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ABSTRACT

POLYMER SURFACE CHEMISTRY: SURFACE MIXTURES
SUPPORTED POLYELECTROLYTE MULTILAYERS AND HETEROGENEOUS

CHEMICAL MODIFICATION

SEPTEMBER 1997

VIPAVEE PHUVANARTNURUKS, B.Sc, CHULALONGKORN UNIVERSITY
THAILAND

M.S., UNIVERSITY OF MASSACHUSETTS AMHERST

Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor Thomas J. McCarthy

This dissertation is divided into three parts that summarize three discrete projects

that are related only in their overall objective of using chemistry to rationally control

polymer surface structure and properties. Each part involves polymer surface modification,

but the three employ very different techniques to effect surface-chemical changes.

The first part (Chapter 1) involves the preparation of surfaces containing

controllable mixtures of two functionalities (alcohol/ester or hydrocarbon

ester/fluorocarbon ester) from alcohol-functionalized poly(chlorotrifluoroethylene)

(PCTFE-OH) and the studies of their wetting behavior as a function of composition and

structure. Contact angle analyses indicate that sequential and competitive esterifications

yield mixed surfaces consisting of the two functional groups distributed randomly, while

compositionally similar, patchy mixed surfaces can be prepared by partial hydrolysis/re-

esterification under some specific conditions. Greater contact angle hysteresis was

observed on the patchy surfaces.

The second part (Chapter 2) describes the layer-by-layer deposition of cationic

(polyallylamine hydrochloride (PAH)) and anionic (polysodium styrenesulfonate (PSS))

polyelectrolytes onto the PCTFE-OH substrate. XPS and contact angle data indicate that

the assembled layers are stratified even though the individual layers are extremely thin (0.3

vi



- 4.
1
A). This thickness depends both on the charge density of the first layer of PAH

(controlled using pH) and the ionic strength of the PSS adsorption solution. The

stoichiometry of the assembly process also varies with the ionic strength of the PSS

adsorption solution.

The third part (Chapter 3) involves the heterogeneous (gas-solid) chemical

modification of poly(trifluoroethylene) (PF
3
E). Chlorination of PF,E is a surface-selective

reaction and the extent of chlorination can be controlled by time and light intensity. The

fluorination of PF
3
E carried out using 5% F

2
/N

2
yields products that exhibit similar surface

properties to poly(tetrafluoroethylene) (PTFE). Very thin coatings of PF,E on inorganic

supports (Si wafers) were prepared by the adsorptions from THF:toluene solutions. The

higher the toluene composition, the more polymer adsorbs and the rougher the substrate

becomes. The amount of PF
3
E adsorption is increased significantly by introducing a polar

functional group to the polymer by maleation.
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CHAPTER 1

PREPARATION AND STUDY OF MODIFIED POLYMER SURFACE MIXTURES

Introduction

Organic chemistry at polymer surfaces has been extensively utilized for developing

superior surface properties in a number of polymers for example: adhesion, adsorption,

wettability and biocompatability. Many successful methods, including polymer grafting,
12

plasma treatment
34

and corona discharge treatment
56

have been applied to a wide variety of

polymers. Nevertheless, these types of modifications have some drawbacks. Rigorous

and uncontrolled reactions can induce changes in surface morphology, changes in

topography, and most certainly, chemically heterogeneous surfaces. Therefore, it becomes

difficult to correlate macroscopic surface properties with microscopic surface chemical

structure. In order to achieve a better understanding of surface structure-property

relationships, well-controlled functionalized polymer surfaces are required. Previously, a

nondestructive technique has been proposed to chemically modify polymer surfaces in a

controlled manner.
7 ' 8 With the strategy to first introduce a discrete reactive functional

group to a chemically resistant polymer surface and subsequently functionalize the versatile

intermediate, a series of homogeneous derivatives can be prepared.

The studies of surface properties of homogeneous functionalized polymer samples,

however, are not sufficient to address some important issues concerning the "real"

modified surfaces that in fact are heterogeneous in nature, for instance: how does the

composition of a two component mixture affect the surface properties?, how does the two-

dimensional order of two components in a heterogeneous mixed surface affect the surface

properties? In order to clarify these issues, it is necessary to have polymer surface

mixtures with well-defined chemical compositions and two-dimensional order.
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The objectives of this research are to: ( 1 ) prepare conditionally similar mixed

polymer surfaces which differ in surface structure due to their different synthetic routes and

(2) determine their wetting behavior, which is profoundly sensitive to both surface

functionality and surface structure, using contact angle analysis.

Surface Chemistry

Polymer Substrate

Poly(chlorotrifluoroethylene) (PCTFE), a material that is widely used for packaging

applications was chosen as a substrate. This material is a thermoplastic film of 0.005

inches thickness. It was purchased from Allied-Signal as Aclar 33C which is a terpolymer

composed of primarily chlorotrifluoroethylene with small amounts of tetrafluoroethylene

and vinylidene fluoride. The polymer exhibits very good chemical resistance, excellent

water and gas barrier properties as well as good electrical properties. It has a crystalline

melting temperature of 202-204 °C and a glass transition temperature of 58-65 °C. The

density is varied from d = 2. 10 g/cm
3

(45% crystalline) to d = 2.13 g/cm
3

(65% crystalline)

depending on its thermal history. The Aclar 33C used is highly crystalline (-65%). The

refractive index is 1.435.
y

Initial Modification

PCTFE with its chemically resistant properties has been found to react with a

number of organometallic reagents.
7
Dias and McCarthy studied the modification of

PCTFE powder with organolithium reagents. They proposed a mechanism involving a

reduction-elimination-addition sequence (see Scheme 1.1). The polymer product contains

organic chemical groups derived from the organolithium reagent and unsaturation in the

polymer backbone. By utilizing the same strategy, a variety of chemical functional groups

2
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This particular study was focused on the preparation of surface mixtures using

esterification reactions of an alcohol-containing poly(chlorotrifluoroethylene) surface

(PCTFE-OH) and partial hydrolysis of the ester surfaces. The hydroxyl groups can be

introduced onto the polymer surface by the reaction of PCTFE film with the protected

alcohol-containing organolithium reagent, (3-lithiopropyl ethyl acetaldehyde acetal), and

subsequent deprotection by hydrolysis (shown below).
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Scheme 1 .2. Introduction of alcohol groups onto the PCTFE surface.
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The depth of the initial modification reaction can be controlled by four factors:

temperature, time, solvent composition and organolithium reagent concentration. The

preparation and characterization have been previously discussed in detail.
810

The

conditions selected to prepare acetal-functionalized PCTFE (PCTFE-PEAA) were reported

to yield modified layer thicknesses ranging from -50 A to -1000 A for the reactions carried

out between -78 °C and -15 °C, using 50:50 THRheptane as a solvent for 30 min. Higher

reaction temperatures increase surface mobility, resulting in greater modified thicknesses.

The stoichiometry of acetal-functionalized PCTFE deduced from XPS atomic composition

data suggests that the modified surface is composed of 80% acetal groups and 20%

difluoroolefins. This structure indicates that the first step in Scheme 1.3 (formation of

difluoroolefin) proceeds quantitatively, while the second step (introduction of the acetal

group) proceeds in only 80% yield, likely due to steric effects.

Scheme 1.3. Reaction of PCTFE with 3-lithiopropyl ethyl acetaldehyde acetal.

The alcohol-functionalized PCTFE (PCTFE-OH) can be prepared from previously

made acetal-functionalized PCTFE (PCTFE-PEAA) by hydrolysis. A number of studies

were conducted to determine the appropriate hydrolysis conditions that can provide the

thickest possible alcohol modified layer, complete deprotection of the acetal groups and the

least extent of dissolution of modified surface. It was found that the optimal condition is to

reflux PCTFE-PEAA in aqueous HC1 at 100 °C for 30 min.
10 Upon deprotection, the XPS

4



atomic composition confirms the predicted stoichiometry for a modified polymer containing

80 % hydroxyl-functionalized repeat units and 20% difluoroolefins (Figure 1.1).

OH ,OH HO v HO

Figure 1.1. Surface structure of PCTFE-OH.

Preparation of Modified Surface Mixtures

In the research presented here, two types of surface mixtures were prepared:

alcohol/ester mixed surfaces and hydrocarbon ester/fluorocarbon ester mixed surfaces.

Three synthetic routes (depicted in Scheme 1 .4) were used to prepare modified surface

mixtures: (1) sequential esterification by partial esterification with R,, followed by

conversion of the remaining hydroxyl groups with R
2
(where R, and R

2
are the acid

chlorides of interest), (2) partial hydrolysis/re-esterification by complete esterification of

PCTFE-OH with R, followed by partial hydrolysis and then re-esterification of the

resulting hydroxyl groups with R
2
and (3) competitive esterification of PCTFE-OH with

two acid chlorides.

We conceived that sequential esterification should produce surfaces with the two

functional groups randomly dispersed, while the partial hydrolysis/re-esterification

approach should produce patchy surfaces (see Scheme 1.5). The hydrolysis/methanolysis

of the ester surfaces may be inhibited initially since these hydrophobic surfaces are not

sufficiently wet by the reaction solution. Once the hydrolysis begins at some point on

5
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the surface (either at defects or some random position), that location will contain a hydroxy]

group which will facilitate the transport of the reaction solution to the ester functionality

surrounding the alcohol. The rate of hydrolysis at these points on the surface will then be

enhanced, resulting in an autoaccelerative reaction and a "patchy" surface.

Kinetic control of the initial step of both synthetic routes (esterification and

hydrolysis) can give rise to a series of mixed alcohol/ester surfaces with different surface

compositions (randomly mixed or patchy mixed surfaces). Subsequent esterification with

the desired acid chloride should then result in mixed hydrocarbon ester/fluorocarbon ester

surfaces. Competitive esterification was used as an alternative to prepare mixed

hydrocarbon ester/fluorocarbon ester surfaces. PCTFE-OH was reacted with acid chloride

mixtures (butyryl chloride mixed with heptafluorobutyryl chloride or stearoyl chloride

mixed with heptafluorobutyryl chloride). It is expected that the resulting mixed surfaces

should have two ester functional groups distributed randomly throughout the surface.

Surface Analytical Techniques

X-rav Photoelectron Spectroscopy (XPS)

This technique, which is often referred to as Electron Spectroscopy for Chemical

Analysis (ESCA), is generally regarded as an important technique for polymer surface

characterization. The quantitative technique can provide atomic compositon of a surface

with a sampling depth on the order of 10-200 A depending on the sample and instrumental

conditions.

The basic principle of XPS involves the photoelectric effect. The analysis is

accomplished by irradiating a sample with monoenergetic soft x-rays and analyzing the

energy of the electrons emitted. An elemental analysis can be obtained due to the unique set

of core electrons for each element. The number of electrons emitted are counted as a

function of their energy. Quantitative information can be calculated from peak areas and

8



atomic sensitivity factors obtained from samples with known composition. The photon

energy is greater than the binding energy of the electron in the atom, and the electron

ejected from the atom should have a kinetic energy (E
k) approximately equal to the

difference between the photon energy and the binding energy (E
b). Therefore, the basic

equation for XPS is:

E
b = to-E^ (1.1)

where h is Planck's constant, u is x-ray frequency and <|> is the spectrometer work function.

All energies are usually expressed in electron volts (eV). Note that the results reported in

this work are not corrected for sample charging.

The technique is surface selective. Although the photons can penetrate many

microns deep into the sample, the electrons generated at the depth have relatively low

kinetic energy (0-1000 eV) and cannot travel very large distance in matter. Only those

electrons emerging from a certain depth (10-200 A) without losing their kinetic energy from

inelastic collisions comprise the main photoelectron peaks. Common anode materials used

as x-rays sources are magnesium, aluminum, titanium and chromium whose K
(X
x-rays

have energies of 1254, 1487, 4510 and 5417 eV, respectively. Although the titanium and

chromium x-rays have higher energies that can eject electrons in deeper core shells and can

provide information in deeper sampling region, magnesium and aluminum anodes are

preferable due to their narrow line widths and lower tendency to damage samples.

The intensity of electrons detected from a specific element in a homogeneous,

infinitely thick sample can be expressed by the following equation:

N,
k = IoP^AJu (1-2)
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where N
i k

is the measured peak area for the k'" shell of element i, I
()

is the x-ray flux, p, is

the volume density of element i in the surface volume examined by XPS (desired in the

experiment), au is the photoionization cross-section (the probability for photoionization),

\, is the electron mean free path in the material and T
ik

is the instrument transmission

function (the number of electrons counted compared with the number that enter the

detector). The terms in this equation are typically obtained by the calibration of the

particular instrument with appropriate materials and the use of atomic sensitivity factor, S,
k

which is equal to I
()
a, M\ J.M is common. From equation 1.2:

Pi = NiA.k H (1.3)

In general, the sensitivity factor of F
ls
electrons is assigned as 1 .00 and used as a reference

to calculate all other sensitivity factors by measuring relative intensities of samples with

known surface composition through this equation:

q = p/Zpi = (N/Sp/SCN/S,) (1.4)

where Cj is the atomic concentration of element j. There are two main advantages obtained

from using this equation to calculate the relative concentration as opposed to direct

calculation of p ;

: ( 1 ) the exact x-ray flux which decays over lifetime of anode is not critical

and (2) there is a small variation in the ratios of mean free paths from sample to sample,

even though the mean free paths are material-dependent. Typical materials used for

calibration in this work are poly(tetrafluoroethylene), poly(chlorotrifluoroethylene) and

po!y(ethylene terephthalate).

Practical surfaces are rarely uniform and homogeneous in composition and

structure. The surface often consists of a very thin film on a semi-infinite bulk substrate.

The depth profiling of samples is thus very useful. This can be accomplished by the

10



variable angle technique. By varying the take-off angle (9T) between the detector and the

surface, electrons travel from similar vertical depths with different distances before

reaching the detector. At small 6T , a smaller depth is sampled than at high 0T . The surfa<

sensitivity is thus enhanced at low 9,..

Anode

Sample

Detector

Figure 1 .2. The sample/detector geometry of variable angle XPS.

The attenuation of photoelectron intensity in solids as a function of sampling depth

is expressed in Equation 1 .5 where N
0

is the number of electrons that originate at depth t,

N is the number of photoelectrons emitted from the solid that have not been inelastically

scattered, X is the mean free path of the electron and 9 is the take-off angle.

N = N
()
e-
,/W)

(1.5)

The expression indicates that 95% of detected photoelectrons originate in the

outermost 3A,sin9. In another words, the electron should be attenuated to 5% of its original

intensity when the thickness is 3A,sin9. The equation also indicates that the spectra

11



recorded at a 1 5° take-off angle assess the composition of the outermost -27 % of the

region analyzed at a 75° take-off angle.

Mean free path values have been obtained experimentally from overlayer

experiments in which the decrease of signal from the substrate is measured as a function of

overlayer thickness. Overlayers are normally deposited by Langmuir-Blodgett

techniques," 12
molecular self-assembly 13

and vapor phase methods. 1415
For organic

materials, the mean free paths are somewhat controversial, ranging from the relatively low

values reported by Clark et al.
1415

to the higher values reported by others."
13 ' 16

Ashley

and coworkers
17
have developed a theoretical approach for the calculation of mean free

paths in organic materials. The relationship is:

X = (ME
k
/pn)/(13.61nE

k
- 17.6- 1400/E

k ) (1.6)

where E
k
is the kinetic energy in eV, M is the molecular weight of molecule or repeat unit,

n is the number of valence electrons in the repeat unit and p is the density of the material.

Attenuated Total Reflectance Infrared (ATR IR) Spectroscopy

This technique couples the method of infrared spectroscopy with the physical

phenomenon of total internal reflection to enable the molecular vibrations as well as the

information of molecular structure, conformation, crystallinity, functionality and secondary

bonding within the surface regions of materials to be analyzed. The theoretical background

has been developed by Harrick
18
and others.

19,20 The principle of this technique is based

on a special case of the general phenomenon of reflection and refraction of electromagnetic

radiation at an interface of two media having different refractive indices. Total internal

reflection can occur at the interface of the optically transparent element and the sample only

if the refractive index of the optically transparent material is greater (optically denser) than

12



the refractive index of the sample (optically rarer) with the incident angle above a critical

angle (6 ) which can be calculated from:

6
C

= sin'(n
21 ) (L7)

where n
2] = n

2
/n, and n, and n

2
are the refractive index of the dense material through which

light propagates and the refractive index of rarer media, respectively.

In reflection spectroscopy, both dipoles oriented parallel and perpendicular to the

propagating direction absorb energy, unlike normal transmission spectroscopy (dipoles

oriented parallel to the propagating direction do not adsorb energy). For total internal

reflection, the electric field amplitude at the interface can be expressed as:

E
y0

= 2cos0/(l -n
21

2

)

1/2

(1.8)

E
x0 = 2(sin

29-n
2l

2

)

l/2
cose (1.9)

(l-n
21

2

)

1/2

[(1 +n 21

2
)sin

26-n
21

2

]

l/2

E
z0 = 2sin8cos9 (1.10)

(1 -n
21

2

)

1/2

[(1 + n
21

2
)sin

2
6 - n

21T2

The right-handed coordinate system is used where the x direction is along the propagation

direction and positive z direction is normal to the surface into the rarer medium. E
y0

represents the electric field amplitude for perpendicular polarization while parallel

polarization is given by:

E„ = (IE
0r + IEJ )

2x1/2

'zO
1 (l.ll)
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The electromagnetic field established within the second (rarer) medium is

represented by an evanescent wave. Therefore, the wave can potentially be very

informative about the structure of the second medium. If the actual thickness of the second

medium is greater than the distance that the electromagnetic field extends in the z-direction

into the second medium, the evanescent wave decreases in amplitude exponentially from

the surface:

E = E
0
e-^ (U2)

where d
p

is the depth of penetration and can be defined as the distance where the electric

field attenuates to 1/e of its original value and may be expressed by:

d
p

= V27i(sin2e-n
21

2

)

1/2

(1.13)

where X
{

is the wavelength of light in denser medium. For the research described in this

chapter using PCTFE (n
2
= 1.43) and a germanium crystal (n, = 4.00) and entrance angle

(9) of 45°, the depth of penetration is equal to 0.2609X or 0.9 \im at 3000 cm'
1

and 1 .7 |im

at 1500 cm 1

.

