
ABSTRACT 

KO, YEONGUN. Controlling the Areal Density and Functionality of Polymer Brushes on Flat 

Solid Substrates via Degrafting and Post-polymerization Modification Reactions. (Under the 

direction of Dr. Jan Genzer). 

 Surfaces of materials play a pivotal role in numerous applications.  Comprehending the 

performance of polymers at surfaces and interfaces offers unique opportunities to tune a wide 

range of chemical and physical properties of the underlying substrate.  Polymer films may be 

physisorbed on chemisorbed on surfaces.  Physisorbed polymer layers find applications in 

functional coatings.  They may, however, be removed from the substrate when exposed to certain 

solvents.  Chemisorbing the polymers (and potentially crosslinking them) on the substrate 

eliminates this problem.  A straightforward system featuring chemisorbed polymers involves 

surface grafted polymer assemblies (SGPAs).  These structures form by attaching at least one end 

of the polymer chain to a substrate.  Unlike the physisorbed polymer films, the SGPAs remain 

stable and resist dissolution when exposed to solvents.  When the surface tethered polymer chains 

get exposed to good solvents, the polymers swell.  Such systems find use in numerous applications, 

i.e., low friction materials, antifouling surfaces, and many others.  Understanding the behavior of 

physisorbed and chemisorbed polymers at interfaces and controlling their chemical and physical 

properties is thus vital.  This Ph.D. Dissertation covers not only the fabrication of polymer thin 

films but also their functionalization and characterization. 

 Polymeric thin films (thickness from 10 nm to 1 µm) are formed via several different 

deposition methods, including dip-coating, spin-coating, spray-coating, and surface-initiated 

polymerization.  It is vital to characterize thin film properties such as dry thickness since the 

thickness is related to coverage, molecular weight, or density of the polymer.  Characterizing the 

“dry” thickness of hydrophilic polymer layers is a challenge because these films absorb moisture 

from the surrounding atmosphere even at ambient conditions.  In this Ph.D. Dissertation, we 

describe a method to measure the “true dry” thickness of the polymer film by performing 

ellipsometry experiments at various temperatures.  Carrying out the ellipsometry measurements at 

various temperatures enables us to assess the glass transition temperature, coefficient of thermal 

expansion, and thermo-optic coefficient.  We also can determine the charge density and chemical 

composition of the films from their optical constants.   

 The ability to quantify the charge density on a polymeric thin film using ellipsometry 

enables us to monitor the reaction kinetics during post-polymerization modification reactions.  We 



use poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA) and its quaternization reaction with 

methyl iodide (MI).  We study the quaternization of PDMAEMA polymer brushes containing 

tertiary amines in the liquid phase and gaseous phase.  We also create charge density gradients on 

polymer substrates by exposing physisorbed PDMAEMA films to MI vapors.  These experiments 

reveal that the process is limited by the diffusion of MI in the vapor and not diffusion through the 

polymer layer or post-polymerization reaction.  We suggest ways to change the “steepness” of the 

gradient of quaternized units by altering the experimental setup. 

 We study the stability of chemisorbed SGPAs on flat surfaces.  We use polycationic 

polymer brushes to consider how charge density in the polymer, pH of the solution, polymer 

grafting density, molecular weight, and the structure of the anchoring unit that holds the polymers 

attached to the substrate collectively affect the stability of SGPAs.  We have developed a 

mathematical model to describe time-dependent degrafting of SGPAs from surfaces.  We also 

investigate degrafting of polymer chains from the substrate by using tetrabutylammonium fluoride 

(TBAF) solutions.   
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Chapter 1: Introduction & Dissertation Scope 

1.1 Introduction 

 A polymer chain is a string of repeated units (monomers) connected (often) by chemical 

bonds.  Various properties of polymers are derived from the length of the polymer chains (in 

addition to their topology).  For instance, viscoelasticity, interfacial adhesion, micro-phase 

separation, diffusion, etc. represent polymer properties that depend on molecular weight.  To study 

and characterize polymer behavior, researchers have developed and used models and scaling laws 

to describe the behavior of long-chain molecules.  The bulk properties of polymer solutions or 

polymer melts are altered by changing chain lengths, chain topology (star, branch, crosslink, etc.), 

polymer concentration, solvent quality, and so on.  Various methods, including experiments, 

scaling, and computer simulations, have been employed to assess how the properties of polymers 

are affected under multiple environmental conditions. 

Understanding the interfacial behavior of polymer chains is essential to comprehend the 

macroscopic properties of polymer blends.1  Polymers with high molecular weight often phase 

separate because of negligible entropy of mixing and unfavorable enthalpic repulsions among 

different chemical units, which is usually undesirable.2,3  An immiscible polymer blend can be 

compatibilized by adding a block copolymer of A-b-B, which segregates at the interface between 

the A-rich and B-rich domains and decreases interfacial energy, which leads to the decrease of the 

size of the A-rich and B-rich domains. 

Another representative example of polymers at interfaces involves polymer thin films.  

Polymer films are applied widely in many different fields such as the food industry, electronics, 

paints and coating, biomedical industry, etc.  Polymer films are fabricated by solution processes 

like spin-coating, spray coating, or dip-coating on a substrate from polymer solutions.  The 

polymer chains at the interface may have a strong attraction to the substrate, leading to alter film 

properties (e.g., glass transition temperature).  The topology of physisorbed polymer chains (train, 

loop, and tail) affects the surface properties.  The surface segregation of one polymer component 

from another polymer component modifies the surface properties.  

Polymer grafts behave differently than spun-cast films (physical film) because every chain 

is physically or chemically bonded to a solid substrate.  Even when incubated in good solvents, 

the grafted polymers should not get liberated or delaminated from the substrate.  Yet, as we will 

document in this Ph.D. Dissertation, this is not always true.  
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If grafting density (i.e., the number of grafted polymers per unit area) is sufficiently low 

and neighboring chains do not interact with each other, the polymer grafts are in the “mushroom 

regime.”  When grafting density is high, the polymer chains are in “brush regime.”  General 

approaches to realize the polymer grafts are classified into “grafting to” and “grafting from” 

methods.  The former involves attaching bulk-polymerized chains to a surface.  The resulting films 

are in the mushroom regime.  Before the “grafting to” step, the bulk polymerized chains can be 

characterized by conventional techniques such as size exclusion chromatography (SEC).  The 

grafting density can be obtained from the film thickness and the molecular weight of the chains.  

The “grafting from” method involves depositing initiators to a surface, followed by surface-

initiated polymerization.  This work will focus on the “grafting from” approach, which produces 

brushes with high grafting density (~0.5 chains/nm2).4   

To synthesize polymer brushes by the “grafting from” method, the deposition of initiators 

on a substrate is a critical step.  In general, initiator-functionalized organosilanes are utilized for 

silicone substrates.  The organosilanes are composed of a head group, tail group, and a spacer; the 

latter connects the head and tail groups.  The head group features either tri-, di-, or monofunctional 

silanes, and the functional groups are methoxy, ethoxy, or chlorosilanes.  Monofunctional silanes 

form one siloxane bond with the substrate; the two bulky methyl or ethyl groups present at the 

head group lower the grafting density of the silanes on the substrate.  Trifunctional silanes generate 

densely grafted multilayers with complex intermolecular crosslinking.  The tail groups contain 

desired functional groups to modify surface properties.  Depending on the type of polymerization, 

a silane with the appropriate functional group must be selected, which enables the initiation of 

polymerization.  For example, alkyl-halide group is used for atom-transfer radical polymerization 

(ATRP).  Here we use [11-(2-bromo-2-methyl)propionyloxy]undecyltrichlorosilane (BMPUS) 

and deposit it on a silicon wafer (p-doped, orientation <100>, 550 μm thickness).  In BMPUS, the 

tail group is bromoisobutyrate, and it can commence the surface-initiated ATRP (SI-ATRP) 

reaction in the presence of the catalyst-ligand complexes.  The spacer groups (usually alkyl chains) 

affect the packing density.  When the spacer is long (e.g., BMPUS), the silanes exhibit 

intermolecular van der Waals attractions and high packing density, leading to well-defined self-

assembled structures of BMPUS on a surface.  In addition to selecting a proper solvent (n-hexanes) 

for the deposition, maintaining low temperature (-18°C to RT.) during BMPUS deposition plays a 

crucial role in obtaining a high grafting density of BMPUS self-assembled monolayers (SAMs).  
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ATRP, one of the reversible deactivation radical polymerizations (RDRPs), can synthesize 

polymer chains with relatively low dispersity (Đ < 1.5) and “living” mechanism.  Also, ATRP can 

be utilized for a wide range of polymers.  ATRP solution is composed of a monomer, solvent, 

transition metals (usually Cu(I), Cu(II)), and ligands.  When alkyl halide initiators are added to the 

ATRP solution, the metal-ligand complex breaks the alkyl halide bonds and generates carbon-

centered active radicals.  The reverse reaction makes the active radicals to adopt a dormant state.  

The primary mechanism of ATRP results from an equilibrium between the active radicals and the 

dormant species.  The polymer brushes on the substrate are fabricated by SI-ATRP, followed by 

rinsing the surface and drying with nitrogen flow. 

1.2 Dissertation Scope 

 This Ph.D. Dissertation discusses various topics in interfacial polymer science.  Chapter 2 

describes the characterization of hydrophilic polymer films and polymer brushes.  Unlike 

hydrophobic polymer layers, hydrophilic polymer layers absorb water from humid air and swell.  

Thus, the thickness of hydrophilic polymer film measured at standard conditions is not the “true” 

dry thickness.  Concurrently, the refractive index is affected by the amount of water present in the 

polymer film.  Both the dry thickness and the optical constant of the polymer film are essential 

parameters to determine to assess other physical properties such as areal coverage of polymer, the 

molecular weight of the polymer, physical bulk density, or molar refractivity by connection with 

a mass balance or Lorentz-Lorenz equations.5  Thus, it is essential to characterize “true” values of 

dry thickness and refractive index.  To accomplish this, we perform thickness measurements using 

ellipsometry at various temperatures.  During the procedure, we could independently obtain the 

coefficient of thermal expansion (CTE) and thermo-optic coefficient (TOC).  More importantly, 

the degree of charge density on a film can be estimated from the refractive index.  By performing 

the thickness measurements at cooling and heating cycles, we observe hysteresis in film thickness, 

which we attribute to physical crosslinking by the electrostatic interaction at the free surface of the 

polymer film. 

Chapter 3 introduces the fabrication and characterization of a charge density gradient in a 

polymer film.  Weak polyelectrolytes containing tertiary amines can be converted to strong 

polyelectrolytes by quaternization with methyl iodide (MI).  The charge density on the polymer 

film is defined as the degree of quaternization.  The charge density can be tuned by varying the 

concentration of the reactant and the reaction time.  The extent of reaction is characterized using 
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Fourier-Transformed infrared spectroscopy (FTIR) and spectroscopic ellipsometry (SE) at 

elevated temperatures.  The kinetics of the quaternization reaction in the solution phase is 

described using the pseudo-first-order reaction order.  The quaternization can be carried out in the 

gaseous phase due to the fast evaporation and diffusion of MI.  A charge density gradient is created 

by placing a polymer film vertically above the MI solution surface in a reservoir.  The widths and 

amplitudes of the gradient can be tuned by varying MI concentrations, process time, and reservoir 

dimensions.  We investigated reaction kinetics in the gaseous phase and compared it with the 

kinetics in the solution phase.  The rate-limiting step was determined to be the diffusion of MI 

through air   

Chapter 4 deals with the stability of polymer brushes in solvents.  Because the polymer 

chains are covalently bonded to a surface, it has been traditionally assumed that the brushes are 

stable even in a good solvent.  However, a polar covalent bond (e.g., Si-O or ester bonds) can be 

dissociated by the hydrolysis reaction in aqueous solution.  Polymer brushes may be detached from 

the surface by the hydrolysis at the linkage molecules containing Si-O bonds and ester bonds.  In 

addition, an elastic force induced by swelling reduces the activation energy for the hydrolysis 

reaction.  When the polymer chains are in a good solvent, the chains cannot swell in the lateral 

direction due to the excluded volume of neighboring chains and only swell in the vertical direction.  

This non-isotropic swelling generates an elastic force along the chain.  The elastic force acting on 

the BMPUS can facilitate the degrafting by reducing the activation energy of the hydrolysis.  We 

report a systematic study describing degrafting of polyelectrolyte brushes depending on pH, charge 

density, the molecular weight of chains, grafting density, as well as the head group of BMPUS.  

Finally, we present a mathematical model for the degrafting kinetics by adopting a stretched 

exponential function. 

Chapter 5 summarizes the current works and discusses potential avenues of future works 

that extend the findings reported in this Ph.D. Dissertation.  First, we describe the degrafting of 

polymer brushes by tetrabutylammonium fluoride (TBAF) in various solvents.  The fluoride ions 

selectively react to the siloxane bonds in the BMPUS molecules, leading to the removal of the 

polymer grafts.  We studied degrafting of poly(methylmethacrylate) (PMMA) brushes of different 

chain lengths grown from SI-ATRP by TBAF in tetrahydrofuran (THF) or dimethylacetamide 

(DMA).  We investigated the effect of solvent quality, the molecular weight of the polymer, 

grafting density, the concentration of TBAF, and reaction temperatures on degrafting.   
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We also describe the fabrication of micrometer-scale gradients of polymer grafting 

densities.  Ultraviolet light (UV, 185 & 254 nm) exposure deactivates the alkyl halide initiators 

for SI-ATRP.  Gradients of polymer brushes were prepared by covering a specific area of the 

BMPUS deposited substrate with a mask under UV light, followed by SI-ATRP.  Varying the 

distance between the substrate and the UV mask controls the resulting gradient widths from tens 

to hundreds of micrometers.  The sharpest gradient was formed where the substrate was in direct 

contact with the mask.  The experimental results were described qualitatively with a simplified 

model describing spatially-varying UV light intensity profiles.  Furthermore, fluorescein-

conjugated bovine serum albumin (FITC-BSA) was selectively attached to quaternized 

PDMAEMA brushes having a micrometer-scale gradient in phosphate-buffered saline solution.  

The BSA density gradients show comparable gradient widths of polymer brushes. 

Finally, we describe a method to create counter-propagating gradients of zwitterionic and 

positively charged units in a polymer film.  Zwitterionic polymer films are utilized as anti-fouling 

surfaces, and positively charged polymer films are used as anti-bacterial agents.  Betainization is 

carried out in a gaseous phase with 1,3-propane sultone in tetrahydrofuran solution at 50°C for 2 

hours. To obtain counter-propagating gradients, we first generated a quaternization gradient in 

PDMAEMA brushes and then performed betainization on the same substrate.  The degrees of 

quaternization (DQ) and betainization (DB) of the resulting surface are independently monitored 

by measuring FTIR-ATR spectra.   
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Chapter 2: Determining Water Sorption and Desorption in Thin Hydrophilic Polymer 

Films by Thermal Treatment 

Ko, Y.; Miles, J.; Genzer, J. Determining Water Sorption and Desorption in Thin Hydrophilic 

Polymer Films by Thermal Treatment. ACS Appl. Polym. Mater. 2019, 1, 2495-2502. 

2.1 Abstract 

Knowledge of dry thickness of polymer films is required to determine the areal density of 

polymeric grafts, and the degree of swelling of polymer networks and surface-anchored polymer 

assemblies.  Because hydrophilic polymer films absorb water at ambient conditions and retain it 

is challenging to establish accurate dry thickness in such systems. Here we report on determining 

water uptake by chargeable/charged polymer films by monitoring the coefficient of thermal 

expansion (CTE) and thermo-optic coefficient (TOC) using ellipsometry.  Knowing accurate 

amount of moisture in polymer films is needed for numerous applications, including, humidity and 

temperature sensors, polymer nanoreactors, lubricating coatings, antibacterial surfaces, and many 

others. 

2.2 Introduction 

 Hydrophilic polymer thin films have been studied extensively in the past1,2 due to sorption 

of water3, low-friction4 or anti-biofouling properties.5,6  Polymer thin films are fabricated by dip-

coating, spray-coating, spin casting7, layer-by-layer deposition8, or generating surface-attached 

polymer assemblies9,10.  The dry thickness of the film links the molecular weight of the polymer, 

physical density, and polymer coverage on the substrate through a simple mass balance.11,12  While 

the thickness of hydrophobic polymer films is straightforward to assess, measuring the “true” dry 

thickness of hydrophilic polymer layers remains an experimental challenge because water 

molecules interact with polar or charged groups in the polymer, are absorbed and become trapped 

inside the film at ambient conditions, and are very hard to remove.   

One might suppose that flowing a stream of dry gas over the sample removes moisture 

trapped inside the film while annealing hydrophilic polymer films.  As demonstrated by the data 

in Figure A-1-1 this assumption is not correct.  Annealing a “water-absorbing” polymer specimen 

under vacuum for extended times (up to 16 hours) at 80°C also does not remove the moisture from 

the sample (cf. Figure A-1-2).  One possible avenue to assess the dry thickness of hydrophilic 

polymer films may involve performing ellipsometric measurements in the presence of a 

hygroscopic salt, i.e., potassium hydroxide.3,9,10,13–15  This approach has practical limitations, 
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however, as it requires a closed system.  Moreover, it takes a long time (~tens of minutes at least) 

to reach an “equilibrium state”.16–18  And importantly, one is never certain that all moisture has 

been removed by this process from the entire film. 

Knowledge of water content in polymer films is important for both fundamental studies as 

well as practical applications.  In the former category, dry thickness of polymer brushes is needed 

in determining the accurate grafting density of polyelectrolyte brushes, which is derived from the 

mass balance equation involving the molecular weight and the dry thickness of the brush.  

Interpreting the results of post-polymerization reactions (such as the one employed in this work) 

also requires precise information of the polymer dry thickness.  Knowledge of the content of water 

trapped inside charged systems helps tailor the performance of humidity and temperature sensors, 

polymer nanoreactors (where the content of water may affect the reaction conditions), lubricating 

coatings, antibacterial surfaces, and many others. 

Here we present a simple and robust method to determine the accurate thickness of 

hydrophilic polymer films by heating them to elevated temperatures to remove water molecules 

and performing ellipsometry measurements during a cooling cycle.19–22  Carrying out temperature 

sweep experiments enables establishing the coefficient of thermal expansion (CTE) and thermo-

optic coefficient (TOC) for polymers under investigation (charge-varying polymers in this case).  

The measured TOC exhibits a linear dependence on the CTE, which validates that the “true” dry 

thicknesses of each polymer thin film may be obtained by using experimentally measured dh/dT 

(where h is film thickness and T is temperature) and extrapolating the thickness measured at high 

temperatures down to ambient conditions.  This approach enables separating the effect of 

temperature-driven film thickness changes due to thermal expansion and water retention.  We 

employ this approach to assess accurate dry thickness of films made of a variety of hydrophilic 

polymers, including polyelectrolytes, which are particularly challenging to maintain water-free at 

ambient conditions. 

2.3 Experimental Section 

2.3.1 Materials 

 All chemicals were purchased from Sigma-Aldrich and used as received unless noted 

otherwise.  Millipore Elix 3 was employed to obtain deionized water (DIW) with resistivity >15 

MΩ.cm.  2-(dimethylamino)ethyl methacrylate (DMAEMA) was passed through an inhibitor 

removal column (Aldrich) before polymerization.  11-(2-bromo-2-methyl)propionyloxy 
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undecyltrichlorosilane (eBMPUS) was purchased from Gelest.  Silicon wafers (p-doped, 

orientation <100>) were purchased from Silicon Valley Microelectronics.  Poly(methyl 

methacrylate) (PMMA, �̅�n = 211.3 kDa, Đ = 1.15), poly(2-vinylpyridine) (P2VP, �̅�n = 50 kDa, 

Đ = 1.03) and poly(4-vinylpyridine) (P4VP, �̅�n = 36.3 kDa, Đ = 1.17) were purchased from 

Polymer Source, Inc. 

