thickness changes from sample to sample. The thickness of the thicker sample is almost 

three times than that of the thinner ones. These results indicate that the use of anhydrous 

toluene did not reduce the variability of thicknesses. 

As these experiments were being performed, it was noticed that during the deposition 

of AEAPTS, a white layer was often observed as shown in Figure 2.1. This observation 

suggests the layer formed during deposition was not a monolayer. Considering the length 

of an AEAPTS molecule, a monolayer of AEAPTS molecules should be too thin to be 

seen. Any observable feature on a surface should be on the order of the optical 

wavelength (e.g. 500 nm) which is much thicker than a monolayer. 

  

Figure 2.1. Optical photograph of silicon samples with (A) and without (B) amino 

silane deposit. 

A computer generated 3D model of AEAPTS in a fully extended conformation is 

shown in Figure 2.2. The length of the model is about 9 Å. This value is the maximum 

thickness that one would expect for an AEAPTS SAMs. The measured thickness of the 

deposited layer on sample A, shown in Figure 2.1, is ca. 87 Å, more than nine times that 

of 9 Å. This comparison suggests a multilayer was formed rather than a monolayer. 
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Figure 2.2. Computer generated 3D model of AEAPTS in a fully extended 

conformation. 

The reason that a multilayer forms could be the polymerization of AEAPTS due to 

the reactivty of the amino groups.
5
 Seven possible reactions that could occur between 

amino silane molecules during the deposition on silicon surface are schematically 

summarized in Figure 2.3. Reaction 1 is the chemisorption of amino silane, after 

hydrolysis, on SiO2 surface by reacting with OH groups to form a SAMs which is the 

desired result. However, the schematic does point out that a protonation/deprotonation 

equilibrium can occur at the terminal amino group. Reaction 2 is the reaction between the 

terminal NH2 group and CO2 from the ambient atmosphere to form an alkylammonium 

carbamate.
10

 The carbamate is not expected to be an initiator and would limit the 

thickness of the polymerized layer. Reaction 3 is the vertical polymerziation between 

amino silane molecules. This reaction would produce a multilayered structure. Reaction 4 

is the reaction between an amino group and a surface hydroxyl group. This reaction 

would not necessarily make the amino group unreactive towards initiation, but it might 

lower its relative rate of reaction. Reaction 5 is the intramolecular reaction between the 

amino group and a hydrolyzed silane hydroxyl group.
11

 This reaction might also lower 
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the relativity of amino group as in reaction 4. Reaction 6 is the interaction between the 

head-group of one hydrolyzed amino silane, Si(OH)3, and the amino group of another 

silane molecule. This reaction may cause the polymerization between amino silane 

molecules to form multilayer on the surface. Reaction 7 is the formation of 

pentacoordinated silicon by the reaction between the Si of amino silane and the amino 

group of another silane molecule. This reaction can also cause the polymerization 

between amino silane molecules. Among those reactions, only reaction 1 can form the 

SAM. Reactions 3, 6 and 7 can lead to the multilayer due to the polymerization of amino 

silane. Therefore, the reactivity of the amino group, mainly the reaction between NH2  

and OH, makes it difficult to control the structure of amino SAMs, leading to various 

thicknesses of grafted polymer layer from the amino SAMs. 

 

Figure 2.3. Scheme of possible reactions when an amino-terminated silane is 

deposited on a silicon surface.
5 
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To confirm the hypothesized multilayer formation during AEAPTS deposition, a set 

of experimants were performed to measure the thickness of the AEAPTS layer as a 

function of deposition time. Cleaned and oxidized Si chips were immersed in an 

anhydrous toluene solution containing 1% AEAPTS at room temperature for different 

reaction times. The measured ellipsometric thicknesses and optical photographs are 

shown in Figure 2.4. Indeed, the thickness of the layer grows with time. For a 60 minute 

deposition time, the multilayer is visible by the naked eye.  

 

 

Figure 2.4. Plot of the ellipsometric thicknesses of AEAPTS deposited layer versus 

the deposition time and optical photographs of samples. 

Although PLA is able to be grafted from amino silane SAMs, the multilayer 

deposition of the amino silane makes it difficult to control the quality of the SAMs and 
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the thickness of the resulting polymer brushes. Thus, the amino silane is not a suitable 

initiator for this project.  

2.2.2 Trial of silanol initiator 

Hydroxyl groups were used as initiators for the ROP of lactide.
12 

It is hypothesized to 

use surface bound silanol groups on silicon surface (e.g. Si-OH) as initiators. The silanol 

groups are created when the SiO2/Si substrate is prepared using ultraviolet ozone (UVO) 

cleaner. The use of silanol groups to prepare PLA brushes is not precedented in the 

literature, however. 

A silanol has a different chemical structure than an alcohol. The hydroxyl group of 

silanol is linked to a silicon atom while the hydroxyl of alcohol is linked to a carbon atom. 

The difference on the chemical structure could lead to different reactivity of these two 

hydroxyl groups.  Thus, before using surface silanol groups as initiators, the reactivity of 

silanol group was evaluated. Triphenyl silanol (TPS) was employed as initiator for the 

ROP of lactide catalyzed by tin bis(2-ethylhexanoate) (Sn(Oct)2) in solution to test the 

reactivity of silanol groups. 1-Butanol and benzyl alcohol were also used for comparison. 

The chemical structures of those initiators are given in Figure 2.5.  

Si OH OH

OH

Triphenyl Silanol, TPS 1-Butanol Benzyl Alcohol 

Figure 2.5. Chemical structures of triphenyl silanol (TPS), 1-butanol and benzyl 

alcohol. 
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The percentage conversion of lactide to PLA using different initiators was calculated 

based on the infrared (IR) spectrum of the reaction solution as described in the 

experiments section. The results are shown in Table 2.2. Both initiators gave the 

increased monomer conversion when reaction temperature was raised. The benzylic 

alcohol initiator, a typical initiator for the ROP of lactide, leads to relatively high 

monomer conversion compared to the aliphatic alcohol at each temperature. The TPS 

initiator gave a similar monomer conversion as 1-butanol at each temperature. By 

increasing the concentration of the TPS, the conversion of the lactide also increased. 

These results indicate that the silanol group works as well as an alcohol as an initiator for 

the ROP of lactide.  

Table 2.2. Percentage conversion of L-lactide to PLA using different initiators at 

various temperatures. Polymerization conditions: [M]=0.1M, [Cat.]=0.001M, 

[I]=0.001M, THF, 24 h. 

Initiator [I]10
3
 (M) 

Conversion (%) 

25 °C 40 °C 60 °C 

Benzyl Alcohol 1 40.0 ± 0.7 72.9 ± 2.2 80.2 ± 4.7 

1-Butanol 1 18.6 ± 0.3 34.8 ± 0.8 59.5 ± 0.4 

TPS 1 25.2 ± 1.6 33.2 ± 0.9 59.4 ± 0.3 

TPS 5 34.0  ±  1.1 46.7 ±  1.1 61.9 ± 0.9 

TPS 10 37.1  ±  0.8 50.1 ± 1.9 66.9 ± 2.2 

 

To further confirm the function of the silanol group in the ROP of lactide, the 

1
H-NMR spectrum of PLA initiated by TPS was collected and is shown in Figure 2.6. 

The doublet at around 1.6 ppm is assigned to the protons of methyl groups on PLA. The 
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quartet at around 5.2 ppm is assigned to the protons on the backbone of PLA. The singlet 

at around 7.0 ppm is the chemical shift for the phenol protons, indicating the TPS is a 

part of polymer after reaction. The presence of this peak confirms the silanol group is 

able to work as the initiator in the ROP of lactide. In addition, the result suggests the Si-

O-PLA bond is stable at 60 °C.  

 

Figure 2.6. 
1
H-NMR spectrum of PLA initiated by TPS. Polymerization condition:  

[M]=0.1M, [Cat.]=0.001M, [I]=0.001M, 60 °C, THF, 24h. 

2.2.3 Preparation of surface silanol groups 

Surface silanol groups were prepared to serve as immobilized initiators after 

confirming their reactivity. Two reported methods to prepare surface silanol groups were 

hot piranha solution treatment
5, 9, 13

 and UVO treatment.
14, 15

 Both methods were tried on 

the silicon substrate to evaluate which one would yield the most hydrophilic surface. 
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Treated silicon wafers were characterized by their deionized (DI) water contact angles. 

The optical photographs of DI water droplet on different samples are given in Figure 2.7. 

Samples A and B were treated by UVO and samples C and D were treated by hot piranha 

solution.  Water completely wets samples A and B. In contrast, droplets did not fully wet 

samples C and D. The DI water contact angle suggests that UVO treatment yields higher 

density of surface silanol groups. Thus, UVO was applied for surface treatment to 

introduce hydroxyl groups on silicon substrate. 

 

Figure 2.7. Optical photographs of DI water droplets on Si treated with UVO (A, B) 

and Hot Piranha(C, D). 

2.2.4 Preparation and characterization of PLA brushes 

PLA brushes were prepared using surface hydroxyl groups as initiators for the ROP 

of lactide catalyzed by Sn(Oct)2 in anhydrous THF. The mechanism of surface initiated 
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ROP of lactide is shown in Figure 2.8. First, the surface hydroxyl groups react with the 

Sn(Oct)2 to  form the tin alkoxide bond. Then the monomer coordinates and subsequently 

inserts into the Sn-O bond, opening the lactide ring and propagating the polymer chain. 

The grafted samples were characterized with attenuated total reflectance Fourier 

transform infrared spectroscopy (ATR-FTIR), ellipsometry, DI water contact angle test 

and atomic force microscopy (AFM). 
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Figure 2.8. Scheme of the surface initiated ROP of lactide. 

A typical ATR-FTIR spectrum of PLA grafted samples is given in Figure 2.9. The 

single peak around 1750 cm
-1

 is assigned to the carbonyl stretch (νCO). The two peaks 

around 2800 cm
-1

 and 2900 cm
-1

are due to C-H stretching. The collected IR spectra 

match those of bulk PLA.
16-18

 Thus the ATR-FTIR spectra support the hypothesis that 

PLA was grafted from the surface. 
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Figure 2.9. Typical ATR-FTIR spectrum of grafted PLA on silicon. 

A set of samples with different ellipsometric thicknesses was characterized by ATR-

FTIR. The peak areas around 2800 cm
-1

 and 2900 cm
-1

 were compared against the 

relative thickness as they have the largest intensity among peaks belonging to PLA. It 

was expected that an increase in intensity should correlate to an increase in thickness. 

The areas of these peaks were calculated. The peak area and their ellipsometric thickness 

are both plotted along with the growth time in Figure 2.10. Both peak area and 

thicknesses increased when the growth time was increased. Furthermore, the increase in 

peak areas was correlated to the increase of the thickness. All of these results are 

consistent with the grafting of PLA on the surface. 
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Figure 2.10. Plots of ellipsometric thicknesses and ATR-FTIR absorptions around 

2800 cm
-1

 versus growth time. Error bars represent the magnitude of the 90% 

confidence interval for 5 measurements on a single sample. 

DI water contact angles were measured before and after polymerization. The results 

are shown in Figure 2.11. Before polymerization, a DI water droplet can fully wet the 

UVO treated silicon substrate, which indicates surface hydroxyl groups with relatively 

high density were created during UVO treatment. After PLA grafting, the DI water 

contact angle increased. The increased contact angle value is consistent with the 

formation of grafted PLA layer, a layer of more hydrophobic polyester. 
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Figure 2.11. Optical photographs of DI water droplet on UVO treated and PLA 

grafted silicon. 

AFM images of a sample before and after polymer grafting were collected and shown 

in Figure 2.12. The left two images (A, C) are the morphology of UVO treated silicon 

substrate. The right two images (B, D) show the morphology of the polymer grafted 

sample. Images A, B are 20 μm scanning scale images with a height range of 150 nm. 

Images C, D are 500 nm scanning scale zoomed in images with height range of 50 nm. 

Comparing images A and B, they are obviously different. The color of image A is 

homogeneous which means the surface is relatively flat before grafting. Image B has 

considerable roughness including several white spots indicating a collection of material. 

AFM images suggest that the surface becomes relatively rough after grafting. The RMS 

value increased from 1.64 nm (image A, before grafting) to 7.86 nm (image B, after 

grafting). Thus, the surface became rougher after polymerization. Images C and D are the 

zoomed in images of surface before and after grafting. Comparing C and D, the increase 

of surface roughness is even more obvious. 
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Figure 2.12. AFM images of samples before (A, C) and after (B, D) PLA grafting. 

AFM images of the four samples with different grafting time were also collected and 

are shown in Figure 2.13. All of images have a 5 μm scanning (X, Y) scale and a 100 nm 

height range (Z). The RMS values of samples increased from 0.75 nm (1 h grafting) to 

16.92 nm (71 h grafting). The surface became rougher as the polymerization time 

increased. The increased roughness suggests that more material was grafted on the 

surface with the increase of polymerization time. Thus, the results of AFM 

characterization are consistent with the results of ellipsometry, DI water contact angle 

and ATR-FTIR measurements to support the grafting of PLA on the surface. 
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Figure 2.13. AFM images of PLA brushes with different growth time (1 h, 19 h, 43 h 

and 71 h). 

2.2.5 Optimization of the synthesis conditions 

As shown above, PLA brushes were prepared and characterized with ATR-FTIR, DI 

water contact angle test, ellipsometry and AFM. In this section, the variation in 

polymerization conditions, including temperature, catalyst, solvent and monomer 

concentration, were studied to pursue optimized the synthesis conditions for the thicker 

brushes and good control of thickness. Larger thicknesses and good control of thickness 

are desired to prepare PLA brushes with gradient thickness to generate a dynamic surface. 

2.2.5.1 Variation of temperature  

PLA brushes were prepared at different temperatures with other conditions 

unchanged to evaluate the effect of growth temperature on the brush thickness. 

Ellipsometry was employed to measure thicknesses of samples prepared at different 

temperatures. The ellipsometric thicknesses were plotted versus the growth time and 

shown in Figure 2.14.  
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Figure 2.14. Plots of ellipsometric thicknesses versus growth time at different 

temperatures. Error bars represent the magnitude of the 90% confidence interval 

for 5 measurements on a single sample. Lines are drawn merely as guides to the eye.  

