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Figure 3.7.    a) Emission spectra for 10 μM FITC with 1 to 10 μM RhB (black) 
and for 1 to 10 μM RhB only solutions (red) in methanol at pH 9 
with excitation at 460 nm. Arrows indicate the effect of increasing 
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Figure 3.8.      a) Emission  spectra for  1 μM  FITC  with  1 to 10 μM RhB (black) 
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and 593 () nm as a function of RhB concentration from 1 to 10 
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Figure 3.9.    a) Emission spectra for 10 μM FITC with 1 (black) to 10 (orange) 
μM RhB in methanol at pH 9 with excitation at 460 nm, corrected 
for direct excitation of RhB by simple subtraction. b) Fluorescence 
intensity of FITC/RhB mixtures at 525 (black) and 593 (red) nm as 
a function of RhB concentration from 1 to 10 μM. ..................... 95 

Figure 3.10.    Illustration of FITC attachment to APTMS-modified glass coverslip 
surfaces. Schematic does not represent the actual proportion of 
methyl- and amine-terminated silane molecules. ...................... 98 

Figure 3.11.  Emission  spectra  of surface-tethered  FITC in pure methanol 
(black), solution FITC in pure methanol (red), and solution FITC in 
methanol at pH 9 (blue.) Solution FITC emission spectra were 
collected under identical experimental condition as described in 
previous solution FRET experiments. Spectra of surface-bound 
FITC were collected via a spectral-TIRFM setup, with 100 ms 
exposure time. Details are provided in Chapter 2 of this 
Dissertation. .............................................................................. 99 

Figure 3.12.    FRET detection of APTMS-bound FITC and solution RhB. Spectra 
shown are FITC only (red), FITC in the presence of RhB solution 
(black), RhB only solution (blue), and glass coverslip background 
(green). All spectra were collected under identical conditions with 
100 ms exposure time for each. .............................................. 101 

Figure 3.13.  a) Filter  profiles  for excitation (488 nm peak/10 nm bandpass, 
blue) and emission (525 nm peak/50 nm bandpass, black and 593 
nm peak/40 nm bandpass, pink.) b) FITC excitation (blue) and 
emission (black) spectra and RhB excitation (red) and emission 
(pink) spectra. ......................................................................... 103 

Figure 3.14. UV-VIS ATR spectrum from APTMS-bound FITC at a surface 
coverage of ~6 x 10-12 molecules/cm2. Surface prepared from a 
solution of 2% APTMS and 98% PTMS. ................................. 105 
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Figure 3.15.  Synthetic scheme for formation of pNIPAM polymer brushes on 
NH2-terminated propylsilane/silica substrates. ........................ 108 

Figure 3.16.    IR spectrum of a surface-tethered pNIPAM film is shown in purple. 
Spectrum of 3-aminopropyltrimethoxysilane modified surface is 
shown in red for comparison. .................................................. 111 

Figure 3.17.   XPS spectra from bare Si (black), APTMS-modified (blue), BIBB-
modified (green), and pNIPAM-modified (red) surfaces in energy 
regions containing a) Br 3d , b) Si 2p, c) N 1s,  and d) C 1s signals. 
Data are presented in dashed dots, corresponding solid traces are 
envelope from fits. Yellow and cyan peaks under envelopes are 
actual fits to the experimental data. Fits of C 1s peak on XPS 
spectra of e) bare Si, f) APTMS-modified, g) BIBB-modified, and 
h) pNIPAM-modified surfaces. Experimental data are presented in 
black dashed dots; red solid traces are envelope from fits; blue 
solid traces are residuals from fits; green, yellow, cyan and purple 
peaks under envelopes are actual fits to the experimental 
data. ........................................................................................ 114 

Figure 3.18. MALDI-TOF analysis of pNIPAM brushes fabricated on BIBB-
modified surfaces for average molecular weight (MW) 
determination. ......................................................................... 118 

Figure 3.19.  a) TIRF image of background fluorescence from BIBB-modified 
surface. b) TIRF image of background fluorescence from pNIPAM-
modified surface. c) TIRF image FITC-modified pNIPAM surface. 
d) TIRF image of FITC-modified BIBB surface. e) TIRF image of 
FITC-modified APTMS surface.  Images taken using 488 nm 
excitation while monitoring emission at 525 ± 25nm using 100 ms 
exposure times. Intensities are in arbitrary intensity units. ...... 119 

Figure 3.20.  Soft-contact  mode  AFM  images  of pNIPAM surfaces. a) Dry 
pNIPAM film in air, hdry = 111 ± 6 nm, and b) pNIPAM in pure 
methanol, h = 225 ± 15 nm...................................................... 124 

Figure 3.21.  a) An illustration of Taylor-Aris dispersion of solute molecules in 
laminar flow conditions. When solute molecules are introduced 
with laminar flow, the concentration distribution of the solute will 
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smear out in the direction of flow due to both parabolic flow front 
(indicated by blue curve) and fast molecular diffusion of the solute 
(indicated by the red arrows). b) Flow distribution in a high aspect 
ratio rectangular laminar flow cell. Blue curve and arrows 
represent the laminar flow profile. Our reference frame is chosen 
such that x increases in the direction of flow (from left to right), y 
increases across the channel, and z points vertically from the 
bottom to the top of the channel. ............................................. 127 

Figure 3.22. Pictorial illustration of the coupled Taylor-Aris-Fickian diffusion 
model. Sampling position indicated in red is located at the bottom 
of polymer film, 82 × 82 μm2.................................................... 131 

Figure 3.23.    An example of the spreadsheet used for finite difference numerical 
solution to the Taylor-Aris-Fickian model. Here dt is 0.01 s, dz is 5 
nm; therefore, the spreadsheet typically contains 60,000 rows and 
44 columns. C = CT refers to the Taylor-Aris dispersion eqn (3-14). 
Application of finite difference method in the calculation of 
concentration at any z position at time t, except for z = 0, using 
eqn (3-24). This process starts with the first row, dt, then the 
second row 2dt, until the last row, row 60,000. Note that at z = 0, 
the concentration at time t is calculated with eqn (3-25); see the 
following figure for explanation. ............................................... 135 

Figure 3.24.   a) Raw data of FITC quenching curves by 20 μM RhB at different 
flow rates in methanol. Dark purple curve represents FITC 
quenching solely by photobleaching. From right to left, curves 
collected with flow rates 100, 200, 300, 400, 500, 800, 1,000, 
2,000 and 3,000 μL/min are in grey, orange, green, blue, cyan, 
magenta, yellow, dark yellow, and navy, respectively. b) 
Quenching curves are corrected for photobleaching by subtraction 
of the dark purple curve. c) Curves inverted and normalized to 
obtain breakthrough curves for fitting to Taylor-Aris theory; solid 
black curves are corresponding fits. Inset shows zoom of high flow 
rates curves. All experimental data acquired at 100 ms 
increments. .............................................................................. 142 
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composition. b) Dependence of average root-mean-square radius 
of gyration Rg, and average hydrodynamic radius, Rh, of pNIPAM 
at 20 °C as a function of solvent composition. For χmethanol values 
between 17% and 40%, methanol-water mixtures are poor 
solvents for pNIPAM. For χmethanol values of 13% and 43%, 
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Figure 4.4. Representative breakthrough curves for FITC fluorescence 
quenching by FRET from RhB in solvents of different quality. a) 
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Figure 4.5.     Apparent diffusion coefficients as a function of applied flow rate in 
solvents of different quality. Poor solvents, 31 mol% MeOH/H2O 
(black triangles) and 20 mol% MeOH/H2O (green triangles); theta 
solvent, 13 mol% MeOH/H2O (blue circles); and good solvent, 
100% MeOH (red squares). Error bars represent standard 
deviations of measurements conducted on three independently-
prepared FITC-modified pNIPAM surfaces under each solvent 
condition. ................................................................................. 165 

Figure 4.6.      Fraction of film not penetrated by flow field as a function of applied 
flow rate in solvents of different quality. Poor solvents, 31 mol% 
MeOH/H2O (black triangles) and 20 mol% MeOH/H2O (green 
triangles); theta solvent, 13 mol% MeOH/H2O (blue circles); and 
good solvent, 100% MeOH (red squares). Error bars represent 
standard deviations of measurements conducted on three 
independently-prepared FITC-modified pNIPAM surfaces under 
each solvent condition. ............................................................ 168 

Figure 4.7.    Best-fit segment volume fraction profiles of grafted PNIPAM film 
sample in D2O at 20°C (good solvent) after heating to 41 °C (poor 
solvent), and then upon cooling to 34 °C (- -), 31 °C (…..), 28 °C 
(-), and 26 °C (-.-).1 (Used with permission of the publisher.) .. 169 

Figure 5.1.   Modified  reaction  scheme  for  preparation  of FITC-modified 
pNIPAM brush films of different grafting densities. .................. 175 

Figure 5.2.    AFM  images  from  high-density  pNIPAM  films  in  solvents of 
different quality. a) Dry surface in air, and films in b) 31 mol% 
MeOH/H2O, c) 20 mol%  MeOH/H2O, d) 13 mol% MeOH/H2O, and  
e) 100% methanol. .................................................................. 178 

Figure 5.3.   AFM images from medium-density pNIPAM films in solvents of 
different quality. a) Dry surface in air, and films in b) 31 mol% 
MeOH/H2O, c) 20 mol%  MeOH/H2O, d) 13 mol% MeOH/H2O, and  
e) 100% methanol. .................................................................. 179 

Figure 5.4.      AFM images from low-density pNIPAM films in solvents of different 
quality. a) Dry surface in air, and films in b) 31 mol% MeOH/H2O, 

file:///E:/dissertation062515/Huan/Huan%20draft%20dissertation%20V3/Huan%20Wang%20full%20dissertation%20%20FINAL.docx%23_Toc424557741
file:///E:/dissertation062515/Huan/Huan%20draft%20dissertation%20V3/Huan%20Wang%20full%20dissertation%20%20FINAL.docx%23_Toc424557741
file:///E:/dissertation062515/Huan/Huan%20draft%20dissertation%20V3/Huan%20Wang%20full%20dissertation%20%20FINAL.docx%23_Toc424557741
file:///E:/dissertation062515/Huan/Huan%20draft%20dissertation%20V3/Huan%20Wang%20full%20dissertation%20%20FINAL.docx%23_Toc424557741
file:///E:/dissertation062515/Huan/Huan%20draft%20dissertation%20V3/Huan%20Wang%20full%20dissertation%20%20FINAL.docx%23_Toc424557741
file:///E:/dissertation062515/Huan/Huan%20draft%20dissertation%20V3/Huan%20Wang%20full%20dissertation%20%20FINAL.docx%23_Toc424557741
file:///E:/dissertation062515/Huan/Huan%20draft%20dissertation%20V3/Huan%20Wang%20full%20dissertation%20%20FINAL.docx%23_Toc424557741
file:///E:/dissertation062515/Huan/Huan%20draft%20dissertation%20V3/Huan%20Wang%20full%20dissertation%20%20FINAL.docx%23_Toc424557741
file:///E:/dissertation062515/Huan/Huan%20draft%20dissertation%20V3/Huan%20Wang%20full%20dissertation%20%20FINAL.docx%23_Toc424557742
file:///E:/dissertation062515/Huan/Huan%20draft%20dissertation%20V3/Huan%20Wang%20full%20dissertation%20%20FINAL.docx%23_Toc424557742
file:///E:/dissertation062515/Huan/Huan%20draft%20dissertation%20V3/Huan%20Wang%20full%20dissertation%20%20FINAL.docx%23_Toc424557742
file:///E:/dissertation062515/Huan/Huan%20draft%20dissertation%20V3/Huan%20Wang%20full%20dissertation%20%20FINAL.docx%23_Toc424557742
file:///E:/dissertation062515/Huan/Huan%20draft%20dissertation%20V3/Huan%20Wang%20full%20dissertation%20%20FINAL.docx%23_Toc424557742
file:///E:/dissertation062515/Huan/Huan%20draft%20dissertation%20V3/Huan%20Wang%20full%20dissertation%20%20FINAL.docx%23_Toc424557742
file:///E:/dissertation062515/Huan/Huan%20draft%20dissertation%20V3/Huan%20Wang%20full%20dissertation%20%20FINAL.docx%23_Toc424557742
file:///E:/dissertation062515/Huan/Huan%20draft%20dissertation%20V3/Huan%20Wang%20full%20dissertation%20%20FINAL.docx%23_Toc424557742
file:///E:/dissertation062515/Huan/Huan%20draft%20dissertation%20V3/Huan%20Wang%20full%20dissertation%20%20FINAL.docx%23_Toc424557743
file:///E:/dissertation062515/Huan/Huan%20draft%20dissertation%20V3/Huan%20Wang%20full%20dissertation%20%20FINAL.docx%23_Toc424557743
file:///E:/dissertation062515/Huan/Huan%20draft%20dissertation%20V3/Huan%20Wang%20full%20dissertation%20%20FINAL.docx%23_Toc424557743
file:///E:/dissertation062515/Huan/Huan%20draft%20dissertation%20V3/Huan%20Wang%20full%20dissertation%20%20FINAL.docx%23_Toc424557743
file:///E:/dissertation062515/Huan/Huan%20draft%20dissertation%20V3/Huan%20Wang%20full%20dissertation%20%20FINAL.docx%23_Toc424557744
file:///E:/dissertation062515/Huan/Huan%20draft%20dissertation%20V3/Huan%20Wang%20full%20dissertation%20%20FINAL.docx%23_Toc424557744
file:///E:/dissertation062515/Huan/Huan%20draft%20dissertation%20V3/Huan%20Wang%20full%20dissertation%20%20FINAL.docx%23_Toc424557745
file:///E:/dissertation062515/Huan/Huan%20draft%20dissertation%20V3/Huan%20Wang%20full%20dissertation%20%20FINAL.docx%23_Toc424557745
file:///E:/dissertation062515/Huan/Huan%20draft%20dissertation%20V3/Huan%20Wang%20full%20dissertation%20%20FINAL.docx%23_Toc424557745
file:///E:/dissertation062515/Huan/Huan%20draft%20dissertation%20V3/Huan%20Wang%20full%20dissertation%20%20FINAL.docx%23_Toc424557745
file:///E:/dissertation062515/Huan/Huan%20draft%20dissertation%20V3/Huan%20Wang%20full%20dissertation%20%20FINAL.docx%23_Toc424557746
file:///E:/dissertation062515/Huan/Huan%20draft%20dissertation%20V3/Huan%20Wang%20full%20dissertation%20%20FINAL.docx%23_Toc424557746
file:///E:/dissertation062515/Huan/Huan%20draft%20dissertation%20V3/Huan%20Wang%20full%20dissertation%20%20FINAL.docx%23_Toc424557746
file:///E:/dissertation062515/Huan/Huan%20draft%20dissertation%20V3/Huan%20Wang%20full%20dissertation%20%20FINAL.docx%23_Toc424557746
file:///E:/dissertation062515/Huan/Huan%20draft%20dissertation%20V3/Huan%20Wang%20full%20dissertation%20%20FINAL.docx%23_Toc424557747
file:///E:/dissertation062515/Huan/Huan%20draft%20dissertation%20V3/Huan%20Wang%20full%20dissertation%20%20FINAL.docx%23_Toc424557747


18 
 

c) 20 mol%  MeOH/H2O, d) 13 mol% MeOH/H2O, and  e) 100% 
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ABSTRACT 

Tethered polymer layers at solid-fluid interfaces are used widely in a variety 

of surface science applications. Although many of these applications require 

exposure to dynamic flow conditions, flow field penetration into densely grafted 

polymer brushes, is still a question open to debate despite the fact that it is a 

fundamental process crucial to mass transport through these polymer films. 

Although most theoretical work has indicated flow field penetration into polymer 

films, with varying predicted penetration depths predicted, the limited experimental 

attempts to investigate this phenomenon have resulted in inconsistent conclusions 

due to lack of a proper analytical method. To help resolve this controversy, in this 

Dissertation, a new spectroscopic method, FRET-TIRFM, based on a combination 

of Förster resonance energy transfer (FRET) and total internal reflectance 

fluorescence microscopy (TIRFM), is developed to provide the first direct, 

quantitative measurements on flow field penetration by measuring linear diffusion 

coefficients of small molecules through densely grafted, thin poly(N-isopropylacryl-

amide) (pNIPAM) films. Decay curves from FRET of the acceptor with a donor 

covalently attached at the substrate surface were fit to a combined Taylor-Aris-

Fickian diffusion model to obtain apparent linear diffusion coefficients of the 

acceptor molecules for different flow rates. These values can then be used to 

obtain quantitative estimates of flow field penetration depths. For a pNIPAM 

surface of 110 nm dry thickness, with a 0.6 chain/nm2 grafting density, apparent 

diffusion coefficients ranging from 1.9-9.1 × 10-12 cm2/s were observed for flow 
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rates ranging from 100 to 3000 µL/min. This increase in apparent diffusion 

coefficient with applied fluid flow rate is indicative of flow field penetration of the 

polymer film. The depth of penetration of the flow field is estimated to range from 

~6% of the polymer film thickness to ~57% of the film thickness in going from 100 

to 3000 µL/min flow rate of a good solvent.  

Factors other than flow rate that may impact flow field penetration were also 

investigated using this new FRET-TIRFM method. Solvent quality and polymer 

brush grafting density are the two most important parameters due to the fact that 

they influence changes in tethered polymer chain conformation. This work 

demonstrates that polymer films are most penetrable in a good solvent and least 

penetrable in a poor solvent under identical flow conditions. These findings are 

consistent with polymer chain conformational changes going from extended 

brushes to compact globules. For flow rates ranging from 100 to 3000 µL/min, flow 

field penetration depth ranges from ~6% of the film thickness to ~57% of film 

thickness for a good solvent compared to ~4% to ~19% for a poor solvent. Thus, 

by simply changing solvent quality from good to poor, flow field penetration 

decreases by about 38%. 

Grafting density has a less pronounced effect than solvent quality on 

penetration depth, probably due to the small range of grafting densities chosen for 

study. However, a roughly 10-20% difference in penetration depth was observed 

between high density (0.60 chain/nm2) and low density (0.27 chain/nm2) pNIPAM 

surfaces in the same solvent. Changes in grafting density have a less significant 
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impact in a good solvent compared to a poor solvent. This is most likely caused by 

the fact that grafting density impacts polymer chain conformation mainly through 

polymer-polymer repulsion, which becomes less significant in a solvent that better 

solvates the polymer. For the two extreme cases studied here at flow rates ranging 

from 100 to 3000 µL/min, the penetration depth is estimated to range from ~4-19% 

of the original solvent-swollen film thickness for high density pNIPAM films in a 

poor solvent and from ~7-67% for low density films in a good solvent. 

One important assumption that underlies all of this work is that the dominant 

mass transport mechanism for small molecules in dense polymer brushes is 

diffusion. This assumption was further validated through the use of two different 

small molecule quenchers, RhB and 2-nitrobenzylalcohol. These molecules are 

significantly different in size, charge, and structure, and operate by different 

quenching mechanisms. Despite these differences, the results for flow field 

penetration are statistically the same for both. These observations validate the 

assumption of diffusive mass transport in these films. 
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CHAPTER 1  INTRODUCTION 

1.1 Background and definition of problem 

1.1.1 Polymer and tethered polymer surface 

Polymers are macromolecules created by polymerization of small 

molecules, known as monomers, under certain desirable conditions.  They range 

from natural biopolymers such as DNA, protein, natural rubber, wool, and silk, to 

widely used synthetic plastics such as polystyrene, polyvinyl chloride, 

polyethylene, polydimethylsiloxane, etc. Both synthetic and natural polymers play 

an essential role in daily life due to their broad range of unique properties differing 

from small molecules. In science-related applications, polymer films are widely 

used for antifouling7,8, lubrication9,10, colloidal stabilization11, sensing and smart 

gate control12,13, separation science14,15, energy storage16, etc. Therefore, the 

properties of polymer films at solid-fluid interfaces have drawn great interest from 

researchers. 

Polymer chains tethered to a two-dimensional solid substrate offer a unique 

model system to study the properties of polymers at solid-fluid interfaces. Polymer 

chains are tethered to solid substrates mainly by two means, “grafting to” and 

“grafting from”, as shown in Figure 1.1.17 A “grafting to” method is to end-

functionalize polymer chains so that they can react with corresponding reactive 

groups that are previously anchored on a solid substrate. Functional groups used 
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Figure 1.1.  Pictorial depiction of “grafting to” and “grafting from” methods. 
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should be readily reactive under mild conditions with a relatively high conversion 

yield. Depending on the specific solid substrate onto which the polymer chains are 

grafted, different functional groups are preferred. For gold and silica, the two most 

commonly used solid substrates, self-assembled monolayers are a good choice 

for polymers that can be end-functionalized with either thiol or silane groups. For 

others, there is also other reaction chemistry available, among which “click 

chemistry” between azide-alkyne18,19 and thiol-alkyne20 moieties, or reactions 

between epoxy-carboxy21, epoxy-amino22, and carboxy-amino groups,23 are most 

often employed. This method can be applied to a wide range of polymers whose 

end groups can be selectively functionalized.  

One major limitation of the “grafting to” method is that the high end of 

polymer surface grafting density is determined by the size of polymer chain, known 

as the radius of gyration Rg, thereby leading to tethered films of much lower density 

compared to those prepared via a “grafting from” method. A “grafting from” method 

is achieved via in situ polymerization from surface bound initiators under an 

appropriate conditions. The grafting density of the polymer can be controlled by 

varying initiator density on the solid substrate, concentration of monomer in 

solution, ratio of catalyst to monomer, etc.24 

Conformation of a tethered polymer chain is determined by several factors, 

mainly segment-segment interactions, segment-solvent interactions, chain-

substrate interactions and chain grafting density. For a polymer chain in a given 

medium, the last two factors dominate. A tethered polymer chain will exhibit a 
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“pancake” conformation if the side chain adsorbs strongly at the solid substrate. 

For a polymer chain whose side chain does not have strong interactions with 

substrate, then conformation is mainly determined by neighboring chain separation 

distance, s, relative to the radius of gyration, Rg, in the given medium. For s > Rg 

in which no repulsive interactions occur between neighboring chains, individual 

tethered polymer chains retain the same conformations as free chains and exhibit 

“mushroom-like” structure. For s ≤ Rg, repulsive interactions occur from 

entanglement between neighboring chains which force the polymer chains to 

extend away from the solid substrate, resulting in a “brush-like” conformation. 

Neighboring chain separation distance is a function of grafting density () 

according to 

 s = (1/σ)1/2 1-1 

Thus, tethered polymer chain conformation is determined by chain grafting density. 

One should note that here we refer only to polymer chains that have a single 

tethering point to the solid surface; cases in which multiple tethering points exist 

within a chain are excluded. For the latter case, tethered polymer conformation is 

affected by many other factors, and conformations besides “brush-like” and 

“mushroom-like” can be created (e.g. polymer “loop” 25,26.) In this Dissertation, a 

dense, polymer brush surface was used at the solid-fluid interface as a model 

system to study polymer dynamics in fluid flow. 
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1.1.2 Polymer “brush” behavior under equilibrium conditions 

A general understanding of the equilibrium properties of tethered polymers 

at the solid-fluid interface has been achieved through intensive investigations over 

decades. When exposed to solvent, the conformation of a tethered polymer chain 

is governed by the competition between two opposing tendencies: one, the elastic 

contraction of the polymer as the chains attempt to maximize their entropy by 

adopting random walk configurations, and two, the exclusion volume effect related 

to solvent-polymer, solvent-solvent and polymer-polymer interactions. The radius 

of gyration, Rg, is often used to describe the size of a free polymer chain in a given 

medium; it is a function of the number of structural units, N, and solvent quality. Rg 

scales as N3/5a in a good solvent, as N1/2a in a theta solvent, and as N1/3a in a poor 

solvent, with a being the monomer persistence length. Polymer brushes are 

formed when tethered polymer chains are forced to stretch away from the solid 

substrate to minimize interchain repulsion and maximize interactions with solvent 

molecules. The swelling thickness of a polymer brush, h, in different solvents is a 

function of the number of polymer structural units, N, the chain grafting density, σ, 

and solvent quality, ν. Generally, h ~ Nσν, where ν equals ⅓, ½, or 1, for good, 

theta and poor solvents, respectively.17 

1.1.3 Polymer “brush” behavior under non-equilibrium conditions 

When external forces such as fluid flow, electric field, or magnetic field are 

exerted on polymer brushes at the solid-fluid interface, the equilibrium condition of 



31 
 

the polymer system may break down due to the response of the brushes to these 

external forces. Laminar fluid flow is one of the most commonly used external 

forces in many tethered polymer applications. For instance, in microfluidic devices 

in which poly(dimethylsiloxane) (PDMS) is widely used as the fluid channel 

material, and in open-tubular capillary electrochromatography in which different 

polymer brushes are used as stationary phases, laminar flow and electro-osmotic 

flow are often employed to achieve separation.27 Polymer dynamics under such 

non-equilibrium conditions are still largely unclear despite intensive research 

efforts that have been undertaken in the past decade. 

1.1.4 Flow field penetration into polymer surfaces 

One important question that remains unanswered is whether an external 

flow field will penetrate into the polymer brushes, thereby affecting mass transport 

processes in these brushes. Mass transport is a critical, fundamental process that 

plays a key role in understanding the performance of such systems in which both 

polymer brush and dynamic flow are involved, such as in the achievement of 

separation in PDMS microfluidic channels, for example. If the fluid flow field 

penetrates into the polymer surface, then the dynamic interactions of fluid flow and 

the polymer surface will affect both lateral mobility and vertical diffusion of 

analytes, ultimately decreasing the separation efficiency and effectiveness. A 

pictorial depiction of flow field penetration is shown in Figure 1.2. Flow field 

penetration is dependent on the properties of both the fluid flow and the underlying 
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polymer surface. In the work described in this Dissertation, only simple shear fluid 

flow on grafted polymer brush surfaces is considered.  

Simple fluids refer to incompressible, Newtonian fluids which include most 

of the common fluids such as water, methanol and many small molecule organic 

solvents. The viscosity of a Newtonian fluid is a constant and independent of 

external forces. Shear flow is a flow induced by a force gradient in a fluid body and 

has a constant velocity gradient in the direction normal to the flow direction. Shear 

flow exhibits a parabolic flow velocity profile in which the flow velocity maximizes 

at the center of the flow, gradually diminishing towards the solid boundary and 

eventually reaching zero at the interface of the fluid and the solid substrate. Shear 

flow can be created using several geometries: (1) steady laminar flow between 

fixed parallel plates, (2) Couette flow, in which one plate is moving and the other 

is fixed, and (3) steady laminar flow in circular tubes.  