2.3.2 Preparing Polymer Thin Films 

 Silicon wafers were exposed to ultraviolet/ozone treatment (UVO, Model 42, Jelight Co.) 

for 30 min before use.  Solutions of PMMA (2 wt%) were prepared in toluene and P2VP and P4VP 

solutions (2 wt%) were prepared by dissolving in chloroform.  Poly(2-(dimethylamino)ethyl 

methacrylate) PDMAEMA solution (2 wt %) was dissolved in deionized water.  Polymer thin films 

were deposited via spin-coating (PNM32, Headway Research, Inc.).  Each polymer was spuncast 

onto silicon wafers (spinning speed 3000 rpm).  

To prepare PDMAEMA brushes, the eBMPUS initiator was deposited on the silicon wafer 

(14 mm x 40 mm in size) by incubating in initiator solution (0.005% v/v of eBMPUS in toluene) 

at room temperature for 24 hours.  The PDMAEMA brushes were grown by surface-initiated atom 

transfer radical polymerization (ATRP).  ATRP solution comprising molar ratios of 

[DMAEMA]:[CuCl]:[2,2’-bipyridine] of [60]:[1]:[2.3].  Specifically, DMAEMA (4 mL, 23.7 

mmol), DIW (36.8 mL, 2.0442 mol) and isopropanol (9.2 mL, 120.3 mmol) were loaded into a 

150 mL round-bottom flask followed by purging argon gas for 10 minutes.  2,2’-bipyridine (0.1421 

g, 0.9 mmol) and CuCl (0.03917 g, 0.4 mmol) were then added sequentially.  The solution was 

mixed using a stir-bar and degassed by bubbling argon gas for another 15 minutes.  Surface-

anchored PDMAEMA brushes were grown by incubating the initiator-coated substrates in a 20 

mL vial filled with the ATRP solution for 100 min at room temperature.   

Quaternization of PDMAEMA brushes was carried out by immersing PDMAEMA brushes 

into a solution comprising 5% v/v iodomethane (CH3I) in ethanol at room temperature for specific 

reaction times.  qPDMAEMA samples with degrees of quaternization (DQ, i.e., the molar 

percentage of quaternized DMAEMA units in the copolymer) ranging from 0 to ~80 mol % were 

prepared by reacting PDMAEMA brushes with iodomethane for reaction times ranging from a few 

to ~300 seconds. 

Bulk PDMAEMA was synthesized by free radical polymerization to help establish DQ as 

a function of iodomethane reaction time.  6.73 mL of DMAEMA (0.040 mol) and 40 mL of 1,4-
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dioxane were charged into a Schlenk flask.  65.6 mg of AIBN (4.0 x 10-4 mol) was dissolved into 

the monomer solution followed by performing three freeze-pump-thaw cycles.  The flask was 

purged with N2 and immersed in an oil bath at 70 °C for 24 hours.  After the polymerization, the 

PDMAEMA was precipitated in hexanes.  Bulk quaternization of PDMAEMA was performed by 

reacting 1 gram of PDMAEMA with a given amount of CH3I (0, 0.099, 0.198, 0.297, 1 mL) for 

12 hours at room temperature in tetrahydrofuran (THF).  DQ was established by elemental analysis 

(data not shown). 

2.3.3 Characterization 

 We employed variable angle spectroscopic ellipsometry (VASE) (J.A. Woollam Co.) to 

measure the thickness and refractive index of polymer thin films.  The ellipsometry data were 

analyzed using WVASE32 software (J.A. Woollam Co.).  Every measurement was performed at 

two angles of incidence (60 and 65°, relative to the normal) between 400 and 800 nm.  A hot stage 

(FP82HT, Mettler Toledo) connected to a central processor (FP90, Mettler Toledo) was attached 

to the VASE sample stage.  This assembly enabled controlling the temperature of polymer films 

during the ellipsometry measurements.  Relative humidity was not controlled during the 

experiments; it was measured to be ~50 % at room temperature.  VASE data were collected every 

10 min for 100 seconds per single run with continuous temperature change (cooling/heating) at the 

rate of 0.5°C/min.  We selected 100°C as the highest temperature for ellipsometry measurements 

in PDMAEMA and qPDMAEMA samples to minimize sample thermal degradation.  Some 

thermal degradation of PDMAEMA and qPDMAEMA degradation took place at temperatures 

higher than 100°C (see the Appendix A-1). 

In our previous study using neutron reflectivity we established that the density of water 

molecules inside PDMAEMA brushes decreased gradually from free surface into the bulk of the 

film (Figure 2-1a).9  To mimic the gradual water sorption behavior, ellipsometric data were 

analyzed with a two-layer model (substrate/Cauchy 1/Cauchy 2) (Figure 2-1b).  The data fits to 

this two-layer model produced optical properties of the two Cauchy layers that were nearly 

indistinguishable.  Hence, we have used a single layer model to fit the ellipsometric data.  This 

model comprises: Si substrate, SiOx layer (thickness 1.5 nm), and a Cauchy layer: 𝑛 = An +

 Bn 𝜆2⁄ , where 𝑛 is refractive index, and An and Bn are fitting parameters.  We assume that the 

optical constants for Si and SiOx remain the same for the range of temperatures employed in this 

work.  Based on the work of Gon et al, the variation in the optical constants between 25 and 150˚C 
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is < 0.1%.23  The attributes of the Cauchy layer were fitted by using film thickness, An, and Bn.
24  

The dependence of film thickness on temperature was fitted to the following empirical function:25 

ℎ(T) = 𝑤 (
𝑀−𝐺

2
) ln (cosh (

T−Tg

𝑤
)) + (T − Tg) (

𝑀+𝐺

2
) + 𝑐    (2.1) 

where h, T, Tg, w, and c represent the dry thickness, annealing temperature, glass transition 

temperature, width of glass transition, and thickness at Tg, respectively.  M and G correspond to 

the slope of the dry thickness at melt state and glass state, respectively.  While keeping 𝑤 = 2 K, 

we varied Tg, M, and G to fit the data.  We also applied Equation 2.1 to fit the temperature 

dependence of the refractive index data to obtain a value of c by simply exchanging h for refractive 

index (𝑛) at 600 nm. 

 

 

Figure 2-1.  (a) Expected distribution of water molecules in a polymer film based on Ref. 9.  (b) 

A two-layer model (layer 1 & layer 2) used to fit experimental data.  The fitting provided the same 

optical properties for both layers, which reduced the model to a single layer/box system. (c) Single 

layer model employed in fitting ellipsometry data of both water-containing (left) and dry (right) 

films. 

 

Fourier-transform infrared spectroscopy (FTIR) spectra were collected in attenuated total 

reflection (ATR) mode with Ge crystal on a Nicolet 6700 spectrometer and analyzed with OMNIC 

software.  All spectra were collected by performing 256 scans with 4 cm-1 resolution. 
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In addition to elemental analysis, we also estimated the DQ in the various qPDMAEMA specimens 

from An and Bn values obtained by ellipsometry.  qPDMAEMA polymers (DQ 0, 18, 46, 64, and 

88 mol %) prepared in bulk were dissolved in aqueous solutions (2 wt %) and were spun-cast onto 

the silicon wafers at 3000 rpm for 30 seconds followed by VASE measurements at 100°C.  The 

refractive indices (𝑛) of pure PDMAEMA and qPDMAEMA at 600 nm were estimated as 1.4752 

and 1.5901, respectively, by extrapolating the linear fit of measured 𝑛 with known DQ values.  The 

DQ values were determined by using effective medium approximation (Lorentz-Lorenz 

relationship, Equation 2.2): 

(𝑛2−1)

(𝑛2+2)
= (1 − 𝑓𝑞)

(𝑛𝑝
2−1)

(𝑛𝑝
2+2)

+ 𝑓𝑞
(𝑛𝑞

2−1)

(𝑛𝑞
2+2)

        (2.2) 

where 𝑛, 𝑛𝑝, 𝑛𝑞, and 𝑓𝑞  correspond to refractive index of the copolymer, the refractive index of 

pure PDMAEMA (1.4752), the refractive index of pure qPDMAEMA (1.5901) and the volume 

fraction of qPDMAEMA in the copolymer, respectively.  The calculated volume fraction of 

qDMAEMA in the copolymer was converted to molar fraction of qDMAEMA by using a 

molecular weight of DMAEMA (qDMAEMA) 157.21 Da (299.15 Da) and density of PDMAEMA 

(qPDMAEMA) 0.93 g/cm3 (1.34 g/cm3).  The densities of PDMAEMA and qPDMAEMA were 

estimated from molecular dynamic simulation (Christopher Walker, personal communication).  

All samples were characterized by VASE at 100°C.  The data in Figure 2-2 show that DQ varies 

linearly with refractive index at 600 nm, as expected. 
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Figure 2-2.   Estimated degree of quaternization (DQ) as a function of refractive index of polymer 

brushes (solid symbols) and spuncast films (open symbols).  The line represents the best fit of 

polymer brushes: DQ= 835.10× 𝑛 -1233.77. 

 

2.4 Results and Discussion 

 To verify the reliability of our approach, we spin-coated a thin film made of poly(methyl 

methacrylate) (PMMA, �̅� n = 211.3 kDa, Đ = 1.15) and characterized its thickness with 

ellipsometry under a cyclic temperature sweep (Figure 2-3a).  PMMA exhibits low affinity 

towards water and is stable at elevated temperatures.21,26–28  We performed ellipsometry 

measurements upon heating and cooling the PMMA films between 30 and 220°C with a constant 

cooling/heating rate 0.5°C/min to suppress the effect of thermal history.  Four cooling and heating 

cycles show identical results, indicating that the experimental set-up is reliable and PMMA does 

not degrade within the stated temperature range.  The change in the slope of dry thickness (or 

refractive index in Figure S3) marks a transition from a glassy to a rubbery state at the glass 

transition temperature (Tg),
19,20 estimated to be ~127°C by fitting the data to Equation 2.1.  This 

value is consistent with that reported previously for atactic PMMA thin films on silica 

substrates.21,27,28 
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Figure 2-3.  Measured dry thickness of (a) PMMA spuncast film and (b) PDMAEMA brushes 

(cooling only) on a silicon substrate with temperature and extrapolated dry thickness from 

Equation 2.1 (solid line).  Heating/Cooling rate was 0.5°C/min.  ∆ℎ  denotes the difference 

between the film thickness measured at ambient conditions and the “true” thickness extrapolated 

from the data collected at 100°C.  Water sorption of PDMAEMA brushes and spuncast film is 

indistinguishable at RH 50% based on our previous report.10 

 

In contrast to PMMA, hydrophilic polymers become hydrated at ambient conditions while 

at elevated temperatures water absorption is negligible.29  Even a small amount of water present 

inside thin hydrophilic films makes assessing dry thickness at ambient conditions challenging.  In 

Figure 2-3b, we plot the thickness of poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA) 

brushes as a function of temperature (measured upon cooling).  At 100°C the PDMAEMA brushes 

expand thermally and retain a negligible amount of water.  However, when cooled down to ambient 

conditions the brushes absorb water molecules that interact via hydrogen bonding with the repeat 

units of the polymer.  PDMAEMA brushes exhibit initially a linear decrease in thickness upon 

cooling from 100 to 60°C.  At temperatures below ~60°C the thickness of PDMAEMA starts to 

increase due to water uptake.  We estimate the “true” dry thickness of the sample without water 

absorption at room temperature by linearly extrapolating the thicknesses measured upon cooling 

the films from elevated temperatures down to room temperature.  Since Tg of PDMAEMA is ~17°C 

the thickness variation at ambient conditions does not reflect the transition from the rubbery to 

glassy state (Figure A-1-5).30,31  Collectively, all samples exhibit moisture uptake at ambient 
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conditions.  Water absorption discussed thus far results from the dipole-dipole interaction (i.e., 

hydrogen bonding) between the monomer repeat units and water molecules. 

 

 

Figure 2-4.  (a) Normalized dry thickness (i.e., absolute thickness relative to thickness measured 

at 100°C) and (b) refractive index of qPDMAEMA brushes with various degrees of quaternization 

(DQ) as function of temperature assessed by cooling from 100°C with a cooling rate of 0.5°C/min.  

The dry thickness of unmodified PDMAEMA brushes is ~100 nm at 100°C.  The solid lines in (a) 

and (b) represent the best fits to Equation 2.1 at elevated temperatures (80~100°C).   

 

Quaternization converts PDMAEMA into a strong polyelectrolyte, which exhibits high 

affinity towards water due to strong ion-dipole interactions.  Figure 2-4 displays a normalized 

thickness and refractive index of quaternized (qPDMAEMA) polymer brushes on silicon 
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substrates assessed by heating the specimens to 100°C and cooling them at a rate of 0.5°C/min 

down to 30°C.  We vary the degree of quaternization (DQ) by controlling the reaction time of 

PDMAEMA with iodomethane.  The normalized thicknesses of qPDMAEMA-DQ 0 (i.e., non-

quaternized PDMAEMA) exhibits a linear thermal expansion at high temperatures and water 

sorption at low temperatures, in agreement with the data in Figure 2-3b.  The qPDMAEMA 

samples with higher DQ display lower CTE.  Interaction among the quaternized ammonium ions 

and counter ions (mostly iodide anions) makes the film less expandable, hence lower CTE.32,33  

The onset temperature for water absorption for qPDMAEMA-DQ 22 (~70°C) is higher than that 

for qPDMAEMA-DQ 0 (~60°C); the thickness increase for qPDMAEMA-DQ 22 during cooling 

is higher relative to qPDMAEMA-DQ 0, indicating that the charged units in the copolymer possess 

strong affinity to water molecules.  This trend is further enhanced in qPDMAEMA samples with 

higher DQ. 

The above results imply that ellipsometric data of polyelectrolyte films measured at 

ambient conditions are affected by the presence of moisture due to water absorption.  This notion 

is further supported by examining refractive indices of the films (Figure 2-4b).  The refractive 

index correlates with the bulk material density based on the Lorentz-Lorenz equation with a 

constant molecular polarizability.34,35  In qPDMAEMA-DQ 0 the refractive index decreases with 

increasing temperature as the density decreases due to thermal expansion.  At a constant 

temperature, the refractive index of polyelectrolyte films increases with increasing DQ.  This 

behavior originates from the change of both molecular polarizability and material density by 

increasing the content of quaternary ammonium ions and iodine counter ions.36,37  The slope of 

refractive index vs. temperature at elevated temperatures (thermo-optic coefficient, TOC) 

increases with increasing DQ (vide infra).  With a certain amount of water sorption at low 

temperatures, the refractive index decreases slightly since water has a lower refractive index (~1.33 

at 589.3 nm and 30°C)36 than the polyelectrolyte brush (1.50~1.58 at 600 nm and 30°C). 
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Figure 2-5.  The dependence of the thermo-optic coefficient (TOC, ordinate) on 
1

ℎ303𝐾
∙

𝑑ℎ

𝑑T
 

(abscissa) of qPDMAEMA brushes having different DQ.  The abscissa values are obtained from 

the linear fits of dry thickness at elevated temperatures (cf. Figure 2-4a).  The TOC values 

correspond to the slopes of the lines in Figure 2-4b.  The circles and squares refer to samples with 

Tg<100°C and Tg>100°C, respectively.  The line represents best linear fit to the circles only.  Inset: 

TOC exhibits linear dependence on the coefficient of thermal expansion (CTE) for qPDMAEMA 

brushes at all DQs studied.  The solid line in the inset (TOC = −2.43 × 10−5 − 0.5 ∙ CTE) is the 

same as that in the main figure (i.e., no adjustment after the addition of the square points). 

 

Figure 2-5 displays the effect of DQ on the coefficient of thermal expansion (CTE) and 

the thermo-optic coefficient (TOC) defined as: 

CTE ≡ α =
1

𝑉

𝑑𝑉

𝑑T
= (3 ∙

(1−𝜈)

(1+𝜈)
) ∙

1

ℎ303𝐾
∙

𝑑ℎ

𝑑T
      (2.3) 

TOC ≡
𝑑𝑛

𝑑T
= −𝜌 (

𝜕𝑛

𝜕𝜌
)

T
∙ 𝛼 + (

𝜕𝑛

𝜕T
)

𝜌
       (2.4) 

In Equations 2.3 and 2.4, 𝑉, 𝜈, ℎ, ℎ303𝐾 , 𝑛, 𝜌 represent volume, Poisson’s ratio (0.38 and 0.5 for 

glassy and rubbery, respectively), dry thickness, linearly extrapolated thickness at 303 K, 

refractive index (or An), and density, respectively.24,38,39  We determined 
1

ℎ303𝐾
∙

𝑑ℎ

𝑑T
 and the TOC 
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values for qPDMAEMA brushes with different DQ from linear fits to film thickness and refractive 

index data shown in Figures 2-4a and 4b, respectively, at elevated temperatures (80 ~100°C) and 

plotted the dependence of the TOC on 
1

ℎ303𝐾
∙

𝑑ℎ

𝑑T
 in Figure 2-5.  We fitted the TOC vs. 

1

ℎ303𝐾
∙

𝑑ℎ

𝑑T
 

dependence to a line for samples whose Tg was <100°C (solid circles).  As detailed in the Table 

A-1-1 in the Appendix A-1, we determined that the Tg of PDMAEMA with DQ<40% was <100°C.  

Then, we calculated the CTE values using Equation 2.3, in which we used =0.5 for samples 

with Tg<100°C (solid circles) and =0.38 for specimens with Tg>100°C (solid squares) (see 

Appendix A-1 for details).  As shown in the inset to Figure 2-5, the TOC varies linearly with the 

CTE, as predicted by Equation 2.4.40  The line plotted in the inset to Figure 2-5 is the same as 

that depicted in the main portion of Figure 2-5 (see caption to Figure 2-5 for the actual values).  

The fact that the TOC values depend linearly on CTE for all qPDMAEMA specimens with various 

DQs indicates that the CTE (and thus the 
1

ℎ303𝐾
∙

𝑑ℎ

𝑑T
) values are not affected by water absorption 

into the sample. 

 For polymers, (𝜕𝑛 𝜕T⁄ )𝜌 is much smaller than 𝜌(𝜕𝑛 𝜕𝜌⁄ )T which can be expressed as: 

𝜌 (
𝜕𝑛

𝜕𝜌
)

T
= (1 − Λ)

(𝑛2+2)(𝑛2−1)

6𝑛
       (2.5) 

where Λ  is the so-called strain-polarizability constant, taking account of a change of atomic 

polarizability induced by strain, defined by Muller41,42 and n is refractive index.  Λ is not only 

applicable to the crystal structure but can also be applied to amorphous glassy materials as shown 

in literature.43,44  For qPDMAEMA, with 𝜌(𝜕𝑛 𝜕𝜌⁄ )T = 0.50 and 𝑛 ≅ 1.50, we estimate Λ as 

~0.15, which is comparable with values reported for other polymers.45 

Figure 2-6 plots the difference in the dry thickness (∆ℎ𝑅𝑇) of polymer thin films between 

the measured data and the values extrapolated linearly to 30°C.  Thus, ∆ℎ represents the amount 

of water sorption inside the samples.  ∆ℎ𝑅𝑇 for hydrophobic polymers (PMMA and PS) remains 

nearly zero, showing that water sorption is negligible.  As shown in Figure 2-4a, the amount of 

water uptake in qPDMAEMA samples increases with increasing DQ at a comparable thickness of 

~100 nm.  The quaternized polymers contain more water compared to other systems because they 

exhibit strong ion-dipole interaction with water, which leads to higher hydration compared to other 

hydrophilic polymers that possess dipole-dipole interaction with water.  For qPDMAEMA-DQ 0, 

increasing film dry thickness results in more absorption of water into the films.   
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Figure 2-6.  The difference between the film thickness measured at ambient conditions and the 

“true” thickness extrapolated from the data collected at 100°C as a function of film thickness 

measured at ambient conditions for different polymer thin films. 