Reaction conditions: [M]=0.1M, [Cat.]=0.001M, THF. 

The lines linking the data points are provided only as a guide to the eye to distinguish 

each group of data from others. At low temperature (e.g. 25 °C), the thicknesses 

increased with the increase of the reaction time. The maximum thickness was around 

95 Å after 25 h. The polymerizations at 25 °C gave thicker brushes than those at 5 °C 

presumably because the reaction rate is slower at this lower temperature. High 

temperature reactions gave a faster increase of thicknesses at the beginning of the 

reaction. However, the thicknesses decreased after a longer reaction time. The samples 

prepared at 60 °C had thickness of 80 Å after 1h, but the thickness decreased to 15 Å 

after 25 h. A peak in the plot curve of thicknesses can be observed from data sets of those 

reactions run at temperature higher than 40 °C. To rule out that the decrease in thickness 
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was due to hydrolysis caused by the trace water in the solution, a brush was soaked in 1 % 

water/THF solution at 60 °C for 3 h. No decrease in thickness was observed. In addition, 

the previous 
1
H-NMR analysis has indicates the Si-O-PLA bond is stable at 60 °C (see 

Figure 2.6). A possible explanation for decreased thickness is the depolymerization of 

grafted polymer due to a shift in the polymerization/depolymerization equilibrium of the 

ROP.
19

 

To determine if this behavior also occurs on solution-grown polymer, lactide was 

polymerized in solution at different temperatures using TPS initiators. GPC analysis was 

used to characterize the product. The molecular weight, polydispersity index (PDI) and 

yield of polymer are listed in Table 2.3.  

Table 2.3. Molecular weight, polydispersity index and yield of PLA prepared at 

different temperature. Reaction conditions: [M]=0.1M, [Cat.]=0.001M, [I]=0.001M, 

24 h. 

T (°C) Mn (Da) PDI Yield (%) 

90 4122 1.17 71.6 

60 8136 1.18 59.4 

25 13398 1.19 0.3 

 

The molecular weight decreased when high temperature was applied. At the same 

time, the yield of polymer increased according to increased temperature. The results 

indicate that high temperature favors a high monomer conversion. But the molecular 

weight of the polymer decreases at high temperature. In contrast, the polymerization at 

lower temperature gave relatively higher molecular weight. The explanation of this 
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behavior is the equilibrium of polymerization/depolymerization.
19

 When the temperature 

increases, it is expected to favor depolymerization as the TS of depolymerization is 

more favorable than the TS of polymerization. 

Considering the changes of molecular weight and polymer yield according to reaction 

temperature, it is highlighted that the optimized polymerization temperature for surface 

initiated ROP are different from the one conducted in solution.   Traditional solution 

polymerization seeks a reasonable conversion from monomer to polymer. The high yield 

is pursued by varying reaction conditions. For the growth of polymer from substrate, that 

conversion trades off with a maximized molecular weight. On a surface, however, the 

conversion is of little importance, because the amount of material grafted from the 

surface is very small. Such a consideration is important when achieving the growth of 

any polymer brushes where the reversibility in the polymerization can occur.  ROP of 

lactide fits these criteria, because the six member ring structure of the lactide is easy to 

form during depolymerization. Then the 25 °C was used as optimized temperature for 

growing thicker brushes. 

2.2.5.2 Variation of catalyst 

Several catalysts have been reported for the ROP of lactide in solution.
20 

However 

only few of them have been applied for surface initiated polymerization. In particular, 

stannous octanoate
1
 and stannous triflate

2
 were two reported catalysts. Here, these two 

catalysts and other three commercially available catalysts, scandium triflate, stannous 

acetate and 1,5,7-triazabicyclo[4,4,0]dec-5-ene (TBD) were explored to determine the 

effect of catalyst on the growth of PLA brushes. The structures of these catalysts are 
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shown in Figure 2.15. Scandium triflate was chosen because it was reported to be an 

efficient catalyst for the ROP of lactide in the solution
21

 and has a similar structure to 

stannous triflate. Stannous acetate was explored as it has a similar structure to stannous 

octanoate but has shorter ligand, which might provide higher activity due to the less steric 

hindrance. TBD, a recent reported organic catalyst,
22 

was used to determine whether an 

organic, metal free, catalyst works for surface polymerization. 
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Figure 2.15. Molecular structures of tested catalysts. 

Polymerizations were run using various catalysts, keeping other conditions the same. 

The thicknesses of brushes were measured to evaluate the efficiency of each catalyst. The 

measured ellipsometric thicknesses are plotted versus growth time as shown in Figure 

2.16. 
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Figure 2.16. Plots of ellipsometric thicknesses of PLA brushes synthesized using 

different catalysts versus growth time. Error bars represent the magnitude of the 90% 

confidence interval for 5 measurements on a single sample. Reaction conditions: 

[M]=0.1M, [Cat.]=0.001M, 25 °C, THF. 

For three tin-containing catalysts, the thicknesses increased with reaction time. The 

thickness from tin octanoate increased the fastest among these three catalysts. The 

remaining two samples from scandium triflate and TBD did not show any obvious 

increase in thicknesses based on ellipsometry measurements. The difference among the 

tin-based compounds may be due to their solubility. Tin octanoate dissolved very well in 

THF during the experiment. Stannous triflate was soluble in THF, but the resulting 

solution was viscous. Stannous acetate was almost insoluble in THF, probably because of 

the small ligand which provides poor solubility in organic solvents. Surface initiated ROP 

is a heterogeneous reaction. The poor solubility and high viscosity can impede mass 

transport, giving a low growth rate for chain propagation. Using TBD did not result in a 
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viscous solution or solubility problems, but it did not catalyze the surface initiated ROP 

either as no increase in thickness was measured. TBD, an organic base, can catalyze the 

ROP by attacking the ring of lactide with its lone pair. It does not need the surface 

hydroxyl groups as co-initiator. Thus the polymerization, catalyzed by TBD, is not 

initiated from the surface to grow brushes. Comparing the maximum thickness given by 

different catalysts, the use of tin octanoate gave the largest increase in thickness. Thus, it 

was chosen as the catalyst for further experiments.  

2.2.5.3 Variation of solvent 

THF and toluene were two solvents reported for preparing PLA brushes.
1, 2

  Here, 

both of them were examined to check the effect of solvent on the brush growth. Two sets 

of samples were prepared with different solvents, while keeping other conditions the 

same. The thicknesses of individual samples were measured by ellipsometry and plotted 

versus growth time as shown in Figure 2.17. 
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Figure 2.17. Plots of ellipsometric thicknesses of PLA brushes prepared in different 

solvents versus growth time. Error bars represent the magnitude of the 90% 

confidence interval for 5 measurements on a single sample. Reaction conditions: 

[M]=0.1M, [Cat.]=0.001M, 25 °C. 

The increased ellipsometric thickness in both trials indicates the brushes are able to 

grow in both solvents. Comparing the growth thickness, THF gave the faster growth rate 

as well as the larger final thickness (ca. 100 Å). It was observed that lactide took more 

time to dissolve in the toluene than in the THF, which means the solubility of lactide is 

higher in THF than in toluene. Limited solubility of lactide in toluene could also possibly 

have impeded mass transport, resulting in the behavior observed here. Empirically, THF 

is the better solvent for the growth of the brushes and is chosen as the solvent for the 

further experiments. 
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2.2.5.4 Variation of monomer concentration 

Different monomer concentrations were employed to check their effects on the 

thickness of brushes. The concentrations explored were 0.01 M, 0.02 M, 0.1 M, 0.2 M 

and 1 M. The polymerizations were run at room temperature. Thicknesses of brushes 

were tracked by ellipsometry and plotted versus growth time as shown in Figure 2.18. 

Comparing the increase in thicknesses resulting from different monomer concentrations, 

the sample set using 0.1 M monomer concentration had the largest growth rate and the 

final thickness among the five sample sets. The thickness of sample sets using monomer 

concentration of 0.02 M had slightly larger thicknesses than those of sample sets using 

monomer concentration of 0.01 M. The thicknesses of these two sets were much smaller 

than those applying 0.1 M and 0.2 M monomer concentration. When the monomer 

concentration increased from 0.1 M to 0.2M, the growth profile was similar at the 

beginning time. However, the thickness of samples prepared by using monomer 

concentration of 0.2 M decreased after a long reaction time (after 50 hours). When the 

monomer concentration was further raised to 1 M, the brushes did not grow rapidly. The 

results indicate the brush thickness increases when the monomer concentration increases 

from a relatively low level. However, too high of a monomer concentration is detrimental 

for growth. 



77 

 

0 20 40 60 80
0

20

40

60

80

100

120

[M]=0.01M

[M]=0.02M

[M]=0.1M

[M]=0.2M

[M]=1M

E
lli

p
s
o

m
e

tr
ic

 T
h

ic
k
n

e
s
s
 (

Å
)

Grwoth Time (h)
 

Figure 2.18. Plots of ellipsometric thicknesses of PLA brushes prepared with 

different monomer concentration versus growth time. Error bars represent the 

magnitude of the 90% confidence interval for 5 measurements on a single sample. 

Reaction conditions: [Cat.]=0.001M, 25 °C, THF. 

It was noted that, when a high monomer concentration was used, white cloudy 

precipitation appeared in polymerization solution as shown in Figure 2.19. The 

precipitate was analyzed to be PLA using IR and NMR spectra. The visual precipitate 

indicates the polymerization is significant in solution when monomer concentration is 

increased. Considering the relation between small surface thickness and rapid 

polymerization in the solution, a competition between surface polymerization and 

solution polymerization is likely. 
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Figure 2.19. Optical photograph of polymerization solution after 1 day reaction with 

0.1M monomer concentration (left) and 1M monomer concentration(right). 

Reaction conditions: [Cat.]=0.001M, 25 °C, THF. 

When monomer concentration increases, mass transport increases to profit the growth 

of polymer on the surface. However, if monomer contains a trace amount of impurities, 

though carefully purified, the higher concentration of monomer, the more impurities are 

in the reaction system. Besides the possible impurity from monomer, the trace of 

moisture in solvent could also serve as an initiator. Even distilled THF still likely 

contains traces of water.
23

 Those water molecules can react with the catalyst and start 

polymerization in solution. When a high monomer concentration is used, polymerization 

in solution could be significant and could reduce the monomer concentration rapidly. As 

discussed previously, the ROP of lactide is an equilibrium process. When the monomer 

concentration in solution drops significantly, the polymer on the surface could 

depolymerize to release monomer, resulting in a decreased brush thickness. 

To test this hypothesis, PLA brushes were prepared with additional impurities added 

on purpose to promote polymerization in solution. The brush thicknesses were tracked 

and compared to those prepared without additional impurities. Impurities used here were 

water and lactic acid. Water is used to represent the possible impurity in solvent. Lactic 
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acid is used to mimic the hydrolyzed product of lactide. The amount of additional 

impurity was 0.1 volume percent of whole reaction solution. The brush thicknesses of 

samples prepared with and without additional impurities are plotted in Figure 2.20. 
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Figure 2.20. Plots of ellipsometric thicknesses of PLA brushes prepared with and 

without additional impurities. Error bars represent the magnitude of the 90% 

confidence interval for 5 measurements on a single sample. Reaction conditions: 

[M]=0.1M, [Cat.]=0.001M, 25 °C, THF. 

With additional impurities, the brush thicknesses increased initially, but decreased 

after longer reaction times. In addition, white precipitate was observed in the reaction 

solution containing the impurities. The monomer conversion in solution was also tracked 

along with growth time and given in Figure 2.21. The monomer conversion in solution 

remained low during the whole experiment without additional impurities. However, when 

impurities presented in solution, the monomer conversion increased. The increased 

monomer conversion is consistent with the formation of the white precipitate. Comparing 
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Figure 2.20 and Figure 2.21, one can see the grafting thickness decreases when 

polymerization is significant in solution. The result supports the competition between the 

surface polymerization and the solution polymerization. 
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Figure 2.21. Plots of monomer conversion versus brush growth time with and 

without additional impurity. Error bars represent the magnitude of the 90% 

confidence interval for 5 measurements on a single sample. 
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2.2.6 Reproducibility of growth 

After optimizing the synthesis conditions, the reproducibility of the grafting thickness 

was investigated. Three independent sets of five samples were run to evaluate the 

reproducibility of brush thicknesses through surface initiated ROP under optimized 

conditions. Three sets of samples covered different time length of growth. The 

thicknesses of each sample set are plotted versus the growth time in Figure 2.22.  
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Figure 2.22. Plots of ellipsometric thicknesses of PLA brushes in different 

experiment sets versus growth time. Error bars represent the magnitude of the 90% 

confidence interval for 5 measurements on a single sample. Reaction conditions: 

[M]=0.1 M, [Cat.]=0.001 M, 25 °C, THF. 

All sets of samples show increased thickness with growth time. Furthermore, samples 

from different sets but with the same growth time have similar thicknesses. For example, 

one sample has a thickness of 56±2 Å after 5 h of growth. Another sample has a 

thickness of 54±4 Å for the same growth time. For samples prepared with a 25 h reaction 
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time, one sample has a thickness of 82±5 Å and the other has a value of 72±3 Å. Thus, 

the reproducibility of preparing PLA brushes using optimized synthesis conditions was 

acceptable. At the same time, this growth profile suggests it is possible to control the 

brush thickness by tuning the reaction time. This will be a useful approach to prepare 

PLA brushes with a gradient thickness. 

2.2.8 Thicknesses from various grafting densities 

Besides the polymer chain length, the grafting density also has the effect on the brush 

thickness. Here, the effect of grafting density on the brush thickness was explored. One 

easy way to prepare brushes with different grafting density is tuning the density of 

immobilized initiators. It is known that a high density of silanol groups will be formed 

after UVO treatment. In addition, the silicon wafer has a native oxide layer, whose 

density should be lower than that after UVO treatment. These two kinds of substrates 

were used to demonstrate how grafting density affects the brush thickness. 