Attenuated total reflection is a "lossy" coupling to the evanescent wave involving a

loss of radiant energy associated with the electromagnetic field. The incident

electromagnetic radiation is not totally reflected back into the initial medium at the interface

due to an absorption of radiation by the rarer medium. Polymers are considered "lossy"

materials because some radiation is irreversibly lost due to absorption. The evanescent

wave amplitude is decreased without distortion or becomes attenuated as a result of

reflection at the interface. Attenuated total reflection is the coupling mechanism most often

used with total internal reflection for polymers. Since polymers are only weakly absorbing

materials, multiple internal reflections are often used in conjunction with attenuated total

14



reflection to amplify the effects of small reflectivity decrease per reflection. Due to the

weak absorption, the strength of the interaction can be expressed as an effective thickness,

d
e,
which is the equivalent sample thickness in transmission infrared spectroscopy

(transmission through the entire thickness of the bulk sample) resulting in the same

absorbance as obtained by the decrease in reflectivity per reflection (the spectra recorded in

this dissertation utilized 10 reflections). The effective thickness integrated, calculated by

assuming the thickness of material is much greater than the penetration depth, can be

expressed as:

d
e = n

21
E

0

2
d
p
/ 2cos0 (1.14)

Upon substituting the appropriate expressions for d
p
and E

()

2
, the effective thicknesses for

parallel and perpendicular polarizations are:

de ||
= ?i,n

2l
cos0(2sin

2
0 - n

21

2

) (1.15)

tc(1 - n
21

2
)[(l + n

2l

2
)sin

2
9 - n

21

2
](sin

2
0 - n

2l

2

)

,/2

A,,n
2l
cose (1.16)

7C(1 - n
2l

2
)(sin

2
0 - n

2l

2

)

l/2

These two equations indicate that an effective thickness is not only a function of incident

angle wavelength and refractive indices of two media but also a function of the state of

polarization. Inserting values of n, = 4.00 for the germanium crystal, n
2
= 1 .43 and 0 =

45° yields de |
= 0.3024?i, and dex = 0.1512 X,. d

c |
and d

e
i are 1.0 (im and 0.5 Jim,

respectively at 3000 cm"
1

and 2.0 jam and 1.0 |0,m, respectively at 1500 cm"
1

. Thus the

higher wavelength (low wavenumber) side of the single infrared band will have a higher

absorbance than the lower wavelength (higher wavenumber) side of the band.

15



For surface modified materials, there are three media to be concerned: (1) the

internal reflection element with refractive index n„ (2) the modified layer with refractive

index n
2
and (3) the bulk material with refractive index nv If the modified layer thickness

(t) is much less than the penetration depth, the electric field can be assumed to be relatively

constant throughout the modified layer. This assumption is valid when 2nt/\ < 0. 1 (i.e. t

< 800 A when X, = 2000 cm 1

). The effective thickness can be expressed as:

d
e = n

21
E

0

2
t/cosG (l. 17)

This equation indicates that the effective thickness is proportional to the thickness of the

modified layer (t), not the depth of penetration (d
p
). As a result, the adsorption bands from

thin modified layers are not relatively stronger at longer wavelengths and internal reflection

spectra will be similar to those of transmission spectra.

Typical crystalline materials used as internal reflection elements (IRS) are

germanium (Ge, n = 4.00), silicon (Si, n = 3.42), zinc selenide (ZnSe, n = 2.42) and

thallium bromide-thallium iodide (KRS-5, n = 2.35).
21 The sampling depths increase for

internal reflection elements having lower refractive indices. The sampling depths can also

be varied for a particular internal reflection element to decrease or increase surface

sensitivity by changing the incident angle. The optics of internal reflection cells are

designed to have either fixed (30°, 45° or 60°) or continuously varied incident angles (20°-

90°). The incident angle is actually a function of two variable angles: endface angle ((3) and

optics angle (i|/) (Figure 1.3). If the two variable angles are identical, then the particular

angle is the incident angle (0 = (3 = V|/). For a particular crystalline material, the sampling

depths are increased with lower incident angles.
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Contact Angle

Contact angle is considered one of the most surface-sensitive techniques and can

provide information on the outermost few angstroms of solids.
22

The equipment required

is relatively simple and inexpensive. The basis of the contact angle technique is the three-

phase equilibrium at the contact point at the solid/liquid/vapor interface (Figure 1 .4).

Figure 1 .4. Contact angle geometry indicating the three-phase equilibrium.

The contact angle was associated to the surface energy of the solid and the liquid

surface tension by Young in 1805.
23 The calculation is based on the energy balance

approach to the three-phase equilibrium. The cosine contact angle (cosB) is directly related

to the surface energy by Young's equation (Equation 1.18), where y
sv

, y
sl

and Y
v
are the

surface energy of the solid-vapor, solid-liquid, liquid-vapor interfaces, respectively.

7
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f
V
-f- = V-

v
cos0 (L18)

Direct interpretations from this equation can be made based on several assumptions

that predict only one intrinsic contact angle (6
() )

regardless of how that angle is measured.

The assumptions are: (1) the solid surface is rigid and nondeformable (surface modulus >

3.5 x LO
5
dynes/cm 2

), (2) the solid surface is highly smooth, (3) the solid surface is

chemically homogeneous, (4) the solid surface does not interact in any way with the liquid

other than the three-phase equilibrium (i.e. swelling), (5) the surface functional groups do

not reorganize in response to changes in the environment during the measurement and (6)

the liquid must not cause extraction or partitioning of material from the solid phase to the

liquid phase.

In practice, some of these assumptions are generally not valid and the observed

contact angles depend on the way they are obtained. Generally, two contact angle values

are measured (see Figure 1 .5). The advancing contact angle (0A ) can be measured as the

solid/liquid contact area increases. The receding contact angle (0R) can be measured as the

solid/liquid contact area decreases.

Figure 1 .5. Measurement of advancing/receding contact angles (0A/0K ).

IS



In general, 9A > 9
0 > 6R and the difference between advancing angle and receding

angle is defined as contact angle hysteresis. There are two classes of contact angle

hysteresis: (1) thermodynamic hysteresis, where the hysteresis is reproducible over many

measurements made and independent of time and (2) kinetic hysteresis, where the

hysteresis changes with time and the number of repeat measurements. 24 25
The

thermodynamic hysteresis is generally associated with surface roughness and chemical

heterogeneity. Kinetic hysteresis is associated with breakdowns in assumptions 4-6 which

can cause changes in any or all interfacial energy (f
v

, f
1

and V
v
).

The best general study of the effect of surface roughness on contact angle was done

by Johnson and Dettre.
2627 The model consists of a liquid drop (constant volume) on a

surface of concentric grooves assuming the absence of gravitational forces. The observed

contact angle is given by :

6 = 90 + « (1.18)

where 60
is the intrinsic contact angle of the liquid measured on an equivalent smooth

surface and a is the angle of inclination of the surface at the liquid-solid contact line. Their

results show that as the surface roughness increases, the hysteresis increases (increased

advancing angle and decreased receding angle) based on various experimental

measurements. It has also been observed that if the surface becomes too rough, two

different situations can occur. If 9
0
< 90°, there is a critical roughness above which the

liquid will spread spontaneously over the surface due to capillary forces. This critical

roughness is reached when r = l/cos6
0
(r is a roughness ratio which is defined as the ratio

between the true surface area taking into account peaks and valleys and the apparent surface

area of a plane having the same macroscopic dimensions). If 0
O
> 90°, the liquid may not

be able to penetrate into the crevices of the surface. The observed contact angle results
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from a composite interface that consists of the solid surface and air trapped in the voids

between the solid and the liquid drop.

The effect of surface heterogeneity on the contact angle was first addressed by

Cassie
28
and later by Israelachvili and Gee.

29
Cassie has shown that if the components of a

surface act independently, the cosine of the contact angle is a linear function of composition

in cases where dispersion forces are considered the principal intermolecular interaction.

The observed equilibrium contact angle (9) was expressed in the form of following

equation:

cos6 = Q,cose, + Q2
cos0

2 (1.19)

where Q, and Q2
are the fraction of the surface area with contact angle 6, and 0

2 ,

respectively.

The model proposed by Israelachvili and Gee is more applicable in the case where

the heterogeneities are on the order of molecular dimension taking into account the average

polarizabilities, dipole moments or surface charges of two regions. Cassie's equation is

then replaced by the following equation :

(1+cosO) 2
= Q,(l +cose,)

2 + Q 2
(l +cos6

2 )

2

(1.20)

For molecular sized patches, the Cassie equation predicts a larger contact angle than that of

Equation 1.20.

The issue concerning the hysteresis caused by heterogeneities was not addressed by

Cassie or Israelachvili and Gee. Consider a heterogeneous surface consisting of small non-

wetting (high contact angle) domains in a matrix of a partially wetting continuous area (low

contact angle). As the liquid advances, the edge of liquid becomes pinned at the boundaries

of the non-wetting islands due to the energy barrier involved in spreading the drop from the

low to high contact angle region, thus leading to an advancing angle higher than expected.
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Once the surface is covered by the liquid drop, the low contact angle regions now function

as pinning points to keep the liquid from receding. The result is that the advancing angle

tends to represent the low surface energy (non-wetting) phase; the receding angle

represents the high surface energy (wetting) phase, producing a contact angle hysteresis.

Johnson and Dettre
26'30* used these ideas to modulate the model for contact angle

on heterogeneous surfaces containing concentric circular regions of different intrinsic

contact angles, 0, and 6
2
with 6, > 0

2
where the size of each region is large compared to

molecular dimensions, but small compared to the size of the drop. Figure 1 .6 is the result

of Johnson and Dettre's model for different drop energies. It is obvious that the advancing

angle approaches 6, and the receding angle approaches 0
2

.

Based on this model, a number of qualitative conclusions have been expressed:

( 1 ) Advancing angles are more reproducible on predominantly low energy

surfaces, whereas receding angles are more reproducible on high energy surfaces.

(2) Advancing contact angles alone cannot fully characterize a heterogeneous

surface. Approximately 10% and 90% surface coverage by high (low) contact angle

regions give the same advancing (receding) contact angles with very different receding

(advancing) angles.

(3) The advancing angle is a measure of the wettability of the low surface energy

portion and receding angle is more characteristic of the high surface energy portion.

Another cause of contact angle hysteresis is penetration of probe fluid into the solid

surface. The advancing angle is measured as the liquid drop advances over the dry surface,

while the receding angle is measured on a surface that is previously saturated with the

liquid which is compositionally similar to the liquid itself. Thus, the receding angle

becomes a much lower angle. Timmons and Zisman"
12
studied the role of molecular volume

and size on contact angle hysteresis using a fluorinated monolayer. They observed that the

hysteresis was small for liquids with molecular volumes greater than 125 cmVg-mole and

relatively large for liquids with small molecular volumes such as water (18 cmVg-mole).
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It has been suggested that reorientation of functional groups at the solid-liquid

interface may cause contact angle hysteresis." It has been demonstrated that the functional

groups tend to reorient themselves in various environments to minimize interfacial

energy.-^8
The advancing contact angle is a measure of the functional groups initially

present at the solid/air interface. Since the probe fluid which is in contact with the solid

may cause the reorganization of functional groups to lower the solid/liquid interface energy

creating a new surface with different fand f ', the receding contact angle is then an

indication of the functional groups present at the surface after reorientation.

The contact angle hysteresis can be employed as a tool to indicate differences in

structure of surfaces with identical composition. Obviously, there are a number of

variables involving the evaluation of wetting behavior, so interpretation of the contact

angles can be quite complicated. To achieve an accurate surface structure-composition

relationship, results from other surface analytical techniques should be combined.

150-

140-

130-

p«r ctnt f, AREA

Figure 1 .6. Results of the Johnson and Dettre model for contact angles on heterogeneous
surfaces. Curves 1 - 4 indicate decreasing drop energies where drop energy is related to

the intrinsic energy of the drop and its ability to overcome the metastable states present in

the surface regions.
30
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Wetting Behavior of Surface Mixture

Recently, the wettability of controlled surface mixtures has been investigated using

self-assembled monolayers of long chain thiols on gold
39

'40
, silver

4142
, and copper4243

Adsorption of long-chain thiols (HS(CH
2)nX) where X = CH

3 , OH, COOH, Br, CONHR)
from solution onto gold surfaces can form ordered, oriented organic monolayers. 44

Coadsorption of two thiols of different chain length with the same45
or different terminal

functionality
46
can create surface mixtures of organic thiol monolayers. The composition

and structure of the monolayer appear to be controlled by either thermodynamics or kinetics

of the adsorption process, depending on the organosulfur compounds used. The chain

length, nature of end groups, specific interactions within the monolayer and solvent

polarity have crucial impact.

The advancing contact angles (9A) of water and hexadecane as a function of

composition for polar/nonpolar surface mixture systems composed of HS(CH
2 ) 10

CH, and

HS(CH
2 ) 10

Z (Z = OH, COOH, Br) have been studied.
4748

The contact angles of

hexadecane for all three systems and water on the brominated surfaces, for which

dispersion forces are the principal intermolecular interaction, seem to uphold Cassie's

statement (see Figure 1.7). Significant deviations from linearity occur, however, for

contact angles of water on surfaces containing hydroxyl and carboxylic acid groups, in

which specific polar interactions (electrostatic interaction and intramonolayer hydrogen

bonding) exist.

The monolayers composed of a mixture of HS(CH
2 ) nOH and HS(CH

2 ) 21
CH,

showed a dramatic change in advancing contact angles of water and hexadecane within a

narrow range of solution composition (depicted in Figure 1.8).
46

Monolayers composed

either predominantly of the long-chain methyl-terminated thiol HS(CH
2 ) 21

CH, (maximizing

the chain packing interactions) or the short-chain hydroxy-terminated thiol HS(CH
2 ) nOH

(maximizing H-bonding with solvent and within monolayer) are more favorable than a

mixture of thiols. This behavior strongly indicates that two components of the monolayer
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do not act independently but cooperatively to minimize the surface energy. The data

support the idea that the two components might be segregated into small domains.

A similar investigation has been done on the same binary system produced by coadsorption

of equimolar of RS(CH
2) 15CH2OH and RS(CH

2)(l5+ni)CH, ( -6 < m < 6) on gold.- At low

m values, where methyl-terminated chains are dominated by hydroxyl-terminated chains,

random distribution across the surface occurs. On the contrary, at high m values, where

the longer chain methyl-terminated chains dominate, the chains are more likely to organize

in the form of clusters due to favorable interchain packing.

The examination of 1 :
1
binary mixed monolayers formed by adsorption of

unsymmetric dialkyl sulfides (R-(CH
2)mS(CH2)nR' ; R and R' represent CH

3
and COOH,

respectively) having one methyl-terminated and one carboxylic acid terminated alkyl chain

onto gold surfaces suggests that an excess length of five methylene units in the methyl-

terminated chain can entirely screen the carboxylic acid groups on the shorter chain from

being reached by water.
50 The water contact angles of mixed monolayers behave like

homogeneous alkane monolayers when (m-n) > 5. The simple randomly mixed surfaces

can present an unusual behavior which might lead to the misunderstanding of the real

surface structure.

Experimental

General Procedures

PCTFE films (Allied 5 mil Aclar 33C) were extracted in refluxing dichloromethane

for 2 h and dried (0.01 mm, room temperature, >24 h). Heptane (Aldrich) was distilled

under nitrogen from calcium hydride. Tetrahydrofuran (Aldrich) was distilled under

nitrogen from sodium/benzophenone. 3-Bromo- 1-propanol (Aldrich) was distilled under

vacuum from potassium carbonate. Ethyl vinyl ether (Aldrich) was distilled (trap-to-trap)

from calcium hydride immediately before use. tert-Butyllithium (t-BuLi) (Aldrich, 1.7 M
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in pentane) was standardized by titration with biphenylmethanol in THF at -78 °C. 3-

Bromopropyl ethyl acetaldehyde acetal (BrPEAA) was synthesized according to a

previously described procedure. 7
Butyryl chloride, and stearoyl chloride (both Aldrich)

were distilled and stored under nitrogen. Heptafluorobutyryl chloride (Aldrich) was

distilled (trap-to-trap) and stored under nitrogen. Methanol, dichloromethane (both Fisher,

HPLC Grade), THF (Aldrich) and water (house distilled, redistilled with a Gilmont Still)

were used as wash solvents. X-ray photoelectron spectra (XPS) were obtained with a

Perkin Elmer-Physical Electronics 5 100 with Mg K„ excitation (400 W, 15.0 kV). Spectra

were recorded at two different take-off angles, 15° and 75° between the plane of the sample

surface and the entrance lens of detector optics. Atomic composition data were determined

using sensitivity factors obtained from samples of known composition: F 1 000- C

0.232; 0
ls , 0.628; and Cl

2p , 0.655. Attenuated total reflectance infrared (ATR IR) spectra

were recorded using an IBM 38 FTIR at 4 cm'
1

resolution with a 10 x 5 x 1 mm germanium

internal reflection element (45°). Dynamic advancing (0A ) and receding (9R ) contact angles

were measured with a Rame'-Hart telescopic goniometer and a Gilmont syringe with a 24-

gauge flat-tipped needle as the probe fluid was added to and withdrawn from the drop,

respectively. Probe fluids used were water (purified as described above) and hexadecane

(purified by vacuum distillation from calcium hydride and stored under nitrogen).