 

We studied water absorption/desorption in/from qPDMAEMA-DQ 77 samples during 

cooling/heating cycles between 100°C and room temperature at a cooling rate of 0.5°C/min 

(Figure 2-7).  At 100°C, qPDMAEMA-DQ 77 holds negligible amount of water.  Upon cooling, 

the sample starts to capture water molecules from air leading to increase of the film thickness.  In 

contrast, by heating qPDMAEMA-DQ 77 from 30 to 100°C water molecules are liberated from 

the film.  This behavior is further substantiated by monitoring how refractive index changes upon 

cooling and heating cycles (cf. Figure 2-7).  When cooling from 100°C down to ambient 

conditions, the refractive index initially increases until a certain temperature and then decreases.  

The increase in the refractive index during the cooling cycle indicates thermal shrinkage and 

increasing film density.  At a certain point, the sorption of water into the film results in increasing 

the thickness and decreasing the refractive index.  When heated from 30°C to elevated 

temperatures the refractive index of qPDMAEMA-DQ 77 brushes slightly increases, as water 

molecules are removed from the film, and then decreases because the film expands, and the density 

decreases as the temperature continues to rise.   

 



   

20 

 

 

Figure 2-7.  (a) Dry thickness (solid symbols, left ordinate) and refractive index at 600 nm (open 

symbols, right ordinate) of qPDMAEMA-DQ 77 brushes with cooling/heating temperature at the 

rate of 0.5°C/min.  The lines are meant to guide the eye.  (b) (upper panel) Dry thickness (solid 

symbols, left ordinate) and refractive index at 600 nm (open symbols, right ordinate) of 

qPDMAEMA-DQ 77 brushes with time.  (lower panel) Corresponding temperature profile (grey 

line).  The colors in the upper panel in part (b) match to those in part (a).   

 

The observed hysteresis in thickness and refractive index during cooling and heating cycles 

originates from different kinetics between absorption and desorption of water.14,46–48  At 30°C the 

qPDMAEMA brushes absorb water from air.  Upon heating, the water molecules near the free 

surface escape earlier compared to those that are located deeper inside the qPDMAEMA brushes.9  

This process creates an effective “skin” of an ionomer-like layer on the surface of the film that 

hinders the diffusion of molecules from the bulk.49  Similar behavior was reported previously for 

other polymers that form this surface “skin” due to hydrogen bonding.46,50  At elevated 

temperatures, water molecules possess sufficient thermal energy to penetrate through and escape 

from the “skin” layer.  Upon cooling, water molecules initially interact with the “skin” layer of the 

film and eventually start to penetrate inside the film.  The decrease in the refractive index during 

the cooling cycle supports this notion.  In Figure 2-7b we plot the dry thickness and refractive 

index as a function of time during heating/cooling cycles. 

2.5 Conclusions 

 Many applications involving polymer films require information about water content inside 

the films.  Examples include (but are not limited to) humidity and temperature sensors, polymer 

nanoreactors, lubricating coatings, or antibacterial surfaces.  Therefore, knowledge of dry 
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thickness of polymer films in needed.  We determine the accurate dry thickness of polymer films 

by performing ellipsometry experiments at elevated temperatures and extrapolating the measured 

thickness values to ambient conditions.  This method provides information about the accurate dry 

thickness as well as the glass-transition temperature, CTE, and TOC.  The amount of water 

absorption inside the thin polymer films increases with increasing the hydrophilicity.  PDMAEMA 

brushes exhibit more water sorption than P2VP and P4VP films, because PDMAEMA is in the 

rubbery state while the other two polymers remain glassy at 30°C (see Appendix A-1 for details).  

Water absorption is more pronounced in qPDMAEMA films with higher DQ because the ion-

dipole interaction enhances water uptake into these polymer film.  The CTE values decrease and 

the TOC values increase with increasing charge density, thus supporting the notion that the strong 

ion-ion interaction between quaternary ammonium ions and counter ions makes the films less 

expandable at a given temperature.32,33  The measured TOC features a linear dependence on the 

CTE, as expected.  We detect water absorption into and desorption from qPDMAEMA brushes 

upon cooling and heating, respectively, from the ellipsometric data.  The surface barrier “skin” 

formed by the ion-ion interaction without water molecules (i.e., ionomer-like layer) governs the 

sorption/desorption of water into and out of the film, respectively. 
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Chapter 3: Charge Density Gradients of Polymer Thin Film by Gaseous Phase 

Quaternization 

Ko, Y.;  Christau, S.; von Klitzing, R.; Genzer, J. Charge Density Gradients of Polymer Thin 

Film by Gaseous Phase Quaternization. ACS Macro Lett. 2020, 9, 158-162. 

3.1 Abstract 

 We report on the rapid formation of charge density gradients in polymer films by exposing 

poly([2-dimethylaminoethyl] methacrylate) (PDMAEMA) films resting on flat silica substrates to 

methyl iodide (i.e., MI, also known as iodomethane) vapors.  We adjust the charge gradient by 

varying the MI concentration in solution and the process time.  The thickness of the parent 

PDMAEMA film does not affect the diffusion of MI through and the reaction kinetics in the films.  

Instead, the diffusion of MI through the gaseous phase constitutes the limiting step in the overall 

process. 

3.2 Introduction 

 Charged polymers represent an important class of materials, whose chemical and physical 

properties get tailored by varying, e.g., the distance between charged repeat units or chain 

topology, leading to variations in diffusion or relaxation dynamics, glass transition, counter ion 

exchange, and other properties.1–3  Tertiary amines are often employed as parent polymers for post-

polymerization modification reactions because they can be tailored to feature zwitterionic, 

strongly-charged units (after appropriate betainization or quaternization post-polymerization 

reactions, respectively) or can be weakly-charged in solutions with low pH.4–9   

Many researchers have studied the performance of polyelectrolyte thin films due to a 

variety of potential applications, i.e., lubrication, antifouling or antibacterial properties, or cell 

adhesion, to name a few.10–19  Gradients of chemical or physical properties in films enable 

investigating a given phenomenon of interest in a systematic fashion, thus reducing systematic 

experimental errors as well as laborious efforts in preparing individual samples while allowing a 

comprehensive and systematic survey of sample characteristics.11,20–23  Substrate-bound material 

gradients may also act as “engines” that provide a driving force for cell migration or droplet 

transport.24–29  Several research groups prepared charge density gradients and studied their 

properties.  Higgins and coworkers have focused on fabricating charge density gradients using 

small-molecule organosilanes.30–32  Although the gradients were well characterized, the 

organosilanes possess a few disadvantages, i.e., substrate-dependence, limited chemistry, limited 
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thicknesses, and complex assemblies at interfaces.33–35  Lee and coworkers, demonstrated charge 

density gradients of polymer grafts using corona discharge.36,37  Braun and coworkers developed 

a method to form micrometer-scale gradients of charged polymer brushes by utilizing 

microfluidics.38,39  Very recently, Sun et al.40 reported on fabricating surface charge density 

gradients on surfaces by using fluorinated silica nanospheres and using water droplets delivered 

from different heights above the substrate to form substrate-dependent charge gradients.   

 Here, we describe a simple method to form charge density gradients in poly([2-

dimethylaminoethyl] methacrylate) (PDMAEMA) thin films on flat silica substrates by vapor 

diffusion of methyl iodide (MI).  The process is rapid: at 6.4 M of MI concentration in solution, it 

takes only ~40 seconds to quaternize PDMAEMA films to reach DQ~77 mol%, which is 

comparable to the maximum DQ obtained in solution (~85 mol%).  We form the PDMAEMA 

layers by either surface-initiated polymerization or deposit PDMAEMA homopolymer films on 

the substrate by dip-coating (see the Appendix A-2).  We lower the PDMAEMA-coated wafer 

vertically into a standard 50 mL beaker (inner diameter 4 cm, height 5.5 cm) and inject MI solution 

so that the sample contacts barely the solution level.  As MI evaporates from the solution, it 

deposits onto and reacts with the tertiary amines in the DMAEMA units in the films.  The latter 

process forms quaternized (i.e., positively charged) groups in the PDMAEMA films (Scheme A-

2-1).  For each concentration of MI in solution, we adjust the spatial distribution of the charged 

groups in the substrates by varying the process time (i.e., diffusion of MI in the vapor and through 

the film and the reaction).  

3.3 Experimental Section 

3.3.1 Materials 

 All chemicals were purchased from Sigma-Aldrich and used as received unless noted 

otherwise.  Deionized water (DIW) with resistivity >15 MΩ.cm was obtained from Millipore Elix 

3.  2-(dimethylamino)ethyl methacrylate (DMAEMA) was passed through an inhibitor removal 

column (Aldrich) before polymerization.  11-(2-bromo-2-methyl)propionyloxy 

undecyltrichlorosilane (eBMPUS) was purchased from Gelest.  Silicon wafers (p-doped, 

orientation <100>) were purchased from Silicon Valley Microelectronics. 
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3.3.2 Preparing Polymer Thin Films 

 15 mL (0.089 mol) of (2-dimethylaminoethyl) methacrylate (DMAEMA) and 5 mL of 1,4-

dioxane were charged into a 25 mL vial.  146 mg (0.89 mM) of AIBN was dissolved into the 

monomer solution, followed by argon gas purging for 30 min.  The vial was immersed in an oil 

bath at 70°C for 12 hours under constant argon gas purge.  After the polymerization, the 

PDMAEMA was precipitated in hexanes and subsequently dissolved in ethanol, followed by 

passing through 0.2 µm filters.  Silicon wafers (6 mm × 40 mm) were exposed to ultraviolet/ozone 

treatment (UVO, Model 42, Jelight Co.) for 30 min before use.  To deposit PDMAEMA films of 

variable thickness on the UVO-treated silicon substrates, we prepared solutions featuring 20, 30, 

45, and 60 mg/mL of PDMAEMA in ethanol, dipped the silicon wafers vertically into the 

respective solution and pulled the wafer out of the solution with a constant rate of 50-100 mm/min. 

Films featuring grafted PDMAEMA chains were prepared by utilizing surface-initiated atom 

transfer radical polymerization (ATRP).  The silane initiator (eBMPUS) was deposited on the 

silicon wafer (12 mm x 40 mm in size) by incubating in a solution (0.005% v/v of eBMPUS in 

hexanes) at room temperature for 48 hours.  The ATRP solution prepared with DMAEMA (4 mL, 

23.7 mM), DIW (36.8 mL, 2.0442 M), and isopropanol (9.2 mL, 120.3 mM) in a 150 mL round-

bottom flask followed by purging argon gas for 10 minutes.  The ligand 2,2’-bipyridine (0.1421 g, 

0.9 mM) and the catalyst CuCl (0.03917 g, 0.4 mM) were added to the flask while the solution 

was mixed using a stir-bar and degassed by argon gas for another 15 minutes.  The PDMAEMA 

grafts were obtained by placing the initiator-coated substrates in a 20 mL vial filled with the ATRP 

solution for 120 min at room temperature.   

Quaternization of PDMAEMA grafts (6 mm × 10 mm) in the liquid phase was carried out 

by immersing PDMAEMA brushes into a solution comprising 0.8, 1.6, 3.2, and 6.4 M methyl 

iodide (MI) in ethanol at room temperature for specific reaction times.  

Quaternization of PDMAEMA non-grafted film in the gaseous phase was carried out by 

placing the PDMAEMA-coated silicon wafers vertically in an empty standard 50 mL glass beaker 

(inner diameter 4 cm, height 5.5 cm).  200 µL of the prepared methyl iodide-ethanol solution was 

injected to the bottom of the beaker.  After the desired time, the specimen was removed from the 

beaker and dried with a nitrogen gas stream. 
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3.3.3 Characterization 

 We utilized variable angle spectroscopic ellipsometry (VASE) (J.A. Woollam Co.) to 

measure the thickness and refractive index of polymer thin films.  All samples were characterized 

at 100°C with two angles of incidence (60 and 65° relative to the normal) and the wavelength 

ranging from 400 to 800 nm.1  A hot stage (FP82HT, Mettler Toledo) connected to a central 

processor (FP90, Mettler Toledo) was placed on the VASE sample stage to carry out the high-

temperature ellipsometry measurements.  The acquired ellipsometry data were analyzed with 

WVASE32 software (J.A. Woollam Co.).  Single Cauchy layer on top of 1.5 nm SiOx layer and Si 

substrate were used to fit the experimental data.   

Fourier-transform infrared spectroscopy (FTIR) spectra were collected by performing 128 

scans with 4 cm-1 resolution in attenuated total reflection (ATR) mode with Ge crystal on a Nicolet 

6700 spectrometer and analyzed with OMNIC software. 

3.4 Results and Discussion 

 

 

Figure 3-1.  (a) Degree of quaternization (DQ) vs. reaction time in ethanol solution with variable 

methyl iodide (MI) concentration at ambient condition; (b) the rate constant for pseudo-first-order 

reaction with different MI concentration.  The slope, 0.0097 (M·s)-1, corresponds to the rate 

constant of the second-order reaction ( 𝑘2𝑙 , cf. Equation 3.1).  The dry thickness of the 

PDMAEMA brushes was ~93 nm as measured by ellipsometry at 100°C. 

 

We first studied the quaternization kinetics in the liquid phase by immersing PDMAEMA 

brush samples into solutions featuring different concentrations in ethanol (i.e., 0.8, 1.6, 3.2, and 
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6.4 M) for various times.  We assumed that the quaternization in the liquid phase is reaction limited 

given that the diffusion of MI from bulk liquid solution (D ~10-5cm2/sec) was very fast even in 

thick films (~300 nm).6,8  We measured the dry thickness of quaternized PDMAEMA 

(qPDMAEMA) brushes and the degree of quaternization (DQ) using ellipsometry by 

implementing the method we recently described.41  The index of refraction of the films increases 

linearly with increasing DQ.41 (see the Appendix A-2). 

Previously, researchers used a second-order reaction kinetic model to characterize 

quaternization reactions.4,42  Because in our system, MI is present in large excess, we fit the 

experimental data using pseudo-first-order reaction kinetics (Equations 3.1, 3.2, and Figure 3-

1a).   

𝑑𝑛

𝑑𝑡
= −𝑘2𝑙 ∙ 𝑛 ∙ 𝑐 ≅ −𝑘1𝑙 ∙ 𝑛        (3.1) 

DQ (mol %) ≡ 100% ×
𝑛0−𝑛

𝑛0
= 𝐴 × [1 − 𝑒𝑥𝑝 (−𝑘1𝑙 ∙ 𝑡)]    (3.2) 

 𝑛0,  𝑛 , 𝑐 , 𝑘1𝑙 , 𝑘2𝑙 , 𝑡  and 𝐴  represent the initial concentration of unmodified monomer, the 

concentrations of unmodified monomer, and MI, respectively, the rate constants for the pseudo-

first-order reaction (𝑘1𝑙 ≅ 𝑘2𝑙 ∙ 𝑐), the second-order reaction in the liquid phase, respectively, the 

process time, and the upper limit of DQ.  The upper limit of DQ was found to be ~85 mol% which 

is in good agreement with the result reported Přádný et al. who studied bulk quaternization kinetics 

of PDMAEMA.4  Two major effects may influence the upper limit of quaternization: 1) steric 

hindrance due to the presence of two bulky methyl groups attached to nitrogen in DMAEMA 

units,43 2) decreasing solubility of qPDMAEMA in ethanol with increasing DQ,8 accompanied 

with the associated chain collapse, which limits the reactivity of the remaining unmodified 

DMAEMA units in the random copolymer with the quaternizing agent. 

We fit the experimental data to Equation 3.2 and plot the 𝑘1𝑙 values against different MI 

solution concentrations in Figure 3-1b, which displays a linear dependence of 𝑘1𝑙  on the MI 

concentration in solution (see the Appendix A-2).  We then estimate the rate constant for the 

second-order reaction kinetics, 𝑘2𝑙~0.0097 (M·s)-1, by using the slope in the linear fit in Figure 3-

1b.  The obtained value is a little larger than the literature value ~0.003 (M·s)-1, measured in bulk 

reaction.4,42  We explain the difference by assuming that our system involves surface reaction, 

which features highly concentrated reactive centers compared to the bulk polymer solution.44  
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Compared to free polymers in bulk solutions, the swollen brushes exhibit significantly higher local 

concentration of the reactive repeat units, which accelerates the reaction kinetics.  

 

 

Figure 3-2.  (a) Experimental setup used to produce charge density gradients in polymer films by 

vapor diffusion of methyl iodide.  (b) Quaternized PDMAEMA films formed after exposure to 

methyl iodide vapors (the units in the ruler are centimeters).  The process time was 0 (i.e., just 

before MI solution injection), 15, 30, 45, 60, and 90 sec from left to right.  The concentration of 

methyl iodide in ethanol solutions was 3.2 M.  The dry thickness of the parent PDMAEMA brushes 

was ~70 nm as measured by ellipsometry at 100°C. 

 

We prepared samples featuring charge density gradients of polymer thin films by reacting 

parent PDMAEMA films with MI vapors (cf. Figure 3-2).  Silicon wafers (6 mm ×40 mm) coated 

with PDMAEMA films were placed vertically into an empty standard 50 mL glass beaker (inner 

diameter 4 cm, height 5.5 cm).  MI solutions in ethanol (200 µL) were poured into the beaker so 

that the bottom portion of the sample (~2-3 mm) was immersed partially in the MI solution. After 

a given time, the sample was removed from the beaker, dried by flowing nitrogen gas, and the 

sample refractive index was assessed by ellipsometry.  The entire process includes evaporation of 

MI from solution, diffusion through the air, diffusion through the polymer layer, and reaction with 

tertiary amines in PDMAEMA.  We form charge density gradients in the parent films by using 

solutions of various MI concentrations and process times. 
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Figure 3-3.  (a) DQ of charge density gradient films with different process time before data 

shifting.  The quaternization in the gaseous phase was achieved with 1.6 M MI in ethanol.  (b) The 

corresponding data after a horizontal shift.  The solid curve is the result of fitting the experimental 

data to Equation 3.5 with a constant 𝐷 = 0.13 𝑐𝑚2/𝑠𝑒𝑐 and 𝑡 = 120 𝑠𝑒𝑐.  The shift values are 

reported in the Appendix A-2. 

 

We measure the DQ (from the variation of the refractive index at 600 nm) as a function of 

the position on the sample for various process times.  Figure 3-3 plots examples of such spatio-

temporal profiles for solution concentration of MI in ethanol of 1.6 M.  We pick the data set 

collected at 120 sec as a basis and shift the DQ vs. position data in the sample prepared at 90 sec 

by the same amount along the horizontal axis so that the DQ from both specimens fall onto a 

master plot.  We repeat the same procedure for the remaining data sets.  Thus, each data set 

possesses a unique shift factor.  Figure A-2-4 in the Appendix A-2 reports shift factors for all 

samples studied.  From the data in Figure 3-4a, which features time shifts from solutions having 

four different concentrations of MI in ethanol, we notice that samples prepared by quaternization 

from solutions having a lower concentration of MI exhibited broader DQ gradients in the films.  It 

indicates that, similar to the reaction in the liquid phase, the MI concentration in vapor influences 

the kinetics of quaternization.  We analyzed the acquired gradient data with the following 

equations: 

𝑑𝑛

𝑑𝑡
= −𝑘2𝑔 ∙ 𝑛 ∙ 𝑐(𝑧, 𝑡)        (3.3) 

𝑐(𝑧, 𝑡) = 𝑐(0, 𝑡) ∙ 𝑒𝑟𝑓𝑐 (
𝑧

2√𝐷∙𝑡
)       (3.4) 
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DQ (mol %) = 𝐴 × {1 − 𝑒𝑥𝑝 {−𝑘1𝑔 ∙ [𝑡 ∙ (𝑒𝑟𝑓𝑐 (
𝑧

2√𝐷𝑡
) −

𝑧∙𝑒
−𝑧2

4𝐷𝑡⁄

√𝜋∙𝐷𝑡
) +         

𝑧2∙𝑒𝑟𝑓𝑐(
𝑧

2√𝐷𝑡
)

2𝐷
]}} 

                  (3.5) 

where 𝑧, 𝑘1𝑔, 𝑘2𝑔, and 𝐷 are the position, the rate constants for the pseudo-first-order reaction and 

the second-order reaction in the gaseous phase, and diffusivity, respectively. 