Two sets of silicon substrates were prepared to obtain different densities of surface 

hydroxyl groups. After sonication in ethanol, one set of samples was etched with 5% HF 

in ethanol and subsequently oxidized with UVO. Another set was directly used after 

cleaning. The DI water contact angles were measured on both substrates to compare the 

surface hydroxyl densities. The measured contact angle was ca. 44 ° on the cleaned 

substrate and less than 5 ° on the UVO treated silicon substrate, which was too small to 

be accurately measured, as shown in Figure 2.23. The result indicates that the surface of 

the UVO treated substrate is more hydrophilic than that of the only cleaned substrate, 
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which supports the assumption that hydroxyl groups on the UVO treated substrate has a 

higher density than that on the only cleaned silicon substrate. 

 

Figure 2.23. Optical photographs of DI water droplet on the cleaned silicon 

substrate (left) and the UVO treated silicon substrate (right). 

Polymers were grafted from both substrates under the same conditions to examine the 

difference in thicknesses due to different initiator density. The thicknesses were measured 

by ellipsometry and plotted versus growth time in Figure 2.24. Thicknesses of brushes 

from both substrates increased along with growth time. Thicknesses from the UVO 

treated substrates increased faster than those from only cleaned substrates.  The polymer 

brushes with thickness of ca. 100 Å can be prepared from UVO treated substrates after 72 

hours. The brushes grown from only cleaned silicon substrates had thickness of ca. 50 Å 

after the same growth time. It was demonstrated that the UVO treated substrate had high 

surface silanol density. Thus, the larger thickness is consistent with a higher silanol 

density, more initiators on the surface, and thus more material grown on the surface. 

Furthermore, the result indicates the brush thickness can be adjusted by tuning the 

grafting density. 
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Figure 2.24. Plots of ellipsometric thickness from substrates with different 

treatments versus growth time. Error bars represent the magnitude of the 90% 

confidence interval for 5 measurements on a single sample. Reaction conditions: 

[M]=0.1 M, [Cat.]=0.001 M, 25 °C, THF. 

2.2.8 PLA brushes from hydroxyl-terminated thiol SAMs 

Different brush thicknesses as the result of different initiator densities were 

demonstrated on silicon substrates. However it is not obvious how to continuously adjust 

the surface hydroxyl density on silicon to prepare a gradient. The approach used above 

cannot be continuously tuned. Alternatively, hydroxyl-terminated SAMs, OH-SAMs, 

have been shown to be a practical approach to prepare a hydroxyl-terminated surface 

with tunable density of hydroxyl groups.
24

 In this section, a hydroxyl-terminated thiol 

was used to prepare OH-SAMs as immobilized initiators. The PLA brushes grafted from 

OH-SAMs were also prepared and characterized. 
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OH-SAMs were formed by immersing a cleaned gold substrate in 1 mM 11-

mercapto-1-undecanol /ethanol solution at room temperature over night. Then, the 

deposited sample was rinsed with pure ethanol to remove physisorbed thiol molecules. 

The rinsed sample was dried under nitrogen for further application or characterization. 

The OH-SAMs were characterized using scanning tunneling microscopy, STM. STM 

images of an OH-SAM with 500 nm, 250 nm and 50 nm XY scales are shown in Figure 

2.25. All of them have 1 nm height range.  

 

Figure 2.25. STM images of 11-mercapto-1-undecanol SAMs on gold with 500 nm, 

250 nm and 50 nm XY scale. 

The image at 500 nm scale shows large scale features of OH-SAMs. The surface is 

relatively flat considering the height range is merely 1 nm. Dark colored pits appear 

periodically on the surface. The dispersal of pits is homogeneous. Images at 250 nm and 

50 nm XY scales show the zoomed in images of OH-SAM. The thin lines connecting pits 

are domain boundaries, which are the edge between two domains oriented in different 

directions. Both pits and domain boundaries are typical features of thiol SAMs on gold.
25-

27
 The features in STM images support the formation of OH-SAMs on the gold substrate. 
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PLA brushes were prepared from OH-SAMs under the optimized conditions 

described previously. The ATR-FTIR spectrum was collected on grafted sample as 

shown in Figure 2.26. The peak at ca. 1750 cm
-1

 is assigned to the carbonyl groups. The 

peaks at ca. 2900 cm-1 and 2800 cm
-1

 are assigned to carbon hydrogen stretch. The ATR-

FTIR spectrum matches the spectrum collected on the PLA grafted silicon sample. It 

supports that PLA is grafted from the OH-SAMs on the surface.  
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Figure 2.26. ATR-FTIR spectrum of PLA grafted from 11-mercapto-1-undecanol 

SAMs on gold. 
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DI water contact angles were measured on the OH-SAMs and PLA grafted sample. 

The results are shown in Figure 2.27. The DI water wetted the OH-SAMs surface, 

consistent with a high density of hydroxyl groups on the surface. After grafting, the DI 

water contact angle increased to support the formation of the more hydrophobic PLA 

layer. 

 

Figure 2.27. Optical photographs of DI water droplets on OH-SAMs and PLA 

grafted sample. 
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Thicknesses of PLA brushes from different initiators, surface silanol groups and OH-

SAMs, were measured. The brush thicknesses from different substrates were tracked by 

ellipsometry and plotted in Figure 2.28. For both substrates, thicknesses increased with 

growth time. Two plots curves have a similar shape, which indicates a similar growth 

behavior over the experiment time. Thus, the OH-SAMs works equally well as surface 

silanol groups to be the initiator for PLA brushes. 
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Figure 2.28. Plots of ellipsometric thicknesses of PLA brushes grown from surface 

silanol  and OH-SAMs versus growth time. Error bars represent the magnitude of 

the 90% confidence interval for 5 measurements on a single sample. Reaction 

conditions: [M]=0.1 M, [Cat.]=0.001 M, 25 °C, THF. 

2.3 Conclusion 

Surface silanol groups are good initiators for the growth of PLA brushes and provide 

brushes comparable to those grown from OH-SAMs.  The synthesis conditions were 

optimized for surface initiated ROP of lactide to have a controlled growth on the surface. 
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The PLA brushes with thicknesses of ca. 10 nm can be prepared under the optimized 

conditions. Moreover, it is highlighted that the optimized conditions for surface 

polymerizations are different from those for solution reactions. The effect of grafting 

density on the grafting thickness was also demonstrated. 

2.4 Experiments 

2.4.1 Monomer purification 

The monomer, L-lactide, was ordered from Sigma-Aldrich. It was purified by 

recrystallizing twice consecutively in anhydrous toluene. The 
1
H-NMR spectra of 

original L-lactide and purified lactide are given in Figure 2.29 and Figure 2.30 

respectively. The singlet at around 1.5 ppm in the spectrum of the original L-lactide 

indicates small amount water is present in the compound. After purification, the water 

peak disappeared. The purified monomer was stored in the dry box. 

 

Figure 2.29. 
1
H-NMR spectrum of original L-lactide. 
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Figure 2.30. 
1
H-NMR spectrum of purified L-lactide. 

2.4.2 Catalyst purification 

Sn(Oct)2 was ordered from Sigma-Aldrich. According to the reference, it contains 

some impurity and water.
28

 To purify it, the Sn(Oct)2 was distilled at 80 °C under vacuum 

of 10 militorr. The vacuum distiller is shown in Figure 2.31. It is a combination of three 

round flasks. The chemical to be distilled was put in the bottom flask. Then the 

compound was heated under vacuum. The distilled chemical was condensed in the 

middle flask and collected. 
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Figure 2.31. Scheme of vacuum distiller (a) and a photograph of instrument (b). 

The original Sn(Oct)2 and purified Sn(Oct)2 was characterized by 
1
H-NMR as shown 

in Figure 2.32 and Figure 2.33. Comparing the two spectra, the peaks around 7.2 ppm and 

2.4 ppm in the spectrum of original Sn(Oct)2 disappeared after purification. The chemical 

shifts in the spectrum of purified product matched the structure of Sn(Oct)2. The purified 

product was stored in the dry box. 
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Figure 2.32. 
1
H-NMR spectrum of original Sn(Oct)2. 

 

Figure 2.33. 
1
H-NMR spectrum of purified Sn(Oct)2. 

2.4.3 Si/SiOx substrate preparation 

Silicon wafers were cut into 10 mm×5 mm small chips and cleaned in Piranha 

solution (a 70/30 v/v mixture of concentrated sulfuric acid and 30 % aqueous hydrogen 
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peroxide) for 1 hour to remove organic contaminants. CAUTION:  Piranha solution 

reacts violently with organics and should not be mixed with them. Then the chips were 

rinsed with a large amount of deionized (DI) water, ethanol and DI water again. The 

cleaned samples were etched with 5 % HF in ethanol solution for 2 minutes to remove the 

natural oxide layer. After etching, samples were rinsed with ethanol and DI water and 

dried under nitrogen. Then treated silicon substrates were put into the ultraviolet-ozone 

(UVO) cleaner for 30 minutes to form the silica layer. 

2.4.4 Hydroxyl-terminated thiol SAMs preparation 

Gold slides (purchased from Evaporated Metal Films - TA134) were cut into 

10 mm×5 mm small pieces. These substrates were cleaned using Piranha solution for 1 

hour and rinsed with a large amount of DI water, ethanol and DI water again. The cleaned 

samples were dried under nitrogen and immersed in 1 mM 11-mercapto-1-undecanol 

(Aldrich, 97 %) ethanol solution at room temperature overnight to form the SAMs. After 

deposition, samples were rinsed with ethanol to remove any physisorbed thiol. The rinsed 

samples were dried under nitrogen before characterization. 

2.4.5 Preparation of PLA brushes  

L-lactide (Sigma-Aldrich, 98 %) was recrystallized twice consecutively in anhydrous 

toluene. Stannous octanoate (Sigma-Aldrich, 95 %), was distilled under vacuum. THF 

was dried by distilling from sodium. The glass vials used as reaction containers were 

cleaned in Piranha and rinsed with DI water. Then cleaned vials were pre-dried in oven at 

120 °C overnight. The pre-dried vials were further flame dried and cooled down under a 

nitrogen atmosphere. Freshly-made substrates with initiators were sealed in the dried 
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vials with a given amount of monomer, catalyst and anhydrous THF in the dry box. 

Loaded vials were sealed and set in a pre-heated oil bath at a given temperature for a 

given time. The grafted samples were sonicated in anhydrous THF for 15 s and rinsed 

with THF, ethanol and DI water to remove any physisorbed polymer or monomer. 

Cleaned samples were dried under nitrogen before characterization. 

2.4.6 Ellipsometry measurement 

Ellipsometry measurements were taken on a Rudolph Research / AutoEL. The 

measurement angle was 70°. For each sample, five measurements were collected, four on 

each corner and one in the center. The average value of the five measurements was used 

to represent the thickness of the sample. To determine PLA brush thickness, the sample 

was measured twice, before grafting and after grafting. The difference between two 

measurements was assigned to be the thickness of the PLA brush. 

2.4.7 ATR-FTIR measurement 

The ATR-FTIR spectra were collected on the Excalibus Series bench (VARIAN) 

with the MIRacle Single Reflection ATR kits (PIKE). The ATR crystal was a 

Germanium crystal. The backgrounds scans were collected in air. 

2.4.8 GPC analysis 

GPC was run on the Varian PL-GPC 50 PLUS system with Alltech Jordi-Gel DVB 

500 Å column. The column was calibrated using polystyrene standards (Easivial PS-M 

standards, Varian). THF (J.T. Baker HPLC) was used as solvent. The polymer was 

precipitated and washed with ethanol. Then it was dried under vacuum overnight. The 
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dried polymer was dissolved in THF to make GPC sample with concentration of 1 

mg/mL. 

2.4.9 Calculation of Monomer Conversion 

The monomer conversion was calculated based on IR spectra of the polymerization 

solution. The peak around 1250 cm
-1

 relates to the ring structure of L-lactide,
29

 which 

decreased during polymerization due to opening of the ring, as shown in Figure 2.34. The 

peak area of carbonyl groups was unchanged during polymerization because the number 

of carbonyl groups was constant. Thus the carbonyl peak was able to serve as the internal 

standard to calculate the monomer conversion. The monomer conversion can be 

expressed as: 
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where ARing is the peak area between 1290 cm
-1

 and 1220 cm
-1

 and AC=O is the 

carbonyl peak area.  
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Figure 2.34. FTIR spectra of starting material and solution after 6 hours. 

To evaluate this method, a series of lactide and lactic acid (PLA with degree of 

polymerization of 0.5) mixture with known percentage of lactide were measured. The 

calculated monomer conversion was compared to theoretical monomer conversion, based 

on known lactide percentage, as plotted in Figure 2.35. The results showed the calculated 

monomer conversion was very close to theoretical value.  
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Figure 2.35. Plots of calculated monomer conversion from IR spectra versus 

theoretical monomer conversion from known percentage of lactide. 

2.4.10 DI water contact angle measurement 

DI water contact angles were measured on home-made setup. 5 μL DI water was 

placed on the sample using a micro syringe. An image of the DI water droplet was 

collected by video camera (Panasonic GP-KR222). The image was analyzed by ImageJ 

software (Image J 1.32j, Wayne Rasband, National Institutes of Health, USA) to 

determine the contact angle value. 

2.4.11 AFM/STM image collection 

AFM/STM images were collected on Nano Scope IIIa Scanning Probe Microscope 

system (Digital Instrument). AFM tips were Olympus AC 240TS with frequency of 70 

kHz. The images were collected under AFM tapping mode (non-contact, resonant 
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cantilever). The STM tips were cut from platinum iridium wire (Alfa Aesar). The images 

were collected using a constant current model.  
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Chapter 3 Degradation of PLA Brushes 

3.1 Introduction 

Polymer brushes, immobilized polymer chains with one end attached to a surface, 

have been widely used in surface modifications, such as the control of adhesion,
1-3

 the 

formation of protective coatings,
4, 5

 the control of friction and wear,
6-8

 and stabilization of 

nanoparticles.
9-11

  In these examples, functional polymers are grafted from or grafted to 

the surface to adjust the surface properties. Most attention has been focused on 

introducing polymer brushes onto the surface. After immobilization, polymers stay on the 

surface to perform a function. However, the opposite process – their removal – could also 

be interesting and potentially useful. When brushes are removed from a surface, the 

underlying substrate is exposed. The rate at which the brush is removed dictates the 

access of the underlying substrate. The substrate could then have an interaction with the 

environment, leading to potential applications such as a sensor, reactive surface, etc. In 

this sense, the removal of the brush provides a temporally dynamic property to the 

surface. 