Synthesis of 3-Lithiopropvl Ethvl Acetaldehvde Acetal (LiPEAA)

BrPEAA (1.0 g, 4.8 mmol) was added via syringe to a dried nitrogen-purged

reaction flask containing a glass-coated magnetic stir bar. Heptane ( 18 ml) was added and

the solution was cooled to -78 °C. t-BuLi (1.7 M, 3.1 ml, 5.3 mmol) in heptane (14 ml),

also at -78 °C, was added slowly to the BrPEAA solution via cannula. The mixture was

stirred at this temperature for 30 min then placed in a -15 °C bath for 45 min. The resulting

white suspension was then cooled back to -78 °C. THF (36 ml, at -78 °C) was added to

dissolve the suspension yielding a clear, yellow solution. The yellow color is likely due to
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a complex between the excess t-BuLi and THF. The solution temperature was then

allowed to gradually increase until the excess t-BuLi reacted with THF as .ndicated by the

disappearance of the yellow color.

Reaction of LiPEAA with PCTFF. Film

A nitrogen-purged Schlenk tube containing PCTFE films was equilibrated to the

desired reaction temperature (-78 °C or -15 °C). A solution of LiPEAA in heptane/THF

(prepared as described above) at the same temperature was then added via cannula to cover

the films. After 30 min of reaction, the solution was removed. The films were washed

with methanol at the reaction temperature (1 x 100 ml), methanol (3 x 100 ml), water (3 x

100 ml), methanol (3 x 100 ml) and then dichloromethane (3 x 100 ml) and then dried

(0.01 mm, room temperature, >24 h).

Hvdrolvsis of PCTFE-PRAA

To a nitrogen-purged, jacketed Schlenk tube containing PCTFE-PEAA films, a

solution of 5 ml concentrated HC1 in 50 ml water was added. The reaction mixture was

then heated to reflux. After 30 min of reaction, the solution was removed. The films were

washed with water (3 x 50 ml), methanol (3 x 50 ml) and dichloromethane (3 x 50 ml) and

then dried (0.01 mm, room temperature, >24 h).

Kinetic Control of Esterifications of PCTFE-OH

To a nitrogen-purged Schlenk tube containing a PCTFE-OH film sample, 25 ml of

dry THF was added followed by 8.8 mmol of the acid chloride of interest (butyryl chloride

(C,H
7
COCl), stearoyl chloride (C

17
H„COCl) or heptafluorobutyryl chloride (C

3
F

7
C0C1)).

Pyridine (8.8 mmol) was also added in catalyzed esterifications. After the desired length of

time, the solution was removed and the film was washed with THF (5 x 25 ml), water (5 x
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25 ml), methanol (3 x 25 ml) and dichloromethane (3 x 25 ml) and dried (0.01 mm, room

temperature, >24 h).

Partial Hydrolysis/Methanolysis of PrTFF-Ornr.H-,, PCTFE-OrornR_JI
nHP!:zm

QCOC^

To a teflon centrifuge tube containing a PCTFE-ester film sample, 25 ml of 0.025

M potassium hydroxide in water:methanol (0:100, 25:75, 50:50, 75:25 or 100:0 v/v) was

added. The tube was then capped and placed in an oil bath at 105 °C. After the desired

reaction time, the film was removed from the tube and soaked for 15 min intervals in water,

methanol and then dichloromethane and dried (0.01 mm, room temperature, >24 h).

Re-esterification of PCTFE-OH/-OCOC,H„ PCTFE-OH/- Omr^ and PCTFF.-OH/-

OCOCF
z

The procedure for kinetic control of esterifications was followed by reacting

PCTFE-OH/-OCOC
3
H

7 , and PCTFE-OH/-OCOC
l7
H

35
with 8.8 mmol C

3
F

7
C0C1 in 25 ml

of THF whereas PCTFE-OH/-OCOC
3
F

7
was reacted with 8.8 mmol of C

3
H

7
C0C1 in 25

ml THF.

Competitive Esterifications of PCTFE-OH

An acid chloride mixture with the desired molar ratio was prepared by mixing 0.35

M C
3
H

7
COCl solution (8.8 mmol in 25 ml of THF) or C

I7
H

3
,C0C1 solution (8.8 mmol in

25 ml of THF) with 0.35 M C
3
F

7
C0C1 solution (8.8 mmol in 25 ml of THF), varying the

w/w ratio. To a nitrogen-purged Schlenk tube containing a PCTFE-OH film sample, 25 ml

of acid chloride mixture was added. The film sample was allowed to react for 24 h under

nitrogen at room temperature and was then washed with THF (5 x 25 ml), water (5 x 25

ml), methanol (3 x 25 ml) and dichloromethane (3 x 25 ml) and dried (0.01 mm, room

temperature, >24 h).
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Results and Discussion

Preparation of PCTFF.-OH

The initial modification involves the introduction of hydroxy] groups onto the

polymer surface by the reaction of PCTFE film with the protected alcohol - containing

lithium reagent, (3-lithiopropyl ethyl acetaldehyde acetal) and subsequent deprotection by

hydrolysis. The depth of the initial modification reaction can be controlled by four factors:

temperature, time, solvent composition and organolithium reagent concentration. The

conditions selected to prepare acetal-functionalized PCTFE (PCTFE-PEAA) were -78 °C

and -15 °C, using 50:50 THF:heptane as a solvent for 30 min to yield modified layer

thicknesses of -50 A and -1000 A, respectively. The alcohol-functionalized PCTFE

(PCTFE-OH) was prepared from PCTFE-PEAA by hydrolysis in aqueous HC1 at 100 °C

for 30 min.

Figures 1 .9 and 1.10 show XPS survey and C
ls
spectra of PCTFE (unmodified),

PCTFE-PEAA (modified at -15 °C) and its hydrolyzed product, PCTFE-OH. The PCTFE-

PEAA survey spectrum (Figure 1.9) shows a decrease in the intensity of fluorine, the

complete removal of chlorine, an increase in the amount of carbon and the incoiporation of

a significant amount of oxygen into the surface of the film. The disappearance of the

chlorine peak indicates that the modification proceeds entirely through the XPS sampling

O Q

depth (-54 A using a mean free path of 18 A for Cl
2p

photoelectrons) using this

modification condition. The C,
s
spectrum of PCTFE-PEAA (Figure 1.10) shows the

disappearance of the high binding energy peak at 295 eV, assigned to unmodified PCTFE,

and the emergence of a lower binding energy peak containing a high binding energy

shoulder. The main peak is assigned to carbons bonded only to hydrogen or other

carbons, while the shoulder peak is assigned to carbons bonded to one or two oxygens or

one fluorine as expected based on the structure of modified repeat unit (see Figure 1.1).

The XPS C
ls
spectrum of PCTFE-OH is consistent with deprotection. Since only two of
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the five carbons are bonded to an electronegative element (none are bonded to two)

compared to PCTFE-PEAA, which has four of the nine carbons bonded to electronegative

elements (one carbon is also bonded to two oxygens), the intensity of the high binding

energy shoulder slightly decrease relative to the main peak.

Analysis of the XPS atomic composition data yields a more quantitative

interpretation. The stoichiometrics of PCTFE-PEAA calculated from Table 1 . 1 are

C
38
F5407.6 (15° take-off angle) and C

38F7
072 (75° take-off angle) and are in good

agreement with the proposed modified structure containing 80% acetal-functionalized repeat

units and 20 % difluoroolefins which has a stoichiometry of C
38F608. After deprotection,

the stoichiometrics of the modified surface become C
22
F

5 3
0

4 5
and C

22
F

5 2
0

4 4 (
15° take-off

and 75° take-off angles, respectively) which are consistent with the stoichiometry predicted

(C
22
F

6
0

4 )
for a modified polymer composed of 80% hydroxyl-functionalized repeat units

and 20 % difluoroolefins (See Figure 1.1).

Table 1.1. XPS atomic composition data for PCTFE, PCTFE-PEAA and PCTFE-OH.

Surface eT

Atomic Composition (%)

(degrees)

C O F CI

PCTFE 15 31.50 52.80 15.70

75 32.66 51.80 15.54

PCTFE-PEAA 15 74.31 14.98 10.66 0.05

75 72.50 13.72 13.42 0.06

PCTFE-OH 15 69.32 14.05 16.52 0.07

75 69.40 14.03 16.32 0.26
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Figure 1 .9. XPS survey spectra (75° take-off angle) of (a) PCTFE (b) PCTFE-PEAA
(modified at -15 °C) (c) PCTFE-OH (initially modified at -15 °C).
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Figure 1.10. XPS C
ls
spectra (75° take-off angle) of (a) PCTFE (b) PCTFE- PEAA

(modified at -15 °C) (c) PCTFE-OH (initially modified at -15 °C).
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For the thickly modified surfaces, ATR IR is a technique that can provide more

qualitative information, especially about surface functionalities. A germanium crystal (45°)

was used as the internal reflection element that has an approximate sampling depth of 1000

A for all analyses. Figure 1.11 shows ATR IR spectra of PCTFE, PCTFE-PEAA

(modified at -15 °C) and PCTFE-OH (initially modified at -15 °C). The appearance of C-H

stretching (3000-2840 cm 1

) and bending (1500-1320 cm 1

) peaks as well as a weak, broad

peak at 1675 cm" 1

assigned to the unsaturation in the modified polymer backbone are

observed. After hydrolysis, a broad hydrogen-bonded O-H stretching peak (above 3000

cm 1

)
and the methylene C-H stretching peak appear (2990-2830 cm'

1

) indicating the

conversion of acetal groups to alcohol functionalities. As expected , the water contact

angles (0A/9R ) decrease from 89735° for PCTFE-PEAA to 69725° for the more polar,

hydrophilic surface of PCTFE-OH. PCTFE exhibits water contact angles of 0A/6 R
=

104777°.

Esterifications of PCTFE-OH

The esterification kinetics for the reactions of PCTFE-OH with acid chlorides

(butyryl chloride, stearoyl chloride and heptafluorobutyryl chloride) were studied under

two sets of conditions: ( 1) using pyridine as an acylating catalyst (equimolar ratio of

pyridine to acid chloride) and (2) uncatalyzed. The reactions of alcohol/butyrate and

alcohol/stearate surfaces with heptafluorobutyryl chloride and alcohol/heptafluorobutyrate

with butyryl chloride were performed not only to prepare surface mixtures but also to

facilitate the quantitative determination of the unreacted hydroxyl groups since the labelled

functional group is more efficiently detected by XPS. The extent of esterification was

calculated from the XPS C/F ratios of the labelled surfaces.
51
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Figure 1.11. ATR IR spectra of (a) PCTFE (b) PCTFE-PEAA (modified at - 1 5 °C) (c)

PCTFE-OH (initially modified at -15 °C).
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The results presented in Figure 1.12 show that the esterifications using catalyst are

very rapid and proceed in high yield (more than 90% within 2 h). The catalyzed

esterifications with butyryl chloride (C
3
H

7
C0C1) and stearoyl chloride (C

17
H

35C0C1) are

rapid, but slightly slower than that of heptafluorobutyry] chloride (C
3
F
7COCl).This high

rate of esterification makes it difficult to kinetically regulate the extent of reaction in order to

controllably prepare heterogeneous surfaces with varying compositions. Thus the study of

uncatalyzed esterifications was undertaken with the hope that the reaction rate would be

sufficiently slow to allow surface mixtures containing alcohol and ester with desired

compositions to be formed.

c
o

• 1—1
4—

>

O

J-i

<D

w

0 20 40 60 80 100 120 140

Reaction Time (min)

Figure 1.12. Kinetics of reactions of PCTFE-OH with C
3
F

7
C0C1 (•), C 3

H
7
C0C1 (O) and

C
17
H

3<i
COCl () using pyridine as catalyst.

Figures 1.13 and 1.14 contain the results for the initial uncatalyzed reaction of

PCTFE-OH with heptafluorobutyryl chloride (C
3
F

7
C0C1) and the subsequent treatment of

these surfaces with butyryl chloride (C
3
H

7
C0C1). The XPS data show that the initial
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reaction has reached greater than 90% conversion after 15 min and is essentially complete

after 30 min. The low receding water contact angle after a 1 5 min reaction (63° versus 68°

for a completely esterified surface) indicates the presence of unreacted hydroxy] groups

which form butyrate esters after labelling, resulting in a lower receding hexadecane contact

angle (28°) than is observed on a surface containing only heptafluorobutyrate groups (40°).

Identical results (XPS and contact angle) of the surfaces initially reacted for at least 30 min

both before and after labelling indicate complete quantitative esterifications.

Results for the uncatalyzed reaction of PCTFE-OH with butyryl chloride

(C
3
H

7
C0C1) are shown in Figures 1.15-1.16. The C/F ratios of the initially esterified and

the labelled surfaces increase with initial reaction time, indicating higher conversion of

hydroxyl groups to butyrate groups as a function of reaction time. The 75° take-off angle

C/F ratios of the 24 h sample after labelling indicate that the yield for the initial esterification

is about 84 %, significantly less than that of the catalyzed reaction (90%).

Advancing/receding water contact angles increase from 67717° to 90746° after 12 h of

reaction. The receding angle of 46° remains at this value up to 24 h of reaction. Since pure

PCTFE-OCOC
3
H

7
has a receding water contact angle of 54°,

10
it can be assumed that a

significant amount of hydroxyl groups remain unreacted after 24 h. This is confirmed by

the lower advancing/receding hexadecane contact angles of a 24 h initially reacted surface

(2070°) compared to a 12 h initially reacted surface (3275°) after labelling with

heptafluorobutyryl chloride (C
3
F

7
C0C1).

The XPS data for the uncatalyzed esterification of PCTFE-OH with stearoyl

chloride (C
17
H„COCl) and the associated labelled surfaces are shown in Figure 1.17.

Compared to the catalyzed reaction, these results show a relatively low rate of reaction and

incomplete esterification even after 24 h. The C/F ratios of the labelled samples indicate

that after 24 h approximately 70% of the hydroxyl groups have been converted to stearate

esters. The water and hexadecane contact angle data for the initial stearoyl chloride

esterification are shown in Figure 1.18. The advancing water contact angle which reflects

36



c3

U

0 10 20 30 40 50 60 70

Initial Reaction Time (min)

Figure 1.13. XPS C/F ratio data for uncatalyzed esterification kinetics with C,F
7
COCI- 15°

(•) and 75° (O) take-off angle data after initial reaction, 15° () and 75° () take-off ancle
data after labelling with C

3
H

7
C0C1.
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Figure 1.14. Contact angle data for uncatalyzed esterification kinetics with C
3
F

7
C0C1:

water contact angles (9A (•); 0R (O)) after initial reaction and hexadecane contact angles

(0A (); 6R ()) after labelling with C
3
H

7
C0C1.
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Figure 1.16. Contact angle data for uncatalyzed esterification kinetics with C
3
H

7
C0C1:

water contact angles (0A (•); 6U (O)) after initial reaction and hexadecane contact angles

(0A (); 0R ()) after labelling with C,F
7
COCl.
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Figure 1.18. Contact angle data for uncatalyzed esterification kinetics with C
I7
H,

5
C0C1:

water contact angles (0A (•); 0K
(O)) and hexadecane contact angles (0A (); 0K ()) after

initial reaction.
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the hydrophobic functionality at the film/air interface has increased to its maximum value

(108°) after 4 h of reaction. The receding water contact angle which is more sensitive to the

presence of unreacted hydroxyl groups, on the other hand, requires a 24 h reaction to reach

its limiting value (90°).

The receding water contact angle is indicative of the functionality present at the

film/water interface and may reflect behavior resulting from water-induced surface

reconstruction and/or penetration of water into the film surface. The advancing and

receding hexadecane contact angles show a decrease from 1876° of PCTFE-OH to 1070° in

the first hour of reaction, followed by a gradual increase until the values of PCTFE-

OCOC
l7
H

35 (42735°) are reached. These results can be used to interpret the structure of the

modified layer at different points in the reaction. A relatively small number of stearates are

formed in the first hour. The low concentration of these long chain esters makes it difficult

for them to pack and orientate themselves, thus there are a significant number of methylene

groups present at the film/air interface, resulting in a decrease of hexadecane contact angles.

The more the reaction progresses, the more the ability of ester chains to pack together and

orient themselves at the interface which can be observed by the increase of both water and

hexadecane contact angles.

It has been shown that surfaces which present a closed-packed array of methyl

groups exhibit higher hexadecane contact angles and have a significantly lower surface

energy than surfaces consisting of predominantly methylene units.
43 The hexadecane

contact angle of octadecanethiol adsorbed to gold (which has been shown to be a highly

oriented closed-packed monolayer) is 48°, while hexadecane spontaneously spreads (0 =

0°) on polyethylene which contains only methylene groups. The hexadecane contact angle

of PCTFE-OCOC
17
H

35 (0 = 42°) which approaches that of a pure methyl surface (48°)

suggests that stearate groups may form an ordered layer at the modified polymer surface.

This proposed ordering of the stearate modified surface is also supported by the ATR IR

spectrum of the thick stearate surface produced by esterification of PCTFE-OH initially
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modified at -15 X (-1000 A thickness). The surface appears slightly hazy, indicating the

possible formation of microcrystalline regions. The series of bands from 1 350- 1215cm'
in the ATR IR spectrum of PCTFE- OCOC

17
H, (Figure 1 . 1 9) is a characteristic of solid

long chain esters.
52

The symmetric and asymmetric CH
2
stretching at 2853 cm 1

and 2919

cm ' are almost the same as the 2851 cm"' and 2918 cm"' bands of crystalline hydrocarbon

solid
51

(the symmetric and asymmetric CH
2
stretching of hydrocarbon liquid are 2855 cm '

and 2924 cm -1

,respectively).