Typically, a “no-slip” boundary condition (Figure 1.2a) is considered for 

simple fluid shear flow past a smooth (roughness is about sub-nanometers) solid 

substrate; in other words, the flow velocity stops at the fluid-solid interface. 28 

However, for rougher, softer surfaces, the flow may not stop right at the interface 

when the flow exceeds a critical velocity. Densely grafted polymer brush surfaces 

are one of these types of surfaces and are, therefore, more susceptible to external 

flow. As a consequence of this, the properties of the polymer brushes, including 

swelling thickness and wettability, may change as a result of flow field penetration,
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Figure 1.2.  Illustration of flow field penetration into polymer brushes. a) no flow field penetration for conditions 
in which the underlying polymer surface is “solid-like”; b) a depiction of flow field penetration in which dp is defined 
as the penetration depth. 
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and mass transport processes in the brushes may be perturbed as well. As shown 

in Figure 1.2b, dp is defined as the flow field penetration depth, which is the 

distance from the top of the brush layer to the depth at which the flow stops. The 

quantity (dp/h) x 100% is the percent flow field penetration depth, a normalized 

value that can be used to compare different polymer brush systems under various 

flow conditions.  

1.2 Current research on flow field penetration into polymer brushes 

Despite over a decade of study, a definitive description of this flow field 

penetration phenomenon has not been achieved, although most theoretical work 

suggests that the flow field should penetrate into densely grafted polymer films 

under “good” solvent conditions. Theoretical predictions of flow field penetration 

depth vary from 40-100% of the polymer film equilibrium thickness as shown in 

Figure 1.3 3-6,29. The differences in these predictions come from several aspects of 

the systems being considered. First, penetration depth depends largely on surface 

grafting density of the polymer, σ, which is hard to compare between systems used 

in the theoretical studies, especially between work done by different methods. 

Therefore, the calculated critical velocity above which flow field penetration occurs 

is equally hard to compare. Secondly, interactions between solvent-polymer, 

solvent-solvent, polymer-polymer were taken into account only incompletely in 

most of the predictions for simplicity. Thirdly, due to computational limitations, only 

short polymer chains with N < 100 were generally simulated, instead of longer 
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Figure 1.3. Different predictions of fractional flow field penetration in polymer brushes. The black, blue and red lines 
are re-plotted predictions from Milner,2 and Grest,3; Lai,4 and Harden5; and Suo6, respectively. The solid lines are 
the velocity profiles in the polymer brushes, and the dotted lines are the extrapolated velocity profiles used to define 
flow field penetration, dp. 
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chains with N > 1000 as occurs for commonly used synthetic polymers. 

In contrast, the results obtained from limited experimental efforts to 

address this question are inconsistent. Of these limited attempts, measurements 

have most often been made on brush height change, which only indirectly 

addresses the question of flow field penetration. In one study, Klein et al.30 

observed using surface force measurements that polymer brush swelling occurs 

when an applied oscillatory shear force exceeds some critical value. This result 

matches certain theoretical predictions that polymer brush thickness increases at 

high shear rates. 5,31,32  However, Ivkov et al.33 observed no change in overall brush 

thickness or chain density distribution under laminar flow using neutron reflectivity 

with shear rates up to 130,000 s-1 (which exceeds the critical value reported by 

Klein). These results from neutron reflectivity are also consistent with certain 

theoretical predictions,3,4,34,35 but contradict other studies that predict a substantial 

decrease of polymer thickness under high shear conditions.6,36 These 

discrepancies might be partially ascribed to differences in the use of steady versus 

oscillatory shear, 37 but this difference cannot explain these completely 

contradictory conclusions. It must be noted that neither chain density distribution 

changes nor polymer brush height changes are prerequisites for flow field 

penetration, although they are sufficient conditions for flow field penetration.  

Another study worth mentioning is that of Doyle38 et al. who observed 

dsDNA molecules uncoil and extend in the direction of the shear under relatively 

low shear flow rates. The fractional extension was found to be directly proportional 
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to shear flow rate. This observation was considered to be the first evidence of flow 

field effects on the dynamics of tethered single polymer chains. However, it was 

found that the same fluorescence method used in these dsDNA studies could not 

be readily applied to more complicated brush systems, because of the difficulty in 

distinguishing the fluorescent signal of individual polymers in dense, strongly 

entangled polymer layers, and because of self-quenching of the fluorescence at 

such high concentrations. Thus, a new method that can provide a direct, 

quantitative measure of flow field penetration in polymer films is sorely needed to 

fully resolve this controversy. 

1.3 Methods for determination of small molecule diffusion coefficients in 

polymers 

Fluorescence techniques are routinely used for determination of small 

molecule diffusion coefficients in surface tethered polymer films. The most 

common methods are fluorescence correlation spectroscopy (FCS)39-41 and single 

molecule tracking used with confocal or TIRF microscopy (SMT).42,43 Diffusion 

coefficients obtained by these methods are values averaged over the 3-D sampling 

volume, including the direction normal to the substrate. Such averaging may be an 

inherent limitation for observing any diffusion coefficient changes caused by flow 

field penetration, even when used with TIRF. As indicated by numerous theoretical 

studies,4,29,44,45 the flow field most likely penetrates from the top of the polymer 

brush to a finite depth (tens of nm), whereas the TIRF evanescent wave penetrates 

~100 nm from the bottom of the polymer brush and decays exponentially away 



38 
 

from the substrate surface. Moreover, both FCS and SMT require accurate 

modeling and intensive statistical analysis, while accurately modeling flow inside a 

polymer film is a challenging problem itself.  

Besides fluorescence-based methods, electrochemical impedance 

spectroscopy has also been used to measure small molecule diffusion in surface 

tethered polymer films,46 although requirements for conductive substrates and 

redox probes restrict broad application of this approach. Moreover, diffusion 

coefficients are measured indirectly by fitting measured electrical properties of the 

polymer film to a physical model, and thus, good data interpretation relies on the 

choice of an appropriate model. In addition, pinholes or film defects in the modified 

conductive surface can serve as undesirable conduction paths; their presence can 

greatly impact data interpretation. 

1.4 FRET-TIRFM method 

In this Dissertation, a new spectroscopic method, FRET-TIRFM, based on 

a combination of Förster resonance energy transfer (FRET) and total internal 

reflectance fluorescence microscopy (TIRFM), is developed. This method enables 

the real-time monitoring of small molecule mass transport in thin, nanoscale 

polymer films, and subsequently, the quantitative measurement of apparent linear 

diffusion coefficients of small molecules in these films under dynamic flow 

conditions. The premise that underlies this approach is that mass transport 

processes in polymer films should be unaffected by external flow if the flow field 
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does not penetrate the polymer film. Otherwise, changes in measured diffusion 

coefficient as a function of applied flow rate will suffice as direct evidence for flow 

field penetration. 

1.4.1 The FRET phenomenon  

Förster resonance energy transfer (FRET) occurs between two light 

sensitive molecules, donor and acceptor. Excited donor molecules can transfer 

energy to the acceptor molecule when they are in close proximity if the donor 

emission spectrum has extended overlap with the acceptor absorption spectrum. 

The Förster radius, Ro, is defined as the separation distance at which 50% of the 

energy of the donor is transferred to the acceptor. This value is typically 5-8 nm, 

depending on spectral overlap, relative orientation of donor and acceptor 

molecules, and the refractive index of the medium. The efficiency of energy 

transfer is inversely proportional to the sixth power of the donor-acceptor distance, 

R, shown in Equation 1.2. FRET commonly occurs when the donor-acceptor 

separation distance is < (1.5 Ro); as a result, FRET is often employed as a 

“molecular ruler”. 
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A Jablonski diagram shown in Figure 1.4 illustrates the mechanism of FRET. 

A donor molecule is first excited by a photon, and then relaxes to the lowest excited 

singlet state, S1. When the excited electron returns to the ground state, S0, the 
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energy released may simultaneously excite the acceptor molecule, if an acceptor 

is in close proximity to the donor. This non-radiative process is referred as 

“resonance”. After excitation, the acceptor molecule will emit a photon and return 

to the ground state if no other quenching process exists.  

An example of a FRET spectrum is shown in Figure 1.5. The emission 

spectra of donor molecules only and acceptor molecules only are shown for 

comparison. Ideally, only the donor molecule is excited with a light source 

matching its excitation maximum; however, practically, due to spectral overlap, 

acceptor molecules may be slightly excited as well. This is why, in Figure 1.4, an 

emission peak also shows up in the acceptor only spectrum. When FRET occurs, 

donor emission greatly decreases while acceptor emission increases. Common 

FRET pairs include fluorescein isothiocyanate (FITC)/ rhodamine B (RhB), Alexa 

488/Alex 546, and quantum dots. 

1.4.2 TIRFM  

Total internal reflectance fluorescence microscopy, TIRFM is a widely used 

surface sensitive spectroscopic technique in which signal is selectively enhanced 

in the near-surface regime, typically within the distance of ½ λincident, due to 

penetration of an evanescent wave being established at the specimen/substrate 

interface.
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Figure 1.4.  Jablonski diagram describing FRET. 
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Figure 1.5.  General fluorescence spectra associated with FRET. Green is the emission spectrum of the donor 
molecule in the absence of acceptor, pink is the emission spectrum of the acceptor molecule with no donor molecule 
present, and blue is the spectrum with both donor and acceptor present in solution. 
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With a combination of FRET and TIRFM, signals within ~10 nm of the 

surface can be selectively observed and quantitatively measured; therefore, 

successfully monitoring small molecule mass transport through thin polymer films 

under dynamic flow can be achieved. 

1.4.3 The FRET-TIRFM method for measuring small molecule diffusion 

coefficients in thin polymer films 

The experimental design of FRET-TIRFM is as follows.  FRET donor 

molecules are covalently attached to a transparent glass substrate which is 

subsequently modified with polymer brushes.  These modified glass substrates are 

then used in a laminar flow cell for imaging. FRET acceptor molecules are used as 

tracer molecules mixed with solvent laminar flow and introduced to the flow cell by 

a syringe pump. Either a rising curve of acceptor fluorescence or the decay curve 

of the donor fluorescence intensity as a function of time can be obtained. These 

are called breakthrough curves. A schematic depiction of the experimental design 

is shown in Figure 1.6.  

By obtaining breakthrough curves of tracer molecules in solvent-swollen 

polymer films under laminar flow of varying flow rates, an apparent diffusion 

coefficient can be obtained by fitting to a theoretical model which combines both 

the expected Taylor-Aris dispersion behavior in the flow cell and Fickian diffusion, 

with the assumption that Fickian diffusion is the dominant mass transport of the 

tracer in the polymer film.40 
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Figure 1.6.  Schematic depiction of the experimental design of the FRET-TIRFM method. 
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1.5 Research objectives 

This research aims to directly observe and quantify flow field penetration in 

densely grafted polymer brushes in order to provide solid experimental evidence 

to help fully resolve the controversy on this topic which has existed for years. In 

addition, factors that may impact flow field penetration are included in the study for 

a better general understanding of the phenomenon.  

Specific goals of this effort are as follows: 

1) Develop a new spectroscopic method, FRET-TIRFM, as well as the 

corresponding theoretical model for data interpretation, to measure 

apparent diffusion coefficients of small molecules into densely grafted 

polymer surfaces under laminar flow of varying flow rates.  

2) Investigate the effect of solvent quality on flow field penetration. Polymer 

brushes undergo strong conformational changes in going from a “good” 

to a “theta” or a “poor” solvent; thus, surface properties are expected to 

differ in solvents of different quality.   

3) Study the effect of polymer grafting density on flow field penetration, 

which is another important factor that impacts surface properties 

including brush conformation and film density.  

4) Explore the mechanisms of mass transport, prove the validity of one 

important assumption in the method that diffusion is the dominant mass 
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transport mechanism of small molecules in dense surface-tethered 

polymer brushes under chosen experimental conditions. 
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CHAPTER 2  EXPERIMENTAL 

This chapter outlines the details of the materials, instrumentation, and 

procedures used in the investigation of flow field penetration into densely 

grafted polymer brushes. 

2.1 Materials 

2.1.1 Chemicals 

Fluorescein 5(6)-isothiocyanate (FITC, >90%), rhodamine B (RhB, 

>97%), N-isopropylacrylamide (NIPAM, 99%), 2-bromobutyrylbromide (BIBB, 

90%), triethylamine (99%), N,N-diisopropylethylamine (DIPEA, 99.5%), 

N,N,N’,N’’,N’’-pentamethyldiethylene triamine (PMDETA, 99%), 3-

aminopropyltrimethoxysilane (APTMS, 97%), n-propyltrimethoxysilane (PTMS, 

97%) and copper (I) bromide (99.999%) were purchased from Sigma-Aldrich 

(Milwaukee, USA) and used as received. Anhydrous toluene (maximum water 

content 0.005%) and dichloromethane (maximum water content 0.004%) were 

purchased from EMD Millipore and used as received. Other solvents used 

including methanol, toluene, dichloromethane (DCM) were HPLC grade 

purchased from EMD Millipore. Milli-Q water (18.2 MΩ, < 6 ppb TOC) was used 

as freshly produced using a Waters Milli-Q UV Plus purification system 

(Millipore Corp.) Ar (99.999%) and N2 (99.999%) were purchased from the 
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University of Arizona Cryogenics & Gas Facility. 6 μm fluorescent bead 

solutions were purchased from Invitrogen (PeakFlow Green flow cytometry 

beads, 515 nm emission, LOT #871018). All materials listed within this work 

were used as received unless otherwise noted. 

2.1.2 Flow cell 

A rectangular laminar flow cell (Model VC-RPC-TW) with thin windows 

for TIRF imaging was purchased from C&L Instruments. A diagram is shown in 

Figure 2.1. Glass coverslips of two different sizes, 48 × 65 mm (used for surface 

modification, LOT# 101612-9) and 24 × 40 mm (LOT#051512-9), used to 

construct the flow cell were purchased from Ted Pella, Inc. A portable vacuum 

pump (Cole-Parmer) was used to provide vacuum to hold the windows in place. 

The pump provides vacuum to 21.3’’ Hg and pressure to 35 psi intermittent, 10 

psi continuous. Dimensions of the flow cell are 45 mm (length) × 24 mm (width) 

× 200 μm (height, experimentally determined, refer to section 2.4.1). 

2.1.3 Syringe pump 

A programmable single syringe pump (New Era Pump Systems, model 

NE-1000) was used to deliver solutions to the cell. Syringes used were 30 mL 

plastic (Norm-Ject® Luer Lock Inert, SYR-NJ30LL). Infusion rates from 0.29 

µL/min to 21 mL/min could be provided.  
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Figure 2.1.  Rectangular flow cell used for study. 
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2.2 Instrumentation 

2.2.1 Fluorometer 

Solution FRET experiments were performed with a Photon 

Technologies, Inc. Quanta Master 40 spectrofluorometer system under steady 

state. Constant temperature was maintained with a TLC 50TM Quantum 

Northwest thermoelectric temperature control system.  

A continuous wave 75 watt xenon arc lamp was used as the excitation 

source. Excitation gains were set so that a voltage near 1.00 V was measured 

for the wavelength of excitation. Both excitation and emission monochromators 

were Czerny-Turner f/4 single monochromators with 200 mm focal lengths, a 

bandpass of 0 to 25 nm with an accuracy of 1 nm and a resolution of 0.5 nm, a 

minimum step size of 0.25 nm, except that the former had a 1200 lines/mm 

grating ruled at 300 nm, while the latter had a grating ruled at 400 nm with 1200 

lines/mm. All slit widths were set manually and were typically 0.5 mm for both 

entrance and exit slits to the excitation and emission monochromators. 

Sample measurements were made in standard quartz cells of 10 mm 

path length. Felix GX Software version 3.1 was used to collect data.  

2.2.2 Fourier transformed infrared spectroscopy (FT-IR) 

A Nicolet Nexus 6700 FTIR spectrometer equipped with a MCT-A 

detector (mercury cadmium telluride with type A sensitivity) (ThermoScientific 

Instrument Corp.) and a Michelson interferometer was used for IR experiments 

for the characterization of pNIPAM-modified surfaces. A HeNe laser was used
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Figure 2.2.  Schematic of the internal reflectance element optical arrangement inside the FTIR instrument. 



52 
 

as a reference to control the position and velocity of the movable mirror. Data 

were collected and analyzed using Ominc software. 

A horizontal, multiple internal reflection ATR-IR accessory (VATR 

Variable angle vertical ATR, 0201-19, Pike Technologies) was employed to 

obtain IR spectra of 3-aminopropyltrimethoxysilane self-assembled 

monolayers. A schematic of this accessory is shown in Figure 2.2. A 

parallelogram Si crystal, fixed at 45°, was used as the internal reflection 

element (IRE, 50 mm × 10 mm × 2 mm, New Era Enterprises, Inc.) The Si IRE 

was cleaned and modified via identical modification steps as described in 

Section 2.3 as used for glass coverslips for pNIPAM attachment because of the 

existence of the native oxidized layer on the Si surface. 

2.2.3 X-ray photoelectron spectroscopy (XPS) 

XPS characterization of pNIPAM-modified surfaces was conducted in a 

Kratos Axis-Ultra x-ray photoelectron spectrometer using monochromatic Al Kα 

excitation at 1486.6 eV as the light source with a hemispherical analyzer and 

an electron multiplier detector. The analysis pressure was maintained below 2 

x 10-8 torr. Survey scans (binding energy from 1200 to 0 eV) were performed at 

1 eV step size with 100 ms dwell time and a hemispherical analyzer pass 

energy of 160 eV. Si 2p, Br 3d, C1s, N 1s spectra were typically acquired at 0.1 

eV or 0.05 eV step sizes with 200 ms dwell times with 20 eV pass energy unless 

otherwise stated.  
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2.2.4 MALDI-TOF 

A Bruker Ultraflex III MALDI TOF/TOF mass spectrometer (Bruker 

Daltonics) equipped with a Smart beam laser (Nd:YAG laser, 355 nm) in the 

Mass Spectrometry Facility at the University of Arizona was employed to 

determine the molecular weight  of pNIPAM brushes. Direct analysis of surface-

grafted pNIPAM brushes proved impossible; therefore, tethered pNIPAM 

brushes were cleaved from the silica substrate by incubating in 0.5 M 

tetrabutylammonium fluoride (1:1 THF/H2O) for 48 h. Typically, a 15 mL solution 

was used for a pNIPAM-modified surface of 48 mm × 65 mm. The resulting 

solution was used directly for analysis with sinapinic acid as the MALDI matrix.  

2.2.5 Uv-vis waveguide spectroscopy 

Surface coverages of FITC-modified mixed monolayer surfaces 

composed of 2% (v/v) 3-aminopropyltrimethoxysilane and 98% (v/v) 

methyltrimethoxysilane were determined with a custom-built ATR instrument in 

the W.M. Keck Center for Surface and Interface Imaging at the University of 

Arizona.47-49 A Xe arc lamp coupled into an optical fiber was used for white light 

excitation. The light was then polarized and prism-coupled into the 0.17 mm 

thin glass coverslip. The in-coupling and out-coupling prisms were spaced 4.0 

mm apart. The coupling angle was 65.5˚, and light was reflected 110 times 

between the prisms. The out-coupled light was then focused onto another 

optical fiber and sent to a monochromator (Newport model No. 74055) and then 

a charge coupled device (CCD, Andor model No. DU420A-OE) for full 

spectra.50 The mixed silane-modified glass coverslip was first assembled as
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 Figure 2.3.  Assembly for UV-VIS waveguide spectroscopy.48,49,50 
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shown in Figure 2.3, and a background spectrum taken in pure methanol prior 

to introduction of the reaction solution containing FITC (identical solution 

detailed in section 2.3.3). Solution was then injected through the syringe 

manually with great care such that the system was hardly disturbed. Then, the 

system was kept in the dark to allow the reaction to complete. Afterwards, pure 

methanol solution was injected into the cell to wash off unbound FITC 

molecules. A spectrum was taken after every 5 mL wash. Typically, a total of 

20 mL of methanol were used to wash off any residual FITC molecules as 

determined by no difference in spectra taken before and after a wash.  

2.2.6 Atomic force microscopy 

Imaging of dry and swollen pNIPAM surfaces was done using an Agilent 

5500 atomic force microscope (AFM) (Agilent Technologies, Inc., Santa Clara, 

CA). A large piezoelectric scanner head with a maximum imaging area of 90 

μm × 90 μm was used for obtaining images at a scan rate of 0.5 Hz under AAC 

mode (soft contact) mode both in air and liquids. A MikroMasch NSC14 silicon 

nitride probe, with a spring constant of 5.7 N/m and a resonant frequency of 

160 Hz, was used for imaging dry surfaces in air. A Veeco NP-S20 silicon nitride 

probe, with a spring constant 0.12 N/m and a resonant frequency of 14-26 Hz, 

was used for imaging swollen surfaces under liquids. Pico Image Basic 

software (Agilent Technologies, Inc.) was used to remove the polynomial 

background; the lowest order that gave a flattened image was used. 
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2.2.7 Fluorescence imaging  

Fluorescence imaging was performed on a commercial objective-based 

inverted microscope Nikon Eclipse Ti (Nikon Instruments, Melville, NY). A 

schematic depiction of the optical arrangement is presented in Figure 2.4. This 

microscope is capable doing imaging under both epi and TIRF configurations. 

A 40 mW 488 nm argon ion laser was used as the excitation source; neutral 

density filters 1/2, 1/8, 1/16 were used to decrease the intensity of exciting light 

in order to minimize photobleaching of FITC. 60× and 100× (NA 1.49) oil 

objective (Nikon) were used for epi and TIRF imaging, respectively. Epi and 

regular TIRF images were acquired using an EMCCD camera (Andor Ixon X3, 

Andor Technology USA, South Windsor, CT) and analyzed using NIS-Elements 

software by Nikon. For spectral-TIRF, a microscope shutter (Nikon PFX), 

imaging dual grating monochromator (focal length 150 mm, aperture ratio f/4.0, 

CCD resolution 0.4 nm, line dispersion 4.17 nm/mm, grating 600 grooves/mm, 

Acton SP2150, Princeton Instruments, Trenton, NJ) and a CCD detector (1340 

x 400 imaging array, 20 μm  x 20 μm  pixels, with 100% fill factor, PIXIS 400, 

Model 7516-0002, Princeton Instruments, Trenton, NJ) were used to collect 

emission spectra. 

2.2.8 Epi-fluorescence imaging  

Epi-fluorescence imaging was employed for characterization of the 

laminar flow cell. A diluted 6 μm FITC fluorescent bead solution was prepared 

by mixing the purchased solution with methanol at 1 drop bead solution/mL by 

sonication. The fluorescent bead solution was injected into the laminar flow cell  
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Figure 2.4.  Optical arrangement for TIRFM, including both spectral and regular imaging components. The near-IR LED is 
used for the Nikon “perfect focus” mode. The emission filter is only used for regular imaging in which the signal goes into the 
Andor EMCCD on the left.    
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and allowed to equilibrate for 5 min. Movies of bead movement with flow were 

taken under the “ND” acquisition mode with 100 ms for each frame (unless 

stated), no pixel binning, at 16 MHz with normal EM gain set at 300. No delay 

was allowed between frames. Typically, each movie was acquired for 3 min. An 

emission filter (Chroma Technology Co.) centered at 525 nm with a 50 nm band 

width was used. 

In order to map flow profile inside the flow cell, the objective was first 

focused onto the bottom glass coverslip of the flow cell, and then gradually 

moved up and focused at any position within the cell. The controllable smallest 

step is 0.025 μm. Typically, movies were taken at 10 μm distance apart, from 

the bottom to the top glass coverslip. The depth of field of the 60× objective is 

0.4 μm; therefore, any fluorescent bead in sharp focus in the movies was 

believed to come from the plane of interest. These sharply focused fluorescent 

beads were measured to be 6-7 μm in size on the image, almost identical to 

the size claimed by the manufacture. The linear flow velocity was also 

calculated from these data with the bead length (measured from the image 

using the software) divided by the exposure time. The results are shown in 

Section 2.4 

The linear velocity at the center of the flow cell under varying flow rates 

was measured by taking images at the center of the flow cell (~ 100 μm up from 

the bottom) using a procedure identical to that described above. The exposure 

time was varied from 5 to 100 ms to accommodate the change of flow rate from 

100 to 3000 μL/min. 
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2.2.9 Spectral-TIRFM 

Emission spectra of surface-bound FITC were acquired using spectral-

TIRFM. “Winspec” software (Princeton Instruments, Trenton, NJ) was used to 

capture spectra. A grating blazed at 500 nm was used and the CCD was 

calibrated over the 488 nm and 561 nm laser lines. The 488 nm laser was used 

for excitation. The TIRF angle was set at 76°, and 10 s exposure time was used 

to obtain each spectrum. The surface of interest was added into the laminar 

flow cell, to which solvent was added afterwards. 

A background spectrum was obtained on a APTMS/PTMS-modified 

surface in methanol on which no FITC was attached. A spectrum for RhB only 

was obtained on the same APTMS/PTMS-modified surface after injection of a 

10 μM RhB in methanol solution. A FITC spectrum was obtained on a FITC-

modified APTMS/PTMS-modified surface in methanol. Surface FRET spectra 

were obtained on the same FITC-modified APTMS/PTMS-modified surface 

after injection of a 10 μM RhB in methanol solution. 