 

 

Figure 3-4.  (a) Quaternization gradient with a different nominal concentration of MI in an ethanol 

solution.  The process times for various concentrations are as follows; : 10, :20, : 30, : 

40 sec for 6.4 M, : 15,: 30, : 45, : 60 sec for 3.2 M, : 30, : 60, : 90, : 120 sec 

for 1.6 M, and : 60, : 120, : 180, : 240 sec for  0.8 M.  Dry thicknesses of PDMAEMA 

films were ~141 nm.  The DQ vs. position plots have been obtained by shifting horizontally the 

data collected at various times (see the Appendix A-2).  The symbols represent measured data, and 

the lines are obtained by fitting the data to Equation 3.5.  (b) Rate constants obtained from fitting 

with different nominal concentrations of MI in solution.  The slope is 0.009 (M·s)-1. 

 

Equation 3.4 allows estimating the MI concentration in the gaseous phase at a certain 

position and time.  The diffusivity of MI in the air is 0.13 cm2/sec.45  We assume that MI is the 

excess reagent, and the interfacial concentration of MI, 𝑐(0, 𝑡), remains constant throughout the 

process.  We solve Equation 3.3 and substitute Equation 3.4 to obtain Equation 3.5, in which 

𝑘1𝑔 = 𝑘2𝑔 ∗ 𝑐(0, 𝑡).  We fit all experimental data using Equation 3.5 and plot 𝑘1𝑔 in Figure 3-4b 

as a function of the concentration of MI in solution.  The 𝑘1𝑔 values are nearly identical to 𝑘1𝑙.  
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The 𝑘1𝑔 changes linearly with the concentration of MI in solution.  While we cannot estimate 𝑘2𝑔 

due to the unknown value of 𝑐(0, 𝑡), we hypothesize that 𝑘2𝑔  is higher than 𝑘2𝑙  because the 

concentration of MI in the gaseous phase should be lower than that in the liquid.  In the Appendix 

A-2, we provide evidence that our assumption is correct.   

 

 

Figure 3-5.  (a) Quaternization gradient with different PDMAEMA film thicknesses.  The process 

times for various thicknesses are following; : 30, :60, : 90, : 120 sec for 360 nm, : 

30,: 60, : 90, : 120 sec for 207 nm, : 30, : 60, : 90, : 120 sec for 118 nm, and : 

30, : 60, : 90, : 120 sec for  71 nm.  All modifications were carried out with 1.6 M of MI in 

an ethanol solution.  The lines are obtained by fitting the data to Equation 3.5.  (b) Rate constants 

obtained from fitting with different dry thicknesses of polymer films. 

 

The diffusion of MI involves two distinguishable processes: 1) transport through the 

gaseous phase, and 2) diffusion through the polymer layer resting on the substrate.  To gain insight 

into which diffusion process controls the entire kinetics, we repeated the experiments with 

PDMAEMA films of thicknesses ranging from 71 to 360 nm (Figure 3-5).  The results plotted in 

Figure 3-5b show that all 𝑘1𝑔 values are the same regardless of the initial thickness of the parent 

PDMAEMA film, which implies that the reaction kinetics is not affected by the PDMAEMA 

thicknesses. 

3.5 Conclusions 

 In summary, we examined the quaternization kinetics of PDMAEMA films by MI vapors 

and modeled them with a pseudo-first-order reaction kinetic model.  The reaction kinetics is very 
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fast (i.e., it takes ~40 seconds to achieve DQ ~77 mol%).  The thickness of the polymer layer does 

not affect the diffusion in the studied thickness range or the reaction kinetics.  The independency 

of the film thickness on the entire process implies that vapor transport is the limiting process, 

similar to vapor deposition of organosilanes onto flat silica substrates.46–48  The linearity between 

the shift factors and the square root of process time (cf. Figure A-2-4) supports this claim.  We 

thus suggest that the overall process is governed primarily by methyl iodide diffusion through the 

gaseous phase.  We note that the “steepness” of the gradient depends on the height of the beaker.  

In the experiments described here, we used a standard 50 mL beaker.  Using a shorter beaker one 

can produce sharper gradients; see the Appendix A-2 for details. 

A major advantage of this vapor deposition set up (besides its fast kinetics) is that it applies 

to both grafted and non-grafted polymer films.  In the pseudo-first-order category of systems, 

position-dependent and gradually-varying degree of quaternization in free films offers a sound 

platform for ion transport studies, combinatorial investigation of optical and thermal (refractive 

index, glass transition) properties of thin films, and other phenomena.  One may use this process 

in multi-step manufacture of complex combinatorial polymer coatings that feature a directional 

variation of other properties, i.e., position-dependent grafting density or molecular weight of 

polymer brushes. 
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Chapter 4: Spontaneous Degrafting of Weak and Strong Polycationic Brushes in Aqueous 

Buffer Solutions 

Ko, Y.; Genzer, J. Spontaneous Degrafting of Weak and Strong Polycationic Brushes in 

Aqueous Buffer Solutions. Macromolecules 2019, 52, 6192-6200. 

4.1 Abstract 

 Polymers grafted to substrates have traditionally been considered stable because of the 

covalent bonds that hold the polymers attached to the substrate.  However, several recent reports 

have indicated that grafted polymers may detach from substrates under specific conditions.  In this 

work we report on a systematic study of polymer degrafting involving polycationic brushes with 

different degrees of quaternization (DQ, mol %), which have been incubated in three different 

buffer solutions (pH 4, 7.4, and 9) with the same ionic strength of 0.05 M.  We have varied the 

molecular weight (MW) and grafting density (𝜎) of the polymer brushes using a combinatorial set 

up to examine the effect of MW, 𝜎, and DQ on polymer degrafting.  Furthermore, we explored the 

effect of the bonding environment at the base of the initiator (mono- vs. tri-functional) of the 

grafted polymer layer at the substrate on the overall stability of polymer brushes on the substrate.  

The two major findings in this paper are: 1) degrafting of polycationic grafts from flat silica 

substrate increases with increasing DQ of the polymer, and 2) polymer degrafting likely occurs 

both in the initiator ester group and the silane head-group at the silicon substrate. 

4.2 Introduction 

 Polymer brushes feature polymer chains which are physically or chemically attached to a 

surface.1–3  Here, we consider chemically grafted polymer chains anchored to a flat impenetrable 

substrate.  The grafted polymers exhibit high stability and chains expansion in good solvents 

because every polymer chain is covalently anchored to the substrate.  At low grafting density of 

polymer grafts, the spacing between grafted points on the substrate is larger than the radius of 

gyration (Rg) of the grafted polymer.4  In this state (called “mushroom regime”) the polymer grafts 

do not interact with one another.  At high grafting densities the distance between grafted points is 

much smaller than Rg (called “brush regime”) and the polymers are sterically hindered by 

neighboring chains and swell in the direction normal to the substrate when incubated in good 

solvents.  Polymer brushes with high grafting densities are typically prepared by the “grafting 

from” approach, which involves anchoring initiator molecules onto a solid substrate, followed by 

surface-initiated polymerization.1,3  Polymer brushes have been studied theoretically and 
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experimentally for decades to understand and tune the properties of surfaces, including, anti-

fouling, low-friction, responsive functions, etc.5–13  Numerous researchers have focused on 

studying the swelling behavior of polymer brushes as a function of the brush molecular weight or 

grafting density in good solvents.14–19   

Several researchers reported on degrafting of hydrophilic polymer brushes in aqueous 

solution20,21 and even degrafting of hydrophobic polymers in organic solvents.22  Polymer brush 

degrafting involves a breakage of a covalent bond in the initiator linker with the assistance of a 

mechanical force due to swelling of the brush.23  Many researchers have attempted to comprehend 

breaking a covalent bond in grafted polymers to disclose the mechanism of chain breaking by 

considering click chemistry24, photo-cleaving25–27, sonication-induced chain scission28,29, strong 

acid or base30–33, etc.34–37  In our own previous work, we considered degrafting of polymer brushes 

from silicon substrates using tetrabutylammonium fluoride (TBAF).  The fluorine ions in TBAF 

selectively cleave the Si-O bonds, leading to degrafting.38–41  We classified this mode as “on-

demand degrafting (ODD)”.  In a series of studies, we reported that polyanionic brushes detached 

from substrates upon increasing pH of the solutions that induced strong swelling due to 

electrostatic charging and concurrent hydrolysis of ester bonds in the initiator.42–45  This is 

considered as “spontaneous degrafting (SD)”.  Here we explore the effects of charge density, 

molecular weight, and grafting density on degrafting of weakly and strongly charged polycationic 

grafts and discuss the contributions due to the structure of the polymer chain as well as the initiator 

molecule.33,35,37,46–52 

4.3 Experimental Section 

4.3.1 Materials 

 All chemicals were purchased from Sigma-Aldrich and used as received unless noted 

otherwise.  Millipore Elix 3 was employed to obtain deionized water (DIW) with resistivity >15 

MΩ.cm.  2-(dimethylamino)ethyl methacrylate (DMAEMA) was passed through an inhibitor 

removal column (Aldrich) before polymerization.  11-(2-bromo-2-methyl)propionyloxy 

undecyltrichlorosilane (tBMPUS) was purchased from Gelest.  Silicon wafers (p-doped, 

orientation <100>) were purchased from Silicon Valley Microelectronics. 
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4.3.2 Preparing Polymer Brushes 

 Silicon wafers (14 mm x 40 mm in size) were exposed to ultraviolet/ozone treatment 

(UVO, Model 42, Jelight Co.) for 30 min before depositing the tBMPUS initiators from solution 

(0.005% v/v of tBMPUS in HPLC grade toluene) at room temperature for 48 hours.  11-(2-bromo-

2-methyl)propionyloxy undecylmonochlorodimethylsilane (mBMPUS) was prepared as described 

elsewhere.17  Briefly, 10 to 1 molar ratio of chlorodimethylsilane (2.2 mL) and 10-undecen-1-yl 

2-bromo-2-methylpropionate (0.704 g) were placed in a dry vial with 20 µL of Karstedt catalyst 

followed by nitrogen purging for overnight at room temperature.  The mixture solution was kept 

under vacuum to remove excess reactants.  The final product was stored as 0.005% v/v in HPLC 

grade toluene and used the same way as tBMPUS. 

The PDMAEMA brushes were grown by surface-initiated atom transfer radical 

polymerization (ATRP).  ATRP solution comprised molar ratios of [DMAEMA]:[CuCl]:[2,2’-

bipyridine] of [60]:[1]:[2.3].  Specifically, DMAEMA (4 mL, 23.7 mmol), DIW (36.8 mL, 2.0442 

mol) and isopropanol (9.2 mL, 120.3 mmol) were loaded into a 150 mL round-bottom flask 

followed by purging argon gas for 10 minutes.  2,2’-bipyridine (0.1421 g, 0.9 mmol) and CuCl 

(0.03917 g, 0.4 mmol) was added sequentially.  The solution was mixed using a stir-bar and 

degassed by bubbling argon gas for another 15 mins.  Surface-anchored PDMAEMA brushes were 

grown by incubating the initiator-coated substrates in a 20 mL vial filled with the ATRP solution 

for 120 mins at room temperature.  For poly(2-(methacryloyloxy)ethyl-trimethylammonium 

chloride) (PMETAC) brushes, the ATRP solution was prepared in molar ratios of 

[METAC]:[CuBr]:[2,2’-bipyridine] of [60]:[1]:[2.3].  METAC (11.46 mL, 60.1 mmol), DIW (3.9 

mL, 0.2163 mol) and isopropanol (14.6 mL, 0.1916 mol) and were added into the reaction flask 

and treated using same procedure as the PDMAEMA ATRP solutions. 

Quaternization of PDMAEMA brushes was carried out by immersing PDMAEMA brushes 

into a solution comprising 10 vol % of iodomethane in ethanol at room temperature for various 

reaction times.  qPDMAEMA samples with degrees of quaternization (DQ) of 79, 71 and 79 mol 

% were acquired by reacting PDMAEMA brushes with iodomethane for 45, 90, and 300 seconds, 

respectively.  We use the nomenclature qPDMAEMA-DQx to refer to such samples, where x 

denotes the degree of quaternization (i.e., mole percent of quaternized qDMAEMA units in 

P(DMAEMA-co-qDMAEMA) copolymers). 
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 A molecular weight gradient of PDMAEMA brushes was fabricated by vertically and 

stepwise dipping the initiator-deposited substrate into the ATRP solution (every 7 mm dip for 35 

min of polymerization time) at room temperature.  A grafting density gradient of PDMAEMA 

brushes was generated by vertically dipping the initiator-deposited substrate in 0.1 M 

tetrabutylammonium fluoride (TBAF) in dimethylacetamide (DMA) solution in a step-wise 

fashion (every 7 mm dip for 3 min of TBAF degrafting time) at 50 °C followed by rinsing with 

methanol.  The prepared substrate was then placed in a vial filled with ATRP solution for 120 

mins.  Figure A-3-1 plots the corresponding film thickness profiles of the molecular weight and 

grafting density brush gradients. 

4.3.3 Preparing Buffered Solutions 

 Solutions of pH 4, 7.4, and 9 were prepared with acetic acid, 

tris(hydroxymethyl)aminomethane, and ethanolamine buffer, respectively and pH was adjusted by 

adding HCl and NaOH.  The ionic strength was maintained at 0.05 M with NaCl salts. 

4.3.4 Characterization 

 We employed variable angle spectroscopic ellipsometry (VASE) (J.A. Woollam Co.) to 

measure the thickness and refractive index of polymer thin films.  The ellipsometry data were 

analyzed using WVASE32 software (J.A. Woollam Co.).  Every measurement was performed at 

two angles of incidence (60 and 65° relative to the normal) between 400 and 800 nm.  A hot stage 

(FP82HT, Mettler Toledo) connected to a central processor (FP90, Mettler Toledo) was attached 

to the VASE sample stage.  This assembly enabled controlling the temperature of polymer films 

during the ellipsometry measurements.  Relative humidity was not controlled during the 

experiments; it was measured to be ~50 % at room temperature.  We measured the thickness of 

PDMAEMA and qPDMAEMA at elevated temperatures (100°C) to minimize water sorption.53  

We used a single layer model to fit the ellipsometric data.  This model comprises: Si substrate, 

SiOx layer (thickness 1.5 nm), and a Cauchy layer (𝑛 = 𝐴𝑛 +  𝐵𝑛 𝜆2⁄ , where n is refractive index 

and 𝐴𝑛 and 𝐵𝑛 are fitting parameters).   

The degree of quaternization (DQ, mol %) was estimated by using the refractive index at 

600 nm. In our previous work, we demonstrated that DQ obtained from elemental analysis is 

linearly proportional to the refractive index which can be obtained from VASE measurements.53  

The refractive index of pure PDMAEMA was measured and that of qPDMAEMA-DQ100 was 

estimated by extrapolation.  Those values were used in the effective medium approximation 



   

45 

 

(EMA).   DQ (mol %) could be obtained from DQ (vol %) by using density and molecular weight 

of the polymers.  We have used the following equation to relate DQ to  𝑛: 𝐷𝑄 = (835.10 × 𝑛 −

1233.77). 

To measure the wet thickness of polymer brushes, we employed a liquid cell featuring fixed 

windows fixed at 70° (relative to the vertical direction) for the incoming and outgoing light signals 

of the ellipsometer.  All wet thicknesses were measured after 10 mins of incubation for each 

specimen in the liquid medium.  We used a two-layer model to fit the ellipsometry data.  This 

model comprises Si/SiOx/Cauchy1/EMA(Cauchy2 +  water).  The effective medium 

approximation (EMA) uses a volume-averaged layer combining the optical properties of the 

polymer and water.  The Cauchy1 and Cauchy2 use fixed 𝐴𝑛 and 𝐵𝑛 values as 1.4686 and 0.005, 

respectively.  The thicknesses of Cauchy1 and EMA layer and the volume fraction of water in the 

EMA were used as the fitting parameters.  Swelling ratio (H/h) was obtained from wet thickness 

divided by dry thickness which measured at 100°C.  From our previous work, the difference in the 

“true” dry thickness (i.e., thickness at ambient conditions) for a polymer film having ~100 nm 

thickness <5 nm (i.e., <5%) compared to the thickness measured at 100°C.53 

Fourier-transform infrared spectroscopy (FTIR) spectra were collected in attenuated total 

reflection (ATR) mode with Ge crystal on a Nicolet 6700 spectrometer and analyzed with OMNIC 

software.  All FTIR spectra (shown in Figure A-3-2 and A-3-3) were collected by performing 128 

scans with 4 cm-1 resolution. 

4.4 Results and Discussion 

 The dry thickness of polymer layer (h) is related to the grafting density (𝜎, chains/nm2) and 

the degree of polymerization (N) through a simple mass balance given by: 

ℎ =
𝜎∙𝑁∙𝑀0

𝜌∙𝑁𝐴
          (4.1) 

where 𝑀0 , 𝜌  and 𝑁𝐴  represent the monomer molecular weight, polymer density, and the 

Avogadro’s number, respectively.  When exposed to a good solvent the polymer chains swell 

because of excluded volume interactions.   

PDMAEMA polymers (pKa~7.5 in bulk and pKa~6.5 for grafted chains) are neutral at pH 9 and 

fully charged in pH 4 solution.18,19,54–57  Due to electrostatic interactions among the charged units 

the brushes at pH 4 are more stretched than those at pH 9.  Thus, the swelling ratio (H/h, i.e., wet 

thickness normalized by the dry thickness) at pH 4 is the highest and the one at pH 9 is the lowest 
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(Figure 4-1a).  We measured the variation of the swelling ratios with changing the degree of 

quaternization (DQ).  At pH 4 all the repeat units are protonated, having the highest swelling ratio 

regardless of DQ.  At pH 9, the swelling ratio values increase with increasing DQ.  At high DQ 

(~80 mol % in this study, except for PMETAC), the polymer chains are strongly stretched and 

possess similar swelling ratio values regardless of the pH.  At pH 7.4, ~50% of the repeat units are 

protonated.  With increasing DQ, the swelling ratio increases up to ~4, which is similar to the 

stretching ratio of PDMAEMA measured at pH 4. 

 

 

Figure 4-1.  (a) Swelling ratio of qPDMAEMA brushes with different degree of quaternization 

(DQ) in solutions with variable pH.  The dry thickness of PDMAEMA brushes (before 

quaternization) is 92.8±0.8 nm.  (b) Measured normalized dry thickness of PDMAEMA brushes 

(left panel, solid symbols), and qPDMAEMA-DQ79 brushes (middle panel, solid symbols) and 

PMETAC brushes (right panel, open symbols) with incubation time in solutions with variable pH.  

The lines are meant to guides the eye.  The initial dry thickness values (h0) are: 98.3 nm 

(PDMAEMA), 122.4 nm (qPDMAEMA-DQ79), and 101.2 nm (PMETAC).  All dry thickness 

data have been collected at 100°C.  The PMETAC brushes (open symbols in the right panel) may 

possess a different initial grafting density and molecular weight than the PDMAEMA and 

qPDMAEMA brushes. 