Wavenumbers

Figure 1.19. ATR IR of PCTFE-OCOC
17
H

35
initially modified at -15 °C.

The hexadecane contact angle data after labelling PCTFE-OCOC
17
H

35
with

CF.COCl are shown in Figure 1.20. The advancing angle remains relatively high within

the first hour of reaction indicating that the major component of the surface is

heptafluorobutyrate. The angle then decreases from a value of 59° (1 h) to 12° (24 h) over

the course of reaction. As described previously, the hexadecane receding angles of stearate
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surfaces before labelling reaction increase with reaction time due to the ordering of the

monolayer composed mostly of methylene units. This ordered surface, however, has been

disrupted by the labelling reaction with C,F
7
COCl causing a decrease in receding angles.

The expected high receding angle at very low stearate content within short time of reaction

or high heptafluorobutyrate content after labelling reaction was not observed. This may be

influenced by surface reconstruction.

Figure 1.21 shows the kinetics of the reaction of PCTFE-OH with butyryl chloride

(C
3
H

7
C0C1), stearoyl chloride (C

17
H

35C0C1) and heptafluorobutyryl chloride

(C
3
F
7COCl). The heptafluorobutyrate is formed rapidly due to its high reactivity towards

esterification. Mixed alcohol/heptafluorobutyrate surfaces could not be prepared by this

method. On the contrary, the butyrate and stearate surfaces form more slowly and kinetics

can be conveniently used to control surface composition. These results show that the

uncatalyzed reactions are much slower and less quantitative than pyridine catalyzed

acylations. This is explained by the fact that carbonyl carbons of the acyl pyridinium

chlorides are more electropositive and susceptible to the attack of hydroxyl groups on

PCTFE-OH than ones of non-acylated acid chlorides. Another possible explanation is the

more favorable partitioning of acyl pyridinium salts from the solution to the previously

esterified surfaces. As expected, the chain length of the acid chloride has an impact on the

reaction rate and yield. Stearoyl chloride with its longer chain reacts slower and less

quantitatively than butyryl chloride. Meanwhile, the heptafluorobutyryl chloride reacts

much faster than the corresponding hydrocarbon due to the increased electrophilicity caused

by electronegative fluorines on the carbon a to the carbonyl.

Hydrolyses/Methanolyses of PCTFE-Esters

The hydrolysis of PCTFE-Esters was used as a second method to prepare

alcohol/ester mixed surfaces. Kinetics of hydrolysis/methanolysis were studied as a

function of solvent composition (water:methanol) and ester chain length (butyrate or
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Stearate). Methanol, as the less polar solvent than water, interacts more favorably with the

ester surfaces as observed by contact angles of the basic solutions on the PCTFE-Esters

surfaees (Table 1.2).

S^Ste*1 t<"" aC, ang'eS^ of*e hasic
"yillo| y sis solutioils °n

Solution

(watcr:methanol)

Butyrate Stearate Heptafluorobutyrate

0:100 2370° 47728° 3070°

25:75 2670° 6670°

50:50 3970° 8270°

- 75:25 5674°
95

o
/4

o

100:0 78711°
1 1 1

786° 108715°

H
2
Oa

89754° 108790° 107768°

a - Contact angles measured with pure water (no base).

Based on their relative wettabilities, it is expected that the longer chain esters should

be hydrolyzed more slowly in a given solvent mixtures than the short chain esters. Besides

the expected decrease in the contact angles with an increase in the methanol content of the

hydrolysis solution, the data also exhibit some interesting behavior in their hysteresis. The

surfaces which hydrolyze relatively last (PCTFE-OCOC
3
F

7 ,
PCTFE-OCOC

3
H

7 )
show

substantial hysteresis and much lower receding contact angles when the measurements

were made with the basic solution (0.25 M aqueous solution of KOI I) than the ones made

with the neutral waler.This result indicates that during the time of measurement (~ I min),

some hydrolysis of these surfaces has likely occurred.
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The hydrolyses of PCTFE-OCOC,F
7
are very rapid. Under all of the solvent

conditions studied, the reactions are complete within 15-30 min* The water contact

angles have decreased from 108767° of PCTFE-OCOC
3
F

7
to values comparable with

PCTFE-OH (67717°). After labelling the 0: 100, 25:75 and 50:50 (watenmethanol) 15 min

hydrolyzed surfaces with butyryl chloride, the low hexadecane contact angles of 1070°

indicate that surfaces contain only butyrate functionality. This is expected in cases where

all heptafluorobutyrate groups were removed in the hydrolysis. The hexadecane contact

angles after labelling the surfaces hydrolyzed in 75:25 and 100:0 watenmethanol for 15 min

with butyryl chloride are 2379° and 24712°, respectively. These results indicate a low

concentration of heptafluorobutyrate groups remaining on these two surfaces. The

hydrolyses of these two surfaces are complete after 30 min as indicated by the hexadecane

contact angles of 1070° for the hydrolyzed surfaces after labelling with butyryl chloride.

The slightly lower rate of hydrolyses in 75:25 and 100:0 water: methanol as compared with

one of hydrolyses in 0: 100, 25:75 and 50:50 watenmethanol is explained by the decrease in

the ability of the solvent to penetrate into the surface as the water content increases.

The control of surface composition of PCTFE-OH/-OCOC
3
F

7
mixed surfaces is

then difficult. These results imply that even though the fluorocarbon esters are not wet as

well by the reaction solvents as are the hydrocarbon esters, the effect of the electron-

withdrawing ability of the fluorines on the a carbon to the carbonyl esters is strong enough

to increase the rate of hydrolysis. In an attempt to lower the reaction rate, the effect of

decreasing the reaction temperature was studied for 15 min reactions conducted in pure

water.
54 The results show that as the temperature is decreased, the amount of hydrolysis

decreases. The rate still remains high. Almost 40 % of the heptafluorobutyrate groups

have been removed within the first 15 min of reaction at as low as 30°C.

The basic hydrolysis/methanolysis of PCTFE-OCOC
3
H

7
were carried out by

potassium hydroxide solutions in watenmethanol (0: 100, 25:75, 50:50, 75:25, 100:0).

The methanolysis and hydrolyses conducted in 25:75, 50:50 watenmethanol solutions are
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essentially complete in the first 15 min of the reaction. The hydrolysis is, however,

considerably slower ( 10 h) when the solvent ratio is changed to 75:25 watenmethanol and

even slower (24 h) in pure water. The results of the hydrolyses in 75:25 and 100:0

water: methanol are discussed below.

The XPS C/F ratios (Figure 1.22) both before and after labelling with

heptafluorobutyry] chloride (C,F
7
COCl) of PCTFE- OCOC

3
H

7 hydrolyzed in 75:25

(watenmethanol) solution show a large decrease in the first 2 h of reaction. The hydroxyl

group content of the surface has changed from -10% to -60%. The labelled samples

(PCTFE-OCOC,H
7
/-OCOC

3
F

7 ) indicate 78% yield for hydrolysis after a 10 h reaction.

During the first 2 h of the hydrolysis, a dramatic decrease in receding water contact angles

(Figure 1 .23) is observed with the increase in number of hydroxyl groups in the surface; a

corresponding increase in the advancing hexadecane contact angles was observed after

labelling. The advancing water and receding hexadecane contact angles which are sensitive

to the presence of the butyrate groups change gradually over the course of the reaction.

The receding hexadecane contact angle (35°) for a labelled sample originally hydrolyzed for

10 h is lower than that for the heptafluorobutyrate surface (40°) and indicates that butyrate

groups remain on the surface after this period of time.

The hydrolysis of PCTFE-OCOC
3
H

7
in pure water exhibit results (Figures 1.24 -

1.25) similar to those discussed for the previous case except that the changes take place

over a longer reaction time. The XPS C/F ratio of the labelled sample indicates that

approximately 64% alcohol groups are present after a 24 h hydrolysis in water. The

receding water contact angles after hydrolysis and advancing hexadecane contact angles

after labelling change rapidly in the first 5 h of the hydrolysis. The low receding

hexadecane contact angle (19°) agrees with XPS data in indicating that butyrate

functionality remains after a 24 h hydrolysis. It is obvious that the lower polarity of

methanol can effectively decrease the surface tension of the solution and the interfacial
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watcr.methanol solution: 15° (•) and 75°(0) take-off angle data after hydrolysis 15° ()
and 75° () take-off angle data after labelling with C,F

7
C0C1

C/3

3

CD

CD

00

80

60

40

20

0

0 8 10 12

Time of Hydrolysis (h)

Figure 1 .23. Contact angle data for the hydrolysis of PCTFE-OCOC
3
H

7
in 75:25

water: methanol solution: water contact angles (6A (•); 8K (O)) after hydrolysis and

hexadecane contact angles (6A (); 8K ()) after labelling with C
3
F

7
C0C1.
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Figure 1 .25. Contact angle data for the hydrolysis of PCTFE-OCOC
3
H

7
in 100:0

watenmethanol solution: water contact angles (GA (•); 6R (O)) after hydrolysis,

hexadecane contact angles (9A (); 0R ()) after labelling with C
3
F

7
C0C1.
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energy between the hydrophobic butyrate surface and hydrolysis solution and increase

hydrolysis rate.

The results of the methanolysis of PCTFE-OCOC
17
H

35 (conducted in 0: 100

watenmethanol) are shown in Figures 1 .26 - 1 .27 and exhibit a number of interesting

features. The extremely small decrease in receding water contact angle (from 90° to 87°)

implies that a small extent of hydrolysis has occurred in the first 30 min. The XPS C/F

ratio of the labelled sample indicates that the content of hydroxyl functionality has increased

from 7% to 19%, whereas the yield of hydrolysis of PCTFE-OCOC
3
H

7
surface was 87%

for the same period of time. This low amount of hydrolysis is, however, sufficient to

significantly disrupt the order of the stearate modified layer as indicated by a pronounced

decrease in C/F ratios of hydrolyzed samples and a decrease in hexadecane contact angles

of the labelled surfaces. In the next 30 min of reaction, C/F ratios and advancing water

contact angle of the hydrolyzed samples decrease only slightly, while the receding water

contact angle rapidly decreases from 87° to 57°. The concentration of hydroxyl groups has

increased to 41%. At this point, the surface contains enough hydroxyl groups to be

sufficiently wet by the reacting solution and thus increase the rate of reaction. Over the

next 30 min of reaction, the yield of reaction rapidly increases to 90% with a corresponding

large decrease in receding water contact angle. The advancing water contact angle has

slightly decreased from 103° to 99° indicating the significant effect of a small percent of

hydrophobic stearate functionality on the advancing contact angle. Advancing/receding

water contact angles then decrease until they reach values consistent with the structure of

completely hydrolyzed surface (PCTFE-OH) after 2.5 h of hydrolysis. The increase in

advancing/receding hexadecane contact angles after the first 30 min of reaction are

consistent with the structure and composition of the labelled surfaces.

XPS and contact angle data for the hydrolysis of PCTFE-OCOC
l7
H„ conducted in

a 25:75 watenmethanol solution are shown in Figures 1.28 - 1.29. As expected,

introducing water into the system raises the interfacial energy and decreases the ability of
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Figure 1 .26. XPS C/F ratio data for the methanolysis of PCTFE-OCOC nH, s in 0- 100
water: methanol solution: 15° (•) and 75°(0) take-off angle data after methanolysis 15° ()
and 75° () take-off angle data after labelling with C

3
F
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Figure 1.27. Contact angle data for the methanolysis of PCTFE-OCOC
17
H

35
in 0: 100

water: methanol solution: water contact angles (9A (•); 0R
(O)) after methanolysis and

hexadecane contact angles (6A (); 0R ()) after labelling with C
3
F

7
C0C1.
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Figure 1 .28. XPS C/F ratio data for the hydrolysis of PCTFE-OCOC H in 25-75
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Figure 1 .29. Contact angle data for the hydrolysis of PCTFE-OCOC

,

7
H

35
in 25:75

water:methanol solution: water contact angles (0A (•); 9R (O)) after hydrolysis and

hexadecane contact angles (0A (); 0R ()) after labelling with C
3
F

7
C0C1.
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the reacting solution to penetrate into the surface and results in a pronounced reduction in

rate of hydrolysis. The data indicate that the hydrolysis is complete after 24 h, compared to

3 h for the reaction conducted in pure methanol. These results show similar trends as those

discussed for methanolysis except the changes take place more slowly. Based on the

results obtained, it can be imagined that the hydrolyses of PCTFE-OCOC
17
H„ in 50 50

75:25 and 100:0 waterrmethanol solutions would be extremely long, so these sets of

reaction were not attempted.

The extent of hydrolysis of PCTFE-OCOC
3
H

7
and PCTFE-OCOC

17
H„ as a

function of reaction time is plotted in Figures 1 .30 - 1 .3 1 for each of the solvent

compositions studied. These figures show that as the amount of water in the hydrolysis

solution increases, the reaction rate decreases due to the higher interfacial energy. The rate

of hydrolysis in a given solvent mixture decreases as the length of the ester chain increases,

which again is caused by an increase in the interfacial energy.

According to the speculation made earlier about the formation of patchy surfaces by

the autoaccelerative hydrolysis in the presence of hydroxyl groups, the hydrolyses were

expected to proceed slowly at the beginning (induction period) and then becomes faster

after a certain number of hydroxyl groups were formed. Such a trend is not obvious in the

hydrolysis/methanolysis of of PCTFE-OCOC
3
H

7
especially when 0:100, 25:75 and 50:50

watenmethanol solutions are used. There are two possible explanations: (1) the reacting

solutions do not provide the interfacial energy that is high enough to induce the formation

of patchy mixed surfaces, but results in randomly mixed surfaces, (2) The induction period

is too small to be observed on the experimental time scale. This induction period,

however, becomes longer for the systems having significantly high interfacial energy. This

can be observed in the methanolysis of PCTFE-OCOC
17
H

3<i
(see Figure 1.32 replotted for

clarity from Figure 1.31). More detail about the wetting behavior that may facilitate the

interpretation of these mixed surface structures is discussed below.
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Figure 1 .30. Kinetics of hydrolysis/methanolysis of PCTFE-OCOC H usina
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Figure 1.31. Kinetics of hydrolysis/methanolysis of PCTFE-OCOC
l7
H„ using

waterrmethanol as solvent; 0: 100 (•), 25:75 (O).
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Figure 1 .32. Kinetics of methanolysis of PCTFE-OCOC
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H3v

Competitive Esterifications of PCTFF.-OH

Mixed hydrocarbon ester/fluorocarbon ester surfaces can also be prepared by an

alternative route, competitive esterification using a reaction of PCTFE-OH with a mixture

of acid chlorides. The thickly modified (-1000 A) PCTFE-OH surfaces prepared at - 1 5 °C

were used for this study. 75° takeoff angle XPS survey and C
ls
spectra of PCTFE-OH,

PCTFE-OCOC
3H7 ,

PCTFE-OCOC
17
H

35 ,
PCTFE-OCOC

3F7
are exhibited in Figure 1.33.

In addition to XPS, ATR IR was used to follow the extent of esterification. Since

heptafluorobutyryl chloride (C
3
F

7
C0C1) is much more reactive than its hydrocarbon

analog, butyryl chloride (C
3
H

7
C0C1), the surfaces are composed of essentially 100%

heptafluorobutyrate when the concentration of C
3
F

7
C0C1 used in the acid chloride mixtures

is higher than 10%. This suggests that it is neccessary to use very low concentrations of

C
3
F

7
C0C1 to allow C

3
H

7
C0C1 to effectively compete in esterification and react with

PCTFE-OH.
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Figure 1 .33. XPS survey and C
1S

spectra (75° take-off angle) of (a) PCTFE-OH (b)

PCTFE-OCOC,H
7

(c) PCTFE-6COC
17
H„ (d) PCTFE-OCOC,F

7
.
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ATR [R analysis of mixed PCTFE-OCOC
3
H

7/-OCOC 3
F

7
prepared with I

C
3
H

7C0C1/C 3
F

7
C0C1 mixtures indicate that no butyrate functionality forms until

C
3
F

7
COCl concentration is lowered to 1.0 mole %. The small peak at 1740 cm' 1

representing the carbonyl stretching of butyrate next to the carbonyl stretching peak at 1783

cm 1

assigned to the carbonyl of heptafluorobutyrate is observed (Figure 1.34). This

indicates that a significant amount of butyrate is simultaneously formed at this

concentration. From XPS C
ls
spectra (Figure 1.35), the gradual decrease in intensity of

the high binding energy peaks at 295 and 293 eV (assigned to carbons from CF
3
and CF

2 ,

respectively), also confirms that the surface mixtures are produced. By assuming all

alcohol groups on the surface were consumed in the reaction, butyrate composition on the

surfaces can be calculated from XPS C/F ratios. Figure 1.36 shows that the mixed

PCTFE-OCOC
3
H

7/-OCOC3
F

7
can be prepared by varying the mole % of C

3
F

7
C0C1 in acid

chloride mixtures over the range of 0.5 -
1 .5 mole %.

The effect of heptafluorobutyryl chloride concentration on the surface composition

of the mixed PCTFE-OCOC
17
H

3S/-OCOC 3
F

7
surfaces appears to be similar to the case of

butyrate mixed surfaces. Stearoyl chloride (C,
7
H

35
C0C1) begins to be able to compete

with heptafluorobutyryl chloride (C
3
F

7
C0C1) in the esterification when less than 1 .0 mole

% of the highly reactive C
3
F

7
C0C1 is employed (Figure 1.37). The maximum amount of

C
3
F

7
C0C1 that can produce a surface mixture is slightly smaller than the previous case

because of the larger difference in reactivity between C
17
H

3;i
COCl and C

3
F

7
C0C1. XPS

data indicate that approximately 52% ( 1
5° take-off angle) and 67% (75° take-off angle) of

stearate esters were formed when the competitive reaction was conducted in an acid

chloride mixture composed of 0.4 mole % heptafluorobutyryl chloride. The existence of

both stearate esters and heptafluorobutyrate esters is evidenced by ATR IR (shown in

Figure 1.38). Carbonyl stretching of stearate group is represented by the peak at 1740

cm'
1

, while the peak at 1783 cm'
1

is assigned to carbonyl stretching of heptafluorobutyrate.