2.2.10 Regular TIRF imaging  

Fluorescence from FITC-modified BIBB and FITC-modified pNIPAM 

surfaces was excited using 0.16 mW (achieved by using 40.0 mW with 1/2, 1/8, 

1/16 neutral density filters) of a 488.0 nm Ar+ laser beam incident on the sample 

at a TIRF angle of 76° and collected through a 100× oil emersion objective (NA 

1.49), with an emission filter (Chroma Technology Co.) centered at 525 nm with 

a 50 nm band width. Exposure times per frame used were 100 ms, with 4 × 4 

pixel binning and the detector EM gain set at 300 for the EMCCD. The refractive 
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index of methanol and the methanol/water mixture is 1.33, while that for swollen 

pNIPAM is about 1.44, and for dry pNIPAM is about 1.47; therefore, the critical 

TIR angle for each was calculated to be 61°, 72°, and 75°, respectively. The 

experimental TIRF angle was chosen such that TIR occurs at all interfaces 

mentioned above. The quenching of FITC fluorescence was monitored using 

“ND acquisition” mode, where the TIRF intensity was monitored in real time by 

taking images frame-by-frame, with no delay in between. Acquisition was 

typically allowed for 10 min for quenching to complete. An intensity curve 

plotted as a function of time could be obtained from each ND file. The original 

intensity of each curve prior to quenching is normalized to unity in order to 

account for small variances in FITC coverage from the surface preparation 

procedure. For one complete set of data, photobleaching curves in pure solvent 

and quenching curves by the same acceptor solution at different flow rates, 

from 100-3,000 μL/min, were obtained on the same FITC-modified surface. A 

photobleaching curve was collected at a different spot on the same surface in 

the same way as the quenching curve, but under solvent flow in the absence of 

acceptor molecules.  In between each run, surfaces were subjected to thorough 

washes using the same solvent in which the surface was incubated, so that 

residual acceptor molecules in the laminar flow cell and on the surface were 

flushed out and the FITC fluorescence intensity quenched by FRET was 

recovered. FITC intensity loss due to photobleaching could not be recovered; 

thus, the sampling spot might need to be changed slightly along the y axis to 

compensate this loss, while the x position of sampling was kept constant, since 

it is a critical parameter in the Taylor-Aris dispersion theory. 
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2.3 Preparation of pNIPAM polymer brushes with FITC attached to the silica 

substrate 

FITC-modified pNIPAM surfaces were prepared using the well-known 

atom transfer radical polymerization (ATRP) method for polymer brush 

formation.51,83 Procedures used here were based on standard ATRP synthesis 

of pNIPAM 51,83, although slight modifications were required to immobilize a 

very small concentration of FITC onto the glass substrate prior to polymer brush 

formation.  

2.3.1 Glass substrate cleaning and drying procedure 

Glass coverslips were placed under 254nm UV irradiation (UVGL-58 

Handheld UV Lamp by UVP, 6 Watt, 0.12 Amps) overnight to bleach any innate 

fluorescence prior to placement in a 120 °C piranha solution (3:1 (v/v) conc. 

H2SO4/ 30% H2O2) for 30 min to remove carbon contamination. Subsequently, 

surfaces were washed with copious amounts of Milli-Q water and transferred to 

a boiling 10% (v/v) HNO3 solution for another 30 min to fully hydrolyze the 

surface. Afterwards, surfaces were cleaned with water, blown dry with a stream 

of N2 gas and transferred to a vacuum oven at 150 °C for storage overnight to 

remove residual surface water.   

2.3.2 Silanization procedure 

Once removed, the glass coverslips were then transferred quickly from 

the vacuum oven to a N2-purged environmental control box and immersed into 

a 2% (v/v) APTMS/dry toluene solution for 3-4 h for silanization. 
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2.3.3 Preparation of Br-terminated propylsilane surface 

APTMS-modified glass coverslips were then cleaned, blown dry and 

transferred to a specially designed reaction vessel which was previously filled 

with 6% (v/v) trimethylamine in dry DCM solution.  The reaction vessel was then 

sealed with a rubber septum and parafilm and placed in an ice bath. 4% (v/v) 

BIBB in dry DCM was added dropwise to the reaction vessel through a syringe 

needle. The entire vessel was protected with an Ar-filled balloon afterwards, 

and left in an ice bath for 1 h. The reaction solution was then held at room 

temperature ~16 h for the reaction to complete. 5 BIBB-modified surfaces were 

sonicated three times in fresh DCM, 5min each and dried prior FITC attachment.   

2.3.4 FITC-modified Br-terminated propylsilane surface preparation 

FITC was dissolved in fresh degassed methanol solution at a 

concentration of 0.17 mg/mL, and 2% (v/v) DIPEA was added into the solution 

for pH adjustment and as a base catalyst. BIBB-modified glass coverslips were 

then placed into the solution and left overnight under stirring. The reaction 

vessel was kept in the dark at room temperature. Modified surfaces were 

cleaned with methanol and dried under N2 until use. 

2.3.5 Preparation of pNIPAM polymer brush with FITC attached to the silica 

substrate 

NIPAM was dissolved in 7:3(v/v) methanol/water solution at a 

concentration of 0.8 g/mL. Dissolved O2 was removed by repeated free-pump-

thaw cycles. A mixture of copper (I) bromide as a catalyst and PMDETA was 
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then quickly added into the degassed solution under Ar protection to make the 

molar ratio of NIPAM:CuBr:PMDETA equal to 180:1:3. The new mixture was 

quickly added to the FITC-modified BIBB modified glass coverslips in a 

specially designed reaction vessel in an Ar-purged environmental control box. 

The entire system was left overnight in the dark at 45 °C for polymerization to 

complete. 51 

2.4 Laminar flow cell characterization 

2.4.1 Flow cell height 

Laminar flow cell height was measured by two methods, the epi- 

fluorescence method and the interference method, as described in the 

following. 

2.4.1.1 Flow cell height determined by epi-fluorescence  

Using epi-fluorescence, the cell height was determined by the difference 

of bottom and top glass coverslips in position. This was achieved by recording 

each z-position at focus. Detailed procedures are as follows.  A solution of 6 

μm fluorescent beads was introduced into the flow cell with a syringe pump at 

a constant flow rate. The objective was then focused onto the bottom glass 

coverslip by focusing on surface-adsorbed beads; this z position was recorded 

as Z0. (Image a in Figure 2.5). With the objective moving up, images b - h were 

captured sequentially. Image blurring was first observed, followed by another 

sharp focus. If one keeps moving up the objective, the image starts to blur again 
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as indicated by the red circles in images f - h. The z position of the second 

sharp focus as shown in image g was recorded as Z1.  

Since a constant flow was maintained inside the flow cell, the second 

sharp focus must be obtained at the top glass coverslip. Therefore,   

 H = 𝑍1 − 𝑍0 2-1 

where H is the flow cell height. H at different flow rates was obtained as 

presented in Table 2.1. The laminar flow channel height was reported to be 100 

μm by the manufacturer; however, the experimentally determined cell height is 

about 200 μm when pressure driven laminar flow is applied. This deviation is 

probably due to the inherent flexibility of the glass coverslips. The flow cell 

height was measured to be ~118 μm when no flow was applied, and then 

gradually expands with an increase of flow rate. After two cycles of applying 

flow rates from 100-3,000 μL/min, the cell height under different flow rates was 

measured to be reproducible.  

2.4.1.2 Flow cell height determined by the interference method 

Since the flow cell height is a parameter in the Taylor-Aris dispersion 

equation, another independent measurement of height employing an 

interference method was performed with a UV-vis spectrometer. The flow cell 

was assembled and placed in front of the detection window in the UV-vis 

spectrometer, and absorbance spectra were obtained for each flow rate 

initiated with the syringe pump. The cell thickness (path length) can be 

calculated from the interference pattern as 
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Figure 2.5.  Flow cell height determined using the Epi -fluorescence method. Images a through h are images collected while 
the objective was moving from focusing at the bottom glass coverslip to the top glass coverslip. 
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Table 2.1.  Flow cell height determined with the epi-fluorescence method. 
Several cycles of flow rates from 100 to 3000 μL/min were applied to the same 
cell. 

 

Flow Rate 
(μL/min) 

z1 (μm) z2 (μm) 
Cell Thickness 

(μm) 

0 1423 1424 118 

100 1409 1410 148 

200 1409 1410 148 

500 1410 1411 178 

1,000 1404 1405 193 

2,000 1391 1392 230 

3,000 1381 1382 272 

100 1364 1365 178 

200 1369 1370 179 

500 1367 1368 209 

600 1367 1368 206 

700 1367 1368 205 

800 1367 1368 207 

900 1362 1363 213 

1,000 1362 1363 224 

1,500 1367 1368 237 

2,000 1380 1381 251 

3,000 1376 1377 303 

100 1402 1403 194 

200 1401 1402 199 

500 1398 1399 214 

1,000 1384 1385 221 

2,000 1380 1381 251 

3,000 1376 1377 303 
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Figure 2.6.  Interference spectra collected from the flow cell under varying flow 
rates. Black, red, blue, yellow, cyan, grey, and magenta represents no flow (0), 
100, 200, 500, 1,000, 2,000, 3,000, and 5,000 μL/min, respectively. 
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 H =
5𝑛

𝑉1 − 𝑉2
 2-1 

 where n is number of fringes, and V1 and V2 are the frequencies of the maxima.  

The interference patterns at different flow rates are not significantly different as 

shown in Figure 2.6. Between 11,740 and 11,530 cm-1, there are 9 fringes; 

therefore, H is calculated to be 214 μm, consistent with the results from the epi-

fluorescence method. However, no flow rate dependence of the cell height was 

observed using the interference method. This discrepancy may be ascribed to 

the difference in size of the sampling spot, which is 140 × 140 μm2 for epi-

fluorescence using the 60× objective and usually tenths mm2 for a visible beam 

in UV-VIS spectrometry. Therefore, the latter may represent an average 

measurement over a larger area. Thus, 214 μm was used as the cell height in 

the Taylor-Aris calculations. 

2.4.2 Maximum linear velocities in the laminar flow cell 

The maximum linear velocities in the laminar flow cell were measured 

under different flow rates as described in section 2.2.8. Different exposure times 

were used for different flow rates in order to capture the entire image of a bead. 

A 100 ms exposure time was used for 100 μL/min, 40 ms for 200 μL/min, 20 

ms for 500-1,000 μL/min, 10 ms for 2,000 μL/min, and 5 ms for 3,000 μL/min. 

As expected, the measured linear velocity was found to increase linearly with 

applied flow rate with a correlation coefficient (R2) of 0.992 (Figure 2.7). 
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2.4.3 Parabolic flow profile 

By measuring bead velocity at different positions in a direction normal to 

the flow, a flow profile across the cell was mapped at 500 μL/min using the 60× 

objective and a 25 ms exposure time. A well-defined parabolic flow profile was 

observed as expected (Figure 2.8). 

2.4.4 Near-surface linear velocity 

Linear flow velocity is an important parameter in the Taylor-Aris 

dispersion theory, since it should represent the true velocity of flow that brings 

RhB acceptor molecules within the effective FRET distance (~8 nm) of surface-

bound FITC donor molecules. Although the linear velocity measured at the 

center of cell as described in section 2.4.3 represents a maximum value, the 

parabolic flow profile of the laminar flow within the cell of ~200 μm height means 

that the near-surface linear flow velocity is much smaller than this maximum 

value at the center. Therefore, this difference in flow velocity must be measured 

for accurate fitting to the Taylor-Aris dispersion theory.  

A FITC-modified BiBB surface was used in this study. Quenching decay 

times at positions at both ends of the TIRF window were measured under 

conditions of RhB flow. This can be easily achieved by placing the objective 

under the cell window at either end (Figure 2.9). The near-surface velocity is 

calculated by dividing the length of the TIRF window (2.45 cm, measured with 

Vernier calipers) by the time difference of the recorded quenching times.  
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Figure 2.7.  Measured maximum linear velocity plotted as a function of applied flow rate. 
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Figure 2.8.  Parabolic laminar flow profile mapped with the epi-fluorescence method. 
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Figure 2.9. a) Pictorial description of near-surface velocity measurement. b) 
Comparisons of near-surface velocity () and maximum linear velocity () plotted 
as a function of flow rate. 
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CHAPTER 3 DEVELOPMENT OF FRET-TIRFM METHOD FOR 

DETERMINATION OF SMALL MOLECULE DIFFUSION COEFFICIENTS IN 

SURFACE-TETHERED POLYMER BRUSHES 

This Chapter starts with an introduction of classic FRET theory, examination 

of the solution and surface FRET behaviors of the chosen FRET pair, FITC/RhB, 

and a description of the synthesis and characterization of the FITC-modified 

pNIPAM polymer surfaces. This is followed by an introduction of Taylor-Aris 

dispersion theory and an elaboration of the coupled Taylor-Aris-Fickian diffusion 

model, which are the theoretical bases of the FRET-TIRFM method developed 

here. A detailed description of the numerical solution to the coupled Taylor-Aris-

Fickian diffusion model using the Finite Difference Method is presented as well. 

Validation of Taylor-Aris dispersion theory for the laminar flow cell used here is 

achieved by comparison to the experimentally-obtained breakthrough curves for 

RhB on the FITC-modified BIBB- silica surface. Then, apparent diffusion 

coefficients for RhB in the pNIPAM films under flow are obtained by fitting the 

experimentally-obtained breakthrough curves from the FITC-modified pNIPAM 

surfaces to the coupled Taylor-Aris-Fickian diffusion model. Finally, quantification 

of the flow field penetration depth in pNIPAM is achieved by analysis of the 

apparent diffusion coefficients as a function of flow rate. 



74 
 

3.1 Classic FRET theory 

Classic FRET theory first developed by Förster52 states that if one considers 

a donor (D) and an acceptor (A) separated by a fixed distance r (where r is fixed 

for the lifetime of the donor), the rate of energy transfer from D to A due to dipole-

dipole interaction can be quantitatively described as 53-57 

 𝑘𝑇 =
9000(𝑙𝑛10)𝜅2𝜙0𝑑

128𝜋5𝑛4𝑁𝐴𝑟6𝜏0𝑑
∫

𝐹𝑑(𝜗)𝜀𝑎(𝜗)

𝜗4

∞

0

𝑑𝜗 3-1 

This can alternatively be given by  

 𝑘𝑇 = (𝑟−6𝐽(𝜆)𝑘2𝑛−4𝜆𝑑) × 8.71 × 1023 𝑠−1 3-2 

where ϕ0d is the quantum yield of the donor in the absence of acceptor, n is the 

refractive index of the medium, NA is Avogadro’s number, r is the distance between 

the donor and acceptor, τ0d is the lifetime of the donor in the absence of acceptor, 

Fd(ϑ) is the corrected fluorescence spectrum of the donor on the wavenumber 

scale in the range ϑ to (ϑ + dϑ) with the total intensity normalized to unity (i.e. Fd(ϑ) 

dϑ = 1), εa(ϑ) is the extinction coefficient of the acceptor in units of M-1 cm-1, λd  = 

ϕ0d/τ0d is the emissive rate of the donor, and κ2 is the factor describing the relative 

orientation of transition dipoles of the donor and acceptor in space separated by a 

fixed distance r and is usually assumed to be equal to 2/3.58 The overlap integral, 

J(𝜆), which expresses the degree of spectral overlap between the donor emission 
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and acceptor absorption can be written in the alternative form in wavelength λ53-57 

as 

 𝐽(𝜆) = ∫ 𝐹𝑑(𝜆)𝜀𝑎(𝜆)𝜆4 𝑑𝜆
∞

0

  𝑀−1𝑐𝑚3 3-3 

where Fd(λ) is a dimensionless quantity of corrected fluorescence emission 

intensity of the donor in the spectral range λ to (λ + dλ). The Förster distance, R0, 

is defined as the distance at which the transfer rate, kT, is equal to the decay rate 

of the donor in absence of acceptor (i.e. τd
−1 = τ0d

−1 = kT). Using the above 

relationships and  

 𝑅0
6 =

9000(𝑙𝑛10)𝑘2𝜙0𝑑

128𝜋4𝑁𝐴𝑛4
𝐽 (𝜆) 3-4 

the rate of energy transfer can be written as 53-57 

 𝑘𝑇 =
1

𝜏𝑑
(
𝑅0

𝑟
)6   3-5 

To evaluate the energy transfer parameters, the measured lifetime is fit to the 

Stern–Volmer equation:55,57 

 
1

𝜏𝑑
= 𝑘𝑇[𝐴] +

1

𝜏0𝑑
  3-6 

 
𝐼𝑑

𝐼0𝑑
= 1 + 𝑘𝑇[𝐴]𝜏0𝑑  3-7 
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where I0d is the intensity of the donor in the absence of acceptor, and Id is the 

intensity of the donor in the presence of acceptor. Correspondingly, τ0d and τd are 

the donor lifetimes in the absence and presence of acceptor having concentration 

[A]. The critical concentration of the acceptor in the mixture when 50% of the 

energy of the donor is transferred to the acceptor can be calculated using 59 

 [𝐴]1/2 = (
7.35

𝑅0
)3  3-8 

where [A]1/2 is the half-quenching concentration. 

3.2 Solution FRET behaviors of FITC and RhB 

3.2.1 Solution spectroscopy of the FITC/RhB FRET pair 

Fluorescein isothiocyanate (FITC) and rhodamine B (RhB) (Figure 3.1) 

were chosen as the donor and acceptor, respectively, for this study. FITC/RhB is 

a standard organic FRET pair that has been widely used in hydrophilic systems 

because of its high quantum yields, high FRET efficiency, and good stability. In 

addition, FITC absorption maximizes at 488 nm, matched with the Ar+ laser that is 

commonly used on a fluorescence microscope. Moreover, the isothiocynanate 

group is readily reactive with a broad range of nucleophiles, such as primary amine 

groups, and reaction conditions are well established.60 Therefore, it is easy to 

attach FITC to glass coverslips that can be used for fluorescence imaging. 
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a

b

Figure 3.1.  a) Fluorescein isothiocyanate structures in media of different pH; from left to right: cation (pH < 
2.08), neutral or lactone (2.08 < pH < 4.31), monoanion (4.31 < pH < 6.47), and dianion (pH > 6.47). b) RhB 
structure in media of different pH; from left to right: cation (pH < 3.2) and zwitterion (pH > 3.2). 
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It is noteworthy that fluorescein isothiocyanate is a pH-sensitive molecule, 

and can exist in four different forms at different pHs: cationic, neutral, monoanionic, 

and dianionic. The cationic form exists when solution pH < 2.08.  The lactone form 

dominates for 2.08 < pH < 4.31, and the monoanionic form exists for 4.3 < pH < 

6.47. For solution pH > 6.47, the majority of molecules are in the dianionic form.61,62  

As a consequence, the excitation and emission characteristics are pH dependent, 

including the molar extinction coefficient and emission maximum, which must be 

taken into account while doing FRET experiments using the FITC/RhB pair.  

All forms have rather high molar absorptivities, being 𝜀437
𝐹𝐻3

+

= 53,000, 𝜀434
𝐹𝐻2  = 

11,000, 𝜀437
𝐹𝐻−

= 29,000 (𝜀472
𝐹𝐻−

= 29,000), and 𝜀490
𝐹2−

= 76,900 M- 1 cm-l for the cationic, 

neutral, monoanionic, and dianionic forms, respectively. The dianion has the most 

intense fluorescence with a quantum yield of 0.93, although the monoanion also 

shows considerable fluorescence with a quantum yield of 0.37. The neutral and 

cationic species fluoresce with quantum yields of about 0.30 and 0.18, 

respectively.62 Most commonly, FITC is used in its dianionic form at pH > 6.47.  

Rhodamine B exists in either a protonated or zwitterionic form with a pKa 

between the zwitterionic and cationic forms being ~3.2 63.  Rhodamine B has a 

high molar absorptivity (ε = 106,000 M-1 cm-1) in methanol at 543 nm,64 and its 

emission maximizes at 570 nm. It has been reported that rhodamine B has a 

concentration-dependent fluorescence quantum yield ranging from 0.1 to 0.83 in 
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methanol.65 In the low concentration regime, ~10-6 M, the quantum yield reported 

varies between 0.65 and 0.8.65-67  

In addition, oxygen does not appreciably quench the S1 excited state of 

either FITC or RhB, since they both have relatively short lifetimes of 3-4 and 2-3 

ns, respectively. 62,68 This oxygen-insensitivity of the FITC/RhB FRET pair is 

preferred for this study, since maintaining an oxygen-free environment for these 

experiments is very challenging. 

3.2.2 Excitation and emission spectra of FITC and RhB 

Preliminary fluorescence experiments in solution for fluorescein 

isothiocyanate (FITC) and rhodamine B were carried out to observe the FRET 

phenomenon in methanol. The steady state excitation and emission spectra for 

FITC and RhB in methanol at pH 9 are shown in Figure 3.2. The excitation spectra 

of FITC and RhB were acquired by monitoring fluorescence intensity at their 

maximum emission wavelengths of 525 and 570 nm, respectively. Emission 

spectra of both were taken with excitation of a 488 nm light source. A main peak 

at 494 nm, with a shoulder around 475 nm, in the excitation spectrum of FITC 

indicates the presence of FITC in the form of the dianion. This strong absorbance 

band is due to a π-to-π* transition which promotes FITC from the ground singlet 

state, S0, to the first excited singlet state, S1. 62,69 A mirror image of the excitation 

spectrum of FITC is observed in the emission spectrum of FITC due to a π*-to-π  
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Figure 3.2.  Normalized FITC excitation (blue) and emission (black) spectra, and RhB excitation (red) and 
emission (pink) spectra. Spectral overlap of FITC emission spectrum and RhB excitation spectrum is 
shaded in green. 
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transition, returning FITC to S0, with a Stokes shift of 35 nm. Similarly, a main peak 

at 541 nm with a shoulder at 505 nm is observed on the excitation spectrum of 

RhB and a mirror image of this is observed in the emission spectrum, which 

maximizes at 570 nm, with a Stokes shift of 29 nm. These spectra document the 

appropriate use of these molecules as a FRET pair due to the adequate overlap 

between the FITC fluorescence (shown in black) and RhB excitation spectra 

(shown in red). Clearly, the amount of spectral overlap varies at different 

wavelengths; thus, the choice of excitation and emission wavelengths is critical for 

FRET detection, as the rate of energy transfer is a function of spectral overlap in 

Eqn (3-2). This wavelength dependence of FRET will be carefully examined in the 

following section. 

3.2.3 Preliminary solution FRET experiments 

3.2.3.1 Diffusion enhanced energy transfer in solution 

A series of FITC + RhB mixtures was prepared in methanol at pH 9 in which 

the FITC concentration was kept constant at 10 μM while the RhB concentration 

was varied from 5 to 1000 μM. RhB only and FITC only solutions were prepared 

as controls. Emission spectra of all solutions were collected with 488 nm excitation 

under identical experimental conditions described in the section above.  FRET was 

indicated by a distinctive drop of FITC fluorescence intensity at 525 nm with the 

addition of RhB, starting at a concentration of 5 μM, and [A]1/2 was determined to 

be ~10 μM. This concentration is much lower than what is predicted on the basis 
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of the classic FRET theory described above. Since R0 for the FITC/RhB FRET pair 

is 5.8 nm70, [A]1/2 is predicted to be 2.05 mM using Eqn (3-7).  

In fact, similar phenomena have been reported in previous studies.54,55,57-59 

Pant et al.57 found that for an acriflavine/ RhB FRET pair in methanol at 300K, [A]1/2 

was 50 μM RhB when the acriflavine concentration was fixed at 12.5 μM compared 

to the predicted [A]1/2 value of 1.18 mM using a value for R0 for this FRET pair of 

4.4 nm. Similarly, Sahare55 et al. examined solution FRET behaviors for the 

acriflavine/RhB FRET pair and acriflavine/R6G FRET pair in methanol in which 

they found [A]1/2 values of ~500 and ~10 μM for RhB and R6G, respectively, for a 

constant concentration of acriflavine of 400 μM, using R0 values of 8.2 and 6.9 nm 

for acriflavine/R6G and acriflavine/RhB, respectively. In addition, Li et al.58 

reported that a RhB concentration of 2.82 μM was able to quench 40% of the 

fluorescence of CdTe quantum dots in aqueous solution (emission maximum of 

530 nm) of the same concentration with a R0 value of 7.40 nm for this FRET pair 

(with an [A]1/2 = 0.998 mM). Moreover, for the identical FRET pair used in this study, 

FITC/RhB, Kurian et al.59 reported that a RhB concentration of 79.8 μM was 

sufficient to quench more than 80% of the fluorescence of a 2.4 × 10-4 μM FITC 

solution in ethanol. 

The difference between the experimental and predicted [A]1/2 values has 

been ascribed to the influence of fast transport/translational diffusion on direct 

dipole-dipole energy transfer.59 71,72. Förster’s theory considers the donor and 
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acceptor molecules to be stationary, apart from Brownian motion (or the 

translational diffusion), such that the displacement within the lifetime of the donor 

fluorescence decay is less than the Förster transfer distance (R0). However, this 

theory fails to explain the viscosity dependence of the energy transfer rate. The 

consensus view that has been attained to explain these discrepancies is that the 

Förster expression for energy transfer in solution is only applicable when the 

molecules are either stationary or are in the presence of a high concentration of 

acceptors. In contrast, in solutions of low viscosity, efficient molecular mixing 

occurs and energy transfer obeys Stern-Volmer kinetics described by a time-

independent rate parameter.56,73,74 

3.2.3.2 Inner filter effect  

At a RhB concentration of 50 μM and above, RhB emission intensity 

decreases with increasing concentration for both FITC/RhB mixtures (Figure 3.3a) 

and RhB only (Figure 3.4a) solutions. The corresponding intensity plots are shown 

in Figures 3.3b and 3.4b.  

The inner filter effect is thought to be one explanation for these observations. 

Due to the small overlap between the RhB excitation and emission spectra, RhB 

emission is absorbed by the surrounding unexcited RhB molecules, resulting in 

decreased fluorescence intensity. The inner filter effect becomes more significant 

at higher concentrations due to the presence of more unexcited molecules. The 

decrease in fluorescence quantum efficiency at higher concentration (>10-4 M)  
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Figure 3.3.  a) Emission spectra of 10 μM FITC with varying RhB concentrations 
in methanol at pH 9 with excitation at 488 nm. Spectrum of 10 μM FITC only is 
shown in yellow; spectra from mixtures are for solutions of 10 μM FITC with 5 
(black), 10 (red), 20 (blue), 50 (magenta), 100 (green), 200 (cyan), 500 (orange), 
and 1000 (violet) μM RhB. b) Fluorescence intensity of FITC/RhB mixtures at 
emission wavelengths of 525 (black), 570 (red), and 593 (blue) nm as a function 
of RhB concentration from 5-1000 μM. 
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Figure 3.4.  a) Emission spectra of 1-1000 μM RhB only in methanol at pH 9 with 
excitation at 488 nm. Spectra are for solutions of 5 (black), 10 (red), 20 (blue), 50 
(magenta), 100 (green), 200 (cyan), 500 (orange), 1000 (violet) μM RhB. b) 
Fluorescence intensity of RhB at emission wavelengths of 525 (black), 570 (red), 
and 593 (blue) nm as a function of RhB concentration from 5-1000 μM. 
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caused by dimerization is thought to be a second reason for the decreased 

fluorescence intensity of RhB, since no de-aggregating agents were added to 

prevent such effects.65  

Preliminary experiments confirm that solution FRET between FITC and RhB 

occurs upon simple mixing at a much lower concentration than what is calculated 

based on simple FRET theory. This disproves the assumption that the fluorophore 

molecules are static in solution, and Brownian motion must play a key role in 

shortening the effective distance between the donor and the acceptor as indicated 

by many previous studies.54-56,58,59,71-77 In addition, at RhB concentrations of 50 μM 

and above, the inner filter effect and dimerization become significant under the 

chosen experimental conditions; therefore, the total concentration of FITC and 

RhB must be kept below 50 μM. 