 

The PDMAEMA, qPDMAEMA-DQ79, and PMETAC brushes were incubated in 

solutions having pH 4, 7.4, and 9 and a constant ionic strength of 0.05 M.  Figure 4-1b displays 

the normalized dry thickness (h/h0) of each brush after incubation in solutions of various pH for 
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various times.  The brush thickness was measured at 100°C after removing each sample from the 

solution.  In our previous report, we showed that the “true” dry thickness for hydrophilic polymer 

films can be obtained by performing ellipsometry measurements at 100°C;53 at these conditions 

water molecules that solvate hydrophilic polymers (more pronounced for polyelectrolytes) should 

be removed from the sample.  We stress that removing water from the film is important since water 

presence in the polymer layer influences of the overall brush thickness.  In all cases we detect a 

decrease in brush thickness with increasing incubation time in the respective solution.  This 

decrease in film thickness is driven by chain removal from the substrate due to hydrolysis of ester 

bonds in the initiator and/or the detachment of the silane from the substrate due to breakage of the 

Si-O bond.  Thus, during degrafting the molecular weight of the brushes remains unchanged and 

the decrease in the normalized thickness is due to a decrease in the chain grafting density on the 

substrate.  Incubating polymer brushes in the pH 9 solution results in the largest amount of polymer 

degrafting, confirming base-catalyzed hydrolysis reaction.  The pH effect on degrafting of 

PDMAEMA brushes is very small.  The DMAEMA repeat units in this brush remain neutral at pH 

9 but hydroxide ions may induce some degrafting.  At pH 4 most of the DMAEMA repeat units 

are positively charged (vide supra), thus inducing mechanical forces which act on the initiator 

linkages.18,19,54–56  However, at these solution conditions the hydrolysis of the ester and/or silane 

head-group is slow.  In contrast, the degrafting of qPDMAEMA-DQ79 brushes shows a distinct 

dependence on pH.  Since the qPDMAEMA-DQ79 brushes were manufactured from same piece 

of parent PDMAEMA brush, both samples should have the same initial average grafting density 

(𝜎) and degree of polymerization (𝑁).  For qPDMAEMA-DQ79, 79 mol % of repeat units are 

charged even at pH 9 so that the initiators are susceptible to mechanical forces due to chain 

solvation and stretching.  The hydroxide ions in pH 9 can catalyze the hydrolysis at the initiators, 

resulting in severe degrafting.  Although the brushes are heavily charged at pH 4, the degrafting is 

lower than that in polymer brushes incubated in pH 9.  We observe the same trend with PMETAC 

(qPDMAEMA-DQ100) brushes.  The exposure of PMETAC brushes (albeit with a different 

counterion) to solutions of pH 9 results in the highest degrafting among all cases studied.  

Assuming that PMETAC has a comparable 𝜎 and 𝑁 as the PDMAEMA and qPDAEMA-DQx 

samples, the PMETAC’s tendency to degraft the most among all samples studied, supports the 

notion of mechanical force induced degrafting mechanism at the initiator site due to strong chains 

swelling. 
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It is interesting to compare the results of PDMAEMA, qPDMAEMA-DQ79 and PMETAC 

brushes incubated in pH 4.  The PMETAC and qPDMAEMA-DQ79 brushes degraft more strongly 

than PDMAEMA brushes even though they have nearly the same charge density.  The degrafting 

of PMETAC brushes in pH 4 is nearly identical to that of qPDMAEMA-DQ79.  We attribute this 

behavior to the steric hindrance effect originating from the extra methyl group attached to the 

quaternary ammonium as well as the presence of the “bulky” counterions.  This observation should 

be confirmed by additional experiments involving longer alkyl chain substituents (e.g., ethyl iodide 

or propyl iodide). 

 

 

Figure 4-2.  Normalized dry thickness of qPDMAEMA brushes measured at 100°C as a function 

of (a) incubation time.  The lines are meant to guide the eye.  (b) The same data set is represented 

as function of the degree of quaternization (DQ, in mol %).  The initial dry thickness values (h0) 

are: 98.3, 108.0, 115.5, 122.4, and 101.2 nm for DQ0, 49, 71, 79, and 100, respectively.  All 

brushes have been incubated in pH 9 solutions.  The PMETAC brushes (open symbols) may have 

different initial grafting densities ( 𝜎0 ) and 𝑁  relative to those of the PDMAEMA and 

qPDMAEMA brushes.  

 

From the result displayed in Figure 4-1, the mechanical force originating from brush 

swelling applied at the initiator site is a critical parameter that governs degrafting of polymers from 

the substrate.  The mechanical force can be tuned by changing DQ, as demonstrated by the data 

plotted in Figure 4-2.  All qPDMAEMA brushes (except perhaps for PMETAC brushes) possess 

the same average grafting density and degree of polymerization; the only difference among the 
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samples is their DQ.  The extent of degrafting and degrafting kinetics increase with increasing DQ.  

From Equation A-3.5, the elastic force acting on each graft increases nonlinearly with increasing 

the wet thickness or increasing DQ.  By plotting the normalized thickness as a function of DQ 

(Figure 4-2b) we find that the normalized thickness of the brushes decreases nonlinearly with 

increasing DQ.  

 

 

Figure 4-3.  (a) Swelling ratio of PDMAEMA brushes with different dry thickness (or degree of 

polymerization under the assumption of constant grafting density as 0.5 chains/nm2).  (b) 

Normalized dry thickness of qPDMAEMA brushes having different degrees of quaternization with 

molecular weight after incubating 5 days in pH 9 solution.  The photographs depict images of the 

actual samples.   

 

Samples featuring gradients in molecular weight (MW) of PDMAEMA were formed by 

vertically dipping of the initiator-deposited substrates in a stepwise fashion into the ATRP solution 

(see Appendix A-3).  The MW gradient PDMAEMA brushes were quaternized by reacting with 

10 vol % methyl iodide in ethanol for 0, 45, 90, and 300 seconds to generate brushes with DQ of 
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0, 49.1±3.1, 69.9±1.2, and 79.0±1.2 mol %, respectively.  At a constant grafting density and pH, 

increasing the chain length does not change the brush swelling ratio (vide supra and Equation A-

3.5 through A-3.9).  According to Equation A-3.5, there should be no change in mechanical force 

applied on the initiators.  This means that the extent of degrafting should remain the same for 

brushes with different chain lengths.  To confirm the scaling relationship, we measured the 

swelling ratio values on specimens featuring a gradient in MW (i.e., N or dry thicknesses, h) of 

PDMAEMA (Figure 4-3a).  All swelling ratio values are independent of h, proving that the 

gradient brushes have a comparable grafting density with increasing MW (or 𝑁).  From our 

previous work, we assume the grafting density is ~0.5 chains/nm2 so the degree of polymerization 

can be calculated from the Equation 4.1, plotted as top abscissa in Figure 4-3a.38,39 

Figure 4-3b plots the normalized dry thicknesses after incubation for 5 days in solution 

having pH 9 with initial PDMAEMA brushes dry thickness ranging from 42 to 97 nm.  The bottom 

panel of the figure displays photographs of the actual samples.  For PDMAEMA brushes, the 

extent of degrafting is nearly identical for all chain lengths, which agrees with the scaling result.  

However, for samples with DQ>0 the extent of degrafting increases slightly with increasing N and 

DQ.  We tentatively explain this behavior by considering the effect of dispersity in MW (Đ) of the 

brushes.  There are only a few studies discussing the effect of Đ on the conformation of polymer 

brushes, in which the authors have shown that the density profiles of the polymers changes from a 

parabolic concave to a linear to a convex shape when the Đ of the brushes changes from 

monodisperse to moderately disperse (Đ ~1.15) to highly disperse (Đ ~2), respectively.58–60  The 

density profile is derived from brush conformations, which, in turn, affects the elastic force acting 

on each chain.  Thus, the elastic force may vary in brushes with different dispersity.  For the 

surface-initiated ATRP, the longer chains may possess higher dispersity in MW.61,62   
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Figure 4-4.  (a) Normalized dry thickness of qPDMAEMA-DQ82 brushes having different 

grafting densities as a function of the incubation time in pH 9 solution.  The legend indicates the 

initial dry thickness (h0) of qPDMAEMA-DQ82 before the incubation.  All data were normalized 

by 132.0 nm (hN), is the highest thickness of polymer brushes with the highest initial grafting 

density.  The lines are meant to guide the eye.  (b) The same data is represented as function of the 

initial normalized dry thickness of qPDMAEMA-DQ82 brushes.  All data are normalized by initial 

dry thickness (i.e., from right to left data normalized by 132.0, 112.6, 94.2, 72.5, and 55.1 nm, 

respectively). 

 

We also prepared specimens featuring grafting density gradients of PDMAEMA and 

qPDMAEMA brushes.  After forming a uniform self-assembled monolayer (SAM) of silane-based 

initiators on a silicon substrate, the sample was immersed vertically in a stepwise fashion into a 

solution featuring 0.1 M TBAF in DMA at 50°C.40  After that, the substrate was placed in a vial 

filled with the ATRP solution to achieve a grafting density gradient of polymer brushes (see 

Appendix A-3).  This approach may lead to small variations in MW of the brushes due to the 

different confinement at different grafting densities.62  From our past experience this effect, if 

present, is negligible.  However, since the extent of degrafting is nearly constant regardless of the 

MW variation as shown in Figure 4-3, we can assume here that the MW effect on degrafting is 

negligible (vide supra).  In Figure 4-4a, we plot the dry brush data normalized by 132 nm, which 

was the initial dry thickness of the sample in the highest grafting density region (h0).  The data in 

Figure 4-4a reveal that the extent of degrafting increases with increasing incubation time in the 

pH 9 solution.  The relative extent of degrafting is higher in samples with higher initial grafting 
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density.  This is not surprising since densely grafted brushes are stretched away from the substrate 

due to excluded volume interactions with their neighbors and thus experience higher elastic 

force.33  The number of degrafted chains from the substrate decreases with decreasing polymer 

grafting density.   

By normalizing the degrafting data by the corresponding initial dry thicknesses, we gain 

insight into the grafting density effect on degrafting (cf. Figure 4-4b).  The results show only a 

small difference between the lowest and the highest grafting densities.  Further analysis will be 

described below in Figure 4-7.   

 

 

Figure 4-5.  Normalized dry thickness of qPDMAEMA-DQ82 brushes having different grafting 

densities (from Figure 4-4a) as a function of the shifted degrafting time.  The inset displays a 

linear relationship between shift time and initial normalized thickness. (hN = 132 nm) 

 

The degrafting kinetics of grafting density gradient can be superimposed onto single master 

curve by horizontally shifting the data in Figure 4-4a (cf. Figure 4-5).  The rational is that 

regardless of the initial grafting density the degrafting process should follow the same time 

dependence.  In our analysis, we omitted the first degrafting point.  In our previous paper we 

attributed the initial degrafting data to removing multilayers/imperfectly-bound chains present at 

the very surface that would be liberated first from the grafted polymer layer.41  Employing the 

“data-shifting” procedure brings all experimental data to a master curve.  The inset in Figure 4-5 

displays a linear dependence of the employed time shift as the as a function of the initial 

normalized grafting density of polymer brushes (h0/hN).   
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Up until now, we used the tBMPUS as the initiator.  This molecule features a tri-functional 

silane head-group that enables attachment to the substrate or/and neighboring silane molecules by 

up employing to 3 covalent bonds.  To study the effect of the silane head-group structure on the 

stability of brushes, we prepared SAMs featuring mBMPUS as an initiator.  mBMPUS features 

one functional unit and two methyl groups attached to the silicone head-group.  This initiator 

should form a true monolayer on the supporting substrate.  We grew PDMAEMA brushes from 

both the mBMPUS and tBMPUS in a vial filled with ATRP solution and quaternized them to 

obtain qPDMAEMA-DQ82 brushes.  The mono-functional silane has a lower grafting density than 

the tri-functional silane because the mono-functional silane experiences steric hindrance from two 

methyl units in the silicone head-group.63,64  Unfortunately, we could not estimate either the degree 

of polymerization or the grafting density.  However, we know that the effect of the degree of 

polymerization on degrafting is negligible for PDMAEMA and relatively small for qPDMAEMA 

(cf. Figure 4-3b).  Figure 4-6 shows the results of degrafting PDMAEMA and qPDMAEMA-

DQ82 from both mBMPUS- and tBMPUS-grown initiator centers.  All data demonstrate that 

polymer brushes grown from mBMPUS experience larger extent of degrafting than those grown 

from tBMPUS.  This result is very important as it shows that the silane head-group structure plays 

a crucial role in controlling the stability of polymers grafted to the substrate. 
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Figure 4-6.  Normalized dry thickness of PDMAEMA (open) and qPDMAEMA-DQ82 (solid) 

brushes having different silane-based initiator structures with incubation time.  The lines are meant 

to guide the eye.  The initial dry thickness (h0) of mBMPUS based brushes were 47.7 and 60.2 nm 

for DQ0 and DQ82, respectively.  The h0 values of tBMPUS-based brushes were 93.4 and 119.8 

nm for DQ0 and DQ82, respectively.  The cartoons on the right describe a tentative structure of 

the tBMPUS (black border) and mBMPUS (violet border) initiators on the surface. 

 

We can make a few conclusions from the experimental results discussed previously and 

from earlier publications.40,44,45,65–67  From the data in Figure 4-1, degrafting involves base-

catalyzed hydrolysis that takes place in the initiator centers.  The BMPUS initiators have two kinds 

of bonds that can be hydrolyzed: 1) ester/amide bond close to the initiating center, and 2) siloxane 

bond.  Galvin and coworkers67 studied the effect of ester vs. amide in the BMPUS initiator on 

stability of polymer brushes and concluded that amide bonds are less prone to hydrolysis relative 

to the ester bonds.  In both cases they use a BMPUS molecule that had a tri-functional silicone 

head-group.  In this work, we only used ester-based initiators but varied the number of bonding 

units in the silicone head-group.  We observed that siloxane bonds are susceptible to hydrolysis, 
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which is likely the main mechanism that leads to the degrafting in the current system.  We state so 

because if the hydrolysis reaction occurred primarily in the ester bond, the extent of degrafting 

would have been comparable for brushes grown from both mBMPUS and tBMPUS initiators 

because both initiator molecules possess one ester bond each.  We note, however, that hydrolysis 

in the ester bond can still take place.66,67 

We employed the stretched exponential function, a continuous sum of exponential decays, 

to fit our experimental data.68  We assume a pseudo first order reaction kinetics with the apparent 

rate constant 𝑘(𝑡), 

𝑘(𝑡) = 𝑘0 ∙ 𝑡𝛽−1         (4.2) 

𝑑𝜎

𝑑𝑡
= −𝑘(𝑡) ∙ 𝜎         (4.3) 

𝜎 = 𝜎0 ∙ exp (−
𝑘0

𝛽
∙ 𝑡𝛽)         (4.4) 

where 𝑘0 , 𝑡 , 𝛽 , and 𝜎0  are intrinsic (or initial) rate constant (min-1), incubation time (min), a 

stretching exponent, and the grafting density (chains/nm2), respectively, before incubation in pH 

9 solution.  While for 𝛽 = 1, the rate constant is time independent, for 0 < 𝛽 < 1, the exponential 

function is stretched and 𝑘(𝑡) decreases with increasing time.  Considering the equilibrium state 

at infinite time without further degrafting, where the grafting density is 𝜎𝑒𝑞.  Equation 4.4 can be 

rewritten as: 

𝜎 = 𝜎𝑒𝑞 + (𝜎0 − 𝜎𝑒𝑞) ∙ exp (−
𝑘0

𝛽
∙ 𝑡𝛽)       (4.5) 

or can be normalized by 𝜎𝑁 (or ℎ𝑁, cf. Equation 4.1):  

𝜎

𝜎𝑁
=

ℎ

ℎ𝑁
=

𝜎𝑒𝑞

𝜎𝑁
+ (

𝜎0

𝜎𝑁
−

𝜎𝑒𝑞

𝜎𝑁
) ∙ exp (−

𝑘0

𝛽
∙ 𝑡𝛽)      (4.6) 

For brushes having different DQ values (Figure 4-7a), 𝜎𝑁 is equal to 𝜎0.  In the case of the grafting 

density gradient brushes (Figure 4-7b), 𝜎𝑁 represents the highest initial grafting density before 

TBAF degrafting (i.e., ℎ𝑁 ≡ the highest initial dry thickness = 132.0 nm).   
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Figure 4-7.  Normalized dry thickness of qPDMAEMA brushes at 100°C having (a) different DQ 

(from Figure 4-2a) and (b) different grafting density for qPDMAEMA-DQ82 (from Figure 4-4a).  

The closed symbol depicts experimental data and the corresponding colored lines are the best fits 

to Equation 4.6.  (c) and (d) display the fitting parameters for (a) and (b), respectively.  The values 

of 𝑘0 corresponds to the right ordinate in plots (c) and (d).  The corresponding colored lines are 

splines and represent the guide to the eye. 

 

The experimental data (closed symbols) and the best fits (lines) are plotted in Figure 4-7a 

and 7b, and the fitting parameters are plotted in Figure 4-7c and 7d.  All data points are fitted with 

𝑅2 > 0.994.  In Figure 4-7c, all fitted 𝜎0/𝜎𝑁 values are equal to unity as expected.  𝜎𝑒𝑞/𝜎𝑁 values 

decrease with increasing DQ, implying that the grafting densities at equilibrium decrease due to 

strong mechanical forces that increase with increasing charge density.  At the DQ ≥ 71, the 𝜎𝑒𝑞/𝜎𝑁 

values reach ~0.  Thus, high charge density can remove all the brushes from the substrate.  At 

DQ0, 𝛽 is ~1, implying that the kinetics resembles an exponential decay.  By increasing DQ, the 
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𝛽 values approach ~0.5, noting that the apparent rate constant decreases with increasing time.  The 

intrinsic rate constant 𝑘0 displays a non-linear increase with DQ, supporting the results plotted in 

Figure 4-2b.  In Figure 4-7d, 𝜎0/𝜎𝑁 values are well fitted to the initial normalized thicknesses 

(h0/hN).  Since all brushes have a high charge density, the 𝜎𝑒𝑞/𝜎𝑁  values reach values ~0 at 

equilibrium.  The 𝛽 values are ~0.6 for nearly all values of h0/hN, which further validates the result 

shown in Figure 4-4b and implies that polymer brush degrafting follows the same degrafting 

mechanism.  This is further justified by the master plot in Figure 4-5. The 𝑘0 values increase 

slightly with increasing the grafting density of the polymers.   

The degrafting kinetics for qPDMAEMA-DQ82 brushes grown from mBMPUS was also 

fitted by adopting the same analysis as above (data not shown).  𝛽 was ~0.68, indicating that the 

kinetics of degrafting was comparable to that of polymer brushes grown from tBMPUS.  This 

implies that the kinetic of degrafting is independent of the structure of the head-group in the silane 

initiator. 

Considering all results, we suggest that degrafting of densely-populated polycationic 

brushes on surfaces changes the temporal grafting density and thus the brush conformation on the 

substrate.  This, in turn, leads to time-dependent reduction of the elastic force that acts on the 

grafted chains and reduces the extent of degrafting with progressing time.  The whole process is 

characterized by time-dependent and decreasing rate constant describing the degrafting 

phenomenon. 

4.5 Conclusions 

 We have explored degrafting of weak and strong polycationic brushes based on 

PDMAEMA and qPDMAEMA, respectively, by incubating them in pH 4, 7.4, and 9 solutions at 

0.05 M ionic strength with monovalent ions.  The extent of degrafting in qPDMAEMA brushes 

increased with increasing degree of quaternization and incubation time in solution. 