The range of the amount of heptafluorobutyryl chloride used in the acid chloride mixtures
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Figure 1 .34. Carbonyl stretching region from ATR IR spectra of PCTFE-OCOC
3
H

7
/-

OCOQF-, prepared by competitive esterification with acid chloride mixtures containing
mole % C

3
F

7
C0C1 (a) 100% (b) 1.0% (c) 0.5% (d) 0% (100% C

3
H

7
C0C1).
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Figure 1 .35. XPS C
IS

spectra (75° take-off angle) of PCTFE-OCOC
1
H

7
/-OCOC

3
F

7

prepared by competitive esterification with acid chloride mixtures containing mole % of
C

3
F

7
C0C1 (a) 0.5% (b) 1.0% (c) 1.2% (d) 1.3%.
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Figure 1 .37. % Stearate calculated from XPS data; 15° take-off angle (•), 75° take-off

angle (O) of PCTFE-OCOC
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H

35
/-OCOC

3
F

7
mixed surfaces prepared by competitive

esterification.
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Figure 1 .38. Carbonyl stretching region from ATR IR spectra of PCTFE-OCOC
l7
H„/-

OCOC^ prepared by competitive esterification with acid chloride mixtures containing
mole % C

3
F

7
COCl (a) 1.00% (b) 0.6% (c) 0.4% (d) 0.25% (-100% C

17
H„COCl).
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to control the surface compositions is 0.4 - 1 .0 % which is narrower than the one used to

control butyrate/heptafluorobutyrate mixed surfaces.

Wetting Behavior of Surface Mixtures as „ Fnnrtjpn of Snrfi™ rnmpnsition

The major goal of this study was to determine if the wetting behavior of

compositionally similar surfaces varies as a function of the preparation method.

Alcohol/ester mixed surfaces were synthesized either by partial esterification of PCTFE-OH

or partial hydrolysis of PCTFE-Esters. Hydrocarbon ester/fluorocarbon ester mixed

surfaces were produced by subsequent esterifications of alcohol/ester mixed surfaces or

competitive esterification of PCTFE-OH with acid chloride mixtures. Both types of surface

mixtures were prepared over a range of composition. The wettability of the former set of

mixed surfaces was assessed by water contact angles, while the latter set was analyzed by

hexadecane contact angles. These probe fluids were chosen to maximize the wettability

differences between the two surface components. Water interacts favorably with the polar,

hydrogen-bonding alcohol functionality and is repelled by the hydrophobic tails of the

esters. Hexadecane, on the other hand, is attracted to the hydrocarbon esters, but repelled

by the oleophobic perfluorinated groups. The contact angles of all mixed surfaces prepared

were measured as a function of surface composition (calculated from XPS C/F ratios

obtained at 75° take-off angle).
51

Since the surface energy directly depends on the cosine of

contact angle according to Young's Equation (Equation 1.18), the following discussion are

mainly based on cosine contact angle values (cos9A/cos0R ).

Figures 1 .39 and 1 .40 compare the water contact angle results measured on the

mixed hydroxyl/ester surfaces: PCTFE-OH/OCOC
3
H

7
and PCTFE-OH/OCOC

17
H

35

prepared by kinetic control of the esterification of PCTFE-OH with butyryl chloride and

stearoyl chloride, respectively. The results for PCTFE-OH/OCOC
3
H

7
mixed surfaces

show that cos9A and cos0R change gradually over the composition range implying that the

functional groups are dispersed randomly throughout the modified layer.
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The water contact angle results for the mixed PCTFE-OH/-OCOC
17
H„ surfaces

exhibit some interesting trends. A dramatic decrease of cos6A from 0.39 to -0. 14 is

observed when the stearate content increases from 0% to 26% due to an excess of

hydrocarbon at the film/air interface with a relatively low ester content. The behavior of

cos9
R reflects the formation of an ordered, close-packed surface. Cos6

R changes slowly

from 0.96 to 0.89 as the composition changes from 0% to 26% stearate. At this point,

water contact angles show that as the concentration of stearate increases, the hydrocarbon

tails begin to align themselves into an ordered close-packed array, oriented perpendicular to

the surface. During the orientation process, the hydrocarbon tails become progressively

more efficient in preventing water from reaching unreacted hydroxyl groups beneath, then

cos9
R begins to drop rapidly. The ordering process seems to be complete when the stearate

content reaches 70% and cos6
R remains constant. Once again, it can be inteipreted that

stearate and alcohol groups are dispersed randomly in the modified layers.

For comparison, the water contact angle results for the same two sets of mixed

surfaces prepared by partial hydrolysis/methanolysis of PCTFE-OCOC
3
H

7 , and PCTFE-

OCOC
l7
H

35
are shown in Figures 1.41 and 1.42, respectively. Partial

hydrolysis/methanolysis of PCTFE-OH/OCOC
3
H

7
surfaces in watenmethanol mixtures

(0: 100, 25:75, 50:50, 75:25) all yield PCTFE-OH/OCOC
3
H

7
mixed surfaces with their

cos0A and cos0R values as a function of composition indistinguishable from the results

obtained from the mixtures prepared by partial esterification (Figure 1 .39). The cosine

contact angle data of two series of PCTFE-OH/OCOC
3
H

7
mixed surfaces hydrolyzed in

water and in 75:25 watenmethanol solutions are displayed in Figure 1.41. The cos6R

results for PCTFE-OH/OCOC
3
H

7
mixed surfaces hydrolyzed in water cannot be

superimposed on the other PCTFE-OH/OCOC^ mixed surface series, implying

differences in surface structures. The significantly greater contact angle hysteresis suggests

that these surfaces are "patchy" in nature. The formation of this patchiness was described

previously as being the result of an initially inhibited reaction (due to high interfacial
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Figure 1 .39. Cosine water contact angle data for PCTFE-OH/-OCOCH, prepared by
partial estenfication: 0A (•); 0R (O).
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Figure 1 .40. Cosine water contact angle data for PCTFE-OH/-OCOC
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H
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prepared by

partial esterification: 0A (•); 9R (O).
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Figure 1 .42. Cosine water contact angle data for PCTFE-OH/-OCOC
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H

3<i
prepared by

partial hydrolysis/methanolysis in methanol: 9A (•); 0R
(O) and in 25:75 water:methanol

solution: 6A (); 0R ().
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energy) to form isolated hydroxyl groups on the surface followed by an autoaccelerative

hydrolysts radiating out from these points as the interfacial energy decreases at the reacted

sites.

The water contact angle results for each of the two hydrolysis/methanolysis in

water:methanol mixtures (0:100, 25:75) of PCTFE-OCOC
17
H

35
are shown in Figure 1.42.

The data from the two reactions are superimposable indicating similarities in the resulting

mixed surface structures. For comparison with mixed surfaces obtained from kinetic

control of the esterification (Figure 1.40), the relatively high values of cos9
R for

compositionally similar surfaces indicate the formation of patchy surfaces. The rapid

decrease in cos 0A at relatively low stearate concentration can be explained by two reasons.

First, it is due to an excess of the low surface energy hydrocarbon esters at the film/air

interface similar to the speculation given for the results obtained from kinetic control of

esterification. Second, the patchy nature of the surface may force the advancing liquid

contact line to be pinned at the boundary between two surface phases and result in a very

high advancing contact angle (low cos 0A).

The hexadecane contact angle results as a function of surface composition for the

hydrocarbon ester/heptafluorobutyrate mixed surfaces prepared by sequential esterifications

are shown in Figures 1.43 - 1.44. For PCTFE-OCOC
17
H

35
/-OCOC,F

7
mixed surfaces

(Figure 1.43), cos6A increases slightly in the beginning and then linearly increases with the

higher stearate content up to 67% stearate where large methylene groups are predominantly

present at the film/air interface. Afterwards, cos6A then begins to decrease (higher contact

angle) with higher stearate content. This reflects the formation of the ordered surface

which presents methyl groups to the film/air interface. At the same time, cos0R initially

increases and then remains relatively constant at 1.00 above 15% stearate. A rapid drop of

cos0R is observed as the degree of ordering increases when the stearate concentration

reaches 92%.
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The hexadecane wetting behavior of the PCTFE-OCOC,H
7/-OCOC,F7

mixed

surfaces (Figure 1 .44) is also similar to PCTFE-OCOC
l7H,,/-OCOC,F7

mixed surfaces.

The only differences are in the positions of the transition points in the cos9
A and cos0

R

curves. Since the sizes of the two esters in PCTFE-OCOC
3
H

7/-OCOC3F7
mixed surfaces

are comparable, the heptafluorobutyrate groups at the film/air interface can be detected by

advancing angle even when the butyrate concentration is higher than 90%. As shown

above, this point occurs at 67% stearate for PCTFE-OCOC
17H„/-OCOC 1

F
7
mixed

surfaces. The cos6
R values remain high for butyrate concentrations greater than 59%

indicating that a small number of heptafluorobutyrate functionalities are present at the

film/probe fluid interface. Below this concentration, heptafluorobutyrate groups begin to

be detected as shown by the decrease in cos9R .

The hexadecane contact angle results for the mixed hydrocarbon

ester/heptafluorobutyrate surfaces prepared by partial hydrolysis/re-esterification of the

corresponding PCTFE-Esters are shown in Figures 1.45 - 1.46. The results should be

compared with those in Figures 1 .43 - 1 .44 where the compositionally similar surfaces

were prepared by sequential esterifications. The fact that the results (Figure 1.45) from the

different hydropses used to prepare the PCTFE-OCOC
17
H„/-OCOC

3
F

7
mixed surfaces are

superimposable suggests that the resulting surface structures are independent of solutions

used in the initial hydrolysis. The values of cos0R can also be superimposed on those from

the randomly mixed surfaces prepared by sequential esterifications (Figure 1 .43), however,

at high hydrocarbon ester concentrations, the values of cos9A are significantly lower for the

surfaces prepared by partial hydrolysis/re-esterification. This greater contact angle

hysteresis suggests that these surfaces are indeed patchy.

For the mixed PCTFE-OCOC^ryOCOC^ surfaces prepared by partial

hydrolysis/re-esterification, the results for cos0R from different solution compositions used

in the initial hydrolysis (watenmethanol, 0: 100, 25:75, 50:50, 75:25 and 100:0) are

superimposable on themselves and on those from Figure 1 .43. The results of cos0A for
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Figure 1 .46. Cosine hexadecane contact angle data for PCTFE-OCOC
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prepared by partial hydrolysis in aqueous solution: 0A (•); 9R (O) and in 75:25
water: methanol solution: 9A (); 0 R ().
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75:25 watcnmethanol as well as .hose from 0: 100, 25:75 and 50:50 (no. shown) can also

be .superimposed on ,ho.se from Figure 1 .43. This behavior indicates that these hydrolysis

conditions (watenmathanol, 0: 100, 25:75, 50:50, 75:25) render randomly lunclionalizcd

surfaces. The co.s0
A results for the 100:0 partial hydroly.sis/re-esterification show

significant deviation from the others and greater contact angle hysteresis which agree with

the results from the PCTFE-OH/-OCOC,F, mixed surfaces and implies that patchy mixed

surfaces have been formed.

The hexadecane contact angle results of hydrocarbon ester/heptafluorobutyrate

mixed surfaces prepared by competitive esterification of PCTFE-OH with acid chloride

mixtures are shown in Figures 1.47 and 1.48. The gradual increase of both cos9
A and

cos0
R as a function of butyrate composition indicates that the two functional groups in

PCTFE-OCOC
3
H

7
/-OCOC

3
F

7
are dispersed randomly throughout the modified surfaces.

For the PCTFE-OCOC
17
H

15/-OCOC,F7
mixed surfaces, cosBA and cos6R exhibit the same

trends observed as the surface mixtures prepared by sequential esterification. The ordered

structure of stearate esters is observed when the stearate content reaches -70% where and

the decrease of cos0R was observed at higher concentration.

The reason that the hexadecane cos6A and cos9
R values obtained from both mixed

PCTFE-OCOC
1
H

7
/-OCOC,F

7
and PCTFE-OCOC

17
H„/-OCOC,F

7
surfaces prepared by

competitive esterifications (Figures 1.47 and 1.48) are lower (higher 6A/0R ) than the ones

obtained from mixed surfaces prepared by sequential esterifications (Figures 1 .43 and

1 .44) can be explained by the fact that the former mixed surfaces consist of thicker

modified layer since they were prepared from PCTFE-OH modified at -15 °C (modified

thickness -1000 A) while the latter set of mixed surfaces were prepared from PCTFE-OH

modified at -78 °C (modified thickness -50 A). The slightly higher contact angle hysteresis

for the mixed surfaces prepared by competitive esterifications suggests that these mixed

surface with thick modified layer are relatively rougher than the mixed surfaces with a

smaller depth of modification.
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Conclusions

The results presented above indicate that the pyridine-catalyzed esterifications of

PCTFE-OH with a number of acid chlorides (heptafluorobutyryl chloride (C
3
F
7C0C1),

butyryl chloride (C
3
H

7C0C1) and stearoyl chloride (C^COCl)) are more rapid and

'

proceed in higher yield (>90%) than the uncatalyzed esterifications. The yields for the

uncatalyzed esterifications of PCTFE-OH with butyryl chloride and stearoyl chloride are

84% and 70%, respectively. The high reactivity of heptafluorobutyryl chloride towards

esterification made it infeasible to prepare surface mixtures with a controlled range of

composition from partially reacted PCTFE-OCOC
3
H

7
and PCTFE-OCOC

17
H

35 . A second

method to prepare surface mixtures used kinetic control of the hydrolysis of a number of

PCTFE-Esters (PCTFE-OCOC
3F7, PCTFE-OCOC

3
H

7 , PCTFE-OCOC17H35). The results

indicate that the perfluorinated ester reacts much more quickly than its hydrocarbon analog

due to the high electrophilicity of the carbonyl carbon. The rate of hydrolysis decreases as

the length of the ester chain increases and/or as the hydrolysis solution becomes less polar

(contains more methanol content than water). These two effects are the result of a decrease

in the interfacial energy that allows the reagents to penetrate into the surface. Attempts to

prepare mixed surfaces through competitive esterifications of PCTFE-OCOC
3
H

7
/-

OCOC
3
F

7
and PCTFE-OCOC

l7
H

35
/-OCOC

3
F

7
were successful by using very low

concentrations (<1.5%) of the highly reactive heptafluorobutyryl chloride in the reaction

solutions.

The method of mixed surface preparation has a profound effect on the wetting

behavior of the resulting surfaces. The linear dependence of both cos6A and cos0R with

surface composition indicates that the mixed surfaces prepared by sequential esterification

and competitive esterification consist of two functional groups randomly distributed

throughout the surface. Partial hydrolysis/re-esterification, on the other hand, provides

patchy mixed surfaces as evidenced by the relatively high contact angle hysteresis. The

formation of patchy mixed surfaces depends largely on the interfacial energy between the
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hydrolysis solution and the ester surface. In some cases, partial hydrolysis results in

surfaces with two functionalities mixed in a random fashion. The higher the interfacial

energy, the greater chance that a patchy mixed surface is formed. Patchy mixed PCTFE-

OCOC
3
H

7/-OH and PCTFE-OCOC
3
H

7/-OCOC 3
F

7
were formed only if the hydrolysis was

carried out in aqueous solution, whereas patchy mixed PCTFE-OCOC
l7
H

35/-OH and

PCTFE-OCOC
17
H

35/-OCOC3
F

7
could be formed when even low polarity solution was

used for reaction (0: 100 water:methanol).
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CHAPTER 2

STEPWISE POLYMER SURFACE MODIFICATION:

CHEMISTRY - LAYER-BY-LAYER DEPOSITION

Introduction

Layer-by-layer deposition of polyelectrolytes has been developed over the past

several years
1
"9

as a versatile method for preparing supported multilayer films. The

fabrication process involves consecutive alternating adsorptions of oppositely charged

polyelectrolytes which are driven by electrostatic attraction between anionic and cationic

species along the polymer chains. In contrast to other conventional approaches (the

Langmuir-Blodgett technique, self-assembly based on chemisorption) used for preparing

multilayer thin films, no stoichiometric control is necessary to maintain surface

functionality and the spontaneous adsorptions can be applied to any substrate regardless of

its size, shape, topography, or topology. Not only may this technique serve as a tool for

surface modification, it also offers other advantages. The process is simple,

environmentally benign and potentially economical. Surface functionality can be controlled

directly by choosing appropriate polyelectrolytes.

The surface modification of fluoropolymers has been a long time interest in

McCarthy's group. A number of research papers describing chemical methods for

introducing functionality to the surfaces of the following polymers have been published:

poly(chlorotrifluoroethylene) (PCTFE), 1014
poly(vinylidene fluoride),

1416

poly(tetrafluoroethylene-co-hexafluoropropylene) 1417
and poly(tetrafluoroethylene).

18
In

this study, particular attention was focused on one functionalized surface, PCTFE-OH, that

contains a primary alcohol attached to the fluoropolymer chain by a three-methylene spacer.

This surface exhibits versatile chemistry; studies of its structure and chemistry were
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described in considerable detail.'" For the reason that well-eontrolled chemistry and

structure of this Rationalized surf ace have been developed, it was chosen as a substrate

for further modification using layer-by-layer deposition. Poly(sodium styrenesullona.e)

(PSS) and poly(allylamine hydrochloride) (PAH) were chosen as polyelectrolytes for

deposition because this system has been most widely studied, and direct comparisons of

multilayer assembly processes and resulting structures on different substrates can be made.