The removal of polymer brushes has been investigated. For example, it has been 

shown that the cleavage of chains from a surface can be used as a form of a stimuli 

responsive surface.
12, 13

  It is hypothesized that another simple way to remove the brush is 

the disassembly of ester linkages in polyester brushes. This route is used in bulk to 

degrade polyester.
14-18

 Considering the degradation manner of degradable polymer 

brushes, sequential or random cleavage of ester bonds should offer very different 
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properties to the brush-based dynamic surfaces described above. However, the behavior 

of such brushes is not easy to be predicted merely based on the knowledge of their bulk 

counterparts, considering the significant differences between bulk polymers and polymer 

brushes, such as molecular weight and polymer chain organization. The kinetics of the 

depolymerization process could be very different when a brush is compared to a bulk 

polymer sample. Indeed, bulk samples of polyesters have been shown to take days to 

weeks (or longer) to degrade.
19-23

  A brush is much smaller and thus likely will degrade 

substantially faster.   

Bulk PLA can degrade via acid or base catalyzed hydrolysis of ester bonds within it, 

leading to random chain scission.
24

 Acid catalyzed hydrolysis is regarded as the most 

facile mechanism for the degradation of bulk PLA material (Figure 3.1).
25-27

 Self-

catalysis by the acidic hydrolysis product, the lactic acid, has also been illustrated.
26-30

 

Furthermore, the degradation rate of bulk material is affected by the material structure 

such as the degree of crystallinity and water vapor permeability.
31, 32

 Thus, the reported 

degradation rate could be quite different from sample to sample. For example, the 

reported, pseudo first-order rate constants for degradation of PLA samples with different 

morphologies varied from 0.13/hour
29

 to 0.41/day.
27
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Figure 3.1. Scheme of the degradation of PLA via hydrolysis. 

The degradation of PLA oligomers with ten or fewer repeat units in aqueous solution 

has also been studied and exhibits different behavior when compared to bulk PLA.
33, 34

 

PLA oligomers are soluble in aqueous solution. Unlike the acid-catalyzed hydrolysis of 

bulk PLA, the mechanism of PLA oligomer degradation depends on the pH value of 

aqueous solution in which degradation occurs. At lower pH values, the hydrolysis of ester 

groups is rate limiting.
34

 However, at higher pH, the degradation mainly occurs via 

intermolecular transesterification, known as a backbiting reaction, as shown in Figure 

3.2.
33

 Thus, unlike bulk PLA, the degradation of PLA oligomers is faster at elevated pH 

values. Additionally, the terminal hydroxy groups have been found to be critical for 

backbiting. When terminal hydroxyl groups were blocked by reacting them with succinic 

anhydride, no significant degradation was observed.
33

  In summary, comparing two 

chemical reactions related to the degradation of PLA materials, the acid-catalyzed 

hydrolysis is slow compared to the base-catalyzed backbiting. Hydrolysis occurs at 

random locations along the PLA backbone. Backbiting starts from the terminal hydroxyl 

group. Thus, an unanswered question is, with respect to degradation, how will PLA 

brushes degrade? 
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Figure 3.2. Scheme of the degradation of PLA via backbiting.
33

 

The preparation of PLA brushes has been described previously.
35-38

  Most typically, 

they are prepared through surface initiated ring-opening polymerization of lactide 

catalyzed by tin bis-(2-ethyl hexanoate), Sn(Oct)2.  However, there is lack of literature 

that discusses the degradation of PLA brushes. In this chapter, the factors governing 

degradation of PLA brushes were investigated.  The effects of pH and temperature on 

PLA brush degradation were studied. The degradation of PLA brushes and spin coated 

PLA were compared to aid in the understanding of PLA brush degradation. Combined 

with additional experiments described herein, a mechanism for the degradation of PLA 

brushes was proposed.   

3.2 Results and Discussion 

3.2.1 Degradation of PLA brushes in aqueous solution 

To investigate the degree to which PLA brushes can be removed from a substrate, 

three PLA brush samples with ca. 10 nm thicknesses were soaked in phosphate buffer 

solution with controlled pH in separated containers. After a given reaction time, samples 

were removed and characterized by ellipsometry and attenuated total reflectance Fourier 

transform infrared spectroscopy (ATR-FTIR) to check an change in PLA brush layers. 
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The ATR-FTIR spectra of PLA brushes with different incubation time are shown in 

Figure 3.3. The measured ellipsometric thicknesses of each sample are also marked in the 

figure. After 198 h of soaking in aqueous solution, the ellipsometric thickness of the 

brush decreased to ca. 3 nm. Compared to the original value, the brush thickness 

decreased about 70%. The thickness of the brush soaked for 288 h was reduced to 

ca. 1 nm. These results indicate that grafting thicknesses decrease with increased 

incubation time. The decreased thickness indicates the removal of brushes from the 

substrate. The changes in ATR-FTIR spectra show the similar trend. With increased 

soaking time, the IR intensities decreased accordingly. The ellipsometry measurements 

and ATR-FTIR spectra support that PLA brushes are able to be removed from the 

substrate by being placed in aqueous solution. 
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Figure 3.3. ATR-FTIR spectra of PLA brushes grafted on silicon, initiated by 

surface silanol groups, after incubation in phosphate buffer for 1h, 198h and 288h. 



107 

 

In ATR-FTIR analysis, PLA brushes on a substrate were faced to the ATR crystal. A 

certain amount of pressure was loaded on the sample to insure a good contact. During this 

procedure, it is possible to damage the brush layer by pressing or scratching. 

Ellipsometry is a non-contact characterization, which will not damage the sample surface. 

Thus, ellipsometry was used to run periodic measurements on a single sample to track 

thickness changes. 

3.2.2 Grafting density of prepared PLA brushes 

Grafting density is closely related to the brush structure.
39-43

 It has been demonstrated 

to have an effect on brush properties, such as adhesion,
44

 phase change behavior 
45

 and 

interaction with biomolecules.
46

 Thus, it is reasonable to consider that the grafting density 

of the PLA brush will have an effect on brush degradation. Determining the grafting 

density of prepared PLA brushes will aid in an understanding of their degradation 

behavior.  

Grafting density, σ, can be calculated from σ = hρNA/M, where h is the thickness, ρ is 

the density of polymer material, NA is the Avogadro’s number, and M is the molecular 

weight of grafted polymer.
41

 For prepared PLA brush, the thickness is ca. 10 nm. The 

density of PLA is 1.21 g/cm
3
. As it is not possible to measure the molecular weight of 

grafted PLA directly, the molecular weight is estimated based on PLA formed in solution 

alongside the grafted PLA. Gel permeation chromatography, GPC, gave a Mn of ca. 

8,000 Da, which provides an estimated grafting density of ca. 0.9/nm
2
. The actual 

molecular weight of grafted polymer is likely lower than those grown under similar 

conditions in solution due to geometric confinement from the surface.
47

  Thus, the actual 
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grafting density of prepared PLA brush is likely somewhat larger than the estimated 

values. Based on these considerations, the PLA brushes prepared here have a relatively 

high grafting density and are in brush-like shape.
39-41

  

3.2.3 Effect of solution pH value on the degradation of PLA brushes 

The effect of pH on PLA brushes degradation was studied. PLA brushes were placed 

in phosphate buffer with ionic strength of 10 mM at a constant temperature of 37 °C and 

varying pH.  Periodically, samples were removed, rinsed with DI water and dried under 

nitrogen.  The dry thicknesses of PLA brushes were measured by ellipsometry. The 

ellipsometric thicknesses are plotted versus the degradation time, as shown in Figure 3.4. 
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Figure 3.4. Plots of ellipsometric thicknesses versus degradation time at 37 °C and 

different pH values.  Phosphate buffers of 10 mM ionic strength were used to 

control pH. Error bars represent the magnitude of the 90% confidence interval for 

5 measurements on a sample. 
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The thickness rapidly decreased at pH 8.0. The ca. 10 nm brush was completely 

removed within 26 h. When the pH was decreased to 7.4, 108 h was required to remove 

the brush with a similar thickness. Under neutral conditions (pH 7.0) the thicknesses 

decreased more slowly. It took up to 378 h to remove a brush with a similar thickness. 

When acidic buffers were used (pH 6.0 and pH 3.0), no obvious thickness decrease was 

observed in the tested time period. The samples in acidic buffer were monitored for a 

longer time than that was shown in the figure. The brush in buffer with pH 6.0 was 

completely removed after nearly 2 months. However, the thickness of samples in a buffer 

of pH 3.0 changed very little after 2 months. The change in thicknesses indicates that the 

pH value of aqueous solution has a significant effect on the rate of PLA brush 

degradation. To further test this, PLA brushes were placed successively in alternating 

phosphate buffer, pH 6.0 and pH 8.0. The ellipsometric thicknesses were monitored and 

plotted versus degradation time as shown in Figure 3.5.  



110 

 

0 10 20 30 40 50 60 70
0

20

40

60

80

 pH 6.0

 pH 8.0

E
lli

p
s
o

m
e

tr
ic

 T
h

ic
k
n

e
s
s
 (

Å
)

Degradation Time (h)
 

Figure 3.5. Plot of ellipsometric thicknesses versus degradation time at alternating 

pH value (pH 6.0 and pH 8.0) and 37 °C. Phosphate buffers of 10 mM ionic strength 

were used to control pH. Error bars represent the magnitude of the 90% confidence 

interval for 5 measurements on one sample. 

The plot indicates the rate of degradation is dynamically influenced by the pH value 

of the buffer solution above the brushes. Degradation only occurred under basic 

conditions and essentially stopped under acidic conditions. Thus, degradation, at least the 

trigger step, is a process which can be controlled by changes in pH.  Furthermore, the pH 

dependence of PLA brush degradation is noticeably different from that of bulk PLA or 

PLA oligomers in aqueous solution.  Bulk PLA degrades under acidic conditions.
25-30

 

PLA oligomers degrade faster at high pH but also degrade at low pH.
33

 However, PLA 

brushes degrade faster under basic conditions.  
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3.2.4 Effect of temperature on the degradation of PLA brushes  

The effect of temperature was also examined by degrading brushes in buffer (pH 7.4) 

at different temperatures. Temperatures tested were 25 °C, 37 °C and 60 °C. The linkage 

bond (Si-OR) was proven to be stable up to 60 °C in Chapter 2. Thus, the cleavage of 

brushes from the linkage is unlikely. The brush thicknesses were monitored as a function 

of degradation time and plotted in Figure 3.6. Higher temperature leads to more rapid 

degradation. The rate is quite sensitive to temperature.  Raising the temperature only 

12 °C accelerated the complete removal of PLA brushes by a factor of 4. This can be 

explained as the high temperature is expected to accelerate the reaction leading to faster 

degradation. 

0 50 100 150 200 250 300 350 400
0

20

40

60

80

 25°C

 37°C

 60°C

E
lli

p
s
o

m
e

tr
ic

 T
h

ic
k
n

e
s
s
 (

Å
)

Degradation Time (h)
 

Figure 3.6. Plots of ellipsometric thicknesses versus degradation time at different 

temperatures. Phosphate buffer, pH=7.4, 10 mM ionic strength were used to control 

pH. Error bars represent the magnitude of the 90% confidence interval for 5 

measurements on a sample. 
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3.2.5 Probing the mechanism of degradation  

Before probing the mechanism of degradation of PLA, it is necessary to further rule 

out the degradation is merely the result of the hydrolysis of Si-OR bonds, the linkage 

between brushes and the substrate. Hydrolysis of a silyl ether can be catalyzed by either 

acid or base.
48

 The rate of brush removal here is only increased at elevated pH, however.  

Nevertheless, to further rule out the hydrolysis of the anchoring bond, the degradation of 

brushes with different linkage groups was compared. The degradation of PLA brushes 

anchored to silica was compared to that of brushes anchored to gold via 11--mercapto-1-

undecanol.  Hydroxyl terminated thiol self assembled monolayers have been reported to 

be hydrolytically stable for a week at pH < 13.
49

  Brushes grafted from silicon and gold 

substrates were incubated in buffer solution with pH 8.0 at 25 °C for 24 h. The 

thicknesses were tracked and plotted in Figure 3.7. In addition, other two PLA brush 

samples grafted from silicon substrates were incubated in aqueous solution with different 

pH and temperature to have a comparison. The thicknesses of those samples versus 

degradation time were plotted in Figure 3.7. The brushes grafted from silicon and gold 

substrates undergo similar thickness change during experiments of the same pH and 

temperature. Comparing all samples grafted from the silicon substrate, both increased pH 

and temperature promote the degradation. Compared to the effect of pH and temperature, 

little difference due to different linkage was observed. Because the thiol gold bond is 

hydrolysis stable, similar degradation of the brushes grafted from gold and silicon 

substrate indicates that hydrolysis of the Si-OR bonds do not play a role in the overall 

degradation/removal of PLA brushes. 
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Figure 3.7. Plots comparing the effect of temperature, pH and linkage group on the 

degradation of PLA brushes.  Samples were grown from the native hydroxy groups 

on silicon/silica or 11-mercapto-1-undecanol SAMs on gold.  Phosphate buffers of 

10 mM ionic strength were used to control pH at 25 °C. Error bars represent the 

magnitude of the 90% confidence interval for 5 measurements on a sample. 

As previously discussed, backbiting predominates at basic pH while hydrolysis 

predominates at acidic pH values.
33, 34

 Thus, base-catalyzed PLA brush degradation 

suggests backbiting to be the most likely mechanism. Several additional experiments 

were performed to support this mechanistic hypothesis. 

For backbiting to be effective, the terminal hydroxy groups must be accessible to the 

aqueous solution. Deionized water contact angle measurements were taken to determine 

the surface wettability of PLA brushes in different status.  The ellipsometric thickness 

and DI water contact angle were measured at four time points:  immediately after 

preparation, after samples stood in air for 12 h, after samples were subsequently soaked 
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in deionized water at 37 °C for 0.5 h and after subsequently stood again in air for 7 days. 

The results are shown in Table 3.1. 

Table 3.1. Deionized water contact angle collected on PLA brush samples and their 

ellipsometric thickness at different time. 