The extent of degrafting is the highest in pH 9, supporting the notion that degrafting 

involves base-catalyzed hydrolysis reaction at the initiator site.  Increasing the degree of 

dissociation (due to increased pH and/or increased DQ) increases brush swelling, in turn, the 

increases elastic force applied on the initiators.  This results in severe degrafting of the brushes 

from the substrates.  The degrafting rate increases with increasing the grafting density of polymer 

brushes (Figure 4-4a).  The degrafting mechanism is the same for all polymer brush systems 

studied, as revealed from the data in Figures 4-4b, 5, and 7.  It involves time-dependent variation 
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in the elastic force acting on grafted chains that decreases with increasing time and gives rise to 

time-depended conformations of polymer grafts on the substrate.  Interestingly, we observed that 

the degrafting process depended on the molecular weight of qPDMAEMA brushes.  Specifically, 

we observed higher degrafting with increasing MW of the polymers and DQ.  While not predicted 

by the theory, we tentatively explained the behavior by considering molecular weight dispersity of 

the brushes that may affect the instantaneous conformation of polymer chains on the substrate and 

thus the local elastic force.  By comparing the degrafting of polymer brushes from tBMPUS and 

mBMPUS, we concluded the polymer brush degrafting took place primarily at the siloxane head-

group of the initiator that held the chains attached to the substrate. 
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Chapter 5: Summary & Future works 

5.1 Summary 

 This Ph.D. Dissertation discusses three research topics pertaining to the behavior of 

polymers at surfaces and interfaces.  The first topic concentrates on characterizing various 

properties, including “true” dry thickness, water sorption, glass transition temperature, coefficient 

of thermal expansion (CTE) and thermo-optic coefficient (TOC) of hydrophilic polyelectrolyte 

thin films.1  Upon cooling from elevated temperatures down to room temperature, the hydrophilic 

polymer films experience thermal shrinking and water sorption, as measured by in-situ 

ellipsometry.  We discovered that the refractive index of quaternized poly(2-(dimethylamino)ethyl 

methacrylate) (qPDMAEMA) depends linearly on the degree of quaternization.  CTE and TOC 

values for qPDMAEMA display a linear dependence.  Water sorption into the film gets more 

pronounced with increasing charge density and film thickness.  Interestingly, the sorption and 

desorption kinetics show a hysteresis depending on the charge density of the film.   

We studied quaternization kinetics of PDMAEMA brushes in both liquid and gaseous 

phases.  Notably, we developed a method for generating charge density gradients of polyelectrolyte 

thin films by gaseous phase quaternization.2  Charge density gradients on polymeric films were 

created by combining methyl iodide diffusion and quaternization reaction.  The widths and 

amplitudes of resulting gradients can be tuned by varying process time and concentration of methyl 

iodide.  The diffusion of methyl iodide through the air was determined to be the rate-determining 

step for the entire process.  This process applies to both non-grafted and grafted polymer films.  

Finally, we studied spontaneous degrafting of polycationic brushes in aqueous buffered 

solutions.3  We studied the effects of solution pH, charge density, molecular weight, grafting 

density, and silane head groups on degrafting.  Degrafting is pronounced under basic solution 

conditions.  For charged polymer brushes, the increased elastic force acting on the initiators 

promotes the degrafting.  Thus, the higher charge density brushes are removed at faster rates and 

larger amounts.  As expected from the scaling theory, the molecular weight does not have a major 

effect on the elastic force, so the degrafting has no noticeable dependency on chain length.  High 

grafting density induces strong swelling and large elastic force, leading to significant degrafting.  

Comparing results from initiators bearing different silane head group structures, we indirectly 

proved that the siloxane bond holding the polymer attached to the substrate is where degrafting 

occurs by hydrolysis.  We modeled the degrafting kinetics by adopting the stretched exponential 
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function.  The main result of the model is that the rate constant is time-dependent since the elastic 

force acting on the anchoring points will be reduced during the degrafting process.  

5.2 On-Demand Degrafting of Polymer Brushes 

Chapter 4 described spontaneous detachment of grafted polymer chains due to the 

hydrolysis with the aid of an elastic force acting at the initiator site.  Polymer grafts can also be 

removed from a surface purposefully to control surface properties such as grafting density, surface 

energy, or topography.  We have used poly(methyl methacrylate) (PMMA) as a model polymer to 

study the “on-demand” degrafting using tetrabutylammonium fluoride (TBAF).4,5  TBAF only 

cleaves Si-O bonds, not C-C bonds.  To detach polymer chains from silicon substrates, TBAF must 

diffuse through the swollen brushes to reach the anchoring groups at the substrate.  After the 

cleaving reaction at the substrate, the Si-O bonds are substituted with Si-F bonds.  This process 

liberates the polymer chain from the substrate.   

In Chapter 4, we demonstrated that the length of polymer chains (or molecular weight) 

does not have a significant effect on spontaneous degrafting because the elastic force generated 

from swelling is not distinguishable between short and long brushes.  Here, we tested the molecular 

weight effect on on-demand degrafting with different thicknesses of PMMA brushes having 

comparable grafting density (the number of chains per unit area, assuming 0.4~0.5 chains/nm2).  

The decrease in the thickness of the grafted layer is a direct measure of the reduction in grafting 

density.  First, uniform PMMA brushes were prepared by surface-initiated atom transfer radical 

polymerization (SI-ATRP) from siloxane-based initiators deposited silicon substrate.  The 

molecular weights of polymer chains were varied by changing the polymerization time.  Second, 

the PMMA brushes were vertically immersed in a TBAF solution by using a dipping apparatus at 

a rate of 0.5 mm/min.  We employed TBAF solutions of different concentrations (0.001, 0.01, 

0.05, and 0.1 M) in two organic solvents, such as tetrahydrofuran (THF) or dimethylacetamide 

(DMA).  The TBAF solution temperature varied from 40 to 55°C.  The substrate was then removed 

from the solution and rinsed with THF, followed by drying with nitrogen gas.  Finally, the 

thickness of brushes was characterized by using ellipsometry.   
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Figure 5-1.  (a) Normalized dry thickness of PMMA brushes by the initial thickness after gradual 

incubation in (a) 0.1 M TBAF in THF at 40°C and (b) 0.1M TBAF in DMA at 40°C.  The initial 

dry thickness values of the PMMA brushes were 150, 116, 86, and 55 nm as measured by 

ellipsometry. 

 

Figure 5-1a plots the normalized thicknesses of PMMA brushes having different initial 

dry thicknesses (55, 86,116, and 150 nm) after degrafting in 0.1 M TBAF solutions in THF at 

40°C.  For the shortest length of polymer brushes (55 nm), degrafting starts immediately after 

immersion in the TBAF solution.  For the longest polymer chains (150 nm), a noticeable decrease 

of the normalized thickness (or grafting density) starts at ~20 min after incubation in the TBAF 

solution.  This result indicates that there is an induction time for the detachment of polymer grafts.  

This induction time correlates strongly with the film thicknesses or chain lengths.  The PMMA 

brushes having a thickness of 116 nm display shorter induction time (~10 min) compared to the 

brushes of 150 nm thickness.  Brushes having 55 and 86 nm thicknesses do not show any induction 

time.  The result suggests that long, densely grafted chains act as a diffusion barrier for TBAF to 

reach the anchoring point at the bottom of the brush.   

When DMA is used as a solvent for TBAF, the degrafting kinetic is qualitatively similar 

to that observed in THF solution, but the quantitative results are different.  Considering that 

PMMA brushes used in Figure 5-1a and b have the same grafting densities and molecular weights 

since the original specimens (4 × 1.4 cm2) were cut into two pieces (4 × 0.7 cm2), we attribute the 

differences in degrafting kinetics to the solvent effect.  The solvent affects the conformation of 

polymer chains, which will alter the diffusion barrier as well as the elastic force applied to the 
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anchoring bonds.  Furthermore, viscosity and polarity of the solutions will influence the reaction 

kinetics.  At this moment, we are not able to decouple all the effects on the degrafting process.  

The only definite conclusion we can make is that the induction times are longer for DMA than for 

THF.  For the thinnest brushes (55 nm), the degrafting kinetics in THF and DMA are comparable.  

With increasing brush thickness, the degrafting kinetics in DMA slows down considerably, 

relatively to TBAF solutions of the same concentration in THF.  For the 150 nm thickness brushes, 

the polymer chains do not detach even after 60 min of exposure to TBAF solutions.  DMA is a 

more polar solvent than THF, which may induce less swollen conformations of PMMA brushes.  

Thus, the TBAF molecules may be more difficult to diffuse through the brushes in DMA than in 

THF.  It is, therefore, tempting to attribute the slower degrafting kinetics and the longer induction 

times to the diffusion of TBAF molecules from bulk solution to the anchoring siloxane bonds.  But 

the case is likely more complex.  We studied the effect of TBAF concentration and temperature 

on PMMA degrafting.  DMA was used as a solvent because THF evaporates highly even at 40°C, 

which alters the instantaneous concentration of TBAF in THF solutions.  

 

 

Figure 5-2.  Dry thickness of PMMA brushes after gradual incubation in TBAF solutions in DMA 

having 0.001, 0.01, 0.05, and 0.1 M concentration of TBAF at 40°C. 

 

We prepared four PMMA brushes having the same grafting density and molecular weight; 

those are different from the specimens used in Figure 5-1.  We varied only the TBAF 

concentrations in DMA from 0.001 to 0.1 M.  The data in Figure 5-2 can be categorized into two 

regimes. When the TBAF dipping time is shorter than the induction time (~25 mins), TBAF 



   

69 

 

molecules are diffusing through the polymeric layer, which acts as a diffusion barrier.  In this 

diffusion dominated regime, the degrafting is negligible, and the effect of TBAF concentration is 

insignificant.  At longer times, TBAF degrafting reaction controls the system behavior.  Increasing 

the TBAF concentration increases the rate of degrafting up to some point.  When the concentration 

is higher than 0.05 M, we see no major effect on the degrafting rate. 

 

 

Figure 5-3.  Dry thickness of PMMA brushes after gradual incubation in 0.1 M TBAF in DMA 

solutions at 40, 45, 50, and 55°C. 

 

Temperature significantly affects both diffusion and reaction kinetics.  The viscosity and 

dielectric constant of the solvent both depend on temperature.  The conformations of polymer 

brushes are also affected by the temperature based on the interaction parameter between the solvent 

and the MMA units.  Specifically, by increasing the temperature, the chains become more solvated 

and extend from the substrate.  This will decrease the diffusion barrier for the TBAF molecules to 

reach the degrafting site.  Four of comparable PMMA brushes were incubated in 0.1 M TBAF in 

DMA solution at different temperatures.  The degrafting kinetics are shown in Figure 5-3.  

Although the brushes have the same grafting density and molecular weight, the degrafting results 

are different.  At 40°C, the degrafting behavior shows a consistently diffusion-dominated regime 

followed by severe degrafting.  With increasing temperature from 40 to 55°C by 5°C, the induction 

time for the TBAF diffusion decreases, and the rate of degrafting increases.  The results imply that 

increasing temperature accelerates both TBAF diffusion and reaction.  Unfortunately, we are not 

able to decouple these effects at this moment.   
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Figure 5-4.  (a) Dry thickness of PMMA brushes having a grafting density gradient after the full 

incubation in 0.1 M TBAF solutions in DMA at 40°C for 0, 4, 8, and 12 minutes.  (b) The data 

points after horizontal shifting the results in (a).  The inset represents the shift factor along the 

position coordinate that we need to apply to collapse the data onto a master curve for various 

incubation times. 

 

PMMA brushes having a grafting density gradient were prepared by gradually immersing 

samples into 0.1 M TBAF solutions (black data in Figure 5-4, 0 min).  We then dipped the samples 

entirely in the TBAF solution for 4 mins and measured the thickness.  We repeated the same 

procedure two more times on the same specimen.  This way, we obtained samples that were 
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immersed in TBAF solutions for 0 minutes (i.e., the original grafting density gradient), and 4, 8, 

and 12 minutes. We thus investigated the effect of grafting density on TBAF-induced degrafting 

as shown in Figure 5-4a.  The brushes have the same molecular weights.  At the highest grafting 

density (~0.5 chains/nm2), it is challenging for the TBAF molecules to diffuse through the compact 

layer of polymer chains to reach the anchoring points.  Once the TBAF molecules reach the 

siloxane bonds, the degrafting reaction starts with the aid of the strong elastic force.  Severe 

degrafting reduces the grafting density, leading to more pronounced diffusion of TBAF.  At the 

moderate grafting density (<0.35 chains/nm2), the degrafting kinetics is slow and constant.  The 

elastic force is reduced due to the lower grafting density.  After horizontally shifting the data points 

collected at different diffusion times (Figure 5-4b), all data points collapse on a master curve, 

implying the degrafting kinetics is the same for all samples. 

 We cannot determine the rate-limiting step conclusively among the degrafting kinetics and 

the expulsion dynamics of the degrafted-chain.  We note, however, that Wittmer et al.6 and Merlitz 

et al.7 separately studied the dynamics of chain expulsion out of polymer brushes.  Based on those 

works, we assume the expulsion dynamics are relatively fast and suggest that the degrafting 

reaction represents the limiting step. 

 Although we demonstrate the systematic study of on-demand degrafting of PMMA brushes 

with a series of parameters, several fundamental aspects of the process are still not clear.  It will 

be useful to complement the experimental results with molecular dynamic simulations to gain 

insight into the diffusion of TBAF through the PMMA brush layer as a function of brush 

“compactness.”  The effect of the structure of the silane head-group (mono- vs. tri-functional) 

should also be considered in future degrafting studies in more detail.   

5.3 Micrometer Gradient of Grafting Density 

 Surface grafted polymer chains with high grafting density are realized typically by the 

“grafting from” method, which involves a deposition of initiators followed by surface-initiated 

atom transfer radical polymerization.  Grafting density is one of the critical parameters that 

determine polymer brush properties, including chain conformations, osmotic pressure as well as 

density of functional groups.  There are several ways to control the grafting density of polymer 

brushes.  The most common and widely used approach is introducing “dummy” silanes, which 

cannot initiate polymerizations.  Another method involves degrafting of silane initiators or 

polymer brushes by using chemicals such as hydrofluoric acid (HF) or TBAF.  Yet another 
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approach is based on disabling the initiator function (i.e., alkyl halide).  For example, the halide 

can be substituted by a reaction with sodium azide.  Sheridan et al. reported that the UV light could 

deactivate the initiator function by removing the halide with UV exposure time. 8  We demonstrate 

a facile approach to form a micrometer-scale grafting density gradient by adopting the UV 

deactivation.  

The primary mechanism for the generation of the micrometer-scale gradient is utilizing a 

mask placed above a silicon wafer coated with the initiators and exposing the assembly to UV 

light, as shown in Figure 5-5a.  Mask height, defined as the distance between the mask and the 

substrate, determines the extent to which the UV light can reach the area on the substrate under 

the mask.  When the mask is in close contact with the substrate, the UV light does not penetrate 

the substrate region under the mask.  Increasing the mask height allows more UV light to penetrate 

under the edge of the mask and thus interact with the functional groups on the substrate.  The 

position-dependent UV dose governs the density of the deactivated surface-bound initiators.  

Longer UV exposure removes more halide atoms, resulting in lower grafting density of initiators. 

8  The area close to the spacer has smaller dry brush thickness (i.e., lower grafting density) relative 

to the region far from the spacer.  Varying the height of the spacer enables controlling the steepness 

of the gradient of the active surface-bound initiators. 
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Figure 5-5.  (a) Schematic of the experimental setup.  (b) Images of PDMAEMA brushes under 

UV light treatment for 15 mins under 10 cm (left) and 2 cm of the opening length (right).  Gradient 

profiles after UV exposure with (c) 10 cm and (d) 2 cm of the opening length.  The profiles were 

shifted horizontally.  (e) Gradient widths after UV exposure with 10 cm (upward triangles) and 2 

cm (circles) of the opening length.  (f) Calculated gradient profiles with different mask heights.  

The insets of (c, d, f) show the maximum slope values of the gradients.  The inset of (e) shows an 

expanded scale of gradient width for 2 cm of the opening length (circles).  

 

The ATRP initiator (BMPUS) deposited silicon wafer was placed under a mask (mask size 

~3 × 1 cm2), and a spacer (cover glass ~100 μm thickness) was located between the substrate and 

the mask as shown in Figure 5-5a.  After UV exposure for the desired time (~15 mins), the treated 

substrate was incubated in the ATRP solution of DMAEMA for 80 mins.  The parameters affecting 

the gradient profile are the opening length, the lamp height, as well as the mask height, as depicted 

in Figure A-4-1.  The opening length was adjusted by installing an aluminum restrictor between 

the UV lamp and the mask.  The images of resultant samples are in Figure 5-5b.  The left sample 

was exposed with 10 cm of opening length, resulting in broader gradient widths compared to the 

right sample, which was exposed with 2 cm opening length.  To characterize the gradient 

properties, we plot the pixel intensity values from line profiles at different positions.  Although the 

pixel intensity value, which is an average of red (R), green (G), and blue (B) channels in the image, 
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does strictly not represent the film thickness, all RGB intensity values vary consistently (Figure 

A-4-5).  Thus, the pixel intensity values can be used (to the first approximation) as a measure of 

the film thickness in gradients.  Figure 5-5c and d display the gradient profiles of each sample 

with different mask heights.  All gradients have comparable maximum and minimum pixel 

intensity values which indicate the lowest (𝜎𝑚𝑖𝑛 ≅ 0 chains/nm2) and highest grafting density 

(𝜎𝑚𝑎𝑥 ≅ 0.5 chains/nm2), respectively.  With increasing the mask height, more UV rays reach the 

substrate and degrade the initiator’s functional tail group, thus leading to more gentle slopes.  The 

insets plot the maximum values of slopes in each profile.  The gradients formed by 2 cm of opening 

length are much sharper than the gradients formed by 10 cm of opening length.  The gradient 

widths are obtained by estimating the distances between the maximum and minimum pixel values.  

The gradient width values increase linearly with increasing of the mask height (Figure 5-5e).  At 

the lowest mask height (~7 μm), the gradient widths of the two samples are similar (~ 380 μm).  

The gradient widths for 10 cm of the opening length (upward triangles), however, largely increase 

since the more UV rays can reach to the region under the mask.  To support the experimental data, 

we built a simplified model and calculated the UV intensity profiles with different mask heights, 

as shown in Figure 5-5f (see the details in Appendix A-4).  As expected, the higher mask heights 

result in broader gradients with lower slopes.   
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Figure 5-6.  (a) Fluorescence optical microscopy (FOM) images of FITC-BSA attached to 

qPDMAEMA brushes (the scale bar is 3 mm).  (b) Gradient profiles and (c) gradient widths of the 

corresponding colored lines in (a).  (d) FOM image of FITC-BSA attached to qPDMAEMA 

brushes, and (e) gradient profiles of the corresponding colored lines in (d). 

 

Figure 5-6 displays the micrometer-scale gradients after FITC-BSA adsorption.  The 

initiator deposited substrate was UV-treated as described above, followed by incubating in the 

ATRP solution of DMAEMA to grow PDMAEMA polymer brushes having grafting density 

gradients in micrometer-range.  The PDMAEMA brushes were quaternized by reacting with 

methyl iodide 10% solution in ethanol for 5 minutes resulting in qPDMAEMA brushes.  After 

drying the substrate with nitrogen gas, the substrate was immersed in FITC-BSA dissolved in 
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phosphate-buffered saline (PBS) 0.1 M solution for 1 day at room temperature.  Fluorescence 

optical microscopy images shown in Figure 5-6a demonstrate that only the area covered with 

qPDMAEMA brushes exhibits a bright green color, which originates from FITC-BSA.  The color 

profiles of the images allow analyzing the gradient properties.  The gradient profiles, as well as 

the slope values of each curve, are shown in Figure  5-6b.  The gradients get broader, and the 

gradients slopes decrease with increasing mask heights above the sample.  The gradient widths, 

which are plotted in Figure 5-6c, increase linearly with increasing the mask heights above the 

substrate.  This behavior shows the same behavior as the data presented in Figure 5-5e.   

Transmission electron microscopy (TEM) copper mesh grids (~25 µm thickness) were also 

utilized as masks to fabricate a surface having patterns and gradients at the same time.  One of the 

grid masks was in direct contact with the initiator deposited substrate, and another mask was placed 

on top of the bottom mask.  The gradient created by the bottom mask has a sharp boundary (blue 

curve in Figure 5-6d and 6e).  The gradient formed by the top mask has a relatively broad 

boundary (red curve in Figure 5-6d and 6e). 

5.4 Counter-propagating Gradient Surface 

 A counter-propagating gradient surface features two gradients of different functions 

present in a one-dimensional system with a counter direction. 

 

 

Figure 5-7.  A counter-propagating gradient of quaternized and betainized PDMAEMA brushes. 