Laver-hv-Layp.r reposition Technique

The layer-by-layer deposition process, in its simplest form, involves sequentially

dipping a charged substrate into dilute aqueous solutions of oppositely charged

polyelectrolytes and allowing the polymers to adsorb and reverse the charge of the substrate

surface. The sequential adsorptions of anionic and cationic polyelectrolytes allow the build

up multilayer film structures (Scheme 2.
1 ). The charge reversal occurs because the

polyelectrolytes adsorb in excess over the surface charge. In individual adsorption steps

this leads to a charged surface in contact with a solution of a polyelectrolyte with the same

charge and electrostatic repulsion limits the adsorption to a single polymer monolayer. In

principle, one can incorporate more than two kinds of monolayer simply by dipping in as

many polyelectrolyte solutions as desired, as long as the charge is reversed from layer to

layer.

The rinsing steps between deposition of each layer are strongly recommended to

avoid coprecipitation. If the rinsing steps were omitted, an adhering layer of one solution

would be left on the surface of the substrate. This would lead to contamination of the next

dipping solution causing co-precipitation which would eventually incorporate into

subsequent layers.
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>^ Adsorption of A /

A, B, A, B, ...

Multilayers deposited

onto solid substrate

Substrates

A number of studies have revealed that various substrates with neutral or charged

surfaces can been used for layer-by-layer deposition. Depending on the application, the

multilayers may be fabricated on planar surfaces, latex particles or custom surfaces.

Polyelectrolyte multilayers were reported to selectively grow on defined areas of a patterned

Inorganic substrates including fused quartz, silicon single crystals, and glass are

commonly used. By cleaning the substrates with hot H
2
S0

4/H 2
0

2 (7:3) and then

H
2
0/H

2
0

2
/NH

3 (5:1:1), hydrophilic surfaces can be produced.
1

Reacting the substrates

with 3-aminopropyldimethylethoxysilane results in positively charged surfaces. Glass

substrates have been used in the forms of hydrophilic (cleaned), hydrophobic (vapor phase

hexamethyldisilazane treatment),
3,8

positively charged (reacting with N-2-aminoethyl-3-

aminopropyl-trimethoxysilane 3,8
or with boladication solution) 12 and negatively charged

surfaces (plasma treatment with CH
4
and O,).'

9

surface.
9
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In addition to the work presented here, extensions of the layer-by-layer deposition

technique to organic polymer substrates have been reported,
2021

using it to prepare

polyelectrolyte multilayer films supported on oxidized poly(4-methyl-l-pentene) (PMP-

C0
2 ), virgin polyethylene terephthalate) (PET), hydrolyzed PET (PET-C0

2
"), and

amidated PET (PET-NH
3

+
). The studies were confined to poly(allylamine hydrochloride)

(PAH) and poly(sodium styrenesulfonate) (PSS). It was found that the initial substrate

surface chemistry defines the entire assembly process - the thickness of all the layers and

the stoichiometry of the assembly (ammonium:sulfonate ratio) is predetermined by the

substrate. The assembly process does not revert to a substrate-independent process after a

certain number of layers is deposited.

Adsorption Systems

In principle, any polymer capable of being charged can be used for assembling

layered structures based on ionic interactions. By choosing the appropriate system of

polymers, one can achieve heterostructure multilayers with desired properties.

The most widely used polyelectrolytes are poly(allylamine hydrochloride)
l "3 '7,8 '20"24

and

poly(4-vinylbenzyl-(N,N-diethyl-N-methyl)-ammonium iodide,' to form positively

charged layers and poly(styrenesulfonate),
U ' 7 ' 8 '20 '2

' polyvinyl sulfate),''
22

poly(thiophene-

3-acetic acid)
'? '8

and sulfonated polyaniline" to form negatively charged layers. The fact

that water is used as a solvent allows the incorporation of several natural and modified

biological materials. Some charged polypeptides have been used to create multilayers

2S

including poly(L-lysine), poly(L-glutamic acid), polyuracil and polyadenine.

23 24
Biomolecular layers constructed with charged DNA ' and charged virus particles have

been reported. Other groups of researchers have incorporated charged globular proteins

such as myoglobin, lysozyme, glucose oxidase, cytochrome C, hemoglobin, and glucose

isomerase.
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An approach to reduce the layer interpenetrate was attempted by the incorporation

of Langmuir-Blodgett layers or polymers bearing mesogenic groups. 2- Incorporation of

conjugated polymers such as poly(2-N-methyl pyridinium acetylene),
3 7

p-type doped

polyaniline
3

and polypyrrole"'
8

into the multilayer heterostructures can significantly

increase electronic conductivity. Light emitting diodes composed of naphthalene-

containing conjugated polymers have been obtained and characterized with tunable

emission.31
Progress towards light emitting diodes was also made using poly(phenylene

vinylene) in multilayer assemblies." Studies of self-assembly of multilayers from

photopolymerizable bolaform amphiphiles have shown that one can create more robust

layered structures using a combination of ionic interaction (between layers) and covalent

bonding (within layers).
6
The incorporation of polypeptide dyes

25
and semiconductor

nanoparticles" in polyelectrolyte multilayers has been reported.

The adsorption solutions for layer-by-layer deposition are composed of polymer

dissolved in a solvent (almost exclusively water). In some cases, a non-aqueous solvent or

cosolvent is incorporated to increase polymer solubility. Acid or base is selectively added

to adjust the pH of the adsorption solution. Ionic strength, which affects the polymer

conformations and solvent properties is also adjusted and can control layer thickness.

Control of Layer Thickness

The total thickness of the deposited layers increases linearly with the number of

dips and individual layer thickness. The key factors controlling the adsorption process,

adsorbed polymer conformation and the individual layer thickness are described below.

Some aspects of the discussion are related to polyelectrolyte adsorption theory developed

by Van der Schee and Lyklema which was later extended by Evers et al. and Bohmer et

36

al. These theories are based on the self consistent field approaches proposed by

Scheutjens and Fleer. Experimental evidence is explained along with theoretical

predictions.
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Surface of Substrate
, The nature of substrates and their charge densities have

significant effects on the conformatton and the amount of adsorbing polyelectrolytes. For

highly charged surfaces, the polymers appear to adsorb in the form of a flat conformation

or relatively short loops with low adsorbed amount." Surfaces with lower charge densities

have less available charged sites that can attract the opposite charges of polymer and tend

to give more extended polymer chains and thus increase the amount of adsorbed polymer.
38

Polymer Concentration
. In the case of strong ionic interaction between the

polyelectrolyte and charged surface, the total amount of polymer adsorbed increases

linearly with polyelectrolyte concentration (see Figure 2.1).
38 When the interaction

becomes weaker because of lower charge density of the polymer and/or substrate or

because of screening effects caused by added salt, the amount of adsorbed polymer

increases nonlinearly. The adsorption isotherms as a result exhibit a rounded shape (lower

affinity).

Figure 2.1. Adsorption isotherms of poly(styrenesulfonate) (Mw 780,000) adsorbed on
positively charged polystyrene latex as a function of salt concentration: 1.0 M NaCl (open
square), 0.5 M NaCl (triangle), 0.1 M NaCl (circle) and 0 M NaCl (filled square).

38
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Ionic Stren gth. The ionic strength of polyelectrolyte solutions can be adjusted by

the addition of salt (e.g. KN0
3 ,
NaCl, MnCl

2 ). The magnitude of changes in solvent

properties and interactions between ionic species (inter- and intramolecular interactions of

polyelectrolyte and the substrate) in the solutions are varied with the amount of salt added.

The conformation of an adsorbed polyelectrolyte layer is markedly dependent on the ionic

strength of the solution from which the adsorption takes place. For strong polyelectrolyte

systems, polymer chains adsorb in very flat conformations (trains with few loops and tails)

especially to highly charged surfaces with low adsorbed amount at low salt concentration.

At higher salt concentration, intra- and interchain repulsions of segments in loops or tails

are suppressed and polyelectrolytes behave essentially like neutral polymers.™

Increasing ionic strength is related to decreasing the solvency, and promotes more

adsorption. Polymer segments tend to form more loops, tails and eventually extended

chains as the adsorbed amount and layer thickness increase.
36

Lvov et al.
22

reported the

nonlinear increase of layer thickness and roughness of polyvinyl sulfate)/polyallylamine

multilayers deposited on glass slides when ionic strength of solution is increased (Figure

2.2). As reported by Decher et al., the thickness of poly(styrenesulfonate)/polyallylamine

layer pairs increases from 1.77 nm to 2.26 nm when NaCl concentration increases from

1.0 mol to 2.0 mol (Figure 2.3).
2

At very high ionic strength, however, where all charges on polymer segments are

completely screened, a more random coil-like conformation with a smaller radius of

gyration is more favorable than the extended chain. This collapse of extended chains can

actually cause a decrease in layer thickness which was observed by Cosgrove et al. on

adsorption of poly(styrenesulfonate) to polystyrene latex particles. The systems with

weaker interactions between polyelectrolytes and surfaces (low charge density or neutral)

should show a similar trend with fewer flat conformations and more loops, tails and

extended chains.
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Adsorption pH. The adsorption of strong polyelectrolytes does not depend on pH.

The effect of PH on the adsorbed amount is much more pronounced for weak

polyelectrolytes since the charge density and degree of dissociation are varied with pH. At

very low pH (lower than pK
0), polyacid chains are virtually neutral with very few charged

segments. Adsorption behaviors are similar to those of neutral polymers. When the pH is

increased, the adsorption to an uncharged surface decreases due to the electrostatic

repulsions of charged segments opposing the accumulation of polyelectrolyte near the

surface.

Different behavior is predicted for the adsorption to oppositely charged surfaces.

The plot of excess adsorbed amount (the plateau values obtained from adsorption

isotherms) as a function of pH (Figure 2.4) indicates that maximum adsorption takes place

at about 1-1.5 unit below pK,, for a weak polyacid" This maximum adsorption is a trade-

off between two opposite trends: favorable electrostatic attractions between the surface and

polyelectrolyte which enhance adsorption and electrostatic repulsions between charged

polymer segments which inhibit deposition.

Characterization of Multilayers

Most characterization studies have focused on the determination of layer thickness,

polymer orientation, and roughness. The techniques employed are varied with the type of

polymers and their specific functionalities. So far, self-assembled multilayer structures

I 19 22 24
have been analyzed by small angle neutron and x-ray reflectivity, '

'
"

ellipsometry,3

1 3 7 8 19 22 23

profilometry, 3 UV-VIS spectroscopy, " and light microscopy.
39

There have been

some studies of the mechanical rigidity and integrity of layered structures using surface

6

force measurements. Topological information has also been reported by studies using

Atomic Force Microscopy (AFM).
6

83



J ' I . L_ _

6 8 10 12

Figure 2.4. Excess adsorbed amount of a neutral polymer (a = 0) and a weak
polyelectrolyte (pK

0 - 4) adsorbed onto surfaces with different charge densities (q = 0 and
40 mC/nr) as a function of pH.

37

Experimental

Genera] Procedures

PCTFE-OH was prepared from PCTFE film (Allied 5 mil Aclar 33C) and

lithiopropyl ethyl acetaldehyde acetal as previously described at -15 °C in 50:50

THF:heptane. 10
Poly(allylamine hydrochloride) (PAH) (Mw = 50,000 - 65,000) and

poly(sodium styrenesulfonate) (PSS) (Mw = 70,000) were obtained from Aldrich and used

as received. Water was purified using a Millipore Milli-Q system that involves reverse

osmosis, ion-exchange and filtration steps. Solution pH for adsorption studies was

adjusted with either HC1 or NaOH solution using a Fisher 825MP pH meter. X-ray

photoelectron spectra (XPS) were obtained using a Perkin-Elmer Physical Electronics 5 100

spectrometer with Mg Ka excitation (15.0 kV, 400 W). Spectra were recorded at two

84



different take-off angles, 15° and 75° between the plane of the sample surface and the

entrance lens of the detector optics. Atomic concentration data were determined using

sensitivity factors obtained from samples of known composition: C
ls , 0.232; O

ls , 0.628;

Fls, 1.000; N
ls , 0.420; S

2p , 0.540. Contact angle measurements were made with a Rame-

Hart telescopic goniometer and a Gilmont syringe with a 24-gauge flat-tipped needle.

Water (purified as described above) was used as the probe fluid. Dynamic advancing (0A )

and receding angles (0R) were recorded while the probe fluid was added to and withdrawn

from the drop, respectively. Peel tests were performed manually with an angle of 180°

between the delaminated film surface and tape (3M #810).

Polvelectrolvte Depositions

Adsorptions were carried out at room temperature from unstirred polyelectrolyte

solutions freshly prepared prior to use. The alternating layers were formed by sequentially

dipping the PCTFE-OH substrates into 0.02 M PAH (167 mg/ 120 ml Milli-Q water) and

0.02 M PSS solutions (360 mg/ 120 ml Milli-Q water) for generally 20 min. Substrates

were rinsed with three 150 mL aliquots of water between each dipping and after the final

adsorption. PAH and PSS solutions were adjusted to the desired pH using HC1 and NaOH

aqueous solutions. The ionic strength of solutions was changed by the addition of MnCl
2

.

After the desired number of layers was deposited, the PCTFE-OH - supported multilayer

assemblies were dried at room temperature under reduced pressure (0.01 mm, room

temperature, >24 h) before analysis. These conditions were determined to be optimum

based on a series of experiments described below.
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Results and Discussion

Substrate Preparation

The substrate used for all of the experiments described in this chapter was 5-mil

poly(chlorotrifluoroethylene) (PCTFE) film that had been chemically modified to

incorporate alcohol functionality in its surface region (PCTFE-OH). This modification

chemistry has been reported
101214

and is reviewed in Chapter 1. The conditions (50:50

THRheptane, -15 °C) were chosen to yield a surface containing a modified thickness of

~ 1 000 A.

First Laver Adsorptions

The general conditions for all polyelectrolyte adsorptions described here were

modeled after those reported by Decher12
for inorganic substrates modified by silanation to

contain ammonium ions. A series of initial experiments was carried out to assess the

tendencies of PAH and PSS to adsorb to PCTFE-OH from aqueous solution. As no

charge exists on PCTFE-OH, the adsorption has to be driven by forces that are much

weaker than electrostatic attraction: hydrogen bonding and interfacial free energy decreases.

It was determined that PAH adsorbs under a variety of conditions and that PSS adsorbs

only from solutions of high ionic strength (0.2 M MnCl
2)

as indicated by the data in Table

2. 1 . It was decided that PAH would be used as the polyelectrolyte for the first layer

adsorptions.

Figure 2.5 shows the kinetics of adsorption of PAH to PCTFE-OH as monitored

by XPS and contact angle. The PAH concentration was 0.02 M (based on repeat units, 1 .4

mg/mL) and pH was adjusted to 4.0. XPS indicates that the adsorption is fast, reaching a

final state in 5 min or less. The term "final state" and not "equilibrium" is used because

these adsorptions are irreversible; the PAH does not desorb upon rinsing with large

amounts of water at pH 4. The receding contact angle decreases initially and then increases
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Table 2. 1

.

XPS atomic composition data for PSS adsorption onto PCTFE-OH at pH 4.

Atomic

Composition

(%)

O

PSS adsorption without
MnCl

2
added

15° take-off

angle data

69.04

16.11

14.75

0.1

75° take-off

angle data

66.85

16.78

16.28

0.09

PSS adsorption with 0.2 M
MnCl

2
added

15° take-off

angle data

69.16

15.09

14.83

0.92

75° take-off

angle data

68.14

16.53

14.67

0.65

gradually over the first 30 min of adsorption and then levels at 6R = 27°. The advancing

contact angle decreases during this 30 min and levels at 0A = 6 1
°. Initial contact angles for

PCTFE-OH are 0A/ 0R = 69725°.

Several comments concerning this data are in order: The adsorption involves a

charged polyelectrolyte and a neutral surface, thus the surface becomes charged during

adsorption and at some point in the process (5 min or less as assessed by XPS),

polyelectrolyte chains are repelled by the surface and further adsorption does not occur.

The adsorption is fast relative to other neutral (and charged) substrates previously

studied.
10

Presumably, the hydrogen bonding interactions between ammonium ions and

alcohols are strong. The wetting behavior of the isolated supported monolayers indicates

that changes in the adsorbed polyelectrolyte structure continue after the adsorption is

complete.
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Figure 2.5. Kinetics of adsorption of PAH (0.02 M) to PCTFE-OH at pH 4. Nitrogen
atomic concentration was determined using XPS at two take-off angles, 15° (•) and 75°

(O). Advancing () and receding () contact angles were determined using water as the

probe fluid.
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The XPS data indicate that the nitrogen atomic concentration is -1% and this value

can be used to estimate the concentration of allylamine repeat units in the XPS sampling

region of PCTFE-OH. The repeat unit structure of PCTFE-OH contains 1 fluorine atom,

thus the N:F ratio is indicative of the PAH:PCTFE-OH repeat unit ratios. This indicates

that approximately
1 PAH repeat unit is present per 12 PCTFE-OH repeat units in the 15°

take-off angle sampling depth and that ~ 1 PAH repeat unit is present per 1 6 PCTFE-OH

repeat units in the 75° take-off angle sampling region. The 15° and 75° take-off angle

sampling regions are the outermost -10 A and -40 A, respectively; the attenuation of

substrate photoelectron signals due to the adsorbed layers is discussed below in quantitative

terms. The absence of a strong take-off angle dependence in this data and, particularly, all

of the data in Figure 2.5 suggest that the adsorbed PAH chains penetrate (at least) the outer

few tens of angstroms of PCTFE-OH and may be more accurately described as "absorbed"

chains. Based on these results, an adsorption time of 30 min was chosen for the first layer

in the multilayer adsorption studies.