Time Point Fresh Prepared 12 h in Air H2O Soaked 7 days in Air 

DI Water Contact 

Angle (°) 
20  ± 1 46  ± 1 <5 

*
 62 ± 1 

Ellipsometric 

Thickness (Å) 
89  ± 2 84 ± 3 82 ± 2 82 ± 2 

* The contact angle was too small to be accurately measured 

A freshly prepared PLA brush had a small contact angle, which indicates a relatively 

hydrophilic surface. The contact angle increased when the sample was stored in air and 

decreased after the sample was placed in water.  Under these conditions, no appreciable 

change in thickness was observed based on the ellipsometric measurement.  These 

behaviors are consistent with a brush that can reorient the terminal hydroxyl groups. 

Immediately after preparation, the surface presents a large fraction of terminal hydroxyl 

groups, which is consistent with the growth mechanism in which hydroxy groups are 

accessible to catalyst and monomer to act as reactive centers for propagation. After sitting 

in air, these terminal groups bury themselves within the brush, lowering the brush/air 

interfacial free energy.  This process reverses when the sample is soaked in water and 

reverses again when placed back into the air. The reorientation of terminal groups has 

been observed in both polymer thin films
50-52

 and polymer brushes.
53

 Thus, the terminal 

hydroxy groups are accessible to aqueous solution for efficient backbiting. 
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To further test the backbiting mechanism, a blocking test was conducted. The 

terminal hydroxyl groups of PLA can be blocked via the reaction with succinic anhydride, 

Figure 3.8.
33

 After the reaction, the terminal hydroxyl groups are converted to terminal 

carboxylic acid groups, which cannot undergo backbiting. 
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Figure 3.8. Scheme of the reaction between PLA brush and succinic anhydride. 

After exposing PLA brushes to 1 M succinic anhydride/anhydrous THF solution at 

37 °C over night, the DI water contact angle was measured on freshly prepared samples. 

The DI water contact angle on treated sample was ca. 30 °, which is larger than that of ca. 

5 ° on the original PLA brush. This value matches the value reported for SAMs partially 

functionalized with nitrilotriacetic acid,
54

 supporting the formation of terminal carboxylic 

acid groups. Then the treated samples were placed in phosphate buffer with pH 8.0 at 

37 °C. The thickness change was tracked via ellipsometry (Figure 3.9). The thickness 

change of untreated PLA brush was also checked and plotted in Figure 3.9 for 

comparison. 
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Figure 3.9. Plots of ellipsometric thickness of treated and untreated PLA brushes 

versus degradation time at 37 °C. A phosphate buffer, pH=8.0, 10mM ionic strength 

was used to control pH. Error bars represent the magnitude of the 90% confidence 

interval for 5 measurements. 

The thickness of treated PLA brush changed little in the first 5 hours. This result 

indicates that blocking the terminal hydroxyl group does change the degradation behavior, 

which suggests that the terminal hydroxy groups have a function in the degradation. The 

critical role of terminal hydroxyl groups supports the backbiting mechanism. However, 

the treatment did not fully prevent the degradation. This is likely because the hydrolysis 

of the blocking group. When the blocking group is hydrolyzed, the treated brushes return 

to the original PLA structure and undergo a backbiting process to release material from 

the surface. The hydrolysis of the blocking group should be a slow reaction compared to 

the backbiting. Thus it takes some time to remove the blocking group. Actually, the 

degradation of treated sample did occur after a certain amount of time from the beginning 
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and showed an increased rate. The nearly stable thickness at the beginning of experiment 

is likely attributed to the terminal blocking groups before they are hydrolyzed.  

3.2.6 Different degradation of PLA Brushes when compared to spin coated 

PLA layers 

The PLA brushes show unique degradation behavior, which occurs under basic 

conditions. This behavior is different from the degradation of bulk PLA polymer and 

PLA oligomers. It is interesting to compare the degradation of the PLA brush and the 

spin coated PLA layer with similar thickness. If a spin-coated PLA layer is similar to 

bulk PLA, then degradation of PLA brush and a spin-coated PLA layer should be 

different.  

The PLA used for spin coating was collected from the polymerization solution in 

which the PLA brushes were prepared. This approach hopefully minimizes the difference 

between grafted PLA and spin coated PLA. The collected PLA was dissolved in 

anhydrous THF to prepare the solution for spin coating. The coated thickness was then 

adjusted by varying the solution concentration or the rotation speed of the spin coater. 

 Both silanized silicon and native silicon have been used as the substrates for PLA 

spin coating.
55-58

  Silicon substrates were prepared with and without the treatment of 

hexadecyltrichlorosilane.  PLA was spin-coated on both types of substrates, and these 

samples were placed in phosphate buffer with pH 6.0 at 37 °C. The thicknesses of coated 

layers were checked by ellipsometry periodically and plotted versus incubating time in 

Figure 3.10. The thickness of coated layer on the silanized substrate remained constant 

during the test, consistent with good adhesion of the PLA to the substrate. However, the 
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thickness of the coated layer on native silicon substrates dropped dramatically. The entire 

polymer layer can be removed within 5 hours. The rapid removal rate is not similar to 

that already established for hydrolysis or backbiting reactions.
27, 29, 33, 34

 Thus, the rapid 

removal of PLA from the surface is most likely because of the de-adhesion of PLA from 

the substrate.  
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Figure 3.10. Plots of ellipsometric thicknesses of spin coated PLA layers on silicon 

substrates with and without silanization (treatment with hexadecyltrichlorosilane) 

versus the incubating time in buffer with pH 6.0 at 37 °C. 

The native silicon substrate has hydroxyl groups on the surface leading to a relatively 

hydrophilic surface. The PLA material is polyester, which is more hydrophobic. The 

difference in hydrophilicity could make poor adhesion. Thus, the PLA spin coated on 

silanized silicon substrate was employed to compare with the PLA brush. 
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After PLA brushes and spin coated PLA layers were prepared, DI water contact 

angles were measured to check the surface properties. It was found that the DI water 

contact angles on PLA brushes changed significantly after incubated in aqueous solution 

for 1 h, as shown in Figure 3.11. The DI water contact angle was ca. 60 ° on the PLA 

brush stored in air (Figure 3.11A), and ca. 75 ° on the spin coated PLA (Figure 3.11C), 

which is close to the reported value for bulk PLA.
59-61

 After the PLA brush and spin 

coated PLA were soaked in DI water, the DI water contact angle on spin coated PLA was 

ca. 65 ° (Figure 3.11D), which did not change significantly. However, the DI water fully 

wetted the surface of water soaked PLA brush (Figure 3.11B) after soaking.  

 

Figure 3.11. Optical photographs of DI water droplets on (A) a PLA brush stored in 

air, (B) a PLA brush soaked in water, (C) a spin coated PLA layer stored in air and 

(D) a spin coated PLA layer soaked in water. 
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The different responses to the aqueous environment between the PLA brush and the 

spin coated PLA layer suggests the different molecular organizations on the surface. The 

PLA brush is a layer of PLA molecules with one end attached on the surface and the 

terminal hydroxyl groups facing out. The change in water contact angle indicates that 

these oriented PLA chains can reorganize their terminal hydroxyl groups to present them 

at the surface as shown in Figure 3.12A. For spin coated samples, the polymer chains are 

randomly piled on the surface with random orientation.
62

 In this case, most terminal 

hydroxyl groups are buried in the coated layer and presumably cannot reorganize to 

present themselves at the surface when soaked in water, Figure 3.12B. Thus, the 

significant hydrophilicity differences between a water-soaked PLA brush and a water-

soaked, spin coated PLA sample illustrates the different polymer chain organization and 

dynamics between two different types of samples. 

 

Figure 3.12. Scheme of molecular organization in (A) PLA brushes and (B) spin 

coated PLA layer and terminal group realignment in PLA brush (C).  

To compare the degradation of PLA brushes with spin coated PLA layers, samples 

were incubated in buffer solution at room temperature and pH of 6.0 and 8.0. Samples 

were periodically removed from the solution, rinsed with DI water, dried under nitrogen 
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and characterized by ellipsometry to check the change in the thicknesses. The thicknesses 

of samples were plotted versus degradation time as given in Figure 3.13. The PLA brush 

samples showed a decrease in thicknesses under basic conditions (pH 8.0) and retained 

their original thicknesses under acidic conditions (pH 6.0). The spin coated PLA layers 

degraded under both acidic and basic conditions. The degradation rate of spin coated 

PLA layers at pH 8.0 is faster than at pH 6.0. The spin coated PLA layer with thickness 

of ca. 10 nm can be completely removed by placing in phosphate buffer of pH 8.0 for ca. 

200 h. A reaction time of ca. 380 h was required to remove a spin coated layer of similar 

thickness at a pH of 6.0. Thus, PLA brushes and coated PLA layers show different 

degradation rates when exposed to aqueous solution. PLA brushes degrade in basic 

conditions. However, spin coated PLA layers can be removed in both acidic and basic 

aqueous solution. At pH 8, the spin coated layer comes off more slowly than the grafted 

layer, consistent with chain reorganization and backbiting. At pH 6, presumably the 

penetration of the solution into the brush is poor and thus no degradation occurs. On the 

other hands, since PLA chains in the coated layer have no particular orientation, there are 

accessible ester groups for random chain scission. 
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Figure 3.13. Plots of ellipsometric thicknesses of PLA brushes and spin coated PLA 

layer under various pH values (pH 8.0 and pH 6.0) versus degradation time at 37 °C. 

The different polymer chain orientations between the PLA brushes and the coated 

PLA layer should contribute to the different degradation. As previously discussed, two 

chemical reactions, random chain scission (hydrolysis) and backbiting, are related to the 

degradation of PLA. The terminal hydroxyl groups are critical for base-catalyzed 

backbiting reactions. The ester groups in the PLA backbone are where the acid-catalyzed 

hydrolysis can occur. In brush samples, polymer chains are grafted from the surface with 

the terminal hydroxyl groups facing out. Thus, the backbiting reaction dominates the 

degradation of PLA brushes, which tends to occur in basic, aqueous solution and is 

relatively quick. In spin coated samples, polymer chains are randomly placed on the 

surface. Both terminal hydroxyl groups and ester groups are present on the interface 

between the coated layer and the aqueous solution. Thus, both acid driven hydrolysis and 
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base driven backbiting can contribute to degradation. Since backbiting is a relatively 

quick reaction compared to hydrolysis,
26, 33, 34

 the coated PLA layers shows quicker 

degradation in basic aqueous solution, in which the backbiting is favored, compared to 

acidic aqueous solution. 

DI water contact angles on spin coated PLA samples soaked in buffer solution with 

various pH for 1 hour were measured (Figure 3.14). When the sample was soaked in 

neutral buffer, the measured contact angle (Figure 3.14A) was similar to that of the 

original spin coated sample. This indicates that no obvious degradation occurs under 

neutral conditions. The contact angle values decreased on samples treated by either acidic 

solution (Figure 3.14B) or basic solution (Figure 3.14C). The decreased contact angle 

values indicate that degradation occurs at both acidic and basic conditions after 1 hour 

submergence. Some ester groups are broken to form hydroxyl groups or carboxylic 

groups, leading to a relatively hydrophilic surface. The contact angle of samples treated 

by basic solution was smaller than that of samples treated by acidic solution. The result 

indicates that degradation is quicker under basic conditions, which matches the result of 

ellipsometry measurements. 
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Figure 3.14. Optical photographs of DI water droplets on spin coated PLA samples 

after being soaked in phosphate buffer with (A) pH 7.0, (B) pH 6.0, (C) pH 8.0, for 1 

hour at room temperature. 

3.3 Conclusions 

The results shown above indicate that the thicknesses of PLA brushes decrease with 

time when exposed to basic aqueous solutions. The rate of this decrease is highly 

dependent on pH and temperature. This sensitivity might be exploited in applications 

where variability in the temporal dynamics of hydrolysis is useful. Further, the principal 

mechanism for this decrease appears to be depolymerization due to backbiting – the 

mechanism observed for depolymerization of PLA oligomers in basic solution. Yet, PLA 

oligomers also degrade in acidic solution, but the PLA brushes studied here do not. The 

pH-effect on the degradation of the PLA brushes results from the organization (and 

reorganization) of the brush. Thus, degradation of PLA brushes is distinguished from 

either isolated chains or bulk material.  

3.4 Experiments 

3.4.1 Preparation of PLA brushes  

Si/SiOx substrates with PLA brushes grown upon them were prepared as described in 

Chapter 2.  Briefly, silicon wafers were cleaned and treated by ultraviolet-generated 
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ozone (UVO) to prepare silanol groups on surface. The hydroxyl terminated SAMs on 

gold (Evaporated Metal Films TA134) were prepared by deposit 11-mercapto-1-

undecanol (Aldrich, 97%) in 1 mM solution in ethanol for 24 h. These substrates were 

reacted with an anhydrous tetrahydrofuran (THF) solution containing 100 mM 

recrystallized lactide and 1 mM tin bis(2-ethyl hexanoate) in flame dried vials for 24 h. 

The vials were loaded and sealed in the dry box. The sealed vials were gently agitated 

using a multi-purpose rotator (Barnstead International, Dubuque, IA, USA). 

3.4.2 Preparation of Spin coated PLA 

The PLA used for spin coating is collected from the solution in which the PLA 

brushes were prepared. The PLA in the solution was precipitated out by adding ethanol.  

The polymer was washed and dried under vacuum before spin coating. The collected 

PLA was dissolved in anhydrous THF to make solution with concentration of ca. 

1 mg/ml for spin coating.  

The silicon substrates were cleaned in ethanol with sonication and etched in 5% HF in 

ethanol solution. Etched samples were oxidized in UVO cleaner to create hydroxyl 

groups on the surface. The oxidized samples were then either used without further 

treatment or silanized by placing them in 1% (v/v) N-hexadecyl trichlorosilane (Gelest, 

USA) in anhydrous toluene for 1 hour.  

The substrates were placed on a spin coater. The coating was conducted on a home 

built spin coater with a maximum rotation speed of about 3000 rpm. The PLA solution 

was dropped on the rotating substrate. The wet sample was rotated for 3 min to allow the 

solvent to evaporate. The sample was then further dried under vacuum for 1h. The 
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thickness of the coated layer was adjusted by varying rotator speed (from ca 2000 rpm to 

3000 rpm) and solution concentration (from 0.5 mg/mL to 5 mg/mL). 