 

 By extending the work presented in Chapter 3, which describes the formation of a 

quaternization gradient on PDMAEMA brushes, a counter-propagating gradient can be formed by 

reacting qPDMAEMA gradient samples with 1,3-propane sultone (Figure 5-7).  Zwitterionic 
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polymer brushes are utilized to create anti-fouling surfaces, and quaternized polymer can be 

employed as an anti-bacterial surface.  To develop such gradients, we first formed a qPDMAEMA 

gradient with a position-dependent concentration of the positively charged groups using the same 

method, as described in Chapter 3.  Those specimens were then placed in a glass tube containing 

200 µl of 0.1 M of 1,3-propane sultone in tetrahydrofuran at 50°C for 2 hrs.  Gaseous phase 

reaction between parent DMAEMA units and 1,3-propane sultone led to the formation of 

zwitterionic groups in the brushes.  The 1,3-propane sultone can be hydrolyzed and form 3-

hydroxypropane-1-sulfonic acid, which can interact with quaternary ammonium.  The sample was 

immersed in 1 M of NaCl aqueous solution for an hour to remove any ion complexes.   

 

 
Figure 5-8.  Estimated degree of quaternization (DQ) from ellipsometry (open circle) and FTIR-

ATR (closed red circles), and estimated degree of betainization (DB) from FTIR-ATR (closed blue 

squares).  The sum of each degree of modification represents as closed, orange upward triangles. 

 

The resulting sample was analyzed with FTIR-ATR.  After background subtraction, each 

spectrum was normalized to achieve the same vibration intensity at 1731 cm-1, which corresponds 

to the ester group in the repeat unit.  The ester group is not affected by any chemical reactions.  

Fully quaternized and betainized brushes were prepared by polymerization of modified monomeric 

units, so the degree of modification is considered to be ~100 mol %.  The maximum intensity 

values at 956, and 1042 cm-1 were obtained; these correspond to unique vibrations originating from 

fully quaternized and fully betainized brushes, respectively.  We collected the intensities of the 
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vibrations at 956, and 1042 cm-1 for various positions along the gradient samples and determined 

the degrees of quaternization (DQ) and betainization (DB) as follows: 

𝐷𝑄 (𝑚𝑜𝑙%) = 100 × [
𝐼𝑠𝑎𝑚𝑝𝑙𝑒−𝐼𝑃𝐷𝑀𝐴𝐸𝑀𝐴

𝐼𝑃𝑀𝐸𝑇𝐴𝐶−𝐼𝑃𝐷𝑀𝐴𝐸𝑀𝐴
]

956𝑐𝑚−1
     (5.1) 

𝐷𝐵 (𝑚𝑜𝑙%) = 100 × [
𝐼𝑠𝑎𝑚𝑝𝑙𝑒−𝐼𝑃𝐷𝑀𝐴𝐸𝑀𝐴

𝐼𝑃𝑆𝐵𝑀𝐴−𝐼𝑃𝐷𝑀𝐴𝐸𝑀𝐴
]

1042𝑐𝑚−1
     (5.2) 

The calculated values are plotted in Figure 5-8.  We see small differences in the DQ values 

obtained for the quaternized samples assessed by ellipsometry and FTIR-ATR.  The profiles of 

DQ and DB display counter-propagating directions.  The sum of the DQ and DB values is close to 

100 mol %.  This may imply that some of the DMAEMA repeat units have not been modified 

completely.  We speculate that steric hindrance limits the degree of PDMAEMA modification.  It 

is important to study the kinetics of betainization in the gaseous phase at different temperatures 

and solvent qualities.  We have attempted to carry out the betainization reaction in water, 

tetrahydrofuran, ethanol, and trifluoroethanol.  All worked well, although the detailed kinetics has 

not been fully analyzed.   

5.5 Addendum 

 Many experiments described in sections 5.2-5.4 in this Ph.D. Dissertation show promising 

new avenues of research about grafted polymer layers.  Unfortunately, due to the COVID-19 

pandemic, our lab had to shut down in the middle of March 2020, and we could not collect more 

data and perform a more detailed analysis that would allow us to convert the results into standalone 

chapters. 
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Appendix A-1: Supplemental Information for Chapter 2 

A-1.1 Sorption and Desorption 

We tested water sorption into quaternized poly(2-(dimethylamino)ethyl methacrylate) 

brushes with 54 mol % degree of quaternization (qPDMAEMA-DQ 54) under ~200 kPa of 

nitrogen gas flow.  To collect the data, we built a set-up that enables nitrogen gas flowing directly 

onto the sample surface.  Upon cooling, the sample thickness increases with decreasing 

temperature, which reveals that flowing dry nitrogen gas over the sample does not inhibit water 

sorption into the polymer.   

 

 

Figure A-1-1.  Thickness of qPDMAEMA-DQ 54 polymer brushes on a silicon substrate during 

cooling from 140°C to 50°C under ~200 kPa of nitrogen flow. 

 

Figure A-1-2 plots the scattering length density (SLD) profile used to model neutron 

reflectivity data from poly(2-(dimethylamino)ethyl methacrylate) polymer brushes.  The data 

demonstrate that both as-prepared samples and those measured in vacuum at 50 and 80°C retain 

absorbed water (D2O in this case) from moisture for up to at least 16 hrs. 

Figure A-1-3 displays the dry thickness (left ordinate) and refractive index (right ordinate) 

of a thin poly(methyl methacrylate) (PMMA) film resting on a flat silicon wafer subjected to 

cooling/heating cycles.  We detected no change in the dry thickness and refractive index.  The 
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break in the slopes for the dry thickness and refractive index occurs at the polymer glass transition 

temperature (Tg~127°C). 

 

 

Figure A-1-2.  Scattering length density of poly(2-(dimethylamino)ethyl methacrylate) polymer 

brush measured in as-prepared sample (red), sample annealed at 50°C under vacuum (orange) for 

1 hour, and annealed at 80°C under vacuum for 1 hour (green) and 16 hours (blue). 

 

In Figure A-1-4, we plot the thickness of three different hydrophilic polymer thin films: 

(a) poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA), (b) poly(2-vinylpyridine) (P2VP), 

and (c) poly(4-vinylpyridine) (P4VP) as a function of temperature (measured upon cooling).  P2VP 

and P4VP spuncast films of comparable thicknesses are examined.  The P2VP and P4VP films 

annealed initially to elevated temperatures exhibit a linear decrease in thickness upon cooling up 

to their Tg (95.0°C and 151.5°C for P2VP and P4VP, respectively1,2) followed by another linear 

decease in thickness (with a lower slope in thickness vs. temperature due to lower CTE in the 

glassy state) down to a certain temperature, at which the thickness starts to increase due to water 

uptake.  This is quite remarkable given that the temperature at which the thickness increases for 

P2VP and P4VP is below the Tg of the two materials.   
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Figure A-1-3.  Dry thickness (solid symbols. left ordinate) and refractive index (open symbols. 

right ordinate) of PMMA thin film on a silicon wafer with temperature.  Heating/cooling rate is 

0.5°C/min. 

 

 

Figure A-1-4.  Measured dry thickness of (a) PDMAEMA brushes, spin-coated (b) P2VP and (c) 

P4VP film on a silicon substrate with temperature (open mark) and extrapolated dry thickness from 

Equation 2.1 in the main text (red line).  ∆ℎ denotes the difference between the film thickness 

measured at ambient conditions and the “true” thickness extrapolated from the data collected at 

100°C.  

 

PDMAEMA absorbs the largest amount of water, i.e., ∆ℎ, among the three specimens 

studied followed by P4VP and P2VP spin-coated films.  At 30°C the PDMAEMA chains are in 

the rubbery state, which facilitates higher sorption of water due to relatively high free volume of 
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PDMAEMA.3  We note that the aliphatic tertiary amine in PDMAEMA possesses more degrees 

of freedom than nitrogen atoms in the heterocycles of P4VP or P2VP.  P4VP contains more 

moisture than P2VP likely because the nitrogen atom in P4VP is less sterically hindered than that 

in P2VP, resulting in higher water uptake.   

 

 

Figure A-1-5.  DSC heat flow curves for bulk qPDMAEMA-DQ 0 and qPDMAEMA-DQ 88 with 

a heating rate of 10°C/min. The colored arrows indicate the glass transition temperatures for 

corresponding polymers. 

 

 Differential scanning calorimetry (DSC, Q2000, TA instruments) analysis was used to 

measure glass transition temperatures of bulk qPDMAEMA.  Each sample of 7-9 mg was heated 

to 250°C followed by cooling down to -50°C at a rate of 10°C/min to remove thermal history.  The 

heat flow curves are obtained in the second heating process at a rate of 10°C/min.  The glass 

transition temperature (Tg) was clearly obtained for qPDMAEMA-DQ 0 and DQ 88 as shown in 

Figure A-1-5.  The heat flow curves for the other samples show uncertain results due to the broad 

melting peak.  We tabulated the Tg in Table A-1-1. 
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Table A-1-1.  Glass transition temperatures of qPDMAEMA from DSC analysis. 

DQ (mol %) Tg (°C) 

0 16.7 

18 62.3† 

46 143.5† 

64 148.8† 

88 149.0 

† low confidence in data due to a large, broad melting peak near the transition temperature. 

 

A-1.2 Cyclic Test and Hysteresis 

We performed ellipsometry measurements on PDMAEMA brushes during subsequent 

cooling/heating cycles.  The results are plotted in Figure A-1-6.  In contrast to similar experiments 

on qPDMAEMA grafts that exhibit a large hysteresis in thickness due to water desorption (heating) 

and absorption (cooling) (cf. Figure 2-7) we detect minimal differences in the dry thickness and 

refractive index in PDMAEMA specimens.  A small decrease in the dry thicknesses during thermal 

heating suggests minimal degradation of PDMAEMA at elevated temperatures. 

 

 

Figure A-1-6.  (a) Dry thickness (solid symbols, left ordinate) and refractive index at 600 nm 

(open symbols, right ordinate) of PDMAEMA brushes with cooling/heating temperature at the rate 

of 0.5°C/min.  (b) (upper panel) Dry thickness (solid symbols, left ordinate) and refractive index 

(open symbols, right ordinate) of PDMAEMA brushes with time.  (lower panel) Corresponding 

temperature profile (grey line).  The colors in the upper panel in part (b) match to those in part (a). 
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Figure A-1-7.  (a) Normalized dry thickness (solid symbols. left ordinate) and refractive index at 

600 nm (open symbols. right ordinate) of PDMAEMA brushes annealed at 100°C (green, thickness 

92 nm), 140°C (red, thickness 93 nm), and 180°C (blue, thickness 97 nm) as a function of 

annealing time. (b) FTIR-ATR spectra of parent PDMAEMA brushes (black) and PDMAEMA 

brushes after annealing (2200 mins at 100C, 900 min at 140C, and 1000 mins at 180C).  The 

color scheme in (b) follows that in (a). correlating samples with (a): 100 °C (green, 88 nm 

thickness), 140 °C (red, 87 nm dry thickness) and 180 °C (blue, 54 nm dry thickness).  All 

thicknesses were measured at quoted temperatures. 
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Figure A-1-8.  (a) Normalized dry thickness (solid symbols. left ordinate) and refractive index at 

600 nm (open symbols. right ordinate) of qPDMAEMA-(DQ 78) annealed at 100°C (green, 

thickness 127 nm), 140°C (red, thickness 123 nm), and 180°C (blue, thickness 125 nm) as a 

function of annealing time.  (b) FTIR-ATR spectra of parent qPDMAEMA brushes (black, dry 

thickness 125 nm) and qPDMAEMA brushes after annealing (700 mins at 100C, 1200 min at 

140C, and 500 mins at 180C).  The color scheme in (b) follows that in (a).  correlating samples 

with (a): 100 °C (green, 124 nm dry thickness), 140 °C (red, 115 nm dry thickness) and 180 °C 

(blue, 88 nm dry thickness). 

 

PMMA thin films remain stable during the heating/cooling cycles (upper annealing 

temperature 220 °C).  PDMAEMA and qPDMAEMA brushes exhibit some degradation when 

heated to elevated temperatures, as deduced from ellipsometry and FTIR-ATR measurements 

performed at 100, 140 and 180°C.  Figure A-1-7a and A-1-8a display the dry thickness (and 

refractive index) variations with time at each temperature.  While at 100°C both PDMAEMA and 

qPDMAEMA are stable, annealing the samples to 140 and 180°C causes some thermal degradation 

(Figure A-1-7b).  Interestingly, qPDMAEMA appears to be more stable than PDMAEMA, as 

deduced from the thickness data and the corresponding FTIR measurements (Figure A-1-8b).  The 

FTIR spectra indicate chemical changes near ~1733 cm-1 (carbonyl group) likely due to 

decomposition at 180°C.4,5   
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Figure A-1-9.  The difference between the film thickness measured and the thickness extrapolated 

from the data collected at 100°C as a function of temperature.  Solid curves are in cooling process 

and dashed curves are in heating process. 

 

In Figure A-1-9 we plot the amount of water trapped inside qPDMAEMA for various DQ, 

∆ℎ .  the values were obtained by subtracting the thickness of the dry film (obtained by 

extrapolation as explained earlier) from the total thickness measured upon cooling and heating.  

As noted earlier, the amount of water absorbed from air increases, leading to an increase in ∆ℎ, 

with decreasing the cooling temperature and reaches a certain maximum value at room 

temperature, ∆ℎ𝑅𝑇.  The ∆ℎ𝑅𝑇 increases with increasing DQ (Figure 2-6).  Upon heating, water is 

liberated from the film, which leads to a decrease in ∆ℎ.  For small DQ (<10 mol%) the cooling 

and heating temperatures that produce the same ∆ℎ are nearly identical.  However, with increasing 

DQ (>30 mol%), the heating temperature needed to produce the same ∆ℎ is higher than the cooling 

temperature.  Thus, with increasing DQ it becomes increasingly more challenging to remove water 

from the polymer layer and higher temperatures are needed to drive the water away from the films.  
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Figure A-1-10.  (a) Area between normalized thicknesses (by 100°C) of heating and cooling 

processes with (a) different DQ with PDMAEMA dry thickness ~100 nm (blue open symbols) and 

(b) different dry thicknesses (black open symbols) with DQ ~76 mol %. 

 

 To obtain a measure of the ability of the polymer layer to retain water, we integrated the 

area between the solid and dashed curves and normalize the value by the film thickness measured 

at 100°C (∆ℎ𝑛𝑜𝑟𝑚).  In Figure A-1-10a we plot ∆ℎ𝑛𝑜𝑟𝑚 as a function of DQ.  In Figure A-1-10b 

we plot ∆ℎ𝑛𝑜𝑟𝑚 for samples with DQ~81 mol % and different thickness.  DQ has a strong effect 

on the hysteresis since qPDMAEMA polymer films with higher DQ will more likely form dense 

“surface skin” layer than those with lower DQ (Figure A-1-10a).  The existence of this “skin 

layer” was proposed and discussed by Unger et al. in the past.6   

 We do not currently have a direct evidence of the presence of this “skin layer”.  However, 

the data plotted in Figure A-1-10b, which reveal that ∆ℎ𝑛𝑜𝑟𝑚 is independent of the layer thickness 

and thus the total amount of water trapped inside the film, suggest the presence of such a “skin 

layer”.  More work would have to be done to study this phenomenon in more detail further. 
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Appendix A-2: Supplemental Information for Chapter 3 

A-2.1 Calibration of Quaternization 

We used Equation 3.2 to fit the experimental quaternization kinetics in the liquid phase 

(Figure 3-1a in the manuscript).  Table A-2-1 lists the fitting parameters and R-squared values. 

 

Table A-2-1.  Fitting parameters and R-squared for data plotted in Figure 3-1a. 

Fitting parameters 
Concentration of iodomethane in solution (M) 

0.8 1.6 3.2 6.4 

A (mol %) 84.373 84.373 84.373 84.373 

𝑘1𝑙 (s
-1) 0.0123 0.0222 0.0386 0.0563 

𝑅2 0.98 0.99 0.99 0.99 

 

We prepared solutions of PDMAEMA (20 mL in volume) in ethanol with 20, 30, 45 and 

60 mg/mL concentrations.  We dip-coated each sample and removed it from the solution with a 

constant pulling speed (100 mm/min).  Figure A-2-1 displays the film thickness as a function of 

the PDMAEMA concentration in solution. Film thicknesses of all PDMAEMA films were 

measured at 100°C to reduce the effect of water sorption.  The thickness at ambient conditions was 

determined using the method described in ref 1.   
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Figure A-2-1.  The dry thickness of PDMAEMA films at 100°C with different concentrations of 

PDMAEMA in ethanol solutions. 

 

The tertiary amines in the DMAEMA repeat units are quaternized by reaction with MI resulting in 

poly(DMAEMA-co-qDMAEMA) random copolymers. 

 

 

Scheme A-2-1.  Quaternization reaction scheme of PDMAEMA with methyl iodide (MI). 

 

We normalized the band in the FTIR-ATR spectra for samples with variable DQ to the 

carbonyl vibration, whose intensity does not depend on DQ (Figure A-2-2).  The intensity bands 

that depict N+-C stretching vibrations (954 and 1481 cm-1) increase with increasing DQ while the 

vibration signal at 2775 cm-1, which corresponds to stretching of the C-H bond attached to the 

tertiary amine, decreased with increasing DQ.  The intensities of the signals mentioned above are 

plotted as a function of DQ in Figure A-2-3.  Besides, the intensity of the broad band at ~3500 

cm-1 increases with increasing DQ, indicating stronger water sorption at ambient conditions with 

increasing DQ. 
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Figure A-2-2.  FTIR-ATR normalized absorption intensity of the carbonyl vibration (1723 cm-1) 

of quaternized PDMAEMA brushes as a function of increasing reaction time with MI in liquid 

phase reaction. 

 

 

Figure A-2-3.  Refractive index at 600 nm (open square, left ordinate) and FTIR-ATR intensity 

(954 cm-1: black circle, 1481 cm-1: red circle, 2775 cm-1: blue circle, right ordinate) normalized by 

the intensity at 1723 cm-1 of respective PDMAEMA brushes as a function of degree of 

quaternization (DQ, mol %).  The dashed lines are meant to guide the eye. 

 

We have prepared a series of quaternized PDMAEMA in bulk and estimated DQ by using 

elemental analysis.  Those films were spun cast on silicon wafers, and their refractive indices were 

determined by ellipsometry.  We employed the effective medium approximation (EMA) to 

estimate DQ (vol %) from the refractive indices of the copolymers.  DQ (mol %) was obtained 
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from DQ (vol%) and densities of PDMAEMA and quaternized PDMAMA (qPDMAEMA).  The 

results plotted as the refractive index at 600 nm indicate that the optical properties of the films 

change linearly with DQ.  We also analyzed the samples with Fourier-transform infrared 

spectroscopy (FTIR).  All FTIR spectra were collected in attenuated total reflection (ATR) mode, 

followed by manual baseline correction and normalized by the intensity at 1723 cm-1, which does 

not depend on DQ.  As shown in Figure A-2-3, the IR intensities of the three distinct wavenumbers 

change linearly with DQ.  The 954 and 1481 cm-1 signals show an increase with DQ, indicating 

N+-C stretching vibrations.2–4  The intensity at 2775 cm-1 corresponds to C-H stretching vibrations 

attached to tertiary amine decreases with increasing DQ.5  All IR intensities, and the refractive 

index change linearly with DQ, as expected.6 

A-2.2 Shift Factors 

In Figure A-2-4 we plot the shift factors used to produce the master curves in Figure 3-4 

and Figure 3-5.  All values show a linear decrease with increasing the square root of process time.  

While we find a dependence of the shift factor on the concentration of MI in solution, no effect on 

the thickness of the PDMAEMA layer is found.  

 

 

Figure A-2-4.  Shift factors used in Figure 3-3 and Figure 3-4 as a function of the square root of 

process time. 