The effect of pH on the adsorption of PAH to PCTFE-OH was assessed by

carrying out 30 min adsorptions as a function of the pH of the PAH (0.02 M) solution.

Figure 2.6 shows XPS atomic concentration (nitrogen) and contact angle data for a range

of solution pH values. The PCTFE-OH structure should not be pH sensitive over this

range, but PAH has a reported pKa of -10.6 4041
and its degree of protonation should be

pH dependent. At low pH values, all of the PAH repeat units are protonated and the low

adsorbance (nitrogen content) is due to charge-charge repulsion of ammonium ions.

There is a very gradual rise in adsorbance from pH 2 to pH 7 and a steeper rise from pH 7

to pH 11 as PAH becomes increasingly deprotonated and both charge-charge repulsion and

polyelectrolyte solubility are diminished. Water contact angle data showed a slight

dependence on the pH with 0A increasing and 9R decreasing with increasing pH. Note that

a take-off angle dependence on nitrogen content is observed at pH values other than 4 and

89



100

1/3

0)

bb

T3

CD

CD

Ct2

80 -

60

40

20

0

5

4

2

1

0

0 6 8 10 12

Adsorption pH
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These first layer adsorption experiments were confined to these pH values and the

slight take-off angle dependence was consistent (see data in Figures 2.5 and 2.14).

A second type of first layer substrate (PCTFE-OH-PAH) for multilayer formation,

with a higher charge density and thicker adsorbed PAH layer, was devised from this pH
dependence study: PAH was adsorbed to PCTFE-OH at pH 1 1 and then immersed in pH 4

solution to desorb any weakly attached polyelectrolyte that might desorb and reprecipitate

as a polyelectrolyte complex in the subsequent adsorption of an oppositely charged

polyelectrolyte. The kinetics for desorption were monitored by XPS and contact angle

analysis (Figure 2.7). PCTFE-OH-PAH samples prepared at pH 1 1 (30 min adsorptions)

were immersed in pH 4 water from 5-60 min. The desorption was rapid as indicated by

XPS; nitrogen concentration decreased from -5% to -3.5% over the first 10 minutes and

leveled at this value. Water contact angles did not change upon desorption and remained at

9A/0R = 70714°. This surface exhibits a higher contact angle hysteresis than the one

prepared by adsorption at pH 4 (9A/0R = 6 1 727°) suggesting that this surface may be

rougher and/or more chemically heterogeneous. Surfaces of this type that were used to

prepare multilayers were prepared by adsorption at pH 1 1 for 30 min followed by

desorption at pH 4 for 20 min. These surfaces were more concentrated in ammonium ions

by a factor of -3.5 over those prepared by adsorption at pH 4.

The effects of PAH concentration (Figure 2.8) and solution ionic strength (Figure

2.9) were also assessed for the first PAH layer adsorption. Adsorbance (as assessed by

nitrogen content of the PCTFE-OH - supported first layer) is essentially independent of

PAH concentration from 0.005 to 0.2 M (indicating a high affinity concentration isotherm)

and independent of MnCl
2
concentration from 0 to 1 .5 M.
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Figure 2.7. Kinetics of desorption of PAH adsorbed at pH 1 1(0.02 M) to PCTFE-OH and
treated in water at pH 4. Nitrogen atomic concentration was determined using XPS at two
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92



0.25

PAH Concentration (mol/L)

Figure 2.8. Adsorption isotherm of PAH (0.02 M) to PCTFE-OH at pH 6 Nitrogen
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Figure 2.9. Effect of MnCl
2
concentration on the adsorption of PAH (0.02 M) to PCTFE-

OH. Nitrogen atomic concentration was determined using XPS at two take-off angles, 15°

(•) and 75° (O).
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Second Laver Adsorptions

The adsorption of poly(sodium styrenesulfonate) (PSS) to PCTFE-OH-PAH

(prepared by adsorption of 0.02 M PAH from pH 4 solution for 30 min) was studied with

regard to kinetics and solution ionic strength. Figure 2.10 describes the kinetics by plotting

the XPS sulfunnitrogen atomic ratio and contact angle data as a function of adsorption

time. The data indicate that adsorption is complete within 20 min. The receding water

contact angle decreases during the first 20 min of adsorption to 1
8° (from 6R = 27° for

PCTFE-OH-PAH) and remains constant at that value. The advancing contact angle

remains unchanged.

The absence of an XPS take-off angle dependence indicates that the PSS (second)

layer is not stratified over the PAH (first) layer, but that ammonium and sulfonate ions are

dispersed to the same extent throughout the XPS sampling depth (outermost -40 A) of the

sample. What is not apparent from this ratioed data is that both the PSS and the PAH

become stratified in the XPS sampling region during the second layer adsorption. Both

nitrogen and sulfur atomic concentrations are take-off angle - dependent (the data is

presented in Figures 2. 14 and 2. 15), indicating that both polyelectrolytes are more

concentrated near the surface than in the subsurface XPS sampling region. The first PAH

layer thus restructures during the adsorption of PSS and the formation of the PAH-PSS

polyelectrolyte complex. The S:N ratio of -0.6 indicates that the surface should have a net

positive charge at pH 4, but apparently this is not the case: the adsorption of PSS ceases as

indicated by the data in Figure 2.10 and PAH (the third layer) adsorbs to this surface

suggesting that it functions as a negatively charged or neutral surface. This can be

explained by the fact that using XPS data (obtained at high vacuum) to analyze the structure

or predict the behavior of surfaces in contact with liquids may lead to erroneous

conclusions. The S:N ratio (which is also the sulfonate to ammonium ion ratio) of -0.6

also predicts that chloride should be present in significant concentration; this is not the case

at high vacuum.
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Figure 2. 10. Kinetics of adsorption of PSS (0.02 M) to PCTFE-OH-PAH at pH 4. Sulfur

: nitrogen atomic ratios were determined using XPS at two take-off angles, 15° (•) and 75°

(O). Advancing () and receding () contact angles were determined using water as the

probe fluid.
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The effect of solution ionic strength for the second layer adsorption was studied by

adding MnCl
2 to the PSS solution (0.02 M, pH 4) in concentrations ranging from 0. 1-1.5

M. The adsorbed amount of PSS increases significantly (indicated by the increase of sulfur

composition in Figure 2. 1
1 ) at all MnCl

2 concentrations studied. Both sulfur content and

contact angle data (0A/9R) reached their plateau values above 0.2 M. The XPS data of these

two-layer assemblies show pronounced take-off angle dependence as well, indicating that a

thicker PSS layer is stratified above the PCTFE-OH-PAH substrate. S:N ratios of 2.8 and

1 .8 are observed at 1 5° and 75° take-off angles for a sample prepared with 1 .0 M MnCl
2

(see Figure 2.12).

Multilayer Assembly

From these initial experiments, three protocols were chosen for multilayer

assembly. In Protocol 1 ,
PAH and PSS were deposited at pH 4 without MnCl

2 added. In

Protocol 2, the first PAH layer was adsorbed at pH 1 1, treated with water at pH 4 and

subsequent PSS and PAH layers were deposited at pH 4 without MnCl
2 added. In

Protocol 3, the first PAH layer was adsorbed as in Protocol 2 and subsequent PSS and

PAH layers were deposited at pH 4 with 0.2 M MnCl
2
added to the PSS adsorption

solutions. Polyelectrolyte concentrations were held at 0.02 M and all adsorptions were

carried out for 20 min except the first PAH layer adsorptions. The first layer adsorptions

for Protocols 2 and 3 were carried out for 30 min followed by 20 min treatments with water

at pH 4 to desorb weakly bound PAH. The polyelectrolytes were adsorbed in the same

sequence for each protocol beginning with PAH as the first layer so in all cases multilayer

assemblies with an even number of layers contain PSS as the top (outermost) layer and odd

number-of-layer multilayers have PAH as the outermost layer.

The principal analytical tool used in analyzing the multilayer structures was XPS. A

survey spectrum of a 22-layer film on PCTFE-OH prepared using Protocol 1 is shown in

Figure 2. 1 3. All of the features of interest are present in this spectrum. The intensities of
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the N„ (404 eV), and S
2p (169 eV) photoelectron lines can be used to assess the relative

concentrations of PAH and PSS and degree of stratification (layer segregation) in the

multilayers. The Fu photoelectron line is due entirely to the PCTFE-OH substrate; this

peak decreases in intensity and eventually disappears as more layers are deposited. The

thickness of the multilayer assemblies and individual layers can be estimated from the

decrease in intensity of this substrate peak.

Protoco1 1
•

As PAH and pSS polyelectrolytes are sequentially adsorbed to PCTFE-

OH, photoelectron spectra of isolated samples show that nitrogen and sulfur atomic

concentration gradually increase and fluorine concentration gradually decreases, implying

that PAH/PSS multilayer assemblies are being built up and are covering the fluorine-

containing substrate. As discussed above, the absence of a take-off angle dependence in

the N:S ratio of a two-layer sample (Figure 2. 10) suggests that the layers are not

individually stratified and that the two polyelectrolytes are distributed uniformly (with

respect to one another) within the outer few tens of angstroms of PCTFE-OH. Based on

this data they cannot be considered layers. Spectra of samples that have undergone more

sequential adsorptions do provide evidence for layer formation and some degree of

stratification of the layers. These layers are extremely thin, however (less than 1 A average

thickness - discussed below) and not close-packed so they are forced to interdigitate to fill

space. Figures 2. 14 and 2. 15 (Protocol 1 ) show plots of nitrogen and sulfur concentration

as a function of the number of layers in the multilayer film for a series of samples prepared.

The increasing take-off angle dependence with number of layers indicates that the

polyelectrolytes are concentrated in the outermost regions of the samples and must be

adsorbing to the surface as opposed to being absorbed by the water-swollen PCTFE-OH

layer, as was the case for the first two layers.

Nitrogemsulfur atomic ratio data for the same series of multilayers are shown in

Figure 2. 16 (Protocol 1 ). There are four important points concerning this data: One, there
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is a pronounced odd-even trend at low layer numbers that decreases in amplitude with

increasing number of layers adsorbed. The large changes are due to the fact that an

additional PSS or PAH layer significantly affects the multilayer assembly composition.

The high ratios at low layer numbers are the result of the relatively large amount of PAH
that adsorbs in the first adsorption. Two, the ratios level after ~6 layers for 15° take-off

angle data and ~ 1 0 layers for 75° take-off angle data indicating that the composition is not

greatly affected by the addition of one more PAH or PSS layer after this point; the

stoichiometry of the assembly process (ammonium iomsulfonate ion ratio) can be

determined using this information. The 1
5° data converge on a N:S ratio of ~ 1 .2 and the

75° data converge on a N:S ratio of -1.5. These two values suggest ammonium

iomsulfonate ion ratios of 6:5 and 3:2, respectively. The 75° take-off angle data are

presumably a better reflection of the stoichiometry (3 ammoniums per 2 sulfonates). This

discrepency is expected to be due to the greater mean free path of the S
2p photoelectrons

compared with the N
ls photoelectrons - this should bias the N:S ratios low, particularly at

the 1 5° take-off angle. Three, The odd-even trend persists even at high layer numbers,

with the nitrogen content relatively high when PAH is the last layer adsorbed and relatively

low when PSS is the top layer. The trend is more apparent in the more surface-selective

15° data. This indicates that some degree of stratification occurs in the assembly. Four, the

odd-even trends at higher layer numbers indicating stratification, as well as the take-off

angle dependence of the data indicate that adsorption to a reasonably rigid interface is

occurring after a few layers have more "absorbed into" rather than adsorbed to the polymer

surface.

Figure 2. 17 (Protocol 1) shows the fluorine atomic composition data versus

number of layers for the same series of PAH/PSS multilayer assemblies supported on

PCTFE-OH. The fluorine concentration decreases continually indicating that the

polyelectrolyte overlayer increases in thickness with increasing number of layers.

Estimates of the thickness of individual polyelectrolyte layers are discussed below.
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The intensity of the fluorine signal at 75° take-off angle is attenuated only by -40% after

greater than 20 layers have been adsorbed implying that the layers are extremely thin.

Considerable scatter in the 15° take-off angle data and variable take-off angle dependence

are observed. Some degree of scatter in the data is expected due to the fact that separate

samples prepared by multistep procedures were used for analysis of each thickness

(number of layers) multilayer (samples were not used after analysis as substrates for further

depositions). This degree of scatter, however, is greater than what was observed in other

systems, including data presented below. This, coupled with the fact that similar scatter is

not observed in the 75° data for this series, suggests that the conversion from an absorption

into the 1000 A-thick PCTFE-OH layer to an adsorption to a more rigid interface is gradual

and occurs at different points in the multilayer assembly process in different individual

experiments. In retrospect, this suggests that a reconstruction of the multilayer, similar to

what was observed by receding contact angle changes in the first layer adsorption, may be

occurring subsequent to the polyelectrolyte adsorption step. No experiments were carried

out to address this issue. The consistency of take-off angle dependence for multilayer

assemblies with 14 layers or more is observed. Scatter in the receding contact angle data

(Figure 2. 1 8, Protocol 1 ) reflect the scatter in the 1
5° take-off angle data. The contact angle

data is included for comparison with data presented below; there is not an observable odd-

even effect in the advancing contact angle data for samples prepared using Protocol 1

.

Protocols 2 and 3 . The same series of experiments and analyses were carried out

using Protocols 2 and 3 and data analogous to that presented for Protocol 1 is presented in

Figures 2. 14 - 2. 18 for these conditions. Both of these protocols involve using a different

procedure for adsorption of the first PAH layer that yields a surface that is more

concentrated in ammonium ions. In Protocol 2, subsequent layers are adsorbed in identical

fashion as those using Protocol 1 ; in Protocol 3, MnCl 2 is added to the PSS adsorption

solutions. These variations give rise to differences in multilayer assembly structure.
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The XPS data (nitrogen, sulfur and fluorine concentrations) in Figures 2.14, 2.15

and 2. 1

7
for samples prepared using Protocol 2 indicate that the composition of the region

of the samples assessed by XPS reaches a plateau after a sufficient number of layers has

been adsorbed to form a multilayer assembly that is thick enough to effectively attenuate

photoelectrons originating in the substrate. This occurs after -9 layers have been deposited

for the 15° take-off angle data and after -25 layers for the 75° data. This is in contrast to the

data for Protocol 1
,

which does not reach plateau values, and this contrast indicates that the

multilayer assemblies prepared using Protocol 2 are thicker. This increased thickness is

due, in large part, to the first two layers although the subsequent layers are thicker than

those prepared using Protocol 1. This can be seen most clearly in the fluorine composition

data that decreases sharply after the first two layers have been adsorbed and more gradually

with subsequent layers. This disparity in thickness can also be inferred from the

nitrogemsulfur ratios (Figure 2.16). A relatively thick second (PSS) layer is indicated by

the depression of the N:S ratio after the second layer is adsorbed (compare with Protocol

1 ). N:S ratios of 1 .0 and 1 .35 are observed for 1
5° and 75° take-off angle data compared

with 1 .7 and 1 .9 for Protocol 1 . The first layer in Protocol 2 samples contains

approximately three times the density of ammonium ions as that for Protocol 1 , thus the

second layer in protocol 2 samples is greater than three times thicker than the second layer

in Protocol 1 samples. That the subsequent (third and higher) layers are not as thick as the

first two (their thickness is discussed in quantitative terms below) is also indicated by the

N:S ratio data. The amplitude of the odd-even effect is approximately the same as that for

Protocol 1
.
The increased surface charge (higher ammonium ion density) on Protocol 2

first layers induces a greater adsorption of PSS, but the resulting increased surface

sulfonate group concentration does not enhance the adsorption of the third layer. The

layer-by-layer deposition process reverts to one very similar to that of Protocol 1 . The

stoichiometry of the assembly processes (ammonium ion:sulfonate ion ratio) is

indistinguishable with N:S ratios of -1.2 and -1.5 for 15° and 75° take-off angle data,
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respectively. Water contact angle data are consistent with this analysis (Figure 2.18,

Protocol 2). The receding contact angle data converge to the same value as that of Protocol

1
samples (6R = 10°), but this value is reached with fewer layers adsorbed.

The corresponding data for samples assembled with MnCl
2 added to the PSS

adsorption solutions (Protocol 3, Figures 2. .4 - 2.18) indicate that much thicker layers are

formed under these conditions. The atomic concentration data reach plateau values at a

fewer number of layers. The N:S ratios for a 2-layer sample are 0.8 and 0.95 ( 1
5° and 75°

take-off angle data) indicating that sulfonate ions are present in excess of ammonium ions.

The increased surface anion concentration increases the adsorbance of the third (PAH) layer

and this enhancement propagates to higher layer numbers. The increased layer thickness is

indicated by the amplitude of the odd-even effect in the N:S ratio (Figure 2.16). It is much

higher than in the cases of Protocols 1 and 2 and indicates that the layers are quite

rigorously stratified. The layers are thick enough to cause an odd-even effect in the

advancing water contact angle as well (Figure 2. 1 8). Samples prepared using Protocols 1

and 2 do not display this effect presumably because the technique samples two (or more) of

the thinner layers. The stoichiometry of assembly for Protocol 3 differs from Protocols 1

and 2 with ammonium iomsulfonate ion ratios of -1.0 and -1.2 for 15° and 75° take-off

angle data, respectively.