3.4.3 Degradation experiments 

Degradation/depolymerization studies were conducted in 20 mL glass vials. Samples 

were placed in ca. 10 mL phosphate buffer at a given pH. The vials were placed in an oil 

bath at a designated temperature. At various time points, the sample was removed from 

the buffer solution, rinsed with a large amount of DI water and dried with a stream of 

nitrogen before characterization. The degradation was evaluated by tracking the change 

of ellipsometric thicknesses over time.   

3.4.4 Ellipsometry measurement 

The thicknesses of samples were measured by a single-wavelength ellipsometer at a 

70 ° angle (AutoEL-III, Rudolph Research, Flanders, USA).  Before measurement, the 

sample was cleaned by using the method described previously. Five measurements, four 

at the corners and one at the center, were taken on each sample. The average of those five 

measurements was used to calculate the thickness of each brush. 

3.4.5 GPC 

Gel permeation chromatography (GPC) analysis was performed on a Varian PL-GPC 

50 PLUS system with an Alltech Jordi-Gel DVB 500 Å column. The column was 

calibrated using polystyrene standard samples (Easivial PS-M standards, Varian). The 

solvent was THF (J.T. Baker HPLC). The polymer in reaction solution was precipitated 

out and washed with ethanol, dried under vacuum overnight and dissolved in THF to 

make a sample with concentration of 1 mg/mL. 
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3.4.6 ATR-FTIR measurement 

The ATR-FTIR was conducted on the Excalibus Series bench (VARIAN) with the 

MIRacle Single Reflection ATR kits (PIKE). The ATR crystal was the Germanium 

crystal. The backgrounds scans were collected in air. 

3.4.7 DI water contact angle measurement 

DI water contact angles were measured on a home-made setup. 5 μL DI water was 

placed on the sample surface using a micro syringe. The DI water droplet image was 

collected by video camera (Panasonic GP-KR222). Then the image was analyzed using 

ImageJ software (Image J 1.32j, Wayne Rasband, National Institutes of Health, USA) to 

determine the contact angle value.  

  



128 

 

REFERENCES 

1. Raynor, J. E.; Petrie, T. A.; García, A. J.; Collard, D. M., Controlling cell 

adhesion to titanium: Functionalization of poly[oligo(ethylene glycol)methacrylate] 

brushes with cell-adhesive peptides. Adv. Mater. 2007, 19, (13), 1724-1728. 

2. Harris, B. P.; Kutty, J. K.; Fritz, E. W.; Webb, C. K.; Burg, K. J. L.; Metters, A. 

T., Photopatterned polymer brushes promoting cell adhesion gradients. Langmuir 2006, 

22, (10), 4467-4471. 

3. Mei, Y.; Wu, T.; Xu, C.; Langenbach, K. J.; Elliott, J. T.; Vogt, B. D.; Beers, K. 

L.; Amis, E. J.; Washburn, N. R., Tuning cell adhesion on gradient poly(2-hydroxyethyl 

methacrylate)-grafted surfaces. Langmuir 2005, 21, (26), 12309-12314. 

4. Tugulu, S.; Klok, H. A., Stability and nonfouling properties of poly(poly(ethylene 

glycol) methacrylate) brushes-under cell culture conditions. Biomacromolecules 2008, 9, 

(3), 906-912. 

5. Howarter, J. A.; Youngblood, J. P., Self-cleaning and anti-fog surfaces via 

stimuli-responsive polymer brushes. Adv. Mater. 2007, 19, (22), 3838-3843. 

6. Vyas, M. K.; Schneider, K.; Nandan, B.; Stamm, M., Switching of friction by 

binary polymer brushes. Soft Matter 2008, 4, (5), 1024-1032. 

7. Kobayashi, M.; Kaido, M.; Suzuki, A.; Ishihara, K.; Takahara, A., Lubrication 

properties of surfaces with super-hydrophilic polymer brushes. J. Jpn. Soc. Tribol. 2008, 

53, (6), 357-362. 

8. Gourdon, D.; Lin, Q.; Oroudjev, E.; Hansma, H.; Golan, Y.; Arad, S.; 

Israelachvili, J., Adhesion and stable low friction provided by a subnanometer-thick 

monolayer of a natural polysaccharide. Langmuir 2008, 24, (4), 1534-1540. 

9. Leermakers, F. A. M.; Zhulina, E. B.; van Male, J.; Mercurieva, A. A.; Fleer, G. J.; 

Birshtein, T. M., Effect of a polymer brush on capillary condensation. Langmuir 2001, 17, 

(14), 4459-4466. 

10. Lu, Y.; Mei, Y.; Walker, R.; Ballauff, M.; Drechsler, M., 'Nano-tree' - type 

spherical polymer brush particles as templates for metallic nanoparticles. Polymer 2006, 

47, (14), 4985-4995. 

11. Vivek, A. V.; Pradipta, S. M.; Dhamodharan, R., Synthesis of silver nanoparticles 

using a novel graft copolymer and enhanced particle stability via a "Polymer Brush 

Effect". Macromol. Rapid Commun. 2008, 29, (9), 737-742. 



129 

 

12. Koylu, D.; Carter, K. R., Stimuli-Responsive Surfaces Utilizing Cleavable 

Polymer Brush Layers. Macromolecules 2009, 42, (22), 8655-8660. 

13. Liu, J. Q.; Yang, W. R.; Zareie, H. M.; Gooding, J. J.; Davis, T. P., pH-

Detachable Polymer Brushes Formed Using Titanium-Diol Coordination Chemistry and 

Living Radical Polymerization (RAFT). Macromolecules 2009, 42, (8), 2931-2939. 

14. Reeve, M. S.; McCarthy, S. P.; Gross, R. A., Preparation and characterization of 

(r)-poly(beta-hydroxybutyrate) poly(epsilon-caprolactone) and (r)-poly(beta-

hydroxybutyrate) poly(lactide) degradable diblock copolymers. Macromolecules 1993, 

26, (5), 888-894. 

15. Reeve, M. S.; McCarthy, S. P.; Downey, M. J.; Gross, R. A., Polylactide 

stereochemistry - effect on enzymatic degradability. Macromolecules 1994, 27, (3), 825-

831. 

16. Zhang, L. L.; Xiong, C. D.; Deng, X. M., Biodegradable polyester blends for 

biomedical application. J. Appl. Polym. Sci. 1995, 56, (1), 103-112. 

17. Wang, F.; Wang, Y. C.; Yan, L. F.; Wang, J., Biodegradable vesicular 

nanocarriers based on poly(epsilon-caprolactone)-block-poly(ethyl ethylene phosphate) 

for drug delivery. Polymer 2009, 50, (21), 5048-5054. 

18. Eglin, D.; Mortisen, D.; Alini, M., Degradation of synthetic polymeric scaffolds 

for bone and cartilage tissue repairs. Soft Matter 2009, 5, (5), 938-947. 

19. Delgado, A.; Evora, C.; Llabres, M., Degradation of DL-PLA-methadone 

microspheres during in vitro release. Int. J. Pharm. 1996, 140, (2), 219-227. 

20. Holm, V. K.; Ndoni, S.; Risbo, J., The stability of poly(lactic acid) packaging 

films as influenced by humidity and temperature. J. Food Sci. 2006, 71, (2), 40-44. 

21. Proikakis, C. S.; Mamouzelos, N. J.; Tarantili, P. A.; Andreopoulos, A. G., 

Swelling and hydrolytic degradation of poly(D,L-lactic acid) in aqueous solutions. Polym. 

Degrad. Stab. 2006, 91, (3), 614-619. 

22. Toncheva, V.; VanDenBulcke, A.; Schacht, E.; Mergaert, J.; Swings, J., Synthesis 

and environmental degradation of polyesters based on poly(epsilon-caprolactone). J. 

Environ. Polym. Degrad. 1996, 4, (2), 71-83. 

23. Huang, M. H.; Li, S. M.; Hutmacher, D. W.; Coudane, J.; Vert, M., Degradation 

characteristics of poly(epsilon-caprolactone)-based copolymers and blends. J. Appl. 

Polym. Sci. 2006, 102, (2), 1681-1687. 



130 

 

24. Jung, J. H.; Ree, M.; Kim, H., Acid- and base-catalyzed hydrolyses of aliphatic 

polycarbonates and polyesters. Catal. Today 2006, 115, (1-4), 283-287. 

25. Vert, M.; Li, S. M.; Garreau, H., Attempts to map the structure and degradation 

characteristics of aliphatic polyesters derived from lactic and glycolic acids. J. Biomater. 

Sci.-Polym. Ed. 1995, 6, (7), 639-649. 

26. Siparsky, G. L., Degradation Kinetics of Poly(hydroxy) Acids: PLA and PCL. In 

Polymers from Renewable Resources Biopolyesters and Biocatalysis, Carmen Scholz, R. 

A. G., Ed. American Chemical Society: Washington, DC, 2000; pp 230-251. 

27. Zhang, X. C.; Wyss, U. P.; Pichora, D.; Goosen, M. F. A., An investigation of 

poly(lactic acid) degradation. J. Bioact. Compat. Polym. 1994, 9, (1), 80-100. 

28. Siparsky, G. L.; Voorhees, K. J.; Miao, F. D., Hydrolysis of polylactic acid (PLA) 

and polycaprolactone (PCL) in aqueous acetonitrile solutions: Autocatalysis. J. Environ. 

Polym. Degrad. 1998, 6, (1), 31-41. 

29. Shih, C., Chain-end scission in acid catalyzed hydrolysis of poly (-lactide) in 

solution. J. Controlled Release 1995, 34, 9-15. 

30. Schmitt, E. A.; Flanagan, D. R.; Linhardt, R. J., Importance of Distinct Water 

Environments in the Hydrolysis of Poly(DL-Lactide-co-Glycolide). Macromolecules 

1994, 27, (3), 743-748. 

31. Feng, X. D.; Song, C. X.; Chen, W. Y., Synthesis and evaluation of biodegradable 

block copolymers of e-caprolactone and DL-lactide. J. Polym. Sci., Part C: Polym. Lett. 

1983, 21, (8), 593-600. 

32. Grizzi, I.; Garreau, H.; Li, S.; Vert, M., Hydrolytic degradation of devices based 

on poly(dl-lactic acid) size-dependence. Biomaterials 1995, 16, (4), 305-311. 

33. de Jong, S. J.; Arias, E. R.; Rijkers, D. T. S.; van Nostrum, C. F.; Kettenes-van 

den Bosch, J. J.; Hennink, W. E., New insights into the hydrolytic degradation of 

poly(lactic acid): participation of the alcohol terminus. Polymer 2001, 42, (7), 2795-2802. 

34. van Nostrum, C. F.; Veldhuis, T. F. J.; Bos, G. W.; Hennink, W. E., Hydrolytic 

degradation of oligo(lactic acid): a kinetic and mechanistic study. Polymer 2004, 45, (20), 

6779-6787. 

35. Choi, I. S.; Langer, R., Surface-initiated polymerization of L-lactide: Coating of 

solid substrates with a biodegradable polymer. Macromolecules 2001, 34, (16), 5361-

5363. 



131 

 

36. Möller, M.; Nederberg, F.; Lim, L. S.; Kånge, R.; Hawker, C. J.; Hedrick, J. L.; 

Gu, Y. D.; Shah, R.; Abbott, N. L., Stannous(II) trifluoromethane sulfonate: A versatile 

catalyst for the controlled ring-opening polymerization of lactides: Formation of 

stereoregular surfaces from polylactide "brushes". J. Polym. Sci., Part A: Polym. Chem. 

2001, 39, (20), 3529-3538. 

37. Tretinnikov, O. N.; Kato, K.; Iwata, H., Adsorption of enantiomeric poly(lactide)s 

on surface-grafted poly(L-lactide). Langmuir 2004, 20, (16), 6748-6753. 

38. Xu, L.; Gorman, C. B., Poly(Lactic Acid) Brushes Grow Longer at Lower 

Temperatures. J. Polym. Sci., Part A: Polym. Chem. 2010, 48, (15), 3362-3367. 

39. Wu, T.; Gong, P.; Szleifer, I.; Vlcek, P.; Subr, V.; Genzer, J., Behavior of surface-

anchored poly(acrylic acid) brushes with grafting density gradients on solid substrates: 1. 

Experiment. Macromolecules 2007, 40, (24), 8756-8764. 

40. Wu, T.; Efimenko, K.; Vlcek, P.; Subr, V.; Genzer, J., Formation and properties 

of anchored polymers with a gradual variation of grafting densities on flat substrates. 

Macromolecules 2003, 36, (7), 2448-2453. 

41. Wu, T.; Efimenko, K.; Genzer, J., Combinatorial study of the mushroom-to-brush 

crossover in surface anchored polyacrylamide. J. Am. Chem. Soc. 2002, 124, (32), 9394-

9395. 

42. Bhat, R. R.; Tomlinson, M. R.; Genzer, J., Orthogonal surface-grafted polymer 

gradients: A versatile combinatorial platform. J. Polym. Sci., Part B: Polym. Phys. 2005, 

43, (23), 3384-3394. 

43. Genzer, J.; Bhat, R. R., Surface-bound soft matter gradients. Langmuir 2008, 24, 

(6), 2294-2317. 

44. Brochardwyart, F.; Degennes, P. G.; Leger, L.; Marciano, Y.; Raphael, E., 

Adhesion promoters. J. Phys. Chem. 1994, 98, (38), 9405-9410. 

45. Ishida, N.; Biggs, S., Effect of grafting density on phase transition behavior for 

poly(N-isopropylacryamide) brushes in aqueous solutions studied by AFM and QCM-D. 

Macromolecules 2010, 43, (17), 7269-7276. 

46. Takahashi, H.; Nakayama, M.; Yamato, M.; Okano, T., Controlled chain length 

and graft density of thermoresponsive polymer brushes for optimizing cell sheet harvest. 

Biomacromolecules 2010, 11, (8), 1991-1999. 

47. Gorman, C. B.; Petrie, R. J.; Genzer, J., Effect of substrate geometry on polymer 

molecular weight and polydispersity during surface-initiated polymerization. 

Macromolecules 2008, 41, (13), 4856-4865. 



132 

 

48. Iler, R. K., The chemistry of silica : solubility, polymerization, colloid and surface 

properties, and biochemistry. Wiley: New York, 1979; p xxiv, 866 p. 