3.2.4 Experimental factors affecting detection of solution FRET 

Solution FRET experiments were conducted under modified experimental 

conditions as suggested by the results from the preliminary experiments, and 

factors that may affect FRET efficiency were examined. 

A 10 μM FITC solution was mixed with 1-10 μM RhB solutions in methanol 

to create a series of mixtures for solution FRET. In this case, the RhB 

concentrations were kept low so that direct excitation of RhB emission by the 488 

nm light was much less significant, as shown by the spectral data in red in Figure 
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3.5a.  As shown by the spectral data in black in Figure 3.5a, the FITC intensity at 

525 nm decays nicely with increasing RhB concentrations, and a linear increase 

of RhB emission at both 570 and 593 nm was observed as well (Figure 3.5b). This 

suggests that under the new conditions, the inner filter effect is successfully 

minimized and is insignificant to the overall detection of FRET in this system.  

The detection of FRET is dependent on several factors, including emission 

wavelength, excitation wavelength, ratio of donor to acceptor concentration, 

average distance of donor-acceptor pair in solution, and relative orientation of 

donor and acceptor. A careful examination of all of these factors is necessary. The 

choice of emission and excitation wavelengths is critical because of different 

spectral overlap at different wavelengths. Since the donor concentration is kept 

constant in this experiment, the ratio of the donor to acceptor concentration and 

the average distance of the donor-acceptor pair can be controlled by changing the 

acceptor concentration. Moreover, because molecules are well dissolved and are 

kept at low concentrations, both donor and acceptor are randomly oriented due to 

Brownian motion. Therefore, emission wavelength, excitation wavelength, and 

donor concentration are the three factors tested in this study, with acceptor 

concentration as the dependent variable.  

In these experiments, the FITC concentrations were kept low at 1 or 10 μM 

to minimize inner filter effects. The emission wavelengths were chosen to be 570 

and 593 nm. 570 nm is the emission maximum for RhB at which FITC emission is 



88 
 

still fairly significant, while at 593 nm, the FITC emission is much smaller with the 

RhB emission not greatly decreased. Another reason to choose 593 nm as a 

wavelength of interest is that a commonly used emission filter for the TIRF 

instrument is centered at 593 nm. Similar criteria were applied to the choice of 

excitation wavelength. At 488 nm, FITC is at its absorption maximum while RhB 

absorption is non-trivial. At 460 nm, FITC absorbs slightly less while the RhB 

absorption is much less. 

In order to assess the effects of these three factors on FRET efficiency, RhB 

intensity at a chosen emission wavelength is plotted as a function of RhB 

concentration for each condition. As shown in Figures 3.5b - 3.8b, RhB intensity is 

linearly correlated with RhB concentration under all conditions at both 570 and 593 

nm, regardless of the presence of FITC. The slopes of these plots were obtained 

by linear fitting, and FRET efficiency was calculated as the ratio of the slope in the 

presence of FITC (defined as B in Table 3.1) to the slope for RhB only (defined as 

A in Table 3.1).  The value of B/A is not a true FRET efficiency but reflects a relative 

efficiency, which can be used to evaluate influence of each factor. This treatment 

is based on Eqn (3-8) that shows that the ratio of I0d/Id is linearly correlated with 

the concentration of acceptor, and is often used to characterize FRET efficiency. 

Similarly, the ratio of the acceptor intensity in the presence of donor to the acceptor 

intensity without the presence of donor, Ida/Ia, should be a linear function of the 

acceptor concentration and represent FRET efficiency. The B/A value that was 
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used in this study is mathematically equal to the slope of Ida/Ia versus acceptor 

concentration, and therefore should reflect a relative FRET efficiency.  

All three factors proved to impact solution FRET efficiency. Monitoring at 

593 nm was shown to be a better choice than 570 nm, since higher ratios of B/A 

were observed under all circumstances. For example, for a 10 μM FITC solution 

excited at 460 nm, B/A is 2.58 when monitoring at 593 nm compared to a value of 

2.01 when monitoring at 570 nm (Table 3.1.) This is ascribed to much less spectral 

overlap of the RhB excitation spectrum with the FITC emission at 593 nm. As a 

result, there is less intensity loss due to the quenching of FITC that needs to be 

compensated by an increase of RhB intensity due to FRET. In terms of excitation 

wavelength, 460 nm is a better choice than 488 nm. For instance, for a 10 μM FITC 

solution, the B/A ratio is 2.58 for 460 nm excitation compared to a value of 1.23 for 

488 nm excitation. As shown in Figure 3.2, RhB absorbs less efficiently at 460 nm 

by a factor of ~5 than at 480 nm, whereas FITC absorption only decreases about 

10% at 460 nm compared to that at 488 nm. Direct excitation of RhB is greatly 

minimized at 460 nm, while FITC excitation is not affected significantly.  Therefore, 

a reasonable explanation for the higher FRET efficiency could be a larger 

proportion of RhB molecules that are available for FRET at 460 nm compared to 

those at 488 nm. Furthermore, increased donor concentration leads to a higher 

FRET efficiency, as B/A obtained from solutions containing 10 μM FITC are always 

higher than that from 1 μM FITC under identical conditions. The B/A ratio is 1.31 

for 1 μM FITC versus 2.58 for 10 μM FITC when 460 and 593 nm are chosen as  
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Figure 3.5.  a) Emission spectra for 10 μM FITC with 1 to 10 μM RhB (black) 
and for 1 to 10 μM RhB only solutions (red) in methanol at pH 9 with excitation 
at 488 nm. Arrows indicate the effect of increasing RhB concentration. b) 
Fluorescence intensity of FITC/RhB mixtures (blue) and RhB only solutions 
(red) at 525 (), 570 (), and 593 () nm as a function of RhB concentration 
from 1 to 10 μM FITC 
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Figure 3.6.  a) Emission spectra for 1 μM FITC with 1 to 10 μM RhB (black) and 
for 1 to  10 μM RhB only solutions (red) in methanol at pH 9 with excitation at 488 
nm. b) Fluorescence intensity of FITC/RhB mixtures (blue) and RhB only solutions 
(red) at 525 (), 570 (), and 593 () nm as a function of RhB concentration from 
1 to 10 μM FITC. 
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Figure 3.7.  a) Emission spectra for 10 μM FITC with 1 to 10 μM RhB (black) and 
for 1 to 10 μM RhB only solutions (red) in methanol at pH 9 with excitation at 460 
nm. Arrows indicate the effect of increasing RhB concentration. b) Fluorescence 
intensity of FITC/RhB (blue) and RhB only solutions (red) at 525 (), 570 (), and 
593 () nm as a function of RhB concentration from 1 to 10 μM FITC. 
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Figure 3.8.  a) Emission spectra for 1 μM FITC with 1 to 10 μM RhB (black) and 
for 1 to 10 μM RhB only solutions (red) in methanol at pH 9 with excitation at 460 
nm. b) Fluorescence intensity of FITC/RhB mixtures (blue) and RhB only solutions 
(red) at 525 (), 570 (), and 593 () nm as a function of RhB concentration from 
1 to 10 μM FITC. 
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Table 3.1. Relative FRET efficiency values for different solution, excitation and emission wavelength conditions. 

 

     A B   

FITC 
Concentration 

(μM) 

Excitation 
Wavelength 

(nm) 

Emission 
Wavelength 

(nm) 

Slope of 
Flourescence 
Intensity vs 

[RhB] for RhB 
Only Solution  

R2 

 Slope of 
Fluorescence 
Intensity vs 

[RhB] for 
FITC+RhB 
Mixtures 

R2 B/A 

10 460 570 18,409 0.997 36,967 0.956 2.01 

  460 593 8,773 0.996 22,655 0.982 2.58 

  488 570 80,516 0.996 80,885 0.971 1.00 

  488 593 38,676 0.997 47,692 0.988 1.23 

1 460 570 18,409 0.997 22,595 0.992 1.23 

  460 593 8,773 0.996 11,533 0.995 1.31 

  488 570 80,516 0.996 82,469 0.974 1.02 

  488 593 38,676 0.997 40,903 0.986 1.06 
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Figure 3.9.  a) Emission spectra for 10 μM FITC with 1 (black) to 10 (orange) μM 
RhB in methanol at pH 9 with excitation at 460 nm, corrected for direct excitation 
of RhB by simple subtraction. b) Fluorescence intensity of FITC/RhB mixtures at 
525 (black) and 593 (red) nm as a function of RhB concentration from 1 to 10 μM. 
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the excitation and emission wavelengths, respectively. This observation is 

consistent with the assumption that the effective distance of the FITC/RhB pair is 

greatly decreased at higher concentrations of FITC, resulting in more efficient 

energy transfer between them, since FRET efficiency is inversely proportional to 

the effective distance. 

Nonetheless, even for optimized conditions, where 460 and 593 nm are 

chosen as the excitation and emission wavelengths, respectively, for a 10 μM FITC 

solution, the detected RhB intensity increase due to FRET is not nearly 

comparable with the FITC intensity decay, as shown in Figure 3.9.  The FITC 

intensity is quenched by ~50% using a 10 μM RhB solution, while the RhB intensity 

increases only ~15%.  This difference is presumably due to the fact that the RhB 

quantum yield is not unity. In addition, the probability of energy dissipation may be 

increased due to fast Brownian motion of the molecules. 

3.3 Detection of FRET from surface-tethered FITC with solution RhB 

3.3.1 Emission spectra of surface-tethered FITC 

As illustrated in Chapter 1, the ultimate goal of this study is to develop a 

FRET-TIRFM method which enables the measurement of FRET occurring from 

surface-tethered donors to solution acceptors. Although the FRET of the solution 

FITC/RhB pair was observed and described in the previous section, the detection 

of FRET for surface-tethered FITC and solution RhB may be very different, since 

the fluorescence properties of FITC may change upon attachment. 
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FITC molecules were attached onto silica substrates via reaction of the 

thiocyanate groups to surfaces bearing primary amine groups from aminopropyl 

trimethoxysilane (APTMS) molecules (Figure 3.10), which were previously 

anchored onto the surfaces using standard silane chemistry. In order to not 

saturate the surface with FITC molecules and encounter self-absorption problems, 

the surface FITC coverage was deliberately maintained at a low value of <2% of a 

monolayer. In order to achieve this, a mixed silane solution comprised of 98% 

methyl-terminated propyltrimethoxysilane (PTMS) and 2% amine-terminated 

(APTMS) was used in the first silanization step for this purpose. Details of the 

silanization step were described in section 2.3.2 of this Dissertation. 

TIRFM with spectral detection was employed. A comparison of the 

fluorescence spectrum of APTMS-bound FITC with that of solution FITC is shown 

in Figure 3.11. The spectrum of APTMS-bound FITC in pure methanol is more 

similar to that of solution FITC in methanol at pH 9, with both exhibiting a single 

peak centered at ~525 nm, than the solution spectrum of FITC in pure methanol, 

where a doublet is observed. This observation indicates that most APTMS-bound 

FITC molecules exist as the dianion, probably due to a drastic polarity change 

upon attachment that results in deprotonation. The fact that the peak maximum of 

APTMS-bound FITC is blue-shifted and broader compared to that of solution FITC 

in pH 9 methanol indicates that the environment for APTMS-bound FITC is slightly 

more acidic than pH 9. For free FITC molecules in pure methanol, since the 

autoprotolysis constant of methanol is ~16.778 and the pKa for the FITC
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Figure 3.10.  Illustration of FITC attachment to APTMS-modified glass coverslip surfaces. Schematic does not 
represent the actual proportion of methyl- and amine-terminated silane molecules. 
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Figure 3.11.  Emission spectra of surface-tethered FITC in pure methanol (black), solution FITC in pure methanol 
(red), and solution FITC in methanol at pH 9 (blue.) Solution FITC emission spectra were collected under identical 
experimental condition as described in previous solution FRET experiments. Spectra of surface-bound FITC were 
collected via a spectral-TIRFM setup, with 100 ms exposure time. Details are provided in Chapter 2 of this 
Dissertation. 
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monoanion/dianion is ~6.4761,62, it was inferred that both monoanion and dianion 

forms of FITC are present in solution.61 This is further consistent with the findings 

of Niazi et al.79 that the pKa value of fluorescein  increases slightly as the fraction 

of methanol increases in methanol/water mixtures.   

3.3.2 Detection of surface FRET 

FRET can be detected either by monitoring the decay of the donor intensity 

or the increase of the acceptor intensity; an experiment was performed to 

determine the more preferable choice. A 10 μM RhB solution was injected via 

syringe pump into the flow cell that contained an APTMS/PTMS-bound FITC-

modified glass coverslip. Fluorescence spectra of FITC before and after exposure 

to RhB were collected under identical conditions. The fluorescence spectrum of 

APTMS-bound FITC before exposure to RhB is shown by the red trace in Figure 

3.12. The spectral response after exposure to RhB is shown as the black trace. 

Quenching of the FITC fluorescence by FRET is clearly observed by comparison 

of these spectra. The blue trace in Figure 3.12 shows the TIRFM spectrum of a 10 

µM solution of RhB in methanol at the surface. The weak intensity of the RhB 

fluorescence peak under these conditions dictates that these experiments utilize 

FRET quenching of the FITC fluorescence by RhB instead of the emergence of 

the RhB fluorescence after FRET, since the absolute magnitude of the quenching 

change is considerably greater than that of the fluorescence intensity growth.  This 

choice was further confirmed with a regular TIRFM experiment using bandpass 
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Figure 3.12.  FRET detection of APTMS/PTMS-bound FITC and solution RhB. Spectra shown are FITC only (red), 
FITC in the presence of RhB solution (black), RhB only solution (blue), and glass coverslip background (green). All 
spectra were collected under identical conditions with 100 ms exposure time for each. 
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filters in which it was shown that monitoring the FRET quenching of FITC 

fluorescence at 525 nm is better than monitoring the increase of RhB intensity at 

570 nm from FRET. Comparisons of the filter spectra to the FITC/RhB 

excitation/emission spectra are shown in Figure 3.13. For the regular TIRFM 

experiments using bandpass filters, the RhB fluorescence intensity collected with 

a 593 nm filter with a 40 nm bandwidth is strongly convoluted with the quenching 

of the FITC intensity. Therefore, a change of intensity with the addition of RhB is 

even harder to detect than under spectral TIRFM.  

The FRET behavior of APTMS-bound FITC with solution RhB was found to 

be similar to what has been observed in solution FRET experiments. However, it 

is not reasonable to expect that the FRET efficiency, either in the form of % 

fluorescence quenching of FITC or % fluorescence increase of RhB, will be 

identical for a given RhB concentration for several reasons. The first reason is 

differences inherent to the two methods, solution fluorescence and TIRFM.  For 

the surface FRET experiment, because the evanescent field established at the 

interface of APTMS-bound FITC-modified substrate and methanol solution decays 

exponentially away from the surface, the enhancement factor for APTMS-bound 

FITC is much greater than for RhB distributed in solution. As a consequence of 

this, the quenching of FITC will be selectively enhanced compared to the increase 

in RhB fluorescence.  In contrast, in the solution FRET experiment, both FITC and 

RhB are distributed isotropically in solution, and the fluorescence emission is  
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Figure 3.13.  a) Filter profiles for excitation (488 nm peak/10 nm bandpass, blue) 
and emission (525 nm peak/50 nm bandpass, black and 593 nm peak/40 nm 
bandpass, pink.) b) FITC excitation (blue) and emission (black) spectra and RhB 
excitation (red) and emission (pink) spectra. 
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detected without a bias. Secondly, the degrees of freedom are different for 

APTMS-bound and solution FITC molecules which will affect the relative 

orientations of the FITC/RhB pairs. Finally, the ratio of the number of FITC 

molecules to the number of RhB molecules is different. For a 10 μM RhB solution, 

the FITC/RhB ratio is 1/10 and 1/1 for solution experiments using 1 μM and 10 μM 

FITC solutions, respectively. In contrast, based on the surface coverage of FITC 

on the APTMS surface (see below), the number of APTMS-bound FITC molecules 

is roughly 1700 times greater than the number of solution RhB molecules in the 

effective FRET volume (~8 nm height across a beam illumination area of ~41000 

μm2) within 1.5Ro from the surface.  

The surface coverage of the APTMS-bound FITC-modified surface was 

estimated using UV-VIS attenuated total reflectance (ATR) waveguide  

spectroscopy.47-49 The absorption spectrum of APTMS-bound FITC is shown in 

Figure 3.14. Surface coverage is calculated from the absorbance, A, as follows:  

 
Γ =

𝐴

1000 ×
𝐼𝑒

𝐼𝑓
× 𝑁 × ε

 
3-9 

where Γ is the surface coverage of FITC (molecules/cm2), 
𝐼𝑒

𝐼𝑓
 is the enhancement 

factor of the evanescent field at the angle of detection, N is the number of 

reflections in the glass coverslip, and ε is the molar extinction coefficient of FITC 

at the peak, M-1 cm-1.47-49  
𝐼𝑒

𝐼𝑓
 and N were calculated to be 1.93 and 55, respectively, 

under these experimental conditions for an angle of incidence of 65.5°. ε is 76,900
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Figure 3.14.  UV-VIS ATR spectrum from APTMS-bound FITC at a surface coverage of ~6 x 10-12 molecules/cm2. 
Surface prepared from a solution of 2% APTMS and 98% PTMS.  
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M-1 cm-1 at 488 nm for FITC.62 Using these values, the FITC surface coverage on 

the APTMS-modified surface prepared using a solution of 2% APTMS and 98% 

PTMS is determined to be ~6×1012 molecules/cm2. Since the surface coverage of 

a trifunctional silane was reported to be 2×1014 molecules/cm2,80 the surface 

coverage of the FITC on the APTMS-modified surface is about ~3% of a 

monolayer. 

The ratio of FITC to RhB within the effective FRET volume was calculated 

as follows: 

 FITC/RhB =
Γ

𝐶 × (1.5 × 𝑅𝑜)2 × 𝑁𝐴
 3-10 

where C is the RhB concentration (10 μM), Ro is the Förster distance (5.5 nm), and 

NA is Avogadro’s number. 

3.4 Preparation and characterization of FITC-modified polymer film 

3.4.1 Introduction of pNIPAM brushes formed by the ATRP method 

Poly (N-isopropyl)acrylamide (pNIPAM) is a hydrophilic polymer, 

compatible with the FITC/RhB FRET pair, and was chosen as a model polymer 

system for this study. pNIPAM can be easily grafted onto solid substrates via the 

atom transfer radical polymerization (ATRP) method to form dense, 

microscopically smooth brushes with low dispersity. This is also known as the 

“grafting from” method. The synthetic procedure for fabrication of pNIPAM brushes 
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is well established, so that the resulting film properties, including grafting density, 

film thickness and polymer molecular weight, are controllable.24,81,82  

This “grating from” method includes two steps. First, initiator groups are 

anchored onto the silica substrate, typically via a standard silane coupling reaction, 

which is followed by ATRP from this initiator-modified surface under desirable 

reaction conditions. The first step can be achieved using two different approaches.  

Xue et al.83,84 synthesized the initiator-bearing silane molecule and then attached 

the molecule onto silica via a silane coupling reaction. Alternately, Chen et al.51 

attached an amine-terminated trimethoxysilane onto the substrate to which the 

initiator groups were then grafted via an amine-acyl bromide reaction. The latter 

approach was used in this study. 

3.4.2 Preparation and characterization of FITC-modified pNIPAM surfaces 

As described in previous sections, the FRET-TIRFM method requires a 

donor-modified polymer surface as the sample. Generic procedures for preparing 

FITC-modified pNIPAM surfaces are shown in Figure 3.15. Procedures used in 

this study were based on a standard ATRP synthesis of pNIPAM,51,83 although 

slight modifications were required to incorporate FITC attachment on the modified 

substrate. 3-Aminopropyltrimethoxysilane was first anchored on the freshly 

cleaned silica surface via silane coupling; this surface is referred to hereafter as 

the APTMS-modified surface. This step was followed by reaction of 2-

bromobutylryl bromide (BIBB) with the free amine groups on the APTMS-modified 
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Figure 3.15.  Synthetic scheme for formation of pNIPAM polymer brushes on NH2-terminated propylsilane/silica 
substrates. 
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surface to obtain BIBB-modified surfaces. However, since the yield of the reaction 

is not 100%, FITC molecules can be attached to the BIBB-modified surfaces by 

reaction with residual primary amine groups, resulting in a FITC-modified BIBB 

surface. FITC-modified pNIPAM surface was obtained via ATRP from FITC-

modified BIBB surface. The reaction of BIBB with primary amines is fairly efficient; 

therefore, only a few residual amine groups are left on the surface for FITC 

modification, resulting in FITC-modified BIBB surfaces with surfaces coverages 

<1% of a monolayer. Detailed procedures are given in Chapter 2 section 2.3 of this 

Dissertation.  

Spectroscopic characterization of the FITC-modified pNIPAM surfaces, 

including FTIR and XPS, confirm the presence of the pNIPAM film. Identical 

modification procedures were applied to attach pNIPAM on an attenuated total 

reflectance infrared internal reflection element, a silicon crystal. IR spectra were 

collected on the APTMS-modified surface and the pNIPAM-modified surface for 

comparison. As shown in Figure 3.16, the amide 1 mode νas(C=O) at 1686 cm-1, 

the amide 2 mode νas(R-C-N) at 1546 cm-1, and the νas(N-H) at 3332 cm-1 appear 

in the spectrum of the pNIPAM-modified surface but not in the spectrum of the 

APTMS-modified surface. In addition, the νas(CH3) at 2981 cm-1, the νas(CH2) at 

2940 cm-1, and the νs(CH3) at 2873 cm-1 are greatly enhanced for the pNIPAM-

modified surface. All of these modes are characteristic for pNIPAM.85  

XPS results from a bare silica surface, an APTMS-modified surface, a BIBB-

modified surface, and the pNIPAM-modified surface are shown in Figure 3.17.  
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Table 3.2. IR peak frequencies and assignments for APTMS-modified and 
pNIPAM-modified surfaces. 
 

Observed Frequency (cm-1)  

APTMS-modified Surface pNIPAM-modified Surface Assignments 85,86 

3300 3332 νas(NH2) 

 3065 Amide B 

2981 2981 νas(CH3) 

2941 2940 νas(CH2) 

 2912 ν(CH) 

2873 2874 νs(CH3) 

 2850 νs(CH2) 

 1686 Amide 1: νas(C=O) 

 1546 Amide 2: νas(R-C-N) 



111 
 

 

Figure 3.16.  IR spectrum of a surface-tethered pNIPAM film is shown in purple. Spectrum of 3-
aminopropyltrimethoxysilane modified surface is shown in red for comparison.  
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Observed peak binding energies are presented in Table 3.3. The Br 3d peak only 

appears in the spectrum from the BIBB-modified surface, which demonstrates 

successful attachment of the BIBB initiator. The Br 3d signal appears as a doublet 

due to the presence of two spin states, 3/2, and 5/2. The fact that a Br 3d peak 

does not appear in the spectrum from the pNIPAM-modified surface suggests 

efficient polymerization. A Si 2p peak is observed for all surfaces except the 

pNIPAM-modified surface, because the pNIPAM film (~100 nm dry thickness) is 

much thicker than the escape depth of photoelectrons (8-10 nm), consistent with 

a relatively conformal pNIPAM film.  

A N 1s peak is observed on all surfaces expect the bare silica surface. On 

the APTMS-modified surface, the N is present in the form of a primary amine; 

therefore, a doublet shows up with a second component present at a lower binding 

energy. A doublet is indicative of hydrogen bonding between primary amine 

groups, with the component at a binding energy of 399.1 eV corresponding to –

NH2, and the component at a binding energy of 401.3 eV corresponding to –NH3
+.87  

The –NH2/–NH3
+ ratio equals ~7 indicating that most N is present in the form of –

NH2. After initiators were anchored onto the APTMS-modified surface, the N 1s 

peak shifts to 400.0 eV, consistent with the formation of amido groups. Upon 

polymerization to pNIPAM, the N 1s peak stays constant at 399.8 eV indicating 

that the chemical environment of the N on both surfaces is similar, which is in the 

form of an amide in both cases. 
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The C 1s signals were decomposed into different components by a fitting 

procedure. The corresponding regions were fit using the Kratos processing 

software. Fits to the experimental spectral data are presented in the continuation 

of Figure 3.17. Each region was fit using 100% Gaussian peak shapes, with an 

initial FWHM of 1.2 eV.  The goodness of fit was assessed using the linear χ2 and 

reduced χ2 for the residuals (lineshape - background-fitted peaks). Binding 

energies for each peak from fits and the fractional areas are presented in Table 

3.4.  In the spectrum of bare silica, only one weak C 1s peak due to organic 

contamination is observed.  

For the APTMS-modified surface, three components due to different carbon 

environments were resolved. The component at a binding energy of 284.6 eV 

corresponds to C–C and/or C–H bonds; the component at 285.5 eV corresponds 

to C–OH bonds; the component at 286.5 eV corresponds to C-O bonds, and the 

component at 288.1 eV is related to O–C–O and C=O bonds.88,89  The 

corresponding fractional areas are 0.44, 0.39, 0.12, and 0.06.  

On the BIBB-modified surface, the same four components are present, 

whereas the fractional areas change to 0.35, 0.31, 0.19, and 0.15. An increased 

intensity of the components at 286.5 eV and 288.1 eV are due to the formation of 

amide bonds. For the pNIAPM-modified surface, the C 1s signal can be fit with 

three peaks. The peak at 284.5 eV is assigned to the CH3- moieties in the isopropyl 

group and the -CH2- in the pNIPAM backbone, the peak at 285.7 eV is attributable 

to the -CH- unit, and the peak at 287.5eV is the sp2-hybridized carbon atom of the 
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carbonyl group. This peak has an integrated atom ratio of 17%, which is very close 

to the expected value of 16.7%.90 

 

  

Figure 3.17.  XPS spectra from bare Si (black), APTMS-modified (blue), BIBB-
modified (green), and pNIPAM-modified (red) surfaces in energy regions 
containing a) Br 3d , b) Si 2p, c) N 1s,  and d) C 1s signals. Data are presented in 
dashed dots, corresponding solid traces are envelope from fits. Yellow and cyan 
peaks under envelopes are actual fits to the experimental data. Fits of C 1s peak 
on XPS spectra of e) bare Si, f) APTMS-modified, g) BIBB-modified, and h) 
pNIPAM-modified surfaces. Experimental data are presented in black dashed 
dots; red solid traces are envelope from fits; blue solid traces are residuals from 
fits; green, yellow, cyan and purple peaks under envelopes are actual fits to the 
experimental data.  