 

A-2.3 Thermodynamic Analysis 

The diffusion source comprises MI molecules present in gas right above at the interface between 

the liquid and gaseous phases in a two-component methyl iodide/ethanol system, 𝑐(0, 𝑡).  To 
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obtain an estimate for 𝑐(0, 𝑡), we calculate the concentration of MI in the gaseous phase above the 

MI solution, (𝑐𝑔𝑎𝑠,𝑒𝑞𝑢𝑖𝑙), by combining Raoult’s law and the equation of state of a real gas.  We 

first use Raoult’s law to determine the mole fraction of MI in the gaseous phase (𝑦𝑀𝐼): 

𝑝𝑀𝐼
∗ ∙ 𝑥𝑀𝐼 = 𝑃 ∙ 𝑦𝑀𝐼          (A-2.1) 

where 𝑃 is the total pressure (=101.325 kPa), 𝑝𝑀𝐼
∗   is the vapor pressure of MI (=54.4 kPa), and 

𝑥𝐼𝑀 the mole fraction of MI in solution.  Then we calculate the concentration of MI in the gaseous 

phase from the compressibility factor equation of state: 

𝑐𝑔𝑎𝑠,𝑒𝑞𝑢𝑖𝑙 = 𝑦𝑀𝐼 ∙  
𝑃

𝑧∙𝑅∙𝑇
        (A-2.2) 

In Equation A-2.2, 𝑅  is the universal gas constant, 𝑇  is absolute temperature, and 𝑧  is the 

compressibility factor.  Using tabulated values for critical pressure (7366.33 kPa) and temperature 

(527.95K) for IM we calculate the reduced temperature and pressure at 𝑇=298 K and 𝑃 listed 

above as 𝑇𝑟=0.56 and 𝑃𝑟=0.014, respectively.7  Using a compressibility chart, we estimate the 

compressibility factor to be 𝑧~0.96.  The results are displayed in Table A-2-2. 

 

Table A-2-2.  Calculations of methyl iodide concentration of gaseous phase in equilibrium state 

(𝑐𝑔𝑎𝑠,𝑒𝑞𝑢𝑖𝑙 ).  The 𝑐𝑠𝑜𝑙  indicates the concentration of MI in solution. 

𝑐𝑠𝑜𝑙  (M) 𝑥𝑀𝐼 𝑦𝑀𝐼  𝑐𝑔𝑎𝑠,𝑒𝑞𝑢𝑖𝑙  (M) 

0.8 0.047 0.025 0.0011 

1.6 0.094 0.051 0.0022 

3.2 0.190 0.102 0.0043 

6.4 0.385 0.207 0.0088 

16 1.000 0.537 0.0229 

 

There are a few caveats to this approach.  First, we recognize that the system is not at 

equilibrium (where the Raoult’s law applies) and that the mole fraction of methyl iodide in the 

vapor, as determined from Equation A-2.1, constitutes only an upper estimate of the true value.  

We do not know the exact concentration of methyl iodide on the surface of the liquid.  One may 

argue that there may be a small depletion of the solute because its surface tension (25.8 mN/m as 
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measured at 43.5°C)is slightly higher than that of ethanol (~21.97 mN/m as measured at 25°C).8,9  

However, evaporation may increase the MI local concentration at the liquid/vapor interface.  The 

calculated values of 𝑐𝑔𝑎𝑠,𝑒𝑞𝑢𝑖𝑙  are still useful because they help us estimate the upper limit of 

𝑐(0, 𝑡).  Using the values of the rate constant of 𝑘1𝑔 (cf. Figure 3-4b) and the reported values of 

𝑐𝑔𝑎𝑠,𝑒𝑞𝑢𝑖𝑙  (~𝑐(0, 𝑡)), we estimate 𝑘2𝑔~6.374±0.494 (M.s)-1.  This result indicates that the reaction 

kinetics in the gaseous phase is at least ~650 times faster than that in solution (cf. Figure 3-1).  In 

reality, the value of 𝑘2𝑔 is likely higher than quoted because 𝑐𝑔𝑎𝑠,𝑒𝑞𝑢𝑖𝑙 < 𝑐(0, 𝑡). 

The height of the beaker reactor affects the steepness of the charge gradient (cf. Figure A-

2-5).  In addition to using the standard 50 mL beaker (inner diameter 4 cm, height 5.5 cm) we have 

carried out the same process using a 10 mL beaker (inner diameter 2.5 cm, height 2.8 cm) and 

obtained a narrower gradient that extended only over ~2.5 cm across the substrate.  Because the 

sample was taller than the beaker height, the substrate section positioned above the beaker was not 

quaternized (or quaternized to only a very small amount).   

 

 

Figure A-2-5.  Charge gradients on PDMAEMA brushes generated from 50 mL beaker (black 

circle) and 10 mL beaker (red triangle), respectively, and the corresponding sample images on the 

right side.  200 µl of 6.4 M methyl iodide in ethanol solution was used.  The process time was 60 

sec.  The lines are meant to guide the eye. 

 



   

97 

 

 

Figure A-2-6.  Legend to symbol types in Figure 3-4 in the main text.  CMI is the concentration 

of methyl iodide. 

 

 

Figure A-2-7.  Legend to symbol types in Figure 3-5 in the main text.   
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Appendix A-3: Supplemental Information for Chapter 4 

A-3.1 Background about scaling concepts of polymer brush height 

The wet thickness H of neutral polymer brushes in a good solvent is given by: 

𝐻𝑁𝐵 ∝ 𝑁𝑏5 3⁄ 𝜎1 3⁄          (A-3.1) 

where 𝑏 represents size of the repeat units.  This relationship results from the balance between the 

osmotic pressure and entropic force acting on the grafted polymers.1  The equilibrium state of 

charged brushes is determined by the balance between the electrostatic interactions of charged 

monomers and osmotic pressure due to counter ions.2,3  Thus, the chain conformation depends on 

the concentration of counter ions and external salt.  At low salt concentrations, most counter ions 

are confined inside the wet brush to neutralize the charges.  In this, so-called osmotic brush (OsB) 

regime, the wet thickness H of weak polyelectrolyte brushes is given by:  

𝐻𝑂𝑠𝐵,𝑤𝑒𝑎𝑘 ∝ 𝑁𝑏4 3⁄ 𝜎−1 3⁄ [(
𝛼𝑏

1−𝛼𝑏
) (𝐶H+ + 𝐶𝑆)]

1 3⁄

     (A-3.2) 

where 𝛼𝑏 ,𝐶H+ and 𝐶𝑆 are the bulk degree of dissociation, proton and external monovalent salt 

molar concentration, respectively.  The wet thickness depends on the polymer grafting density and 

the concentration of external salt.  For strong polyelectrolyte brushes, the wet thickness in the OsB 

regime is given by: 

𝐻𝑂𝑠𝐵,𝑠𝑡𝑟𝑜𝑛𝑔 ∝ 𝑁𝑏𝛼𝑏
1/2        (A-3.3) 

The brush height does not depend on the grafting density or external salt concentration.  With 

increasing salt concentration, the charged units start to be screened and the brushes contract.  In 

this, so-called salted brush (SB) regime, the brush height of both weak and strong polyelectrolyte 

brushes possesses the same scaling relation: 

𝐻𝑆𝐵 ∝ 𝑁𝑏2 3⁄ 𝜎1 3⁄ 𝛼𝑏
2/3𝐶𝑆

−1 3⁄
       (A-3.4) 

The wet thickness in the SB regime decreases with increasing salt concentration.  Importantly, the 

wet thickness of both weak and strong polyelectrolyte brushes increases with increasing the degree 

of dissociation .  The border line between the OsB and SB regimes is determined by the external 

salt volume fraction 𝜑𝑆 ∝ 𝜎 ∙ (𝛼𝑏)1/2.   

The ionic strength in our experiments was kept at 0.05 M, which leads to the assumption that the 

brushes were in OsB regime with 𝜎 = 0.5 chains/nm2.  When swollen, the polymer chains lose 

their configurational entropy and are under the influence of a strong elastic force (𝑓𝑒𝑛𝑡𝑟𝑜𝑝𝑖𝑐): 
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𝑓𝑒𝑛𝑡𝑟𝑜𝑝𝑖𝑐 ∝
𝑘𝐵𝑇

𝑏
(1 −

𝐻

𝑁∙𝑏
)

−1

        (A-3.5) 

where 𝑘𝐵  and 𝑇 are Boltzmann constant and the absolute temperature, respectively.4  At weak 

stretching (𝐻 ≪ 𝑁 ∙ 𝑏), the elastic force is estimated from the Hook’s law.  When the brushes are 

strongly stretched (𝐻 ≤ 𝑁 ∙ 𝑏), the elastic force increases nonlinearly with increasing 𝐻. 

The swelling ratio, defined as the wet thickness normalized by the dry thickness, gives rise to the 

following relationships: 

𝐻𝑁𝐵

ℎ
∝ 𝑁0𝑏−4 3⁄ 𝜎−2 3⁄          (A-3.6) 

𝐻𝑂𝑠𝐵,𝑤𝑒𝑎𝑘

ℎ
∝ 𝑁0𝑏−5 3⁄ 𝜎−4 3⁄ [(

𝛼𝑏

1−𝛼𝑏
) (𝐶H+ + 𝐶𝑆)]

1 3⁄

     (A-3.7) 

𝐻𝑂𝑠𝐵,𝑠𝑡𝑟𝑜𝑛𝑔

ℎ
∝ 𝑁0𝑏−2𝜎−1𝛼𝑏

1/2        (A-3.8) 

𝐻𝑆𝐵

ℎ
∝ 𝑁0𝑏−7 3⁄ 𝜎−2 3⁄ 𝛼𝑏

2/3𝐶𝑆
−1 3⁄

                  (A-3.9) 

 

 

Figure A-3-1.  Dry thicknesses of PDMAEMA brushes measured at 100°C with (a) varying ATRP 

polymerization time and (b) gradually-degrafted initiator with various TBAF times following by 

the ATRP reaction for 120 min.  The images on the right of each plot depict the photographs of 

the actual samples. 

 

The samples featuring the molecular weight or grafting density gradients of PDMAEMA 

brushes were fabricated by a vertical stepwise dipping manor into an atom transfer radical 

polymerization (ATRP) solution or tetrabutylammonium fluoride (TBAF) solution, respectively.  

To form gradients in molecular weight, the tBMPUS deposited silicon substrate (1.4 cm x 4 cm) 

has been dipped vertically and stepwise into an ATRP solution every 7 mm for 35 minutes.  The 
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plot in Figure A-3-1a exhibits linearly increasing dry thicknesses with polymerization time.  Since 

the substrate has a constant grafting density along the gradient, the increasing dry thicknesses 

indicate increasing degree of polymerization.  This claim can be supported by swelling ratio values 

in Figure 4-3a.  To form a grafting density gradient of polymer brushes, the substrate featuring a 

homogeneous tBMPUS layer on a silicon substrate has been degrafted by vertically stepwise 

dipping into a 0.1M TBAF solution in dimethylacetamide at 50°C (7 mm dip each 3 min).5  During 

the incubation, the TBAF selectively cleaved siloxane bonds and removed the silanes on the 

substrate.6,7  The substrate was subsequently immersed into an ATRP solution for 120 minutes at 

room temperature to obtain grafting density gradient polymer brushes.  The decrease of dry 

thicknesses in Figure A-3-1b reflects decreasing grafting densities under the assumption that the 

molecular weight of all brushes remained the same along the substrate.   

 

 

Figure A-3-2.  FTIR-ATR spectra for different polymer brushes.  All polymer films have 

comparable dry thickness as ~100 nm and all spectra absorbance are normalized by the intensity 

of carbonyl peak, 1723 cm-1.  The protonated PDMAEMA (pPDMAEMA, red spectra) brushes 

are acquired after incubating pH 4 solution for 10 mins.   

 

Fourier-transform infrared spectroscopy (FTIR) spectra were collected in attenuated total 

reflection (ATR) mode with Ge crystal on a Nicolet 6700 spectrometer and analyzed with OMNIC 
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software.  All spectra were collected by performing 128 scans with 4 cm-1 resolution after ATR 

correction followed by manual baseline correction.  The spectra of pristine PDMAEMA brushes 

show 2770 and 2820 cm-1 signals which correspond to asymmetric and symmetric C-H stretching 

vibrations corresponding to -N(CH3)2, respectively.8  After 10 min incubation of PDMAEMA 

brushes in pH 4 solution, most repeat units are protonated and the characteristic C-H signals 

disappear.  A broad band around 3450 cm-1 in the protonated PDMAEMA (pPDMAEMA) is 

attributed to strong water sorption in addition to N-H stretching.  After rigorous rinsing of 

pPDMAEMA by methanol and deionized water, the protonation is suppressed and the IR spectrum 

is identical to that of the original PDMAEMA.  Quaternization with methyl iodide suppresses the 

C-H vibrations at 2770 and 2820 cm-1 in qPDMAEMA-DQ82.  The intensities of the 953 and 1477 

cm-1 signals noticeably increase, indicating N+-C stretching vibrations.9–11  The broad band appears 

at ~3500 cm-1, which is different from that in the qPDMAEMA spectra.  PMETAC shows very 

similar spectra to qPDMAEMA-DQ82 except for a slight shift of the broad peak at ~3420 cm-1.   

 

 

Figure A-3-3.  FTIR-ATR spectra for PMETAC brushes as prepared (top, dry thickness 101 nm) 

and after incubating for 2 days in pH 9 solution (bottom, dry thickness 47 nm). 

 

To support our claim that degrafting occurs at the initiator site, the FTIR-ATR spectra have 

been collected before and after degrafting of PMETAC brushes from the substrate.  After 2 days 
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of incubation, the dry thickness decreased from 101 nm to 47 nm.  If the repeat units of the 

polymers were hydrolyzed, the peak intensity of 953 and 1477 cm-1 would have reduced after 

degrafting.  Both IR spectra in Figure A-3-3 are nearly identical indicating that trans-esterification 

in the repeat units is negligible during the sample incubation. 
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Appendix A-4: Supplemental Information for Chapter 5 

A-4.1 Experimental Set-up and a Model of Micrometer-scale Gradients 

Micrometer-scale gradients are fabricated by exposing an initiator-deposited substrate to the UV 

light under a mask.  The gradient width is altered by adjusting the opening length, the lamp height 

above the sample, as well as the mask height above the substrate.  To adjust the opening length, 

an aluminum restrictor is installed, as shown in Figure A-4-1.  The aluminum restrictor allows the 

UV light to pass only through the opening length (2 cm or 10 cm in width) between the UV lamp 

and the mask. 

 

 
Figure A-4- 1.  Schematic of the experimental set up representing the lamp height and the opening 

length.  The ℎ(𝑦) indicates the mask height depending on the 𝑦 coordinate which is perpendicular 

to the plane of the figure. 

 

We developed a simple model to describe the properties of the gradient profiles.  The aim 

is to determine the intensity of UV light originating from a source above a substrate covered with 

BMPUS initiators that is partially covered by a mask.  The UV light will “deactivate” BMPUS 

initiators.  The degree of “deactivation” depends on the UV light dose.  The substrate and mask 

are parallel to the UV light source.  If the mask is in direct contact with the substrate, the light only 

reaches those portions of the substrate that are not covered by the mask.  By varying the mask 

height above the substrate, the light may progressively expose areas on the substrate beneath the 

mask.  Consider a system shown in Figure A-4-2.  The substrate and the light source are modeled 

as a series of discrete points with coordinates p(x,z) and q(x,z), respectively, where x is the 
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horizontal coordinate, and z is the vertical coordinate.  For substrate z=0 a.u. and for the light 

source z=6 a.u. (chosen arbitrarily).  In the given example x<0,50> (all integers). 

 

 

Figure A-4-2.  System set up indicting the position of the substrate, UV lamp, and mask.  Light 

originating from the lamp will contribute intensity on the substrate (magenta lines) as long as it 

does not cross the mask (grey lines).  An example is shown for a point on the substrate with 

coordinates [30,0]. 

 

The intensity of light reaching a given site on the substrate from the UV lamp depends on 

1) whether the connecting line reaches the substrate without intersecting the mask, and 2) the 

distance of the light source point from the site on the substrate.  Here we assume that for lines that 

span the light source and the substrate without intersecting the line: 

𝐼 = ∑ (𝛿𝑝−𝑞)
−250

0          (A-4.1) 

In Equation A-4.1, 𝛿𝑝−𝑞 is the length of the line defined by segments p(x,0) and q(x,6) that does 

not cross the mask (vide infra).  In this treatment, we assume that the intensity of light from a given 

source 1) scales as -2 power of the distance between the UV lamp and the substrate, and 2) all 

intensities arriving from all light source points are additive. 

Our task is to determine whether the line connecting two points (one on the substrate and 

one on the UV lamp) crosses the mask (in which case the UV lamp  “does not see the mask”) or 

connects the light source and the substrate (in which case the intensity of the light source counts).  

For the sake of simplicity in nomenclature, we have 2 points, P and Q, defined by coordinates 
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P[X1,Y1] and Q[X2,Y2].  The point P resides on the substrate, and the point Q is present on the 

UV lamp.  The equation connecting the two points assumes a linear form: 

𝑦 = 𝑎𝑥 + 𝑏          (A-4.2) 

where  

𝑎 =
𝑌2−𝑌1

𝑋2−𝑋1
          (A-4.3) 

After some algebra and using initial conditions, Equation A-4.2 becomes: 

𝑦 =
𝑌2−𝑌1

𝑋2−𝑋1
(𝑥 − 𝑋1) + 𝑌1        (A-4.4) 

Or alternatively: 

𝑥 =
𝑋2−𝑋1

𝑌2−𝑌1
(𝑦 − 𝑌1) + 𝑋1        (A-4.5) 

The length of the line connecting segments P and Q is given by: 

𝛿𝑃−𝑄 = [(𝑋2 − 𝑋1)2 + (𝑌2 − 𝑌1)2]0.5      (A-4.6) 

The end-point of the mask coordinates is given by [xmask,ymask].  In the calculations, we keep 

xmask=26 a.u. and vary ymask from 0.5 to 3 a.u.  Using Equation A-4.5, we obtain the boundary 

value of x (we call it xo) above which the P-Q line does not intersect the mask: 

𝑥𝑜 =
𝑋2−𝑋1

𝑌2−𝑌1
(𝑦𝑚𝑎𝑠𝑘 − 𝑌1) + 𝑋1       (A-4.7) 
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Figure A-4-3.  System set up indicting the position of the substrate, light source, and mask.  Light 

originating from the lamp will contribute intensity on the substrate (magenta lines) as long as it 

does not cross the mask (grey lines).  The mask is placed 1 a.u. above the substrate. 

 

Thus, if xoxmask, the line connects the P and Q points without crossing the mask and is used in 

calculating the overall intensity of the light, cf. Equations A-4.1 and A-4.6. 

The above process is repeated for all points and all lines.  The points are defined by segments 

p(0,0), p(1,0), p(2,0)…p(50,0), and q(0,6), q(1,6), q(2,6)…q(50,6), which generates a total of 

51x51=2601 lines.  The intensity of light close to the right boundary of the system has been 

adjusted to correct for the finite size of the system so that it retains the highest intensity calculated.  

The data in Figure A-4-3 show the system set up for the mask placed 1 a.u. above the sample 

substrate.  The corresponding light intensity is also plotted. 

In Figure 5-5f we plot the overall light intensity (normalized) of light impinging on the 

substrate as a function of the position on the substrate for six different vertical distances of the 

mask above the sample.  As expected, there is a gradient in light intensity, which broadens with 

increasing the mask height.  The slope of the gradient (see inset to Figure 5-5f) decreases with 

increasing the mask height.  
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Figure A-4-4.  Color value profiles of red, green, blue, and average of at 83 μm of the mask height 

and 2 cm of the opening length.  

 

 Figure A-4-4 plots the intensity of the red (R), green (G), and blue (B) channels collected 

from the image of PDMAEMA brushes gradient at 83 μm of the mask height and 2 cm of the 

opening length.  We also plot the average intensity for the RGB channels (black).  The trends in 

the data plotted show that R, G, and B channels follow the same pattern in intensity as the overall 

pixel intensity. 