49. Kong, B.; Kim, Y.; Choi, I. S., pH-Dependent Stability of Self-Assembled 

Monolayers on Gold. Bull. Korean Chem. Soc. 2008, 29, (9), 1843-1846. 

50. Holmes-Farley, S. R.; Reamey, R. H.; McCarthy, T. J.; Deutch, J.; Whitesides, G. 

M., Acid-base behavior of carboxylic acid groups covalently attached at the surface of 

polyethylene:  the usefulness of contact angle in following the ionization of surface 

functionality. Langmuir 1985, 1, 725-740. 

51. Rassmussen, J. R.; Stedronsky, E. R.; Whitesides, G. M., Introduction, 

modification and characterization of functional groups on the surface of low-density 

polyethylene film. J. Am. Chem. Soc. 1977, 99, 4736-4745. 

52. Wilson, M. D.; Whitesides, G. M., The Anthranilate Amide of "Polyethylene 

Carboxylic Acid" Shows an Exceptionally Large Change with pH in Its Wettability by 

Watter. J. Am. Chem. Soc. 1988, 110, 8718-8719. 

53. Zhao, B.; Brittain, W. J.; Zhou, W. S.; Cheng, S. Z. D., AFM study of tethered 

polystyrene-b-poly(methyl methacrylate) and polystyrene-b-poly(methyl acrylate) 

brushes on flat silicate substrates. Macromolecules 2000, 33, (23), 8821-8827. 

54. Lee, J. K.; Kim, Y. G.; Chi, Y. S.; Yun, W. S.; Choi, I. S., Grafting nitrilotriacetic 

groups onto carboxylic acid-terminated self-assembled monolayers on gold surfaces for 

immobilization of histidine-tagged proteins. J. Phys. Chem. B 2004, 108, (23), 7665-7673. 

55. Hirai, Y.; Yoshikawa, T.; Morimatsu, M.; Nakajima, M.; Kawata, H., Fine pattern 

transfer by nanocasting lithography. Microelectron. Eng. 2005, 78-79, 641-646. 

56. Cavicchi, K. A.; Russell, T. P., Solvent annealed thin films of asymmetric 

polyisoprene-polylactide diblock copolymers. Macromolecules 2007, 40, (4), 1181-1186. 

57. Olayo-Valles, R.; Guo, S. W.; Lund, M. S.; Leighton, C.; Hillmyer, M. A., 

Perpendicular domain orientation in thin films of polystyrene - Polylactide diblock 

copolymers. Macromolecules 2005, 38, (24), 10101-10108. 

58. Sharp, J. S.; Jones, R. A. L., Swelling-induced morphology in ultrathin supported 

films of poly(d,l-lactide). Phys. Rev. E 2002, 66, (1), 1063-1072. 

59. Cohn, D.; Younes, H., Biodegradable PEO/PLA block copolymers. J. Biomed. 

Mater. Res. 1988, 22, (11), 993-1009. 



133 

 

60. Zhu, A. P.; Zhang, M.; Wu, J.; Shen, J., Covalent immobilization of 

chitosan/heparin complex with a photosensitive hetero-bifunctional crosslinking reagent 

on PLA surface. Biomaterials 2002, 23, (23), 4657-4665. 

61. Paragkumar, N. T.; Dellacherie, E.; Six, J. L., Surface characteristics of PLA and 

PLGA films. Appl. Surf. Sci. 2006, 253, (5), 2758-2764. 

62. Lu, X. L.; Cheng, I.; Mi, Y. L., Discovery of the bi-layered structure in spin-

coated polyacrylamide films on the gold surface. Polymer 2007, 48, (3), 682-686. 

 



134 

 

Chapter 4 Efforts towards Dynamic Surfaces 

4.1 Introduction 

The growth and degradation of PLA brushes has been demonstrated in the previous 

chapters. Instead of a degradable PLA brush with a homogeneous thickness, a brush with 

a gradient thickness is needed to achieve the long term goal: a sequentially released 

surface. In addition, it is also interesting to check whether the underlying substrate can be 

exposed to the environment when polymer brushes on it are removed. 

The preparation of polymer brushes with gradient thickness has been demonstrated.
1-5

 

One approach is to make a gradient thickness by taking advantage of gradient grafting 

density.
1, 2, 4-7

 A polymer brush with gradient thickness can be prepared by annealing a 

spin coated functional polymer layer on a reactive substrate, which sits on a stage with a 

temperature gradient (Figure 4.1).
1
 The temperature gradient on the stage is transferred to 

the reactive substrate. The reactivity of each position is controlled by the local 

temperature. The reactivity gradually changes according to the temperature at different 

positions. The high temperature end is more reactive than the low temperature one and 

grafts more polymer chains. Thus, the grafting density is largest at the high temperature 

end and gradually decreases towards the low temperature end. Accordingly, the grafting 

thickness decreases from the high temperature end to the low temperature end. 
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Figure 4.1. Scheme of polymer brushes with the gradient thickness prepared by 

grafting polymer to a reactive substrate with temperature gradient.
1
 

In this approach, the gradient thickness corresponds to a gradient in grafting density. 

However, how grafting density will affect the degradation of a PLA brush has not been 

studied yet. Thus this strategy to prepare PLA brushes with a gradient in grafting density 

will not be further investigated in the scope of this report. 

Another type of the approach to prepare polymer brushes with a gradient thickness is 

to change the brush thickness gradually along with the position of the substrate.
3, 8, 9

 The 

molecular weight of grafted polymers can be continuously changed by gradually 

changing polymerization conditions on the substrate. For example, the substrate can be 

removed from a reactive solution by continuously draining the container.
3, 9

 The exposure 

time of each position on the substrate to the reactive solution can be varied by draining 

the reactive solution with different rates. The top section of the substrate leaves the 

solution first and thus has the shortest reaction time. The bottom section of the substrate 

remains in solution for the longest time. Thus, a gradient sample with short brushes at the 

top and long brushes at the bottom can be prepared. 
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Polymer brushes with a gradient thickness also can be prepared by gradually covering 

a substrate in a photopolymerization system as shown in Figure 4.2.
8
 The longer the 

substrate is exposed to a light source, the more polymer growth occurs on the substrate. 

The time for each position of the substrate to be exposed can be continuously changed 

when the substrate is gradually covered by a sliding board. This results in various growth 

times for each position of the substrate creating polymer brushes with a gradient 

thickness. 

 

Figure 4.2. Scheme of polymer brushes with the gradient thickness prepared by 

gradually covering a photopolymerization system.
8
 

The effect of growth time on the PLA brush thickness has been demonstrated in 

Chapter 2. Thus, it is possible to prepare a PLA brush with gradient thickness by 

continuously varying the growth time at each position of the substrate. The effect to make 

a gradient PLA brush by this approach will be made in this chapter. 

It has been demonstrated that the surface properties of electrodes modified with 

polymer brushes can change as the result of the change in configuration of the grafted 

polymer as they respond to the environment. The most important result for 
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electrochemistry is a change in the accessibility of the surface.
10-13

 For example, 

polyelectrolyte brushes can switch between extended status and collapsed status 

according to the pH in the solution as shown in Figure 4.3. When polymer brushes 

collapse on the surface, they form a high density polymer layer that can efficiently block 

the electrode surface, preventing the interaction between the electrode surface and the 

redox couple. In this case, no oxidation/reduction reaction will occur and this electrode 

will not produce a signal. When polymer brushes extend from the surface, the redox 

couple can pass through the space between the polymer brushes to arrive the electrode 

surface, resulting in a redox reaction to give a signal. 

 

Figure 4.3. Scheme of surface property switching due to a configuration change of 

polyelectrolyte brushes according to pH conditions.
13

 

The degradation of PLA brushes can be controlled by changes in the pH of an 

aqueous solution as demonstrated in Chapter 3. It is of interest to run electrochemical 

experiments on electrodes modified with PLA brushes under various pH conditions to 

observe whether the signal will change as the result of brush degradation. If the 

underlying surface can be exposed to the environment by removing the PLA brushes, an 

increased signal is expected during the experiment. This is another effort to be made in 
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this chapter to demonstrate that the underlying substrate can be exposed with the removal 

of PLA brushes. This will help to support that the long term goal, a sequentially released 

surface, is a feasible idea. 

4.2 Results and Discussion 

4.2.1 PLA brushes with gradient grafting thickness 

Polymer brushes with a gradient thickness have been successfully prepared by 

gradually draining the reactive solution.
3, 9, 14

 Typically, the substrate with immobilized 

initiator is first fully immersed in a reactive solution, a mixture of monomer and catalyst. 

The reactive solution is slowly removed from the container. One concern with this 

method is that a small amount of reactive solution may remain on the substrate when it 

leaves the solution. Though the amount of residue is small, it could contain enough 

monomer for the further growth of the grafted polymer after the substrate leaves the 

reactive solution. This problem can be avoided if the container is filled rather than 

drained. 

The gradual filling method was used to prepare PLA brushes with a gradient 

thickness, as shown in Figure 4.4. The substrate with surface immobilized initiator and 

catalyst solution were sealed in a container. Then the monomer solution was gradually 

injected into the container. The monomer and catalyst were mixed to form a reactive 

solution in the container. Then the polymer brushes initiated from surface grew in the 

reactive solution. Here, the bottom section of the substrate was submerged in the solution 

for a longer period of time than the top section. The polymer grafted from the bottom of 

the substrate had a longer polymerization time, leading to a thicker brush.  
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Figure 4.4. Scheme of gradually filling setup to prepare PLA brushes with a 

gradient thickness. 

The container was maintained at constant pressure during this process. Without some 

outlet, the pressure in the reaction container would increase when monomer solution was 

injected. The increase in pressure has negative effect on the accurate control of the 

injection rate. Thus, aside from the opening at the top to inject monomer solution, another 

opening on the container was required to balance the pressure when the monomer 

solution was added.  

PLA brushes with a gradient thickness were characterized using ellipsometry. The 

thicknesses at different positions of the substrate were measured and plotted versus 

position in Figure 4.5. The ellipsometric thicknesses continuously decreased from ca. 

14 nm at one end to ca. 2 nm at another end, indicating the formation of a gradient. DI 

water contact angles were also measured at different positions on the gradient sample. 

The samples were stored in air for a couple of days before contact angles were measured. 
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The DI water contact angle values versus position are also plotted in Figure 4.5. The 

contact angle was larger in the region with the thicker brushes and became smaller as the 

thickness decreased. The results indicate that the surface with a thicker brush layer is 

more hydrophobic and the surface with thinner brushes is more hydrophilic. 
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Figure 4.5. Plots of the ellipsometric thicknesses and DI water contact angle values 

versus the position of the substrate. Error bars represent the magnitude of the 90% 

confidence interval for 5 DI water contact angle measurements and 3 ellipsometry 

measurements on each position. 

As mentioned previously, the terminal hydroxyl groups of PLA brushes can realign 

themselves according to the environment. Those hydroxyl groups tend to bury themselves 

in the polymer layer to minimize the surface energy when the sample was stored in air. A 

thicker brush offers more space to bury the hydroxyl terminal groups. They also should 

re-orient themselves more slowly upon exposure to water.  Either or both of these effects 
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are expected to result in larger DI water contact angles in the regions containing thicker 

brush layer. Conversely, as the grafted polymer becomes shorter, there is less volume to 

bury the terminal hydroxyl groups and any re-orientation upon contact with water should 

be faster. Consistent with these ideas, the shorter PLA brushes have lower water contact 

angles. 

The rate of adding monomer will likely have an effect on the formation of a gradient, 

because the filling rate determines the total reaction time of a sample. To confirm this, 

three various filling rates were investigated. The brush thicknesses resulting from various 

filling rates are plotted versus the location of the substrates (Figure 4.6). The final volume 

of injected monomer solution was 5 mL.  
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Figure 4.6. Plots of ellipsometric thicknesses of PLA brushes versus the position of 

the substrate. Error bars represent the magnitude of the 90% confidence interval 

for 3 measurements on each position. 
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When the filling rate was 1 mL/h, the total reaction time was 5 h. The maximum 

thickness of the gradient prepared using this rate was only ca. 5 nm, probably because of 

the shorter total reaction time. Nevertheless, the thicknesses decreased from one end to 

the other end, which means a gradient in thickness exists on the sample. When a filling 

rate of 0.25 mL/h was applied, the reaction lasted 20 h. In this case, the sample sat in the 

reactive solution for a longer time and the PLA brushes were thus able to grow for a 

longer time compared to the sample prepared with the faster filling rate. The maximum 

thickness in this trial was ca. 20 nm. However, the length of the gradient was shorter. It 

was merely ca. 1.5 cm, merely half of the sample length.  

4.2.2 Cyclic voltammetry experiments during brush degradation 

Cyclic voltammetry, CV, tests were conducted to investigate the change in surface 

properties during PLA brush degradation. When PLA brushes are grafted on a gold 

surface, they can block the working electrode. In this case, the redox couple cannot 

contact the working electrode to have a reaction, leading to a CV experiment without 

signal. When PLA brushes are removed, the working electrode surface is exposed. The 

redox couple can reach the working electrode surface for a redox reaction. An increased 

CV signal is expected in this case. 

11-mercapto-1-undecanol SAMs were initially used as surface immobilized initiators 

to graft PLA brushes from a gold surface in Chapter 2. However, the 11-mercapto-1-

undecanol SAMs efficiently blocked the surface of gold substrate, leading to the loss of 

redox peaks as shown in Figure 4.7. The redox peaks on a CV curve collected from the 

working electrode with SAMs are needed to indicate the removal of the brushes. In order 
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to avoid signal blocking, a shorter molecule, 2-mercaptoethanol, was deposited on the 

gold substrate to form a SAM and serve as an initiator for the polymerization. The CV 

results in Figure 4.7 show that the shorter SAMs did not block the surface. 
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Figure 4.7. CV curves collected from a bare gold electrode, an 11-mercapto-1-

undecanol SAM covered gold electrode and a 2-mercaptoethanol covered gold 

electrode.  Experimental conditions: gold working electrode, Ag/AgCl reference 

electrode, Pt counter electrode, 1 mM K3Fe(CN)6 in 100 mM KCl aqueous solution, 

50 mV/s scan rate, room temperature. 