115 
 

 
 
Figure 3.17 (cont’d).   XPS spectra from bare Si (black), APTMS-modified (blue), 
BIBB-modified (green), and pNIPAM-modified (red) surfaces in energy regions 
containing a) Br 3d , b) Si 2p, c) N 1s,  and d) C 1s signals. Data are presented in 
dashed dots, corresponding solid traces are envelope from fits. Yellow and cyan 
peaks under envelopes are actual fits to the experimental data. Fits of C 1s peak 
on XPS spectra of e) bare Si, f) APTMS-modified, g) BIBB-modified, and h) 
pNIPAM-modified surfaces. Experimental data are presented in black dashed 
dots; red solid traces are envelope from fits; blue solid traces are residuals from 
fits; green, yellow, cyan and purple peaks under envelopes are actual fits to the 
experimental data.  
 
 
 



116 
 

Table 3.3.  Binding energies and assignments from XPS data acquired on bare 
silica, APTMS-modified, BIBB-modified, and pNIPAM-modified surfaces. 
 

 Br 3d (eV) Si 2p (eV) N 1s (eV) C 1s (eV) 

Bare Silica 
Surface 

  103.4   284.3   

APTMS-
Modified 
Surface 

  101.9 399.1 401.3 285.1 288.1  

BIBB-
Modified 
Surface 

70.0 71.1 101.9 400.0  284.9 285.3 288.1 

pNIPAM-
Modified 
Surface 

   399.8  284.6 287.4  

 
 
 
 
 
 
 
 
 
Table 3.4.   Fit results for C 1s peaks from XPS data from bare silica, APTMS-
modified, BIBB-modified, and pNIPAM modified surfaces. 
 

Bare Silica 
Surface 

Binding Energy (eV) 284.6 285.6 286.7 288.9 

Fractional Area 0.71 0.14 0.08 0.07 

APTMS-
modified 
Surface 

Binding Energy (eV) 284.6 285.5 286.5 288.2 

Fractional Area 0.44 0.39 0.12 0.06 

BIBB- 
modified 

Srface 

Binding Energy (eV) 284.6 285.3 286.3 288.0 

Fractional Area 0.35 0.31 0.19 0.15 

pNIPAM-
modified 
Surface 

Binding Energy (eV) 284.5 285.7 287.4  

Fractional Area 0.64 0.19 0.17  
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Matrix-assisted laser desorption ionization with time-of-flight mass 

spectrometry (MALDI-TOF) was used to determine the average molecular weight 

of the polymer brushes (Mw). Direct analysis on pNIPAM-modified surfaces using 

MALDI-TOF was impossible due to the strong covalent siloxane linkage. 

Therefore, tethered polymer brushes were cleaved from the substrates using tetra-

n-butylammonium fluoride to selectively break the siloxane linkage. This mixture 

was used for MALDI analysis without further preparation other than dilution. Based 

on the mass spectrum shown in Figure 3.18, Mw was determined to be 1.1 x 105 

g/mole. The degree of pNIPAM polymerization is equal to the number of monomer 

units per average polymer chain. This can be calculated by dividing Mw by the 

monomer molecular weight (113 g/mol); for the pNIPAM brushes used in this work, 

the degree of polymerization is determined to be 973.  

The FITC coverages of the BIBB- and pNIPAM-modified surfaces were 

determined to be ~2 × 1012 molecules/cm2 using TIRF based on the UV-VIS 

attenuated total reflectance (ATR) waveguide spectroscopy results from APTMS-

bound FITC-modified surfaces described above.  Direct quantification of the BIBB- 

and pNIPAM-modified surfaces using UV-VIS ATR waveguide spectroscopy 

proved extremely challenging due to the combined effects of low FITC surface 

coverage and the difficulty in obtaining a good background spectrum. Therefore, 

TIRF was used to estimate surface coverage (see images in Figure 3.19) using 

the following approach.  TIRF was performed on the APTMS-bound FITC-modified 

surface whose surface coverage was determined as described above to be ~6 × 
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Figure 3.18.  MALDI-TOF analysis of pNIPAM brushes fabricated on BIBB-modified surfaces for average molecular 
weight (MW) determination. 
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Figure 3.19.  a) TIRF image of background fluorescence from BIBB-modified surface. b) TIRF image of background 
fluorescence from pNIPAM-modified surface. c) TIRF image FITC-modified pNIPAM surface. d) TIRF image of FITC-
modified BIBB surface. e) TIRF image of FITC-modified APTMS surface.  Images taken using 488 nm excitation 
while monitoring emission at 525 ± 25nm using 100 ms exposure times. Intensities are in arbitrary intensity units. 
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1012  molecules/cm2 on the mixed silane surface composed of 2% APTMS and 

98% methyltrimethoxysilane (described in Section 3.3.) As shown in Figure 3.19, 

the TIRF intensities of the FITC-modified BIBB (Figure 3.19d) and pNIPAM (Figure 

3.19c) surfaces were relatively similar at 12,652 ± 2,568 a.u. and 10,570 ± 1,697 

a.u., respectively, under identical experimental conditions. This confirms that the 

presence of the pNIPAM does not affect the FITC fluorescence characteristics 

significantly. In comparison, the TIRF intensity of the APTMS-bound FITC-

modified surface (Figure 3.19e) was determined to be 33,460 ± 3,570 a.u. under 

the same conditions, or roughly three times that of the FITC-modified BIBB and 

pNIPAM surfaces (Figure 3.19).   Since the FITC coverage on the APTMS-bound 

FITC-modified surface is 6 × 1012 molecules/cm2, the FITC coverage on the FITC-

modified BIBB and pNIPAM surfaces is estimated to be approximately ⅓ of this 

value, or ~2 × 1012 molecules/cm2. This coverage is equivalent to ~1% of a silane 

monolayer, which contains ~2 × 1014 molecules/cm2, 80  and ~2% of a fluorescein 

monolayer, which contains ~1 × 1014 molecules/cm2.47 This approach is predicated 

on the assumptions that the TIRF intensity from FITC on these modified surfaces 

increases linearly with surface coverage, which is likely to be reasonable based on 

the low FITC surface coverage.  

Film thicknesses for both dry and methanol-swollen pNIPAM films can be 

determined accurately using AFM. AFM has been used routinely to investigate 

polymer brushes in a number of ways including imaging surface morphologies, 

measuring brush thickness, observing stimulus responsive behavior and probing 
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surface mechanical properties. 91-94 Furthermore, AFM measurements can be 

performed in varying media or under a wide range of external conditions.91-93  In 

this study, AFM is employed to image the morphology and measure the thickness 

of the pNIPAM film. As for thickness determination, although optical methods such 

as ellipsometry are traditionally employed for the determination of thickness, AFM 

has emerged as a fast and accurate tool for investigating this parameter.92 The 

sample pNIPAM-modified surfaces were subjected to selective removal of a 

portion of the brush layer all the way down to the silica substrate prior to AFM 

imaging. This was achieved by carefully removing the brush surface using a new 

single-edged razor blade.91-93,95 Control experiments performed on bare, clean 

silica substrates have demonstrated that the underlying substrate is not scratched 

or damaged by such a gentle mechanical perturbation. Brush thickness is 

calculated from the depth analysis between unscratched (brush film) and 

scratched (bare substrate) regions. Freshly prepared pNIPAM-modified surfaces 

were used as samples for imaging in air to obtain dry thickness; the same surfaces 

were subsequently immersed in the solvent of interest and incubated for over 24 

h to allow full solvation of the brush prior to AFM imaging under methanol in soft 

contact mode to obtain the corresponding methanol-swollen thickness. These 

measurements require that the applied force be kept low, between 0.2 and 0.4 

N/m, to minimize sticking of the brushes to the AFM tip. The scan rate must be 

chosen to balance methanol evaporation and image quality. Methanol has a boiling 
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point of 64.7 °C and the rate of evaporation is significant at room temperature; 

therefore, a relatively fast scan rate is preferred to minimize effects of evaporation.  

Figure 3.20a shows an AFM height image for a typical dry pNIPAM-modified 

glass substrate, and Figure 3.20b shows the corresponding image for this same 

pNIPAM film in methanol under static (i.e. no flow) conditions. The dry pNIPAM 

film thickness, hdry, was determined to be 111 ± 6 nm, and the corresponding 

methanol-swollen thickness, h, was determined to be 225 ± 15 nm.  Standard 

deviations in these values represent measurements from at least 9 independently 

prepared surfaces fabricated in three different batch processes. Defining the 

swelling ratio to be the swollen film thickness in a solvent divided by the dry film 

thickness yields a value of 2.0, consistent with literature values for similar pNIPAM 

films.39,83,91,95  

Having in hand a value for hdry, a value for grafting density, σ, of the pNIPAM 

chains on the surface can be calculated from84 

 σ = ρhdry

NA

Mw
 3-11 

where ρ is monomer density (0.95 g/cm3)84  and NA is Avogadro’s number. Using 

this approach, the pNIPAM grafting density on the surfaces used here is calculated 

to be 0.60 chain/nm2. The tethered polymer configuration for these pNIPAM films 

in methanol, a good solvent, can be estimated from the distance between 

neighboring grafting sites 
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 s = ( 
1

σ
 )1/2 3-12 

relative to the Flory radius, 

 RF = aN3/5 3-13 

where a is the monomer length (0.3 nm) 83, and N is the degree of polymerization. 

For these surfaces, s is 1.3 nm. This value is much less than the RF of 18.6 nm; 

thus, the surface grafted polymer chains are confirmed to exist as dense, polymer 

“brushes”. 83 

The properties of the FITC-modified pNIPAM brush surfaces are given in 

Table 3.5. 

 

Table 3.5. A summary of the properties of the FITC-modified pNIPAM brush 
surfaces. 
 

Parameter Symbol Experimental Value 

FITC Coverage Γ 2 × 1012 molecules/cm2 

Dry Film Thickness hdry  111 ± 6 nm 

Swollen Film Thickness h 225 ± 15 nm 

Average Molecular Weight Mw   1.1 × 105 g/mole 

Degree of Polymerization N 973 

Grafting Density σ   0.60 chain/nm2 

Flory Radius of pNIPAM in Methanol RF 18.8 nm 

Distance between Grafting Sites s 1.3 nm 
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Figure 3.20.  Soft-contact mode AFM images of pNIPAM surfaces. a) Dry pNIPAM 
film in air, hdry = 111 ± 6 nm, and b) pNIPAM in pure methanol, h = 225 ± 15 nm. 
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3.5 Theory  

3.5.1 Taylor-Aris dispersion theory 

Taylor-Aris dispersion theory states that for a solute transported with 

laminar flow, its effective diffusivity greatly increases in the direction of flow, 

resulting in smearing of the concentration distribution due to the parabolic velocity 

profile of flow and molecular diffusion of the species (Figure 3.21a).96,97  The 

treatment here starts by considering a rectangular cell of height H and width w. 

Our reference frame (Figure 3.21b) is chosen such that x increases in the direction 

of flow (from left to right), y increases across the channel, and z is the surface 

normal starting at zero at the bottom of the channel.  For a high aspect ratio 

rectangular laminar flow channel (b/H>20) as used in this study, the flow is 

independent of y; therefore, only the parabolic flow shape in the xz plane must be 

considered for analysis.98 Taylor-Aris dispersion theory quantitatively predicts the 

concentration distribution of a known species at any position along the flow by: 

 
C(L, t)

C0
=

1

2
(1 − erf

L − Ut

√4D∗t
) 3-14 

where C(L,t) is the tracer concentration at various positions along the length of the 

channel at various times, C0 is the initial tracer concentration in the displacing fluid, 

L is the distance along the flow direction from the injection point (μm), U is the 

linear velocity of laminar flow (μm/s), t is time (s), and D* is the Taylor-Aris 

dispersion coefficient of the tracer (cm2/s). When the concentration distribution 
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curve for a species at distance L at a given laminar flow rate is known, which 

usually can be obtained experimentally, values for both D* and U can be obtained 

by fitting the data to eqn (3-14) using a known value of the other parameter. Thus, 

a full mathematical expression for C(x,t) as a function of t can be written for a given 

experimental arrangement. The validity of Taylor-Aris dispersion theory for a given 

experimental arrangement can be evaluated by comparison of the experimentally-

determined values of D* and U with those predicted by theory or independently 

measured, respectively. To differentiate, experimental values of these parameters 

from those predicted by theory, the experimentally-obtained values of D* and U 

will be written here as Dfit
* and Ufit. The value for the longitudinal effective diffusion 

(dispersion) coefficient predicted by Taylor-Aris theory, D*, is given by: 

 𝐷∗ = D + k(
U2H2

D
) 3-15 

where D is the molecular diffusion coefficient of the tracer molecule in a given 

medium (cm2/s); here, this D is the RhB diffusion coefficient in methanol which can 

be obtained from the literature, H is the flow cell height (μm), and k is a geometrical 

factor dependent on the cell dimensions. For our wide but shallow rectangular flow 

cell, k = 1/210, although it may change if the rectangular shape of the cell is 

perturbed.98-101 U was independently measured in this laminar flow cell as 

described in Chapter 2, which is used as the theoretical counterpart of Ufit when 

doing comparisons. 
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Figure 3.21.  a) An illustration of Taylor-Aris dispersion of solute molecules in laminar flow conditions. When solute 
molecules are introduced with laminar flow, the concentration distribution of the solute will smear out in the direction 
of flow due to both parabolic flow front (indicated by blue curve) and fast molecular diffusion of the solute (indicated 
by the red arrows). b) Flow distribution in a high aspect ratio rectangular laminar flow cell. Blue curve and arrows 
represent the laminar flow profile. Our reference frame is chosen such that x increases in the direction of flow (from 
left to right), y increases across the channel, and z points vertically from the bottom to the top of the channel. 
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For Taylor-Aris dispersion theory to hold, the system must meet the 

condition, in this case, in which vertical diffusion along z is much faster than the 

longitudinal convective transport time along x such that:96,98 

 

 
U

L

D4

H2




 3-16 

As will be shown below, since the above conditions are met for the cell used here, 

application of Taylor-Aris theory is correct and appropriate. 

3.5.2 Coupled Taylor-Aris-Fickian diffusion model 

In order to extract apparent diffusion coefficients for tracer molecules in a 

thin polymer film from experimentally-determined breakthrough curves based on 

FRET, a coupled Taylor-Aris-Fickian diffusion model was developed. This model 

is predicated on several key assumptions as follows. First, it is assumed that 

diffusion is the only transport mechanism for tracer molecules within the polymer 

film and that Fickian diffusion dominates. Secondly, it is assumed that diffusion of 

the tracer molecules normal to the substrate along the z axis dominates and that 

contributions from diffusion along the flow direction (i.e. x) are negligible. Thirdly, 

it is assumed that the presence of the polymer film does not alter the laminar flow 

profile in the cell, since the polymer thickness is only on the order of 100-200 nm 

but the cell height is ~200 μm. Finally, it is assumed that, once equilibrated in the 

solvent of interest, the thickness of the polymer film is constant and independent 

of flow rate. The validity of this latter assumption will be dependent on slow laminar 
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flow velocities and densely populated polymer thin films. Under conditions in which 

all of these assumptions are valid, then if the flow field stops at the top of the 

polymer film, the experimentally-determined (apparent) diffusion coefficient, Dapp, 

for the tracer should be independent of flow rate. In contrast, if the flow field 

penetrates the polymer film, then an increasing apparent diffusion coefficient with 

flow rate should be observed. 

A pictorial illustration of the Taylor-Aris-Fickian diffusion model is presented 

in Figure 3.22. The general mass transport equation is given by Fick’s diffusion 

law. 

 
𝜕𝐶

𝜕𝑡
= 𝐷

𝜕2𝐶

𝜕𝑧2
 3-17 

This is solved utilizing three boundary conditions as specified below. The first 

boundary condition stipulates no tracer molecules in the polymer film at time zero: 

 𝑎𝑡 𝑡 = 0, 𝐶 = 0 3-18 

The second boundary condition states that at the top of the polymer film, the 

concentration distribution of tracer molecules is governed by T-A theory: 

 𝑎𝑡 𝑧 = ℎ, 𝐶 = 𝐶𝑇(𝑥, 𝑡) 3-19 

Boundary condition three stipulates no mass exchange with the underlying glass 

substrate, or in other words, the condition that the glass is impenetrable and 

impermeable: 
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 𝑎𝑡 𝑧 = 0,
𝜕𝐶

𝜕𝑧
= 0 3-20 

When eqns (3-17) through (3-20) are applied to the system under study here, C is 

the RhB tracer concentration in the polymer film and is a function of z and t, CT (x, 

t) is the tracer concentration at the top of the polymer film governed by T-A theory 

as shown in eqn (3-14), t is time, D in eqn (3-17) becomes Dapp, the apparent 

diffusion coefficient of RhB in the polymer film (cm2/s), L is the sampling position 

along x, which is fixed at the center of the laminar flow cell at 2.45 cm, h is the 

swollen polymer film thickness (nm), and H is the laminar flow cell height (200 μm). 

For simplification, the experimental FRET signals are assumed to come 

from the bottom of the polymer film (i.e. z = 0). This simplification is only valid when 

the FRET sampling depth (calculated here to be ~8 nm based on the chosen FRET 

pair) is small compared to swollen polymer thickness (here ~200 nm). Under these 

conditions, the FRET data can be fit to yield values for C(0,t) at different times 

throughout the experiment. 

An analytical solution to the coupled Taylor-Aris-Fickian diffusion model is 

difficult to obtain due to inherent mathematical complexity. Therefore, the finite 

difference method (FDM) was used to obtain a numerical solution. It should be 

noted that h and Dapp are mutually dependent variables in this model; h must be 

known and assumed constant to obtain Dapp from the fitting.  The full expression 

for CT (x, t) can be obtained experimentally as described in the last section on  
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Figure 3.22.  Pictorial illustration of the coupled Taylor-Aris-Fickian diffusion model. Sampling position 
indicated in red is located at the bottom of polymer film, 82 × 82 μm2. 
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Taylor-Aris dispersion theory by fitting.  L is known and fixed throughout the 

experiment. 

3.5.3 Numerical solution of Taylor-Aris-Fickian diffusion model by the finite 

difference method (FDM) 

(This part of the work was done in collaboration with Dr. A. Eduardo Saez and Mr. 

Long Cheng in the Department of Chemical and Environmental Engineering at the 

University of Arizona.) 

Eqn (3-21) is a partial general solution to the Taylor-Aris-Fickian diffusion 

model, since the exact analytical solution is not obtainable due to mathematical 

complexity.  

 𝐶𝑦=0 =
𝜋𝐷

ℎ2
∑ 𝑛 sin

𝑛𝜋

2
𝑒

−
𝐷𝑛2𝜋2𝑡

4ℎ2

∞

𝑛=1

∫ 𝐶(𝜏)𝑒
−

𝐷𝑛2𝜋2𝑡
4ℎ2 𝑑𝜏

𝑡

0

 3-21 

The finite difference method, a numerical technique for finding approximate 

solutions to boundary value problems for partial differential equations, was used 

to find a numerical solution to this model. 

Implementation of the finite difference approach proceeds as follows. The 

tethered polymer film is sectioned into finite elements along the z direction, with dz 

as the smallest increment, from the bottom of polymer, z = 0, to the top of film, z = 

h. Similarly, time is broken into small elements, with dt as the smallest increment. 

The condition of t = 0 is when the RhB solution enters the inlet of the flow cell, and 

t = 600 s is used as the other boundary, which is the typical experimental collection 
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time for each breakthrough curve. Therefore, the RhB concentration at any position 

z, C(z, t), can be written as a function of time in each cell in a spreadsheet (Figure 

3.23). The concentrations of RhB at the bottom of the polymer film, C(0, t), 

represented by the first column of dz (shaded in yellow) are the theoretically-

predicted values for comparison to the experimentally-determined breakthrough 

curves. 

According to boundary condition one, eqn (3-18), at t = 0, the RhB 

concentration in any of these elements is zero; the corresponding column is 

shaded in red in Figure 3.23. Boundary condition two, eqn (3-19), states that at z 

= h, the RhB concentration is dictated by Taylor-Aris dispersion theory, i.e. C = 

CT(x, t), which can be solved as described in section 3.5.1. The corresponding 

column is shaded in green. 

Using the concept of finite difference, the rest of cells in this spreadsheet can 

be written as a simple function of Dapp, the apparent diffusion coefficient.  A finite 

different parameter X is defined as 

 
X = 𝐷𝑎𝑝𝑝

𝑑𝑡

𝑑𝑧
2
 

3-22 

where dt and dz are user-chosen smallest increments. Typical values for these are 

chosen here to be 0.01 s and 5 nm, respectively, unless otherwise noted. It should 

be noted, however, that the choice of dt and dz are not completely arbitrary in that 

conditions must be met such that mathematic convergence is achieved: 
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 0 < X < 0.5 3-23 

As an example of applying the finite difference approach in filling the spreadsheet 

in Figure 3.23, consider the following designation of the value in cell B2: 

 B2 = ABS (B1 + X*(A1 - 2B1 + C1)) 3-24 

where ABS represents the function of absolute value. By using the idea of finite 

difference, cell B2 is calculated using known values of neighboring cells. Similarly, 

other cells in row 2 can be calculated, subsequently row 3, row 4 until the last row 

in the spreadsheet. See Figure 3.23 for example. 

However, for column z = 0, since there is no more left column, cell G2 can’t 

be calculated simply using equation 3-24. Since boundary condition three, eqn (3-

20), states that there is no mass transfer with the solid substrate at the bottom of 

the polymer, an assumption is made that at the bottom of the brush, the difference 

in concentration of RhB is small and negligible. That is to say that cell H1, if it 

existed, would equate to cells G1 and F1. In other words, the RhB concentrations 

within 5 nm (for dz = 5 nm) of the bottom of the polymer film are assumed to be 

equal. This assumption is reasonable, especially considering that the sampling 

depth of FRET is ~8 nm for the FITC/RhB FRET pair. To solve for RhB 

concentration at z = 0, with this assumption applied, eqn (3-24) becomes 

 G2 = ABS (G1 + X*(2F1 – 2E1)) 3-25 
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z (μm) 
 
t (s) 

dz 2dz 3dz  h-3dz h-2dz h-dz h 

dt 
H1 

0 
G1 

0 
F1 

0 
E1 

 
0 

D1 
0 

C1 
0 

B1 
0 

A1 

2dt G2 F2 E2  D2 C2 B2 
C=CT 

A2 

3dt 
 

      
C=CT 
(A3) 

         

600-2dt        C=CT 

600-dt        
C=CT 

600        C=CT 

 
 
Figure 3.23.   An example of the spreadsheet used for finite difference numerical solution to the Taylor-Aris-Fickian 
model. Here dt is 0.01 s, dz is 5 nm; therefore, the spreadsheet typically contains 60,000 rows and 44 columns. C = 
CT refers to the Taylor-Aris dispersion eqn (3-14). Application of finite difference method in the calculation of 
concentration at any z position at time t, except for z = 0, using eqn (3-24). This process starts with the first row, dt, 
then the second row 2dt, until the last row, row 60,000. Note that at z = 0, the concentration at time t is calculated 
with eqn (3-25); see the following figure for explanation. 
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z(μm) 
 

t (s) 
dz 2dz 3dz 

 
h-

3dz 
h-2dz h-dz h 

dt 
H1 

0 
G1 

0 
F1 

0 
E1 

 0 
D1 

0 
C1 

0 
B1 

0 
A1 

2dt 
0 
 

G2 

0 
 

F2 

0 
 

E2 

 0 
 

D2 

C= ABS (C1 + X*(B1 – 2C1 + D1)) 
= 0 
C2 

C= ABS (B1 + X*(A1 - 2B1 + C1)) 
= 0+X*(0-2*0+0)=0 

B2 

C=CT (2dt) 
 

A2 

3dt 

0 
 
 

G3 

0 
 
 

F3 

0 
 
 

E3 

 0 
 
 

D3 

C= ABS (C2 + X*(B2 – 2C2 + D2)) 
= 0 
 

C3 

C= ABS (B2 + X*(A2 - 2B2 + C2)) 
= 0+X*(CT(2dt)-2*0+0) 

= X*CT(2dt) 
B3 

C=CT (3dt) 
 
 

A3 

4dt 

0 
 
 
 

G4 

0 
 
 
 

F4 

0 
 
 
 

E4 

 
0 
 
 
 

D4 

C= ABS (C3 + X*(B3 – 2C3 + D3)) 
= 0+X*(X*CT(2dt)-2*0+0) 

= X2*CT(2dt) 
 

C4 

C= ABS (B3 + X*(A3 - 2B3 + C3)) 
= X*CT(2dt)+X*(CT(3dt)- 

2*X*CT(2dt)+0) 
=X*CT(2dt)+X*CT(3dt) 

+2*X2CT(2dt) 
B4 

C=CT (4dt) 
 
 
 

A4 

         

600-dt    
 

 
C= ABS (C59998 + X*(B59998 – 

2C59998 + D59998)) 
C59999 

C= ABS (B59998 + X*(A59998 - 
2B59998 + C59998)) 

B59999 

C=CT(600-
dt) 

C59999 

600    
  C= ABS (C59999 + X*(B59999 – 

2C59999 + D59999)) 
C60000 

C= ABS (B59999 + X*(A59999 - 
2B59999 + C59999)) 

B60000 

C=CT(600) 
 

C60000 

 

Figure 3.23 (cont’d).  An example of the spreadsheet used for finite difference numerical solution to the Taylor-Aris-
Fickian model. Here dt is 0.01 s, dz is 5 nm; therefore, the spreadsheet typically contains 60,000 rows and 44 
columns. C = CT refers to the Taylor-Aris dispersion eqn (3-14). Application of finite difference method in the 
calculation of concentration at any z position at time t, except for z = 0, using eqn (3-24). This process starts with the 
first row, dt, then the second row 2dt, until the last row, row 60,000. Note that at z = 0, the concentration at time t is 
calculated with eqn (3-25); see the following figure for explanation. 



137 
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Figure 3.23 (cont’d). An example of the spreadsheet used for finite difference numerical solution to the Taylor-Aris-
Fickian model. Here dt is 0.01 s, dz is 5 nm; therefore, the spreadsheet typically contains 60,000 rows and 44 
columns. C = CT refers to the Taylor-Aris dispersion eqn (3-14). Application of finite difference method in the 
calculation of concentration at any z position at time t, except for z = 0, using eqn (3-24). This process starts with the 
first row, dt, then the second row 2dt, until the last row, row 60,000. Note that at z = 0, the concentration at time t is 
calculated with eqn (3-25); see the following figure for explanation. 
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All cells can now be described as a function of only one variable, Dapp. Thus, for a 

given value of Dapp, the entire spreadsheet can be solved, including the far left 

column F, which is the concentration of RhB at the bottom of the polymer film, z = 

0, and used as the theoretical counterpart for comparison with an experimentally-

determined breakthrough curve. 

To start the fitting process, a random value of Dapp is fed into the 

spreadsheet, and the correlation factor R between column z = 0 and the 

experimental breakthrough curve is calculated. This process is performed 

iteratively to maximize the correlation factor to a value typically > 0.98. 

3.5.4 Validation of Taylor-Aris theory for the laminar flow cell 

The validity of Taylor-Aris theory to describe laminar flow in the 

experimental cell used here was first assessed by obtaining fluorescence 

quenching “breakthrough curves” for RhB using TIRF on FITC-modified BIBB 

surfaces in the absence of pNIPAM. Flow studies were undertaken by monitoring 

the fluorescence quenching of FITC by RhB as a function of time at various 

flowrates. Fluorescence intensities were taken from surface images; collection of 

images started when the RhB-containing solution entered the flow cell inlet, with 

no time delay allowed between each frame. The average fluorescence intensity 

across an entire image frame was plotted as a function of time to generate a FITC 

quenching curve. The raw fluorescence intensity-time curves were corrected for 

FITC photobleaching, inverted, and normalized in order to generate experimental 
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RhB breakthrough curves that were used for subsequent fitting, as shown in Figure 

3.24.  In order to correct for photobleaching, a control experiment was performed 

in which FITC fluorescence intensity was monitored as a function of time in the 

absence of any RhB. This curve was then subtracted from each FRET quenching 

curve obtained in the presence of RhB at different flow rates.   

The breakthrough curves were fit to the Taylor-Aris dispersion model 

described above (solid black lines in Figure 3.24), with high correlation factors 

found for these fits, as shown in Table 3.6. The ratio of values for the parameters 

Ufit and Dfit
* from the experimental results relative to the corresponding U and D* 

predicted values were computed as shown in Table 3.6. Ufit was compared to the 

experimentally-determined near-surface U values determined independently as 

described in section 2.4.4, and Dfit
* was compared to the predicted T-A dispersion 

coefficient, D*. Values of Ufit/U at all flow rates except 100 μL/min are close to 1, 

indicating proper application of Taylor-Aris dispersion theory. Similarly, Dfit
*/ D* 

values are also close to unity, although deviations are observed at the higher flow 

rates. One explanation for these deviations is due to perturbation of the rectangular 

shape of the cell with flow due to the inherent flexibility of the thin glass coverslip. 

Eqn (3-15) is no longer valid under these circumstances; as a result, the pre-factor 

value of 1/210 must be adjusted to account for this perturbation of cell geometry. 

The other factor that may also contribute to these deviations is the possibility of 

some chemical interaction of RhB with the FITC-modified BIBB-silica surface. 

Given the heteratom-rich and charged nature of RhB molecules (zwitterionic form) 
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in methanol and the chemical structure of BIBB-modified silica surface, one could 

easily envision chemical interactions, namely adsorption on unreacted sites on the 

silica surface or ion-ion, ion-dipole and dipole-dipole interactions with the BIBB 

modifiers, which would slow movement of the RhB from simple T-A flow. One may 

consider this as “weak partitioning” as in a chromatography stationary phase-like 

interaction, such that at lower flow rates, the rate of partitioning is faster than the 

flow rate. In this case then, the RhB flow follows the T-A prediction. In contrast, at 

higher flow rates, the rate of partitioning is comparable to or slower than the flow 

rate; therefore, the RhB molecules cannot keep up with the T-A flow behavior. In 

fact, this explanation is consistent with what is observed in that a more or less 

systematic decrease in Dfit
*/D* values with flow rate (albeit with scatter) occurs.  

Note that in the presence of pNIPAM, such interactions would be irrelevant, 

mainly for the following reasons. First, pNIPAM brushes are less likely to interact 

with RhB molecules than the FITC-modified BIBB surface does because of lower 

polarity and the absence of charged species such as unreacted silanol groups.  

Secondly, the rate-determining step for RhB mass transport with pNIPAM is 

diffusion through the pNIAPM brushes, which is a much slower process than these 

partitioning processes and T-A dispersion. Therefore, T-A dispersion theory can 

be used to describe the flow behavior on top of the pNIPAM brushes. 

The upper boundary condition for validity of T-A theory for our system is 

calculated using eqn (3-16) to be 2,769 μm/s, whereas the near-surface linear 

velocity was measured to be 2,952 μm/s for a flow rate of 3,000 μL/min. Thus, 
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these values suggest that T-A theory is applicable over the entire range of flow 

rates used here, 100-3,000 μL/min, with caution exercised at the higher flow rates 

that small deviations may occur. 

3.5.5 Apparent diffusion coefficients in thin pNIPAM films 

By obtaining breakthrough curves for penetration of RhB tracer molecules 

into methanol-swollen pNIPAM films (as indicated by quenching of the acceptor 

fluorescence) under laminar flow conditions, apparent RhB tracer diffusion 

coefficients can be obtained by curve fitting to the Taylor-Aris-Fickian model 

described above. This model assumes that Fickian diffusion is the only mechanism 

for tracer movement within the polymer film.40 The zeroth-order hypothesis being 

tested with these experiments is that polymer films are solid-like, and thus 

impenetrable, by a flow field. If this hypothesis is proven to be true, the apparent 

diffusion coefficients measured will be invariant with applied laminar flow rate; 

otherwise, the hypothesis is disproven and the flow field must penetrate into the 

polymer film. 

Experimental data of FITC fluorescence quenched by RhB were collected 

on FITC-modified pNIPAM surfaces using TIRFM. Identical data processing 

procedures were applied to obtain normalized breakthrough curves for fitting as 

for the FITC-modified BIBB surfaces described above.  Values used for Ufit and 

Dfit
* at different flow rates were those obtained from the experimental studies on 

the FITC-modified BIBB surfaces described above. L was fixed at 2.45 cm 
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Figure 3.24.  a) Raw data of FITC quenching curves by 20 μM RhB at different 
flow rates in methanol. Dark purple curve represents FITC quenching solely by 
photobleaching. From right to left, curves collected with flow rates 100, 200, 300, 
400, 500, 800, 1,000, 2,000 and 3,000 μL/min are in grey, orange, green, blue, 
cyan, magenta, yellow, dark yellow, and navy, respectively. b) Quenching curves 
are corrected for photobleaching by subtraction of the dark purple curve. c) 
Curves inverted and normalized to obtain breakthrough curves for fitting to 
Taylor-Aris theory; solid black curves are corresponding fits. Inset shows zoom 
of high flow rates curves. All experimental data acquired at 100 ms increments. 
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Table 3.6.  Comparison of values from fits of experimental breakthrough curves to values predicted by Taylor-Aris 
theory. 
 

  Predicted Values Values from Fits to Experimental Data 

Q (μL/min) U (μm/s) D* (cm2/s) Ufit (μm/s) Ufit/U Dfit
* (cm2/s) Dfit

*/ D* R2 

100 192 9.87×10-5 152 0.79 1.17×10-4 1.19 1.000  

200 275 1.99×10-4 284 1.03 3.13×10-4 1.57 0.999  

300 451 5.32×10-4 436 0.97 4.82×10-4 0.91 0.999  

400 595 9.22×10-4 581 0.98 8.52×10-4 0.92 0.999  

500 738 1.42×10-3 728 0.99 1.06×10-3 0.75 0.999  

800 965 2.42×10-3 1,016 1.05 2.03×10-3 0.84 0.998  

1,000 1,150 3.44×10-3 1,261 1.10 2.69×10-3 0.78 0.999  

2,000 2,188 1.24×10-2 1,993 0.91 7.46×10-3 0.60 0.998  

3,000 2,952 2.26×10-2 2,815 0.95 1.01×10-2 0.45 0.998  
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Figure 3.25.  Experimental breakthrough curves of RhB on a FITC-modified pNIPAM film surface in methanol. Color 
designations for different flow rates correspond to those shown in Figure 3.24. From right to left, curves collected with flow 
rates 100, 200, 300, 400, 500, 800, 1,000, 2,000 and 3,000 μL/min are in grey, orange, green, blue, cyan, magenta, yellow, 
dark yellow, and navy, respectively. Solid lines represent fits to the experimental data. Inset is the zoom of the high flow 
rate curves and fits at short times. 
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Table 3.7. Fits of experimental breakthrough curves to Taylor-Aris-Fickian diffusion model to determine Dapp. 

 

Q (μL/min) Dapp (cm2/s) R2 

100 1.9 ± 0.19 x 10-12 0.998  

200 2.6 ± 0.18 x 10-12 0.998  

300 3.5 ± 0.22 x 10-12 0.999  

400 4.0 ± 0.34 x 10-12 0.998  

500 4.8 ± 0.82 x 10-12 0.996  

800 6.0 ± 0.62 x 10-12 0.998  

1,000 7.5 ± 0.14 x 10-12 0.995  

2,000 8.4 ± 0.46 x 10-12 0.988  

3,000 9.1 ± 0.43 x 10-12 0.981  
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throughout these experiments. The finite difference terms dt and dz in the fitting 

were chosen to be 0.01 s and 5 nm, respectively, such that the boundary 

condition of [Dapp*(dt/dz2)] < 0.5 is met. This leaves Dapp as the only variable in 

the fitting process. Fits were performed iteratively to maximize the correlation 

coefficient. 

Breakthrough curves and corresponding fits for a pNIPAM film of 111 nm 

dry thickness in methanol are shown in Figure 3.25. As shown in Table 3.7, R2 

values for the breakthrough curve fits are >0.98 for all flow rates, indicating that 

the model accurately describes the physical behavior. The RhB apparent 

diffusion coefficients extracted from these fits are plotted as a function of flow 

rate in Figure 3.26.  These Dapp values are surprisingly small, increasing from 

1.9 x 10-12 to 9.1 x 10-12 cm2/s for flow rates increasing from 100 to 3,000 μL/min.  

The diffusion coefficient for RhB in bulk liquid methanol has been 

reported in previous studies to be between 2.70 x 10-6 and 4.50 x 10-6 

cm2/s.102,103  As expected, this diffusion coefficient decreases in bulk gels of 

pNIPAM in methanol, wherein RhB diffusion coefficients have been reported to 

be between 5.0 x 10-7 and 1.50 x 10-6 cm2/s.104  A number of other studies have 

used various approaches to investigate diffusion of RhB in pNIPAM thin films. 

In one study, Zhu and coworkers used fluorescence correlation spectroscopy 

to determine the lateral diffusion coefficient for Rh6G in thin (2.5-30 nm), dense 

(0.5 chain/nm2) pNIPAM brush films in water, obtaining values ranging from 5 

x 10-9 to 7 x 10-8 cm2/s.39 Using single molecule tracking, Elliott et al. 

investigated the diffusion of Rh6G in pNIPAM brushes with an estimated
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Figure 3.26.  Experimental apparent diffusion coefficients for RhB in a pNIPAM film in methanol (Dapp ) as a function of applied 
flow rate (Q).  
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grafting density of 0.1 chain/nm2 and a swollen brush thickness of 115 nm in 

deionized water with TIRFM.42 They found two distinct Brownian motions with 

slow and fast diffusion rates of 2.4 x 10-10 and 1.74 x 10-8 cm2/s, respectively. 

Noteworthy about these results is that the grafting density of the films used in 

this previous study was ~80% smaller than what was used in the study reported 

here. 

One final study of significance to this work utilized electrochemical 

impedance spectroscopy to measure the diffusion coefficient for the 

K3[Fe(CN)6]/K4[Fe(CN)6] redox system in pNIPAM brush films in water under 

static flow conditions, with values determined that ranged from 4.65 x 10-13 to 

8.5 x 10-12  cm2/s depending on polymer grafting density (grafting density values 

were not provided in this paper, although films were prepared with varying 

percentages of initiator molecules in the starting monolayer on the surface to 

control grafting density).46 The significance of these results from 

electrochemical impedance relative to the values reported here are that these 

studies represent the only other experimental determination based on linear 

diffusion of the tracer in a direction along the surface normal. In general, the 

apparent diffusion coefficient values obtained here agree well with those 

obtained by impedance measurements. However, three differences between 

this previous study and the results reported here help rationalize the small 

variance in diffusion coefficients obtained. The first significant difference is that 

the tracers used in the two studies are chemically quite distinct. Secondly, the 

impedance measurements were made under static solution conditions whereas 

the work here was performed under solution flow. Finally, the techniques used 
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to monitor diffusion are different; in the electrochemical measurement, the 

tracer must approach the surface more closely to be detected than for the FRET 

measurement. Given the known density gradient in pNIPAM polymer brush 

films that decreases in going away from the surface,1,105,106 slightly lower 

diffusion coefficients would be predicted for the electrochemical measurement, 

which is what is observed. In conclusion, then, the values of RhB apparent 

diffusion coefficient obtained using the FRET-TIRFM measurement are 

completely consistent with relevant literature values. 

The observation in the work reported here that the RhB apparent 

diffusion coefficient increases with flow rate clearly indicates that the zeroth-

order hypothesis that the polymer is a solid surface at which the flow field stops 

is incorrect, and that flow field penetration of the pNIPAM film occurs when it is 

subjected to external laminar flow. 

3.5.6 Quantification of flow field penetration depth 

In quantifying the depth of flow field penetration more precisely, it is 

useful to define the parameter hs as the thickness of polymer not affected by 

flow field, or in other words, the quantity (h - hs) represents the penetration 

depth of the laminar flow field, dp. Since h and Dapp are mutually dependent 

variables in the Taylor-Aris-Fickian diffusion model, the values of hs for each 

flow condition can be obtained through fitting if the diffusion coefficient for RhB 

in the pNIPAM under static flow conditions, D0, is known. Here, this value is 

attained at the lim Q0 by extrapolation of the Dapp values in Figure 3.26 to 

zero flow rate. With this value in hand, fits of the data yield the values of hs as
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Figure 3.27.  Thickness of pNIPAM film not affected by flow field (hs) and corresponding fractional thickness of film not 
penetrated by flow field (hs/h) as a function of flow rate. 
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a function of Q shown as the left y-axis in Figure 3.27 These hs values decrease 

with increasing Q, more quickly at the lower flow rates and more slowly at the 

higher flow rates before reaching a plateau at ~1,000 μL/min. As shown by the 

corresponding values of hs/h shown as the right y-axis of Figure 3.27, in the 

plateau region, ~40% of the original swollen polymer thickness is not affected 

by the flow field and the RhB tracer moves in this portion of the film by diffusion 

only.  

These experimental hs/h values are reasonable compared to previous 

theoretical estimates of flow field penetration which predict that the flow field 

penetrates from between 0 to 80% of the film thickness. 3-6,29,107,108 

Unfortunately, no other experimental values are available with which to 

compare the results obtained here. It is noted that the non-linear penetration 

depth of the flow field is consistent with the known density gradient in these 

tethered pNIPAM films. 1,42,105 

3.6 Conclusions 

A new spectroscopic method, FRET-TIRFM was developed to determine 

small molecule apparent diffusion coefficient in polymer thin films under laminar 

flow conditions that provides quantitative assessment of flow field penetration 

into the film. This new method was successfully applied to the study the 

apparent diffusion coefficient for RhB in surface-grafted pNIPAM polymer brush 

films under laminar flow. Measured apparent diffusion coefficients were on the 

order of 10-12 cm2/s. Instead of remaining invariant with flow rate as would be 

expected for no flow field penetration into the film, the apparent diffusion 
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coefficients correlate positively with applied flow rate, clearly indicating flow field 

penetration into methanol-swollen pNIPAM films. Further analysis reveals that 

this flow field penetration occurs even for flow rates as low as 100-200 μL/min, 

with penetration increasing more quickly at low flow rates and more slowly at 

high flow rates before reaching a plateau at ~1,000 μL/min. As predicted by 

theory but not yet experimentally verified, under conditions of laminar flow, the 

flow field penetrates into thin pNIPAM films to depths well over 100 nm in a 

good solvent or ~60% of the original thickness of the swollen polymer film at 

the highest flow rate studied. 
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CHAPTER 4 EFFECT OF SOLVENT QUALITY ON FLOW FIELD 

PENETRATION INTO POLYMER FILMS 

4.1 Introduction 

Flow field penetration is dependent on both properties of the external 

flow and the polymer surface. Important flow properties include flow type and 

rate, while critical polymer surface properties include polymer grafting density, 

polymer network structure, as well as the solvent quality in which the polymer 

exists. As described in section 1.1.2, solvent quality is a known factor that 

drastically changes tethered polymer chain conformation. The swollen 

thickness of a polymer “brush”, h, is a function of number of polymer structural 

units, N, chain grafting density, σ, and solvent quality, ν. The relationship 

between these parameters is embodied in the relationship h ~ Nσν, where ν 

equals 1/3, 1/2, or 1 for a good, theta, or poor solvent, respectively.17 Polymer 

brushes swell least in a poor solvent, thus creating more compact, denser 

surfaces that are less affected by external forces. Therefore, it is worth 

investigating how solvent quality affects overall laminar flow field penetration 

into polymer films.  

Unfortunately, most previous studies have been focused on polymer 

brushes under good solvent conditions, with relatively little attention given to 

brush responses to laminar flow in theta and poor solvents. Among the limited 

studies that have been reported, Cohen and Parnas108,109 employed Brownian 

dynamics simulations to calculate both segment density and fluid flow velocity 

profiles of a single tethered chain in a theta solvent. They found that the fluid 
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flow velocity profile was altered in the presence of the polymer, and was 

significantly affected by both shear rate and polymer chain length. For all 

circumstances studied, the flow field was found to penetrate into the polymer 

brush with a variable penetration depth ranging from between 50% and 100% 

depending on the applied shear rate and polymer chain length. As a 

consequence, the thickness of the polymer film was found to be a function of 

the shear rate and chain length; these findings are consistent with their 

previously published ellipsometry results110 on adsorbed polymer film thickness 

behavior in a theta solvent under shear flow.  

In two other studies, Barrat32 and Kumaran31 separately performed 

calculations on polymer brushes in theta solvents using a modified Rabin-

Alexander model. They both predicted that the swollen thickness of the polymer 

was unaffected by the fluid flow field in the theta solvent, since hydrodynamic 

interactions were screened over very short distances. This behavior is unlike 

that in a good solvent wherein either a 25%32 or 33%31 increase in polymer 

thickness was predicted due to flow field penetration.  

In another study, Williams111 investigated polymer brush response to 

shear flow in good, theta, and poor solvents systematically using a modified 

Rabin-Alexander model. They predicted that in good solvents, the brush should 

expand, albeit by a limited amount. In poor solvents, a brush at low grafting 

density will show no expansion under conditions of weak shear but will shrink 

under conditions of high shear. In the intermediate case of a theta solvent, there 

should be no change or slight expansion in the brush height. Despite the fact 

that these previous predicted polymer thickness changes are inconsistent for 
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the same solvent quality, these results suggest that polymer brushes may 

respond differently to flow in solvents of different qualitiy.  

According to Halperin et al.112, one difference between poor and good 

solvents is that swollen polymer films can be spatially inhomogeneous, and 

different regions might respond differently in solvents of different quality. 

Another possible difference between the results of the two cases described 

above relates to the role of the osmotic force which would counteract polymer 

brush stretching in a poor solvent while favoring it in a good one. Nonetheless, 

a definitive prediction of the effect of solvent quality on flow field penetration in 

polymers has not yet been attained based on the inconsistent results discussed 

above. Moreover, other than the indirect measurements of polymer thickness 

in presence of flow conducted by Cohen et al.109, very little direct experimental 

work has been reported in the literature addressing this question.  

The new spectroscopic method, FRET-TIRFM, described in Chapter 3 

of this Dissertation, has been proven capable of quantifying flow field 

penetration depth into polymer brush films under good solvent conditions. In 

this chapter, it is used to investigate experimentally the effect of solvent quality 

on flow field penetration. Not only do these results help alleviate the relative 

dearth of experimental studies addressing this issue, but they also serve to 

further validate this new method as well.    

4.2 Good, theta, and poor solvents for pNIPAM 

pNIPAM, the model polymer system used in this work, is polar and 

hydrophilic;  thus, water and polar organic solvents such as methanol, ethanol 
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and tetrahydrofuran are considered “good” solvents for pNIPAM, while non-

polar organic solvents such as toluene and hexane are considered “poor” 

solvents. In addition, pNIPAM is probably the most well-known 

theromoresponsive polymer and can undergo conformational changes from 

extended brush to compact globular when the temperature is raised above its 

critical temperature of 32°C.51,113 In other words, water is a “good” solvent for 

pNIPAM for temperatures <32°C but is a “”poor” solvent for temperatures 

>32°C.  

Since the FRET donor used in this study, FITC, has a fairly low quantum 

yield in nonpolar solvents, and since differences in solvent viscosity and optical 

properties may introduce additional complexity in both TIRFM detection and 

subsequent data analysis, nonpolar solvents were not chosen as “poor” 

solvents for this study. Furthermore, the thermoresponsive property of pNIPAM 

could not be used to control solvent quality either, since temperature is known 

to significantly influence the quantum yields of organic fluorescent dyes such 

as FITC and RhB. This latter effect is a result of the fact that higher temperature 

increases collisional deactivation of the dye excited state. As an alternative to 

either of these approaches, therefore, this work employed the recently 

discovered co-nonsolvency phenomenon for pNIPAM to create solvents of 

different quality while maintaining the physical properties of these solvents to 

be fairly similar. This co-nonsolvency phenomenon occurs when different 

mixtures of two good solvents, methanol and water in the case of pNIPAM, can 

create a range of good, theta, poor solvents.114-118  
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4.3 Co-nonsolvency for pNIPAM 

The exact mechanism behind the co-nonsolvency phenomenon for 

pNIPAM in methanol-water mixtures has not been completely elucidated,116,118 

but it is believed to be related to the presence of the amide groups in pNIPAM 

which competitively hydrogen bond with methanol and water (Figure 4.1).115,118  

For a pNIPAM molecule with a Mw of 105 g/mole in pure water, it is known that 

upon addition of methanol, the polymer chain gradually collapses from an 

extended to a globular state when the mole fraction of methanol in the mixture, 

χmethanol, reaches 13% (see Figure 4.2) and attains its most compact state when 

χmethanol is ~20%.115,119 This collapsed state of the polymer chain is maintained 

for 20% < χmethanol < 40%, at which point the polymer starts to re-dissolve. The 

Rg values are correspondingly found to decrease to less than 10% of the 

original value at χmethanol of ~20%, and then increase to 82% of the original value 

at a χmethanol of 50%, whereupon it remains constant up to a χmethanol of 100%.  

The advantage of using the co-nonsolvency phenomenon to construct 

solvents of different quality for this work is that methanol-water mixtures exhibit 

similarity in many of their physical properties. At 25 °C, from χmethanol of 0% to 

100%, the density of the mixtures only decreases from 0.9971 to 0.7869 

g/mL,120 and the refractive index only decreases from 1.3326 to 1.3264.121 

Furthermore, although the viscosity of the mixture first increases from 8.95 to 

15.95 mP in going from χmethanol of 0% to 27.27%, it then decreases back to 

5.41 mP when χmethanol reaches 100%.120 On the basis of these considerations, 

therefore, pure methanol, 13 mol% MeOH/H2O, 20 mol% MeOH/H2O, and 31 
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mol% MeOH/H2O were chosen to represent good, theta, poor, and poor solvent 

qualities, respectively, for pNIPAM.  

 

Figure 4.1. Illustration of the theoretical basis of the co-nonsolvency 

phenomenon.114  （Used with permission of the publisher.） 
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Figure 4.2.  pNIPAM cononsolvency in methanol-water mixtures.113 a) Dependence of average chain density for a single 
pNIPAM chain in its hydrodynamic volume at 20 °C as a function of solvent composition. b) Dependence of average root-
mean-square radius of gyration Rg, and average hydrodynamic radius, Rh, of pNIPAM at 20 °C as a function of solvent 
composition. For χmethanol values between 17% and 40%, methanol-water mixtures are poor solvents for pNIPAM. For χmethanol 
values of 13% and 43%, methanol-water mixtures are theta solvents for pNIPAM. Other methanol-water mixtures are “good” 
solvents for pNIPAM. (Used with permission of the publisher.) 
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4.4 AFM of swollen pNIPAM thicknesses in different solvents 

  To observe the co-nonsolvency phenomenon in pNIPAM, atomic force 

microscopy (AFM) was employed to characterize the swollen thicknesses of 

pNIPAM films in this series of methanol-water mixtures. The pNIPAM film 

surfaces (hdry = 111 ± 6 nm, Mw = 1.1×105 g/mole, σ = 0.60 chain/nm2) 

described in section 3.4.2 were used for this study. An AFM image of a 

representative dry film is shown in Figure 4.3a, and images of swollen pNIPAM 

films in these four different solvent mixtures are presented in Figure 4.3b. It is 

noteworthy that the polymer film surface exhibits the roughest morphology in 

the poor solvents, with distinct roughness features appearing on the surface of 

the pNIPAM film upon immersion compared to dry surfaces in air and swollen 

surfaces in theta and good solvents. In fact, this observation of a surface 

morphology change as a function of solvent quality is consistent with 

predictions112,122 and previous studies.123  Halperin112 and Ross122 both 

predicted that end-grafted polymer brushes extend uniformly in a “good” solvent 

and collapse uniformly in a “poor” solvent. Halperin112 also pointed out that 

brushes in a “poor” solvent exhibit a less homogeneous morphology than in a 

“good” solvent, which translates to a greater roughness in surface morphology 

in a “poor” solvent as verified by Benetti123 et al. for pNIPAM brushes. Benetti123 

et al. observed that the brush structure transformed from a swollen state to a 

collapsed one, showing a precipitation (collapse) coupled with a lateral 

aggregation of the chains, while the solvent quality was changed from “good” 

to “poor” by simply raising the temperature above the critical temperature.  They  



161 
 

 

  

Figure 4.3.  AFM images of pNIPAM in solvents of different quality, a) dry surface in air b) 31 mol% MeOH/H2O, 
c) 20 mol% MeOH/H2O, d) 13 mol% MeOH/H2O, and e) l00% MeOH. 
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also reported that polymeric aggregates appear at the surface in the collapsed 

state, which are believed to cause an abrupt change in the average film 

thickness and a dramatic increase in the values of RMS roughness. 123 What 

was observed here matches well with the above findings that uniform surface 

morphology was observed for pNIPAM films in all types of solvents, but the 

surface roughness increases with decreased solvent quality. 