The stability of 2-mercaptoethanol SAMs under PLA brush degradation conditions 

was tested. The gold surface with 2-mercaptoethanol SAMs was used as the working 

electrode. 1 mM K3Fe(CN)6 in 100 mM phosphate buffer solution with pH 8.0 was used 

as the electrolyte. This electrolyte was chosen to provide basic aqueous conditions in 

which the PLA brush will degrade. A CV curve was collected every hour for 12 hours. 

The curves collected at 3 hours intervals are given in Figure 4.8. The CV curves collected 
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at different time intervals are similar. The result further indicates that the 2-

mercaptoethanol SAM is stable under the conditions that will be used to remove the PLA 

brushes. 
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Figure 4.8. CV curves of 2-mercaptoethanol SAMs covered gold working electrode 

with different test time. Experimental conditions: gold working electrode, Ag/Ag
+
 

reference electrode, Pt counter electrode, 1 mM K3(Fe(CN)6) in 100 mM phosphate 

buffer with pH 8.0, 50 mV/s scan rate, room temperature. 

PLA brushes were then prepared on the gold surface through surface initiated ROP 

using 2-mercaptoethanol SAMs as initiators under the optimized reaction conditions 

discussed in Chapter 2. DI water contact angles were measured on the sample before and 

after PLA grafting (Figure 4.9). The DI water contact angle value was ca. 20 ° on the 2-

mercaptoethanol SAM surface and ca. 60 ° after grafting the PLA brush. The increased 

DI water contact angle value supports the growth of the relatively more hydrophobic 

PLA brushes. 
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Figure 4.9. Optical photographs of a DI water droplet on (A) a 2-mercaptoethanol 

SAM covered gold slide and (B) a similar gold slide containing a PLA brush grafted 

from a 2-mercaptoethanol SAMs. 

PLA grafted sample was also characterized using ATR-FTIR (Figure 4.10). The peak 

at 1735 cm
-1

 is assigned to the carbonyl group. The peaks at 2929 cm
-1

 and 2859 cm
-1

 are 

assigned to C-H stretches. The spectrum collected from the PLA grafted gold substrate 

matches that collected from the PLA grafted silicon substrate. Thus, the ATR-FTIR 

spectrum also supports the formation of PLA brushes on gold substrate. 
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Figure 4.10. ATR-FTIR spectrum of PLA brushes grafted from 2-Mercaptoethanol 

SAMs on gold. 

CV curves were collected before and after PLA grafting to investigate the blocking 

effect of grafted PLA on the working electrode surface (Figure 4.11) using both acidic 

and basic aqueous electrolyte solutions. Samples were placed in electrolyte for 1 hour to 

let brushes stabilize in aqueous solution before the test since brushes can re-orient 

themselves as previously discussed.  The gold substrate with 2-mercaptoethanol SAMs 

gave typical CV curves. After the PLA brushes were grafted to the substrate, the CV 

curves changed to almost a flat line. The significantly decreased redox current of CV 

curves collected on PLA modified electrodes indicate that grafted PLA brushes block the 

electrode surface. 



147 

 

-200 0 200 400
-300

-200

-100

0

100

200

300

J
 (

A

/c
m

2
)

E (mV)

 Au-SAM

 Au-SAM-PLA, pH 6.0

 Au-SAM-PLA, pH 8.0

 

Figure 4.11. CV curves collected before and after PLA grafting. Experimental 

conditions: gold working electrode, Ag/Ag
+
 reference electrode, Pt counter electrode, 

1 mM K3Fe(CN)6 in 100 mM phosphate buffer, 50 mV/s scan rate, room 

temperature. Brush thicknesses are ca. 10 nm. 

The time course for the degradation of PLA brushes grafted from the gold substrate 

was investigated using this ferricyanide blocking technique. Samples were placed in 

phosphate buffer solution with pH 6.0 or 8.0 at room temperature. The brush thicknesses 

were tracked with ellipsometry and plotted versus degradation time in Figure 4.12. The 

thicknesses remained constant in the acidic buffer and gradually decreased in the basic 

buffer. The PLA brushes with thickness of ca. 10 nm were completely removed by 

soaking in basic buffer for ca. 117 h. These results are similar to those presented in 

Chapter 3. 
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Figure 4.12. Plots of ellipsometric thicknesses of PLA brushes grafted from gold 

substrate versus degradation time in aquesou solution with pH 6.0 and pH 8.0 at 

room temperature. Error bars represent the magnitude of the 90% confidence 

interval for 5 measurements on one sample. 

CV curves were collected every hour on the PLA brush-modified working electrodes 

to investigate the change due to the degradation of PLA brushes. Two sets of experiments 

were done at pH 6.0 and pH 8.0. Some of the collected CV curves are given in Figure 

4.13 and Figure 4.14. CV curves collected at pH 6.0 do not have any significant change 

during the 48 h experiment. The CV curves collected at pH 8.0 have significantly 

increased redox peaks during the experiment. As previously discussed, the PLA brushes 

degrade in basic aqueous solution. Thus, the results indicate that the working electrode 

surface is gradually exposed to the redox couple during the degradation of the PLA brush 

on it. 



149 

 

-200 0 200 400

-80

-40

0

40

80
pH 6.0

J
 (

A

/c
m

2
)

E (mV)

 1h

 6h

 12h

 24h

 36h

 48h

 

Figure 4.13. Plots of CV curves collected from a PLA brush-modified gold electrode 

in buffered ferricyanide solution at pH 6.0. Experimental conditions: gold working 

electrode, Ag/Ag
+
 reference electrode, Pt counter electrode, 1 mM K3Fe(CN)6 in 

100 mM phosphate buffer, 50 mV/s scan rate, room temperature. Initial PLA brush 

thickness was ca. 10 nm. 
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Figure 4.14. Plots of CV curves collected from PLA brush-modified gold electrode in 

buffered ferricyanide solution at pH 8.0. Experimental conditions: gold working 

electrode, Ag/Ag
+
 reference electrode, Pt counter electrode, 1 mM K3Fe(CN)6 in 

100 mM phosphate buffer, 50 mV/s scan rate, room temperature. Initial brush 

thickness was ca. 10 nm. 

The peak current densities of CV curves collected under different pH conditions are 

plotted versus the time in Figure 4.15. The peak current densities significantly increase 

with time when CVs were collected in basic electrolyte. The final peak current density 

when applying the basic electrolyte reached ca. 60 μA/cm
2
. However, in acidic 

electrolyte, the peak current densities increased only slightly after the same experiment 

time. The maximum current density was ca. 10 μA/cm
2
. The results indicate different 

increases of peak current densities by using electrolyte solution with different pH values. 

The grafted PLA brushes do not degrade in acidic solution as demonstrated previously. 

Under this condition, PLA brushes block the redox couple from the working electrode 
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surface. The weak CV signal for the samples soaked in acidic electrolyte could be due to 

the defect in the PLA brush layer that would not be detected by ellipsometry or the 

increased accessibility of the underlying surface as the result of swelling of the PLA 

brushes after soaking in solution for a long period of time.  
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Figure 4.15. Plots of peak current densities from CV curves collected in basic and 

acidic conditions versus time. 

4.3 Conclusion 

PLA brushes with a gradient thickness were prepared by gradually filling the reaction 

container with the monomer solution. The formation of the thickness gradient could be 

tuned by varying filling rate of the monomer solution. The electrochemical experiments 

run on a PLA brush modified working electrode obtained increased redox peaks when 

PLA brushes degraded. The result demonstrated that the substrate can be exposed when 

PLA brushes were removed by applying basic pH conditions. 
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4.4 Experiments 

4.4.1 Preparation of terminal hydroxyl thiol SAMs 

Gold slides (purchased from Evaporated Metal Films - TA134) were cut into 

10 mm×5 mm small pieces. These substrates were cleaned using Piranha solution for 1 

hour and rinsed with a large amount of DI water, ethanol and DI water again. The cleaned 

samples were dried under nitrogen and immersed in 1 mM 11-mercapto-1-undecanol 

(Aldrich, 97%) ethanol solution or 1 mM 2-mercaptoethanol (Alfa Aesar, 98+%) ethanol 

solution at room temperature overnight to form SAMs. After deposition, samples were 

rinsed with ethanol to remove the physisorbed thiol. The rinsed samples were dried under 

nitrogen before characterization. 

4.4.2 Preparation of PLA brushes on gold substrate 

Freshly prepared substrates were reacted with an anhydrous tetrahydrofuran (THF) 

solution containing 100 mM recrystallized lactide and 1 mM tin bis(2-ethyl hexanoate) in 

flame dried vials for 24 h. The vials were loaded and sealed in the dry box. The sealed 

vials were gently agitated using a multi-purpose rotator (Barnstead International, 

Dubuque, IA, USA). 

4.4.3 Preparation of PLA brushes with a gradient in thickness  

Silicon wafers were cut into 50 mm×5 mm rectangle chips and cleaned in Piranha 

solution for 1 hour to remove organic contaminants. Then the chips were rinsed with 

large amount of deionized (DI) water, ethanol and DI water again. The cleaned samples 

were etched with 5 % HF in ethanol solution for 2 minutes to remove the native oxide 

layer. After etching, samples were rinsed with ethanol and DI water and dried under 
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nitrogen. The treated silicon substrates were then put into an ultraviolet-ozone (UVO) 

cleaner to oxidize for 30 minutes to form the silica layer on the silicon. 

Lactide was recrystallized twice from anhydrous toluene and then dried under 

vacuum (5 militorr) with rapid stirring at 40 °C overnight. Stannous octanoate (SIGMA, 

95%), was distilled under vacuum (10 millitorr) at 80 °C. THF was dried by distilling 

over sodium. The glass tubes used as reaction containers were cleaned in Piranha and 

rinsed with DI water. Then cleaned vials were pre-dried in oven overnight, further flame 

dried and cooled down under a nitrogen atmosphere.  

Freshly UVO treated silicon were placed in the dried tube with catalyst solution of a 

given concentration in the dry box. The loaded tube was sealed in dry box. The monomer 

solution was injected into the sealed tubes using a syringe with a long needle. The filling 

rate was controlled by a syringe pump (B-14033, Harvard Apparatus, Holliston, MA). 

The pressure in the tube was balanced by connecting the tube with a gas wash bottle. The 

reaction was stopped by removing the sample when all monomer solution had been 

injected into the container. The grafted samples were sonicated in anhydrous THF for 

15 s and rinsed with THF, ethanol and DI water to remove physisorbed polymer or 

monomer. Cleaned samples were dried under nitrogen before characterization. 

4.4.4 Ellipsometry Measurement 

Ellipsometry measurements were taken on a Rudolph Research / AutoEL. The 

measurement angle was 70 °. For each sample, five measurements were collected, four on 

each corner and one in the center. The average value of those five measurements was 

used to represent the thickness of samples. To determine PLA brush thickness, the 
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sample was measured twice, before grafting and after grafting. The difference between 

two measurements was assigned to be the thickness of the PLA brush. 

Ellipsometry measurements on the gradient sample were conducted as follows. Three 

measurements were taken at different points with the same distance to one end of the 

gradient sample (Figure 4.16). The average of 3 measurements was used to calculate the 

brush thickness at a certain position.  The measurement position on the sample was 

controlled by the XY stage of the ellipsometer. The position, the distance from the end, 

was read from the micrometer of the XY stage. 

 

Figure 4.16. Scheme of ellipsometry measurement points on a gradient sample. 

4.4.5 Cyclic voltammetry measurement 

A cell originally reported by Bowden et al. was used for cyclic voltammetry test.
15

 

The experiment setup is shown in Figure 4.17. The electrolyte was 1 mM potassium 

ferricyanide in phosphate buffer with 100 mM ionic strength at a given pH. The working 

electrode was a gold slide with or without PLA brushes grown on it. The area of working 

electrode was 0.5 cm
2
. The counter electrode was a platinum wire. The reference 

electrode was silver wire. A standard Ag/AgCl reference electrode was tried at first. 

However, the CV results had a high level of noise in the long time scale experiments. 

One possible reason is that the Ag/AgCl reference electrode may run out of ions when it 

is placed in solutions with a low ionic strength for a long period of time.  In our case, the 
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Ag/AgCl electrode had ten times higher concentration (1 M ionic strength) compared to 

the solution (100 mM ionic strength). Thus, the silver wire was used as an Ag/Ag
+
 quasi 

reference electrode. The ionic strength for the quasi standard reference electrode was the 

concentration of buffered electrolyte, which was constant during the experiments. Similar 

CV curves were obtained using both the Ag/AgCl standard reference electrolyte and 

silver wire quasi standard reference electrolyte. The Ag/Ag
+
 reference electrode gave a 

more stable signal when used for longer reaction times. 

 

Figure 4.17. Scheme of Bowden cell assembly for cyclic voltammetry experiment 

using PLA brush modified electrode. 

Gold slides (purchased from Evaporated Metal Films - TA134) were used as working 

electrodes. When a PLA grafted gold slide was used as the working electrode, the edge of 

the sample was etched in hot piranha to remove the polymer brush to ensure a good 

conduction. The silver wire, reference electrode, was generally polished before each test. 
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The platinum wire was used as counter electrode. Two types of electrolyte, 1 mM 

K3Fe(CN)6 in 100 mM phosphate buffer with pH 8.0 or pH 6.0, were applied in 

experiment. The scanning rate was 50 mV/s. All cyclic voltammetry measurements were 

done at room temperature. The data were collected using a potentiostat (Model 273A, 

Princeton Applied Research) controlled by computer (Model 250 Research 

Electrochemistry Software, M270, 4.41, Princeton Applied Research). The current 

density was calculated from the current divided by working area. 

4.4.6 ATR-FTIR measurement 

ATR-FTIR spectra were collected on Excalibus Series IR bench (VARIAN) with 

MIRacle Single Reflection ATR adaptor (PIKE). The backgrounds scan was taken in air. 

4.4.7 DI water contact angle measurement 

DI water contact angles were measured on home-made setup. 5 μL DI water was 

place on the sample surface using a micro syringe. The DI water droplet image was 

collected by video camera (Panasonic GP-KR222). Then the image was analyzed by 

ImageJ software (Image J 1.32j, Wayne Rasband, National Institutes of Health, USA) to 

determine the contact angle value. 
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