In going from poor to theta to good solvents, a systematic increase in 

thickness of the swollen pNIPAM films is observed, with thicknesses going from 

130 ± 10 nm, 137 ± 8 nm, 166 ± 12 nm, 225 ± 15 nm in 31 mol%, 20 mol%, 13 

mol% methanol-water mixtures, and l00% MeOH, respectively. This swelling 

behavior is quite reproducible as shown by the standard deviations in these 

values, which represent measurements from at least 3 independently-prepared 

surfaces. A swelling ratio is defined as the swollen thickness divided by the dry 

thickness, h/hdry; the corresponding values of the swelling ratio are 1.17, 1.23, 

1.50, and 2.03 for the poor, poor, theta and good solvents, respectively. As 

expected, swelling ratio increases with solvent quality in going from poor to 

good solvent. The values observed here are consistent with those for similar 

pNIPAM films reported in the literature after considering differences in 

molecular weight and grafting density.83,91,95,124  

4.5 Apparent diffusion coefficients in pNIPAM films in solvents of different 

quality 

Breakthrough curves of FITC fluorescence quenching by FRET from 

RhB (Figure 4.4) in methanol-water mixtures were acquired by monitoring the 
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fluorescence intensity as a function of time at various flow rates as described 

in section 2.2.10. Identical data analysis procedures were applied as described 

in section 3.5.4. Qualitatively, different apparent diffusion times for RhB in 

pNIPAM are observed across this range of solvents for a given flow rate due to 

a combination of differences in diffusion length or swollen film thickness and 

any possible differences in flow field penetration caused by changes in solvent 

quality. The range of apparent diffusion times across the range of flow rates 

studied here in a given solvent is larger for a good solvent than a poor solvent. 

This behavior suggests that the pNIPAM films are more susceptible to flow field 

penetration by a good solvent for a given flow condition.  

Apparent diffusion coefficients for the RhB tracer were determined by 

fitting these curves to the Taylor-Aris-Fickian model described above in section 

3.5.5. Fits are shown in Figure 4.4 as the solid black lines. The apparent 

diffusion coefficients for RhB extracted from these fits are plotted as a function 

of flow rate in Figure 4.5. Dfit values are all on the order of 10-12 cm2/s for all 

solvent conditions; these values are well within the range of small molecule 

diffusion coefficients reported previously in densely grafted polymer 

films.39,42,46,125 Secondly, for a given flow rate, Dfit values are larger in a good 

solvent than in a poor solvent, consistent with known density changes in  

polymer films that go from higher to lower in going from a poor solvent to a good 

solvent. 

Additionally, the same trend of increasing apparent diffusion coefficient 

with increasing flow rate is observed, regardless of solvent quality, although the
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Figure 4.4.  Representative breakthrough curves for FITC fluorescence quenching by FRET from RhB in solvents of different 
quality. a) l00% MeOH, b) 13 mol% MeOH/H2O, c) 20 mol% MeOH/H2O, and d) 31 mol% MeOH/H2O. From right to left, curves 
collected with flow rates 100, 200, 300, 400, 500, 800, 1,000, 2,000 and 3,000 μL/min are in grey, orange, green, blue, cyan, 
magenta, yellow, dark yellow, and navy, respectively. 
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Figure 4.5.  Apparent diffusion coefficients as a function of applied flow rate in solvents of different quality. Poor solvents, 31 
mol% MeOH/H2O (black triangles) and 20 mol% MeOH/H2O (green triangles); theta solvent, 13 mol% MeOH/H2O (blue 
circles); and good solvent, 100% MeOH (red squares). Error bars represent standard deviations of measurements conducted 
on three independently-prepared FITC-modified pNIPAM surfaces under each solvent condition.  
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relative increase is dependent on solvent quality. In the good solvent, 100% 

methanol, Dfit values increase from 1.9 x 10-12 to 9.1 x 10-12 cm2/s for flow rates 

increasing from 100 to 3,000 μL/min. In the theta solvent, Dfit values increase 

from 1.4 x 10-12 to 4.8 x 10-12 cm2/s. In the poor solvents, Dfit values increase 

from 0.84 x 10-12 to 2.0 x 10-12 cm2/s in 20 mol% MeOH/H2O and from 0.95 x 

10-12 to 1.5 x 10-12 cm2/s in 31 mol% MeOH/H2O. These trends clearly indicate 

that the zeroth-order hypothesis of the Taylor-Aris-Fickian diffusion model, that 

the polymer is a solid surface at which the flow field stops, is incorrect under all 

conditions, and that flow field penetration of the pNIPAM film occurs when it is 

subjected to external laminar flow.  

4.6 Solvent quality effect on flow field penetration in pNIPAM  

In quantifying the depth of flow field penetration more precisely, as 

described in section 3.5.6, the fraction of the film not penetrated by flow, hs/h, 

is plotted as a function of flow rate in Figure 4.6. What was observed for a good 

solvent as reported in Chapter 3 is manifest as a general trend for all solvents 

that hs/h decreases with increasing Q, more quickly at the lower flow rates and 

more slowly at the higher flow rates, before reaching a plateau at ~1,000 

μL/min. As was noted above, this non-linear penetration depth of the flow field 

is consistent with the known density gradient of these tethered pNIPAM 

films.105,126 Thus, the fact that a similar non-linear pattern was observed for all 

solvents suggests that the polymer density gradient may be similar under all 

solvent conditions. The segment gradient that is most likely is that the less 

dense polymer exists at the outer edges of the film; therefore, this region is 
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more susceptible to penetration by the flow field than the denser portion closer 

to the substrate surface. 

Unfortunately, no studies have yet been reported for reference in which 

the polymer density gradient has been studied in a co-nonsolvency system. The 

only relevant work has been that by Yim et al.1 who have studied the density 

distribution of pNIPAM films at different temperatures in D2O in which the 

solvent quality is a function of temperature. They observed that the polymer 

exhbits a more gradual decrease in polymer density going away from the 

substrate along the surface normal in a good solvent (20 °C in Figure 4.7) 

compared to a much sharper density distribution with tailing in a poor solvent 

(40 °C in Figure 4.7). An intermediate distribution function was observed for 

solvent qualities in between good and poor (26 °C, 28 °C, 31 °C and 34 °C).  

These observations are consistent with what is observed in this study in 

several respects. First, the rate at which hs/h decreases as a function of Q is 

different for different solvents; hs/h decreases more quickly for good solvents 

and more slowly for poor solvents. This indicates that the pNIPAM films are 

more susceptible to flow field penetration in good than in poor solvents, most 

likely because the polymer film density in the outer region is smaller in good 

solvents than in poor solvents. Moreover, the minimum values of hs/h in the 

plateau regime increase systematically with decreasing solvent quality, going 

from 0.43 to 0.58 to 0.73 to 0.81 in going from 100% methanol to 13 mol% 

MeOH/H2O to 20 mol% MeOH/H2O to 31 mol% MeOH/H2O, respectively. This 

behavior is consistent with the more gradual decrease in pNIPAM density in
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Figure 4.6.  Fraction of film not penetrated by flow field as a function of applied flow rate in solvents of different quality. Poor 
solvents, 31 mol% MeOH/H2O (black triangles) and 20 mol% MeOH/H2O (green triangles); theta solvent, 13 mol% MeOH/H2O 
(blue circles); and good solvent, 100% MeOH (red squares). Error bars represent standard deviations of measurements 
conducted on three independently-prepared FITC-modified pNIPAM surfaces under each solvent condition. 
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Figure 4.7.  Best-fit segment volume fraction profiles of grafted PNIPAM film sample in D2O at 20°C (good solvent) after 
heating to 41 °C (poor solvent), and then upon cooling to 34 °C (- -), 31 °C (…..), 28 °C (-), and 26 °C (-.-).1 (Used with 
permission of the publisher.) 
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a good solvent as shown in Figure 4.7 compared to the steeper density decline 

seen in a poor solvent. The corresponding values of percent of the film penetrated 

by the flow field, dp, are 57%, 42%, 27%, and 19% for 100% methanol, 13 mol% 

MeOH/H2O, 20 mol% MeOH/H2O, and 31 mol% MeOH/H2O, respectively. 

4.7 Conclusions 

The unique co-nonsolvency phenomenon of pNIPAM was employed to 

provide a series of solvents in which the physical properties remain relatively 

constant but the solvent quality toward pNIPAM can be systematically varied from 

good to poor. This series of solvents enabled evaluation of the effect of solvent 

quality on flow field penetration into pNIPAM films using FRET-TIRFM. An increase 

in RhB apparent diffusion coefficient in pNIPAM was observed with increasing flow 

rate for all solvent conditions, indicating laminar flow field penetration into pNIPAM 

brush films regardless of solvent quality. In going from the poor solvents, 31 mol% 

MeOH/H2O and 20 mol% MeOH/H2O, to the theta solvent, 13 mol% MeOH/H2O, 

and finally to a good solvent, 100% methanol, the percent of the film penetrated 

by the flow field increased from 19% to 27% to 42% to 57%, respectively. This 

increase is ascribed to polymer chain conformational changes in going from 

extended brushes to compact globules and the corresponding density profiles 

across the pNIPAMm films that such conformational changes engender. This study 

is the first to confirm experimentally that flow field penetration into densely grafted 

polymer brushes is significantly affected by solvent quality, with the difference in 
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penetration depth ascribed to conformational changes of polymer brushes in 

response to different solvents. This behavior implies that other factors that cause 

polymer brush conformational changes, such as brush grafting density, will also 

likely result in differences in flow field penetration as well. Such effects are worth 

pursuing for a full understanding of polymer flow field penetration. The fact that 

laminar flow penetrates to a considerable extent into the polymer film under all 

solvent conditions suggests that the effect of flow field penetration must be taken 

into careful consideration for polymer brush systems at solid-fluid interfaces under 

various flow conditions. For instance, in chemical separations, flow field 

penetration may result in more analytes be trapped in a polymer film, impacting 

analyte longitudinal diffusion atop the polymer film, and subsequently, decreasing 

separation efficiency. These effects could be important for systems in which 

polymer films are used either as stationary phases, such as in open-tubular 

capillary chromatography, or as separation channels, such as in microfluidics. In 

addition, differences in flow field penetration depth in solvents of different quality 

suggest that this penetration depth may be tailored within a certain range by simply 

choosing different solvents. This control may allow insight into applications 

employing polymer systems under flow conditions.  
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CHAPTER 5 EFFECT OF GRAFTING DENSITY ON FLOW FIELD 

PENETRATION INTO POLYMER FILMS 

5.1 Introduction 

In chapter 4, solvent quality, one of the important variables known to change 

polymer brush conformation, was experimentally proven to strongly impact flow 

field penetration depth in pNIPAM brush films This finding essentially confirms that 

conformational changes of polymer brushes impact brush response to fluid flow. 

Grafting density is another variable that is known to strongly affect polymer chain 

conformation; a change of brush structure from “mushroom” to ”brush” can be 

achieved simply by increasing grafting density, as noted above in section 1.1. A 

change in grafting density results in differences in chain entanglement and film 

porosity. Thus, grafting density is also considered a major variable in the study of 

flow field penetration into polymer brush films in theoretical modeling and computer 

simulation studies.3,4,6,29,34,36,107  

To date, a systematic study of this effect has not been reported either by 

theoretical prediction or by experiment; only a few qualitative predictions are 

available for reference. In one study, Suo6 et al. concluded that the tilt angle of 

grafted polymer chains under shear is greater for a smaller grafting density than 

for larger one. This conclusion is consistent with the intuition that films of smaller 

grafting density would be more susceptible to an external flow field. Nonetheless, 

a more quantitative experimental investigation of this problem would add valuable 
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information to this area in order to attain a more complete description of polymer 

dynamics under flow conditions.  

5.2 Preparation and characterization of FITC-modified pNIPAM films of different 

grafting density  

In the preparation of pNIPAM films for this study, several criteria must be 

strictly adhered to. First, the polymer chain molecular weight and surface tethered 

FITC coverage must be kept constant. As a result of these conditions being met, 

differences in grafting density will be manifest as differences in polymer film 

thickness. Secondly, the required thickness of the polymer film is limited to a 

minimum by the fixed sampling depth of FRET of ~8 nm, since the FRET signal 

comes from the bottom of the polymer film. In addition, an assumption made to 

solve the numerical solution to the coupled Taylor-Aris-Fickian diffusion model 

using the finite difference method in section 3.5.3 in eqn (3-25) states that at the 

bottom of the brush, the difference in concentration of RhB is small and negligible. 

This assumes that the RhB concentrations at z = 0 nm and z = 5 nm are equal (the 

smallest increment dz is typically 5 nm).  The validity of this assumption affects the 

accuracy of this method. Obviously, for thinner films such as ~10 nm, this 

assumption will fail. To meet this condition, the dry film thicknesses of the FITC-

modified pNIPAM surfaces studied here were kept to thicknesses greater than 50 

nm to ensure that minimal signal would come from bulk solution above the polymer 

film. 
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In order to make films with a range of grafting densities, solutions containing 

different ratios of a mixed methyl-terminated silane (n-propyltrimethoxysilane) and 

an amine-terminated silane (3-aminopropyltrimethoxysilane, APTMS) were used 

to make the monolayer onto which the pNIPAM film was grafted (Figure 5.1) 

instead of using a full monolayer of amine-terminated silane as described in 

section 2.3.2 and shown in Figure 3.14. This change in monolayer composition 

required a slight modification of the reaction conditions for BIBB (2-

bromobutyrylbromide) attachment. Careful control of this step is critical, since the 

polymer grafting density depends on the surface coverage of BIBB on the surface, 

and since FITC coverage is determined by the residual primary amine density on 

the BIBB-modified surface. By controlling the concentration of BIBB in the reaction 

mixture and the reaction time (Table 5.1), the goal of this modified synthesis was 

successfully achieved such that residual free amines on surface were kept similar 

for different grafting densities. This allowed surfaces with FITC coverages that 

were similar for high, medium, and low-density pNIPAM surfaces.  

These surfaces were characterized with AFM, TIRFM, and MALDI-TOF as 

described in section 3.4.2 to determine film thickness, FITC surface coverage, and 

polymer chain molecular weight, respectively. The results of these analyses are 

described in the following sections. 
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Table 5.1. Reaction conditions for preparation of FITC-modified pNIPAM brush films of different grafting densities. 

  
v/v % APTMS in Mixed 

Silane 
BIBB Concentration in DCM 

(v/v%) 
BIBB Reaction Time (h) 

High Density 100 4 16 

Medium Density 25 3 8 

Low Density 10 3 4 

 
 
 

Figure 5.1.   Modified reaction scheme for preparation of FITC-modified pNIPAM brush films of different grafting 
densities. 
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5.2.1 AFM of polymer film thickness in the methanol/water co-nonsolvency 

system 

Dry film thicknesses of high density, medium density and low density 

pNIPAM films were measured to be 111 ± 6, 76 ± 5, and 52 ± 5 nm, respectively, 

by AFM. Swollen thicknesses for each surface in the chosen mixed methanol/water 

co-nonsolvency system were then examined, since these values are required for 

obtaining flow field penetration depth. AFM images are presented in Figures 5.2-

5.4 for high, medium, and low densities, respectively.  A summary of swelling ratios 

for surfaces of different grafting density in each medium is presented in Table 5-2. 

Surfaces of all three grafting densities follow a trend similar to that observed above 

for high density films: the films are the thickest in the good solvent and are thinner 

in poor solvents. It is noteworthy that these swelling ratios increase as grafting 

density decreases, regardless of solvent quality. This observation is similar to what 

has been observed previously on similar films of different grafting 

density,39,46,83,91,95 although this effect has not been so systematically investigated 

in previous work. 

5.2.2 Characterization of surface properties of FITC-modified pNIPAM films  

The molecular weights of pNIPAM polymer brushes in each of these films 

were determined using MALDI-TOF to be 1.06 × 105, 1.13 × 105, and 1.09 × 105 

g/mole. These molecular weights are fairly similar, as expected, since the 

polymerization conditions used were the same. Using these values in Equation 3-
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11 allows calculation of the corresponding grafting densities as 0.60, 0.39, 0.27 

chain/nm2 for high density, medium density, and low density surfaces, respectively. 

The polymer chain separation distances, s, were calculated using these grafting 

densities to be 1.3, 1.6, and 1.9 nm using Equation 3-12. All of these values are 

small relative to the Flory radius (Equation 3-13), RF = 18.6 nm; thus, the surface- 

grafted polymer chains are confirmed to exist in dense, polymer “brush” states. 

TIRF images taken on these three types of surfaces indicate that the FITC 

distributions on these surfaces are fairly uniform (Figure 5.5). By optimizing 

reaction conditions (Table 5.1), the FITC intensity for high, medium, and low-

density surfaces can be maintained relatively constant. Average FITC 

fluorescence intensities measured across these images are 10,570 ± 1,697, 

12,560 ± 2,315, and 8,217 ± 1,463 a.u., respectively.  The intensity differences 

between these surfaces are insignificant in terms of affecting the ability to observe 

FRET quenching behavior. 

A summary of surface properties is presented in Table 5.3. These 

characterization studies confirm that FITC-modified pNIPAM surfaces of three 

different grafting densities meeting the two criteria stated in section 5.1 can be 

made successfully for this study. 
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Figure 5.2.  AFM images from high-density pNIPAM films in solvents of different quality. a) Dry surface in air, and films in 
b) 31 mol% MeOH/H2O, c) 20 mol%  MeOH/H2O, d) 13 mol% MeOH/H2O, and  e) 100% methanol. 
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Figure 5.3.   AFM images from medium-density pNIPAM films in solvents of different quality. a) Dry surface in air, 
and films in b) 31 mol% MeOH/H2O, c) 20 mol%  MeOH/H2O, d) 13 mol% MeOH/H2O, and  e) 100% methanol. 
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Figure 5.4.  AFM images from low-density pNIPAM films in solvents of different quality. a) Dry surface in air, and 
films in b) 31 mol% MeOH/H2O, c) 20 mol%  MeOH/H2O, d) 13 mol% MeOH/H2O, and  e) 100% methanol. 
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Table 5.2. Swelling behavior of FITC-modified pNIPAM brush films. 
 

  High Density Medium Density Low Density 

σ (molecules/nm2) 0.60 0.39 0.27 

  
Avg. 
(nm) 

Swelling 
Ratio 

Avg. 
(nm) 

Swelling 
Ratio 

Avg. 
(nm) 

Swelling 
Ratio 

In Air  111 ± 6 1.00  76 ± 5 1.00  52 ± 5 1.00  

31 mol% 
MeOH/H2O 

130 ± 10 1.17  98 ± 5 1.25  69 ± 7 1.33  

20 mol% 
MeOH/H2O 

137 ± 8 1.23  101 ± 6 1.33  73 ± 6 1.40  

13 mol% 
MeOH/H2O 

166 ± 12 1.50  125 ± 9 1.64  95 ± 8 1.83  

100% MeOH 225 ± 15 2.03  180 ± 12 2.37  135 ± 10 2.60  

 

 
 
Table 5.3. Properties of FITC-modified pNIPAM brush films of different grafting density. 
 

  Mw (g/mole) 
Number of 

Structural Units 
Grafting Density 

(chain/nm2) 

Chain 
Separation 

Distance (nm) 

TIRF Intensity 
(a.u.) 

High 
Density 

1.06 x 105 937  0.60  1.3  10,570 ± 1,697 

Medium 
Density 

1.13 x 105 999  0.38  1.6  12,560 ± 2,315 

Low 
Density 

1.09 x 105 963  0.27  1.9  8,217 ± 1,463 
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Figure 5.5.  TIRF images of FITC-modified pNIPAM surfaces in methanol for pNIPAM surface grafting densities that 
are a) high, b) medium, and c) low. Images are shown on an identical intensity scale. Images were collected through 
a 100× oil objective, with 100 ms exposure time, 4×4 binning using an emission filter centered at 525 nm with a 50 
nm bandpass. 
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5.3 Apparent diffusion coefficients in high, medium and low-density pNIPAM 

films 

Breakthrough curves for RhB tracer molecules obtained on these FITC-

modified pNIPAM surfaces are shown in Figures 5.6-5.9 for good (100% 

methanol), theta (13 mol% MeOH/H2O), and poor (20 and 31 mol% MeOH/H2O) 

solvents, respectively. The corresponding fits of the experimental data to the 

Taylor-Aris-Fickian model are shown in these figures as the solid black lines. 

Regardless of the solvent medium in which these films are immersed, with a 

decrease of grafting density, the diffusion time needed for RhB to be transported 

through the polymer film by diffusion decreases at any given flow rate. This 

behavior is ascribed to a combination of decreased diffusion length because of 

decreased effective film thickness, and an increase in film porosity with decreased 

grafting density.  

Apparent diffusion coefficients for RhB in all three films, Dfit, are plotted as 

a function of flow rate, Q, in Figure 5.10.  Regardless of solvent quality, Dfit is larger 

in lower density films than in higher density films at a given flow rate, consistent 

with higher porosity and a lower degree of entanglement in the lower density films. 

In addition, Dfit increases with increasing flow rate for all surfaces under all solvent 

conditions. As explained in sections above, this behavior indicates that the flow 

field penetrates the polymer film under all circumstances. As shown in Table 5.4,   
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Figure 5.6.  FRET breakthrough curves for RhB in FITC modified pNIPAM films in 
“good” solvent (100% MeOH) for pNIPAM surface grafting densities that are a) 
high, b) medium, and c) low. From right to left, curves collected with flow rates 100, 
200, 300, 400, 500, 800, 1,000, 2,000 and 3,000 μL/min are in grey, orange, green, 
blue, cyan, magenta, yellow, dark yellow, and navy, respectively. 
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Figure 5.7.  FRET breakthrough curves for RhB in FITC modified pNIPAM films in 
“theta” solvent (13 mol% MeOH/H2O) for pNIPAM surface grafting densities that 
are a) high, b) medium, and c) low. From right to left, curves collected with flow 
rates 100, 200, 300, 400, 500, 800, 1,000, 2,000 and 3,000 μL/min are in grey, 
orange, green, blue, cyan, magenta, yellow, dark yellow, and navy, respectively. 
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Figure 5.8.  FRET breakthrough curves for RhB in FITC modified pNIPAM films in 
“poor” solvent (20 mol% MeOH/H2O) for pNIPAM surface grafting densities that 
are a) high, b) medium, and c) low. From right to left, curves collected with flow 
rates 100, 200, 300, 400, 500, 800, 1,000, 2,000 and 3,000 μL/min are in grey, 
orange, green, blue, cyan, magenta, yellow, dark yellow, and navy, respectively. 
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Figure 5.9.  FRET breakthrough curves for RhB in FITC modified pNIPAM films 
in “poor” solvent, 31 mol% MeOH/H2O, for a) high density, b) medium density, 
and c) low density. From right to left, curves collected with flow rates 100, 200, 
300, 400, 500, 800, 1,000, 2,000 and 3,000 μL/min are in grey, orange, green, 
blue, cyan, magenta, yellow, dark yellow, and navy, respectively. 
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Figure 5.10.  Apparent diffusion coefficients for RhB as a function of applied flow rate for  a) a good solvent (100% 
MeOH), b) a theta solvent (13 mol% MeOH/H2O), and two poor solvents, c) 20 mol% MeOH/H2O and d) 31 mol% 
MeOH/H2O. Experimental data points correspond to different grafting densities: low density (green triangles), medium 
density (blue diamonds), and high density (red squares). 
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for the two extreme conditions in this study, in going from 100 to 3,000 μL/min, Dfit 

values increase from 2.7 × 10-12 to 1.5 × 10-11 cm2/s for the low density film under 

good solvent conditions, whereas for the high density film in a poor solvent (31 

mol% MeOH/H2O), the corresponding Dfit values increase from 9.5 × 10-13 to 1.5 × 

10-12 cm2/s. These values clearly reflect distinctive changes in Dfit due to external 

flow as well as solvent quality, yet are still reasonable as small molecule diffusion 

coefficients in dense polymer brushes. In total, these results further demonstrate 

the validity of the FRET-TIRFM method for investigating flow field penetration into 

polymer surfaces. 

5.4 Quantitative analysis of grafting density effect on flow field penetration.  

To more quantitatively assess flow field penetration depth from these data, 

the fraction of the film not penetrated by flow, hs/h, was calculated and is plotted 

as a function of Q in Figure 5.11. A summary of these hs/h values is presented in 

Table 5-4. Under all circumstances, the values of hs/h decrease with increasing Q, 

increasing more quickly at the low flow rates and more slowly at the high flow rates 

before reaching a plateau at ~1,000 μL/min. In a given solvent, the penetration 

behavior of the flow field is fairly similar for all three grafting densities. This 

observation suggests that the pNIPAM density distributions within these films are 

more or less similar in shape along the axis normal to the surface.  In addition, the 

highest density film retains at the plateau a higher fraction of the film not 

penetrated.   
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Figure 5.11.  Fraction of polymer film unaffected by flow field, hs/h, as a function of applied flow rate in a) a good 
solvent (100% MeOH), b) a theta solvent (13 mol% MeOH/H2O, and two poor solvents c) 20 mol% MeOH/H2O and 
d) 31 mol% MeOH/H2O. Experimental data points correspond to different grafting densities: low density (green 
triangles), medium density (blue diamonds), and high density (red squares). 
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Table 5.4.  Apparent diffusion coefficients and flow field penetration parameters for different grafting density films 
and solvent quality conditions. 

 

  High Density Medium Density Low Density 

  Dfit (10-12 cm2/s) 
hs/h dp 

Dfit (10-12 cm2/s) 
hs/h dp 

Dfit (10-12 cm2/s) 
hs/h dp 

  
100 

μL/min 
3,000 

μL/min 
100 

μL/min 
3,000 

μL/min 
100 

μL/min 
3,000 

μL/min 

Good 
Solvent:  

100 mol% 
MeOH 

1.9 9.3 0.43 57% 2.4 12.3 0.36 64% 2.7 15.0 0.33 67% 

Theta 
Solvent:  
13 mol% 

MeOH/H2O 

1.4 4.8 0.58 42% 1.6 6.4 0.51 49% 2.0 9.6 0.44 56% 

Poor 
Solvent:  
20 mol% 

MeOH/H2O 

0.8 2.0 0.73 27% 1.0 2.2 0.65 35% 1.9 6.1 0.52 48% 

Poor 
Solvent:  
31 mol% 

MeOH/H2O 

0.95 1.5 0.81 19% 0.93 1.9 0.73 27% 0.86 2.8 0.64 36% 
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Values of hs/h plateau at 0.43, 0.36 and 0.33 for high, medium, and low-density 

films, respectively, in a good solvent, whereas the corresponding values are 

0.58, 0.51, and 0.44 for a theta solvent, and 0.81, 0.73, and 0.64 in a poor 

solvent (31 mol% MeOH/H2O). The maximum penetration depths of the flow 

field (dp = [1 - (hs/h)]) in the high density films are observed to be 57%, 42% 

and 19% in the good, theta, and poor solvents (31 mol% MeOH/H2O), 

respectively, whereas the maximum penetration depths in the low density film 

are 67%, 56%, and 36% for the same conditions. Clearly, therefore, the flow 

field penetrates deeper into the lower density films.  

Another general trend observed is that the effect of grafting density is 

found to be less significant in a good solvent than in a poor solvent. In the good 

solvent, values of dp only change by 10% in going from 57% to 67% between a 

high density and a low density film. In the theta solvent, values of dp change by 

14% across the series of grafting densities, going from 42% to 56%. In one of 

the poor solvents, dp values change from 27% to 48% and in the other poor 

solvent (31 mol%), they increase from 19% to 36%. Thus, in going from good 

to poor solvents, the differences in dp caused by decreasing grafting density 

increases from roughly 10% to 20%. This behavior is rationalized by postulating 

that grafting density impacts polymer chain conformation mainly through 

changes in polymer-polymer repulsion, which would be expected to be less 

significant in a solvent that better solvates the polymer wherein solvent-polymer 

interactions become more dominant in determining polymer chain 

conformation. 
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5.5 Comparison of effect of grafting density with effect of solvent quality on 

flow field penetration 

An alternate way to examine these experimental results is to compare 

the effect of grafting density with the effect of solvent to see which effect is 

greater. Apparent diffusion coefficients for RhB in the high-density pNIPAM film 

are plotted as a function of flow rate under conditions of different solvent quality 

in Figure 5.12a. Figures 5.12b and c are the plots for the medium and low-

density polymer films. The corresponding hs/h plots are presented in Figure 

5.13. These plots make it clear that the RhB molecules diffuse slowest in the 

poor solvent and fastest in the good solvent at a given flow rate, regardless of 

the grafting density within the polymer film. Moreover, the rate at which Dfit 

increases with Q is lower for the poor solvent but greater for the good solvent, 

regardless of the grafting density of the polymer film. These results substantiate 

that films of all three grafting densities are less susceptible to flow field 

penetration in a poor solvent than in a good solvent. 

In going from the good solvent (100% MeOH) to the poor solvent (31 

mol% MeOH/H2O), the values at which dp plateaus change from 57% to 19% 

for the high density film, from 64% to 27% for the medium density film, and 67% 

to 36% for the low density film. Thus, these data substantiate that roughly a 

40% difference in flow field penetration depth is experienced for all three 

grafting densities due to solvent quality, whereas only a 10% - 20% difference 

in dp is experienced due to a change in grafting density (see discussion in 

preceding section.) 
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Figure 5.12.  Apparent diffusion coefficients for RhB as a function of applied 
flow rate for pNIPAM surface grafting densities that are a) high, b) medium, and 
c) low. Experimental data points correspond to different solvent quality: good 
solvent (100% MeOH, red squares), theta solvent (13 mol% MeOH/H2O, blue 
circles), and poor solvents (20 mol% MeOH/H2O, green triangles; 31 mol% 
MeOH/H2O, black triangles.) 
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Figure 5.13.  Fractional film thickness unaffected by flow field (hs/h) as a 
function of applied flow rate for pNIPAM surface grafting densities that are a) 
high, b) medium, and c) low. Experimental data points correspond to different 
solvent quality: good solvent (100% MeOH, red squares), theta solvent (13 
mol% MeOH/H2O, blue circles), and poor solvents (20 mol% MeOH/H2O, green 
triangles; 31 mol% MeOH/H2O, black triangles.) 
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5.6 Conclusions 

The effect of polymer chain grafting density on laminar flow field 

penetration into densely grafted polymer brushes was quantitatively studied 

using FRET-TIRFM method. Three surfaces of FITC modified densely grafted 

pNIPAM brushes, high density (0.60 chain/nm2), medium density (0.38 

chain/nm2) and low density (0.27 chain/nm2), differing only in grafting density 

were successfully made by a careful control of surface chemistry. In the same 

type of solvent, it was found harder for external laminar flow to influence 

polymer films of higher grafting density, easier to affect polymer films of lower 

grafting density. Although the effect of grafting density seems to be less 

significant than solvent quality, due to the small differences in grafting density 

chosen for study, still roughly a 10-20% difference in the penetration depth was 

observed between high and low density pNIPAM surfaces in the same solvent. 

In addition, the effect of grafting density was observed to be less significant in 

a good solvent than in a poor solvent. A rationale for this could be that grafting 

density impacts polymer chain conformation mainly through polymer-polymer 

repulsion, which would become less significant in a solvent that better solvates 

the polymer. 
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CHAPTER 6 EXPLORATION OF DOMINANT MASS TRANSPORT 

MECHANISM FOR RHB IN PNIPAM FILMS 

6.1 Research objective  

As discussed in section 3.5, linear diffusion was assumed in the coupled 

Taylor-Aris-Fickian diffusion model to be the dominant mechanism of mass 

transport for RhB in these pNIPAM films. This assumption was the basis for 

using this model for obtaining apparent diffusion coefficients for RhB in the 

polymer films under laminar flow. Thus, the accuracy of the flow field 

penetration depths determined from these apparent diffusion coefficients is 

critically dependent on the validity of this model.  

Although the high quality fits to the Taylor-Aris-Fickian diffusion model 

of the experimental breakthrough curves further substantiate the proper use of 

this model, the assumption of diffusion as the only mechanism of mass 

transport within these films has not been fully validated. Another possible 

mechanism of mass transport that might be considered involves adsorption site 

hopping by RhB within the pNIPAM film given that RhB is known to adsorb to 

plastics. Alternately, one might also consider electrostatic interactions between 

the negatively charged surface-bound FITC molecules and the zwitterionic RhB 

molecules in solution as a contribution from migration to RhB mass transport. 

A simple strategy to address these possibilities is to perform a series of 

control experiments using an alternate quencher that is structurally different 

from RhB. Since RhB molecule (Figure 6.1b) is a zwitterion with a planar 
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conjugated system composed of multiple aromatic rings, a simpler quencher 

that is either neutral, positively or negatively charged will serve as a good 

candidate for these control studies.  

6.2 Choice of an alternative quencher   

The choice of an alternate quencher is critical to the entire series of 

control experiments. Due to the inherent design of this FRET-TIRFM method, 

a simpler quencher that could serve as an alternate for RhB should meet the 

following requirements. First, the quencher should dissolve fairly well in the 

chosen MeOH/H2O medium. Secondly, it should be able to quench FITC 

effectively at relatively low quencher concentration (i.e. mM or lower) as RhB 

does. Otherwise, the solvent properties of the medium in which the polymer is 

immersed will be greatly altered upon injection of the quencher solution. If this 

occurs, a change in swelling behavior of the polymer brushes may be induced, 

which will subsequently result in additional uncontrollable factors contributing 

to the FITC quenching curve. 

A wide range of simple quenchers were tested and characterized, 

including commonly used halogen atoms in the forms of both inorganic salts 

and organic compounds, as well as aromatic organic compounds containing 

nitro groups. Solution FRET experiments as described above in section 3.1.3 

were performed to search for a good alternative by simply monitoring the 

change in FITC emission intensity in methanol upon mixing with a quencher of 

interest. Inorganic salts such as sodium chloride, potassium iodide, potassium 

bromide and sodium bromide, that were originally thought to be good choices, 
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did not quench FITC emission even at the relatively high concentrations of 100 

mM. In contrast, an increase in FITC emission was observed upon mixing that 

is thought to be due to the sudden increase in ionic strength of the solvent 

medium that generally leads to an increase in fluorescence. Further tests at 

higher concentrations of salts were not carried out because of solubility 

limitations of these salts in methanol. Small organic molecules such as 

bromoethane could dissolve in methanol and quench FITC intensity; however, 

a very high concentration (~1 M) was required to achieve similar quenching 

behavior to that observed for RhB. Unfortunately, the properties of the solvent 

media were greatly changed at such high concentrations of bromoethane. 

Finally, 2-nitrobenzylalcohol (2-NBA) was chosen as an alternative for 

RhB. Structures of both are shown in Figure 6.1 for comparison. 2-NBA is a 

much smaller, simpler molecule, containing only one aromatic ring instead of 

four as in RhB. Moreover, 2-NBA is a neutral molecule with no charge present 

whereas RhB is a zwitterion, also known as the “inner salt”. One would expect 

little similarity in properties of these molecules in terms of either adsorption to 

the polymer or interaction with surface-bound FITC molecules that are 

negatively charged. If either of these two factors contributes significantly to the 

overall mass transport of tracer molecules in the pNIPAM polymer film besides 

linear diffusion, then one would expect the breakthrough curves obtained with 

2-NBA to be substantially different from those obtained with RhB.  

Solution quenching experiments indicate that a concentration of ~20 mM 

2-NBA (see green spectrum in Figure 6.2a) is required to achieve a similar 
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quenching efficiency to that of 20 μM RhB in terms of percent FITC intensity 

quenched (see yellow spectrum in Figure 6.2b.) It is noticeable that the needed 

2-NBA concentration is about 1000 times higher than for RhB, indicating a 

difference in quenching mechanism between the two. This is thought to be due 

either to the fact that 2-NBA molecules must be much closer to FITC molecules 

than RhB in order to effectively quench the fluorescence or that the quenching 

efficiency of 2-NBA is much lower. Studies on the quenching mechanism of 

nitro compounds127,128 indicate that they have to be in very close proximity to 

the fluorophore to increase the probability of internal conversion in order to 

quench fluorescence. 

6.3 Control experiments performed with 2-NBA   

High-density FITC-modified pNIPAM surfaces were used for this study. 

Identical experimental conditions and procedures as described in previous 

sections were employed. Breakthrough curves for 2-NBA in pNIPAM films were 

first obtained in 100% methanol; these are quite similar to those obtained with 

RhB as shown in Figure 6.3. These curves were fit to the Taylor-Aris-Fickian 

diffusion model with high correlation factors as shown by the black solid lines 

in Figure 6.3. This first piece of evidence confirms that linear diffusion is the 

dominant mass transport mechanism for 2-NBA in pNIPAM; otherwise, a model 

based on the assumption of linear diffusion would fail or at least would exhibit 

significant deviation from the experimental curves. As demonstrated in Chapter 

4, solvent quality greatly influences laminar flow field penetration; therefore, an 

additional control experiment was performed in a poor solvent, the 31 mol%
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Figure 6.1.  Chemical structures of two quenchers studied. a) 2-Nitrobenzylalcohol; b) rhodamine B. 
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Figure 6.2.  Solution emission spectra for a) FITC quenched by 2-NBA, and b) 
FITC quenched by RhB in methanol. Identical experimental conditions top 
those described in section 3.2.4 were employed. 
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MeOH/H2O mixture, to confirm that linear diffusion dominates under all solvent 

conditions. A similar set of breakthrough curves was obtained with 2-NBA as 

presented in Figure 6.4 that are very similar to those observed with RhB.  

Apparent diffusion coefficients obtained with both 2-NBA and RhB in 100% 

methanol and 31 mol% MeOH/H2O mixture are plotted as a function of flow rate 

for detailed comparison in Figure 6.5. Error bars represent standard deviations 

from three replicate experiments on independently-prepared surfaces. The 

corresponding plots of fraction of the polymer film unaffected by the flow field, hs/h, 

are presented in Figure 6.6. The results obtained with 2-NBA (red data points) and 

RhB (blue data points) in both solvents are generally within one standard deviation 

of each other, and therefore, can be considered statistically the same, although 

slight deviations were observed at higher flow rates in both plots. One explanation 

for this deviation is that the predictions of Taylor-Aris theory may slightly deviate 

from the experimental curves at high flow rates, mainly at 3,000 μL/min. This might 

occur due to deviations of the geometry of flow cell at higher flow rates in which it 

is no longer preserved as a rigid rectangle as it is under low flow rates due to the 

inherent flexibility of the glass coverslips used. A more significant contributor to 

these deviations is inherent differences in the apparent diffusion coefficients of 2-

NBA and RhB which would be manifest even if linear diffusion is proved to be the 

dominated mass transport mechanism for both molecules in the polymer film. This 

inherent difference between RhB and2-NBA is expected, because they differ 

greatly in size, charge and shape. Therefore, it is reasonable to conclude that the  
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Figure 6.3. Breakthrough curves on high-density pNIPAM films in 100% MeOH 
for a) 2-NBA, and b) RhB. From right to left, curves collected with flow rates 
100, 200, 300, 400, 500, 800, 1,000, 2,000 and 3,000 μL/min are in grey, 
orange, green, blue, cyan, magenta, yellow, dark yellow, and navy, 
respectively. 
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Figure 6.4.  Breakthrough curves on high-density pNIPAM films in 31 mol% 
MeOH/H2O for a) 2-NBA, and b) RhB. From right to left, curves collected with flow 
rates 100, 200, 300, 400, 500, 800, 1,000, 2,000 and 3,000 μL/min are in grey, 
orange, green, blue, cyan, magenta, yellow, dark yellow, and navy, respectively. 
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results obtained with RhB and 2-NBA are similar enough that the main mass 

transport mechanism for both is linear diffusion. If other mass transport 

mechanisms, such as adsorption site hopping or migration due to electrostatic 

interactions, dominant mechanisms or contributed equally to the overall mass 

transport, the apparent diffusion coefficients could not be obtained through fitting 

to the Taylor-Aris-Fickian diffusion model. Even if reasonable fits to this theory 

were obtained, if these other mass transport mechanisms contributed significantly, 

a much greater difference in the apparent diffusion coefficient values would be 

expected that what is observed, which is a difference of only 5-10%.  

6.4 Conclusions 

In this chapter, the validity of one critical assumption in the Taylor-Aris-

Fickian diffusion model employed in studies described in Chapters 3-5 of this 

Dissertation was confirmed. All previous work was predicated on the assumption 

that the dominant mechanism for mass transport of RhB molecules in the pNIPAM 

films is linear diffusion; this assumption was proven to be valid here by solid 

experimental results. Contributions to the overall mass transport from other 

possible mass transport mechanisms, including adsorption site hopping or 

migration from electrostatic interactions, were proved to be insignificant. This 

conclusion is made based on the high degree of similarity between the results 

obtained from control experiments using 2-NBA as an alternative quencher and 

those obtained with RhB as quencher. The differences in quantitative results 
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between the two quenchers is generally within 5-10%. Thus, the similarity in these 

values can be considered statistically the same, especially taking into account 

differences in the inherent diffusion coefficients of the two molecules. 2-NBA and 

RhB are substantially different molecules in terms of their chemical properties, 

including size, shape and charge. Therefore, they are not expected to have the 

same diffusion coefficients. Furthermore, the fact that the breakthrough curves 

collected with both 2-NBA and RhB can be fit well with the coupled Taylor-Aris-

Fickian model confirms the validity of the model. In contrast, if the contributions of 

other mass transport mechanisms to the overall quencher mass transport are 

significant, either the Taylor-Aris-Fickian model would fail or the apparent diffusion 

coefficients obtained would be drastically different. 
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Figure 6.5.  Apparent diffusion coefficients obtained with 2-NBA and RhB quenchers in FITC-modified 
pNIPAM films. Values obtained with 2-NBA are in red, whereas values obtained with RhB are in blue. 
Rectangles are values obtained in 100% MeOH, triangles are values obtained in 31 mol% MeOH/H2O. 
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Figure 6.6.  Fraction of the pNIPAM film unaffected by flow field from apparent diffusion 
coefficients obtained with 2-NBA and RhB quenchers. Values obtained with 2-NBA are in red, 
whereas values obtained with RhB are in blue. Rectangles are values obtained in 100% MeOH, 
triangles are values obtained in 31 mol% MeOH/H2O. 
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CHAPTER 7 CONCLUSIONS AND FUTURE DIRECTIONS 

7.1 Overview of the problem 

One of the important questions that remains unanswered for polymer 

dynamics under non-equilibrium conditions is whether an external flow field will 

penetrate into polymer brushes, and subsequently affect the mass transport 

processes in the brushes. Considerable theoretical work has been performed to 

reveal flow field penetration into polymer surfaces in the past decade by using 

polymer “brush” systems as models.  Most of the work predicts that flow fields will 

penetrate into dense polymer surfaces under good solvent conditions; however, 

the predicted percent penetration depth, dp/h, varied from 40% to 100%,3-6,29 and 

reported values are hard to compare. However, only limited, typically indirect 

experimental measurements targeting a change of polymer swelling height with 

and without external flow, have been performed due to a lack of proper methods. 

Unfortunately, not only are results from this experimental work and follow-up 

simulations inconsistent, but these indirect measurements also overlook the fact 

that chain density distribution changes or polymer brush height changes are only 

sufficient conditions for flow velocity penetration, not necessary. Therefore, a new 

technique that can provide direct, quantitative measurements on flow field 

penetration in dense polymer brushes is a great need to fully resolve this long-

standing controversy that is a critical fundamental problem in the polymer 

community. 
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The work of this Dissertation has been aimed at developing a new analytical 

method that is capable of performing direct, quantitative measurements of laminar 

flow field penetration into densely tethered polymer brushes. The FRET-TIRFM 

method developed to fulfill this goal is based on a combination of Förster 

resonance energy transfer (FRET) and total internal reflectance fluorescence 

microscopy (TIRFM). Factors that may impact flow field penetration were explored, 

and these effects were quantified in the form of percent flow field penetration. 

Finally, concerns about this new method were discussed, and one important 

assumption was proved reasonable by conducting a series of control experiments, 

thereby validating this method. 

7.1.1 Development of FRET-TIRFM 

A new spectroscopic method, FRET-TIRFM was developed to determine 

small molecule apparent diffusion coefficient in polymer thin films under laminar 

flow conditions that provides quantitative assessment of flow field penetration into 

the film. This new method was successfully applied to the study the apparent 

diffusion coefficient for RhB in surface-grafted pNIPAM polymer brush films under 

laminar flow. Measured apparent diffusion coefficients were on the order of 10-12 

cm2/s. Instead of remaining invariant with flow rate as would be expected for no 

flow field penetration into the film, the apparent diffusion coefficients correlate 

positively with applied flow rate, clearly indicating flow field penetration into 

methanol-swollen pNIPAM films. Further analysis reveals that this flow field 
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penetration occurs even for flow rates as low as 100-200 μL/min, with penetration 

increasing more quickly at low flow rate and more slowly at high flow rates before 

reaching a plateau at ~1,000 μL/min. As predicted by theory but not yet 

experimentally verified, under conditions of laminar flow, the flow field penetrates 

into thin pNIPAM films to depths well over 100 nm in a good solvent or ~60% of 

the  original thickness of the swollen polymer film at the highest flow rate studied. 

7.1.2 Investigation of solvent quality effect on flow field penetration 

The unique co-nonsolvency phenomenon of pNIPAM was employed to 

provide a series of solvents in which the physical properties remain relatively 

constant but the solvent quality toward pNIPAM can be systematically varied from 

good to poor. This series of solvents enabled evaluation of the effect of solvent 

quality on flow field penetration into pNIPAM films using FRET-TIRFM. An increase 

in RhB apparent diffusion coefficient in pNIPAM was observed with increasing flow 

rate for all solvent conditions, indicating laminar flow field penetration into pNIPAM 

brush films regardless of solvent quality. In going from the poor solvents, 31 mol% 

MeOH/H2O and 20 mol% MeOH/H2O, to the theta solvent, 13 mol% MeOH/H2O, 

and finally to a good solvent, 100% methanol, the percent of the film penetrated 

by the flow field increased from 19% to 27% to 42% to 57%, respectively. This 

increase is ascribed to polymer chain conformational changes in going from 

extended brushes to compact globules and the corresponding density profiles 

across the pNIPAM films that such conformational changes engender. This study 
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is the first to confirm experimentally that flow field penetration into densely grafted 

polymer brushes is significantly affected by solvent quality; the difference in 

penetration depth is believed to be ascribed to the conformational changes of 

polymer brushes in response to different solvents. This implies that factors that are 

able to cause polymer brush conformational changes such as brush grafting 

density can probably result in difference in flow field penetration as well, which is 

worthy to investigate for a full understanding of this flow field penetration problem.  

7.1.3 Study of polymer chain grafting density effect on percent flow field 

penetration depth 

The effect of polymer chain grafting density on laminar flow field penetration 

into densely grafted polymer brushes was quantitatively studied using FRET-

TIRFM method. Three surfaces of FITC-modified densely grafted pNIPAM 

brushes, high density (0.60 chain/nm2), medium density (0.38 chain/nm2) and low 

density (0.27 chain/nm2), differing only in grafting density were successfully made 

by careful control of the surface chemistry. In the same type of solvent, it was found 

harder for external laminar flow to influence polymer films of higher grafting 

density, but easier to affect polymer films of lower grafting density. Although 

grafting density effects seem to be less significant than solvent quality effects, due 

to the small differences in grafting densities chosen for study, still roughly a 10-

20% difference in the penetration depth was observed between high and low 

density pNIPAM surfaces in the same solvent. In addition, the effect of grafting 

density was observed to be less significant in the good solvent than in the poor 
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solvent; a rationale for this would be that grafting density impacts polymer chain 

conformation mainly through polymer-polymer repulsion, which will become less 

significant in a solvent that better solvates the polymer in determining polymer 

brush conformation. 

7.1.4 A discussion on the dominant mass transport mechanism in polymer  

The validity of one critical assumption in the Taylor-Aris-Fickian diffusion 

model employed in studies described in Chapters 3-5 of this Dissertation was 

confirmed. All of this previous work was predicated on the assumption that the 

dominant mechanism for mass transport of RhB molecules in the pNIPAM films is 

linear diffusion; this assumption was proven to be valid here by solid experimental 

results. Contributions to the overall mass transport from other possible mass 

transport mechanisms, including adsorption site hopping or migration from 

electrostatic interactions, were proved to be insignificant. This conclusion was 

made based on the high degree of similarity between the results obtained from 

control experiments using 2-NBA as an alternative quencher and those obtained 

with RhB as quencher. The differences in quantitative results between the two 

quenchers are generally within 5-10%. Thus, these values can be considered 

statistically the same, especially taking into account differences in the inherent 

diffusion coefficients of the two molecules. 2-NBA and RhB are substantially 

different molecules in terms of their chemical properties, including size, shape and 

charge. Therefore, they are not expected to have the same diffusion coefficients. 



215 
 

Furthermore, the fact that the breakthrough curves collected with both 2-NBA and 

RhB can be fit well with the coupled Taylor-Aris-Fickian model confirms the validity 

of the model. In contrast, if the contributions of other mass transport mechanisms 

to the overall quencher mass transport are significant, either the Taylor-Aris-

Fickian model would fail or the apparent diffusion coefficients obtained would be 

drastically different. 

7.2 Future directions 

Now that the FRET-TIRFM method has been proven as a new tool to 

monitor mass transport in thin, surface-tethered pNIPAM brushes, it could be 

extended to a wider range of polymer films at solid-fluid interfaces, either under 

static or flow conditions. For instance, biocompatible hydrophilic polymers such as 

polyethylene glycol (PEG) and others are often used as biocoatings to prevent 

non-specific adsorption129, supporting layers in microchannel for further surface 

modification,130 and in vivo drug delivery porous networks131,132. Mass transport 

behavior in these polymers, namely diffusional transport, is of great interest in 

terms of a fundamental understanding of such systems. Especially for drug 

delivery systems, diffusion processes driven by concentration gradients into/out of 

the polymer network is a key to overall system performance.132 In addition, the 

thicknesses of polymer films used in these applications is typically about a hundred 

nanometers, on the same order of magnitude as the films used in this work. 

Moreover, this method can also be tailored for hydrophobic polymer systems by 
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simply replacing FITC with a fluorophore donor that works for hydrophobic 

systems. Boron-dipyrromethene (BODiPY) has been proven as a good alternative 

by Colleen Burkett in the Pemberton laboratory for a hydrophobic 

polydimethylsiloxane (PDMS) system. 

By measuring diffusion coefficients of small molecules in polymers, this 

method can be employed to determine the critical conditions for “smart” polymers 

which undergo drastic conformational changes under stimuli such as temperature, 

pH, light, ions, etc.133-135 Thus, FRET-TIRFM can also serve as an excellent tool 

for determining the critical conditions for these polymers, especially when they are 

used as tethered films.  

In terms of the study of laminar flow field penetration, first of all, the effect 

of polymer structure, which is another important parameter for polymer surfaces, 

on flow field penetration could be investigated for a better general fundamental 

understanding of polymer dynamic response to fluid flow. One polymer can exhibit 

different structures, such as “brushes”, “loops”25,26 or cross-linking.136 In some 

areas of research, one structure may be preferred over others due to their 

differences in physical properties, including viscosity, stiffness, stability, etc.26 The 

difference in flow field penetration due to different structures must be taken into 

consideration when dynamic flow conditions are involved in related applications. 

 Besides the polymer surface properties, attention has also been drawn to 

the influence of external flow type on mass transport in polymers.37,109,137 Flow 

types such as elongation flow138 and electroosmotic flow27 are as widely used in 
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many scientific applications as laminar flow. It is noteworthy that the Taylor-Aris-

Fickian diffusion model does not hold for flow types other than laminar flow. 

Therefore, modification of this coupled model would be required to incorporate 

such changes in flow type in order to obtain apparent diffusion coefficients through 

fits. 
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