Estimates of Layer Thicknesses

The thicknesses of the multilayer assemblies and the average thickness of individual

layers were estimated from the XPS data. The F,
s
peak intensity should decrease

exponentially with the buildup of layers and the data (Figure 2. 17) qualitatively fit the

predicted decrease. Knowing the mean free path of the F
ls
photoelectron in the multilayer

assemblies, ones should be able to estimate the average thickness. A mean free path of -20

A has been calculated for Mg Ka - excited Si
2p

electrons in PAH/PSS multilayer

assemblies supported on silicon wafers using XPS (75° take-off angle) and X-ray
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reflectivity data.
1

1

Based on this value, a mean free path of 1 1 .5 A for the F
Is

photoelectron has been calculated and is used below to estimate layer thickness.

The attenuation of photoelectron intensity in solids as a function of sampling depth

is expressed in Equation 1.5. The expression indicates that 95% of detected photoelectrons

originate in the outermost 3^sin0. As a result, the F
ls
peak should be attenuated to 5% of

its original intensity when the multilayer thickness is 3Xsin0. The equation also indicates

that the spectra recorded at 1 5° takeoff angle contains the composition of the outermost

-27% of the region analyzed at 75° takeoff angle. According to the expression, it should

take approximately 4 times as many layers to attenuate the 75° fluorine signal to the same

extent that the 15° signal is attenuated (at the thickness 3^sin0: 0.7871 for 15° and 2.9071 for

75°). The data however do not agree with this prediction since only twice as many layers

are required. This inconsistency can be explained as the effect of angular dependence of

mean free paths of electrons in the layered materials. This behavior is also observed in the

small dependence on take-off angle of nitrogen and sulfur composition (Figures 2.14 -

2.15).

Equation 1 .5 can be rearranged by substituting t with nz where n is the number of

layers and z is the average thickness of the individual layers. The rearranged form is

expressed as Equation 2. 1

.

-ln(N/N
o
)sin0 = nzM, (2.1)

For this expression here, N is the atomic concentration of fluorine (data from Figure 2. 17),

N0 is the fluorine concentration of the substrate (PCTFE-OH), 0 is the take-off angle, n is

the number of layers, z is the average thickness of the individual layers and X is the F,
s

photoelectron mean free path. In Figure 2. 1 9 are plots of -ln(N/No)sin0 as a function of

number of layers for the series of samples prepared using each protocol. The slopes of the

lines indicate the average layer thickness divided by the photoelectron mean free paths.
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average layer thickness to the F

ls
photoelectron mean free path. The closed (•) and open

(O) circles are data recorded at 15° and 75° take-off angles, respectively.
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The fact that the 15° and 75° data yield different slopes indicates that the electron mean free

path depends on take-off angle. This issue has been previously discussed20
and it is not

unexpected for an anisotropic system with thin stratified layers. Using a mean free path of

1 1.5 A, the average layer thicknesses calculated from the 75° data are 0.3 A, 0.8 A and 4.

1

A for Protocols 1, 2 and 3, respectively. The least squares analysis that was used to

determine the slopes included the origin for Protocols 1 and 3. As Protocol 2 causes the

first two layers to be exceptionally thick, the origin and the first point were not included in

the slope determination for Protocol 2. Note that these values are only estimates based on

the assumption that the mean free paths are the same as that determined for the silicon-

supported multilayer films.

Notwithstanding the assumption made in determining these thicknesses, the data

indicate extraordinarily thin individual layers and the concept of stratified polymer

monolayers of sub-angstrom thickness is counterintuitive and warrants additional

comment. Close-packed monolayers of poly(allylammonium) and poly(styrenesulfonate)

would have thicknesses of ~6 A and ~9 A, assuming a density of 1 .0. The sub-angstrom

thick monolayers must be far from close-packed with chain segments occupying only

-10% of the available surface area. It is believed, however, based on gas permeability

measurements, 21
that the multilayer assemblies are quite dense and thus the chains must be

interdigitated.

Mechanical Properties of Multilayer Assemblies

Peel tests using pressure-sensitive adhesive tape (3M #810) were performed in

order to determine the locus of failure in PCTFE-OH/multilayer assembly/adhesive tape

composites. Peel tests on samples prepared by all three protocols with both odd and even

numbers of layers were performed: 39 and 40 layers for Protocol 1, 29 and 30 layers for

Protocol 2, 1 1 and 12 layers for Protocol 3. The tape was applied and peeled from the

samples and XPS spectra ( 1
5° take-off angle) of both surfaces were compared with spectra

1 1
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obtained before the adhesive joint was formed (Table 2.2). The adhesive on the tape

contains only carbon and oxygen and the supported polyelectrolyte multilayer samples

contain nitrogen and sulfur (eaeh present in ~4 atom % -see Figures 2.14 and 2.15), so the

analysis should be straight-forward.

In all cases small amounts of sulfur and nitrogen (less that 0.5 atom %) were

transferred to the tape upon peeling, indicating some cohesive failure in the multilayer

assemblies; sulfur and nitrogen content in the supported multilayer assemblies remained

high. Except for one case (Protocol 1 , 40 layers), the carbon concentration in the

supported multilayer assembly increased (by 2-4 %) indicating that some cohesive failure in

the adhesive also occurs. These results indicate that the mechanical strength of the

multilayer assemblies is approximately equal to the cohesive strength of the adhesive of the

pressure sensitive tape (not very strong) and that failure occurs very near to (within a few

angstroms of) the adhesive/multilayer assembly interface. That the adhesive strength

between the multilayers and the PCTFE-OH substrate is stronger than this value is also

indicated.

Conclusions

Poly(chlorotrifluoroethylene) film, chemically modified to contain alcohol

functionality (PCTFE-OH) (a neutral surface), supports the layer-by-layer assembly of

polyelectrolytes (PAH and PSS) when PAH is adsorbed as the first layer. The adsorbance

of the first PAH layer can be controlled using pH, hence the ammonium ion concentration

of the first layer (charge density) can be controlled. Three different sets of conditions were

used to prepare multilayer assemblies: Protocols 1 and 2 differ by the charge density of the

first layer. Protocol 3 differs from Protocol 2 in that MnCl
2
was added to the PSS

adsorption solutions. The thickness of the individual layers in the assemblies depends both

on the charge density of the first layer and the ionic strength of the PSS adsoiption

solution. The stoichiometry of the assembly process (ammonium:sulfonate ratio) also
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mullflayerSSS^ ^ ^^ °f PAH/PSS
(3M #810).

S USmg ^rotocols U 2 and 3 using pressure sensitive adhesive tape

Sample Surface
Atomic Composition (%)

Adhesive Tape

PCTFE-OH

£
83.64

67.95

_0

16.36

17.66 14.39

N

alcohol surface (peeled off tape)

Tape (peeled off alcohol surface)

76.98

84.60

14.19

15.32

8.83

0.08

-

-

-

-

Protocol 1: 39 layers (PAH surface) 72.02 17.86 1.71 4.52 3.89

PAH surface (peeled off tape) 76.40 14.76 0.79 4.04 4.00

Tape (peeled off PAH surface) 84.79 14.52 0.16 0.34 0.18

40 layers (PSS surface) 71.93 18.89 1.45 3.95 3.78

PSS surface (peeled off tape) 71.88 21.00 1.36 2.63 3.13

Tape (peeled off PSS surface) 85.58 14.47 0.07 0.08 0.00

Protocol 2: 29 layers (PAH surface) 75.09 15.43 0.95 4.64 3.89

PAH surface (peeled off tape) 78.19 13.42 0.29 4.14 3.96

Tape (peeled off PAH surface) 84.21 14.47 0.20 0.49 0.24

30 layers (PSS surface) 70.61 20.41 1.45 3.73 3.80

PSS surface (peeled off tape) 72.46 19.57 1.34 3.19 3.44

Tape (peeled off PSS surface) 84.77 14.90 0.02 0.30 0.01

Protocol 3:11 layers (PAH surface) 74.00 16.59 1.01 4.42 3.98

PAH surface (peeled off tape) 74.52 18.87 0.98 2.58 3.05

Tape (peeled off PAH surface) 83.61 16.00 0.10 0.10 0.19

12 layers (PSS surface) 74.34 17.47 0.42 3.26 4.51

PSS surface (peeled off tape) 78.02 14.83 0.29 2.63 4.24

Tape (peeled off PSS surface) 84.87 14.29 0.16 0.40 0.29
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depends on the ionic strength of the PSS adsorption solution. The average individua. .ayer

thicknesses for Protocols 1
, 2 and 3, respectively, are 0.3, 0.8 and 4. 1 A thick, as

assessed by XPS. Although the layers are extremely thin, XPS data (and contact angle

data for Protocol 3) indicate that the layers are stratified. Peel tests indicate that the

multilayer assemblies on PCTFE-OH exhibit poorer mechanical integrity than those on

other substrates ( PMP-C02\ PET-C02
and PET-NH/). 2021
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CHAPTER 3

RATIONAL CONTROL OF HETEROGENEOUS (GAS-SOLID)

POLYMER SURFACE MODIFICATION

Introduction

Considerable effort has been focused on controlling the surface selectivity of

polymer modification reactions so that thin «100 A) layers of reactive functionality can be

introduced to relatively thick film samples. These modified film samples are amenable to

surface - property correlations that can be used to control (and understand) macroscopic

surface properties. Surface-selective modification reactions with varying degrees of

selectivity have been developed and reported for poly(chlorotrifluoroethylene), 1
'3

poly(vinylidene fluoride),
3 "5

polypropylene,
6
poly(tetrafluoroethylene-co-

hexafluoropropylene),37 poly(ether ether ketone)
8
and polyethylene terephthalate).

9
These

modification procedures involve reactions at an interface between the solid polymer film

and a solution that does not swell the polymer.

The heterogeneous (gas-solid) photochlorination of polymers is also of interest

from the perspective that under certain conditions, the reaction is inherently surface-

selective. Studies of photochlorination of polyethylene
10
and poly(4-methyl- 1 -pentene)

1

1

have been previously reported. The products, chlorinated polyethylene and chlorinated

poly(4-methyl-l -pentene), are less permeable to gases (including chlorine) than the virgin

polymers, so that under conditions in which chlorination is more rapid than permeation of

chlorine into the polymer, a barrier layer of chlorinated polymer forms at the surface and

slows bulk chlorination.

In the research studies reported here, heterogeneous (gas-solid) chlorination of

poly(trifluoroethylene) (PF
3
E) has been investigated (Scheme 3. 1). It is conceivable that

1 17



the product, poly(chlorotrifluoroethylene) (PCTFE) that is a particularly good gas barrier,

should lead to much greater surface selectivity than was observed for polyethylene 10
and

poly(4-methyl-l-pentene)." Since PF
3
E is completely soluble in several solvents (e.g.

THF and methanol) and can be conveniently cast as a film or coating, it may serve as a

practical precursor to PCTFE (or other fluoropolymers) for surface or coating applications

In addition to the chlorination studies, the gas fluorination of PF
3
E has been studied to

some extent in collaboration with the Fluorine Division of Air Products.

Scheme 3.1. Heterogeneous (gas-solid) surface modification of poly(trifluoroethylene).

Poly(trifluoroethylene)

Polytrifluoroethylene (PF
3
E), one of the least studied fluoropolymers has recently

gained more attention since it was discovered that copolymers of trifluoroethylene and

vinylidene fluoride display piezoelectric, pyroelectric and ferroelectric properties over a

wide range of composition.
12 " 14

This has stimulated a number of investigations involving

the synthesis, properties, structure and morphology of this polymer.

I 18



Synthesis of Polvftrifluoroethvle.np.)

Direct polymerizations (bulk or emulsion polymerization) of trifluoroethylene form

polymers with significant regioirregular defects as a result of head-to-head and tail-to-tail

addition of monomeric units during the free radical process. Cais et al. have proposed a

synthetic route that yields isoregic PF,E using reductive dechlorination or debromination of

the precursor polymers, poly(bromotrifluoroethylene) or poly(chlorotrifluoroethylene). 15

I9F NMR analysis indicates that the polymer products obtained are essentially isoregic with

practically 100 % head-to-tail addition and free of reversed monomeric units within the

polymer chain. Poly(trifluoroethylene) used in the studies was synthesized by the

reductive dechlorination of poly(chlorotrifluoroethylene) (see Scheme 3.2). The reaction

was conducted in tetrahydrofuran (THF) at 65 °C using azo(bisisobutyronitrile) (AIBN) as

the initiator and tributyltin hydride (Bu
3
SnH) as the reducing agent.

F F F F
i Bu,SnII I I

4-C—C-h- ^
J CI

" AIBN
|

n

Scheme 3.2. Reductive dechlorination of poly(chlorotrifluoroethylene).

Physical Properties of Polv(trifluoroethvlene)

The melting behavior of PF^E reflects its thermal history, polydispersity and

molecular weight. Essentially isoregic polymer with fairly high molecular weight and low

polydispersity displays a sharp single endotherm ranging from 175 - 185 °C depending on

crystallization temperature.
15 The glass transition temperature has been reported as 30 - 40

°C as determined by differential thermal analysis.
16 Even though this polymer is essentially

atactic, the polymer chains are able to crystallize. The structure and morphology of PF
3
E

1 19



have been investigated using X-ray and electron diffraction. The results indicate that

variations in degree of isoregicity from 86 % to 98 % have no significant effect on the

crystalline structure of polymer.
17

X-ray diffraction data reflect hexagonal packing of

polymer chains. A diffuse meridional reflection observed at 2.29 A, however, indicates a

disordered conformation presumably caused by an irregular succession of TG, TG and TT
groups. This distorted behavior also explains the large cross-sectional area of the polymer

chains and their packing in a hexagonal lattice (a = 5.61 A). Electron diffraction

demonstrates an unusual single crystal structure with circular, lobed or cellulated habits.
17

Surface Halopenation of Polymers

Gas-phase halogenations have been utilized as modification methods to improve

surface properties of polymer films such as adhesion, wettability, gas permeation and

barrier properties. A number of studies have been reported on polyethylene, 1018 20
poly(4-

methyl-l-pentene), 11 ' 21
polystyrene,

19 '22
polycarbonate,

22
polysulfone,

23
poly(methyl

methacrylate)
22
and polystyrene/polybutadiene block copolymers.

24
Gas chlorination and

fluorination are most commonly and used industrially due to their high rates of reaction.

The halogenations are typical radical chain reactions; the kinetics are thus significantly

effected by the reactivity of halogen radicals (fluorine > chlorine > bromine > iodine). The

rates of bromination and iodination are found to be orders of magnitude slower than that of

chlorination.
20

Chlorination

Extensive studies of gas phase chlorination of polyethylene
10
and poly(4-methyl-l-

pentene)" indicate that one can independently and simultaneously control the depth and

density of chlorination of polymer surfaces by manipulating chlorination conditions:

chlorine gas pressure, light intensity and exposure time.
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Figures 3.1 and 3.2 show the results of gas chlorination of poly(4-methyl-l-

pentene) (PMP) as a function of chlorine pressure for 2 min using ambient light and high-

intensity UV light as light sources, respectively. The Cl/C ratio data indicate that the extent

of chlorinat,on (density of chlorine atoms on the polymer chain) is independent of pressure

at chlorine pressures above 50 mm for ambient light conditions and at all pressures studied

under UV light source. The mass increases, however, are highly dependent on chlorine

pressure. A nonlinear pressure dependence of mass gain of samples chlorinated under UV
light source suggests that a sufficient high chlorine content in the modified surface region

exhibits barrier properties to chlorine gas. The dependence of mass uptake and the

independence of XPS Cl/C ratio on chlorine pressure allow control of the thickness of the

modified layer at a constant chlorine content.

The photointensity controls the rate of formation of chlorine radicals that initiate

radical chain chlorination and thus the concentration of radical species in the film region that

chlorine has diffused to during reaction. The higher the photointensity, the higher the

probability that chlorine molecules diffusing into the film will react with polymer chain

radicals rather than diffuse deeper into the film sample. Studies of the effect of light source

intensity used for chlorination of PMP are illustrated in Figures 3.3 and 3.4. Compositions

level at Cl/C ratios of 0.6, 0.8 and 1. 1 for ambient, medium-intensity UV and high-

intensity UV light, respectively. The data indicate that the chlorination in the dark is slower

and has not leveled. Samples continue to gain mass with longer reaction times under all

photointensity conditions, indicating that good gas barrier properties toward chlorine are

not achieved under any conditions and reactions proceed deep into the bulk of the film.

The differences in mass uptake rate, however, suggest that barrier properties are improved

with increasing photointensity.
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Figure 3.1. XPS and gravimetric data of chlorinated PMP using ambient light for 2 mi

3
O
03

y
0

100 200 300 400 500 600 700 800

chlorine pressure (mm)

03

00
C/3

on
03

Figure 3.2. XPS and gravimetric data of chlorinated PMP using high-intensity UV light

for 2 min.
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The results obtained from chlorination of polyethylene demonstrate similar effects

of chlorine gas pressure, light intensity and reaction time on the density and the depth of

modification Greater light intensity increases the rate of chlorination and, as a result, the

rate of diffusion of chlorine gas is decreased. The data also suggest that chlorination in the

presence of light is more surface selective due to a decreased rate of chlorine diffusion

through a highly chlorinated product. The gas permeability data for highly and deeply

chlorinated PMP shows a significant decrease in gas permeability and improved

selectivities (Tables 3.1 and 3.2)."

Table 3. 1
.

Gas permeability data of highly and deeply chlorinated PMP compared to virgin

Sample Permeability (10
y cm 3

(STP) cm/cm 2
s cmHg

Nitrogen (N
2 ) Oxygen (02) Carbon Dioxide Hydrogen (H

2 )

(C0
2)

PMP 1 5.4 11.5 22.0

Chlorinated

PMP
0.12 0.90 2.3 11.8

Table 3.2. Gas selectivity data of highly and deeply chlorinated PMP.

Sample 0
2/ N 2

H
2/ N2

C0
2/ N2

C0
2/ 02

H
2/ 0 2

H
2/ C02

PMP 4.1 16.5 8.6 2.1 4.1 1.9

Chlorinated 7.3 95.9 18.9 2.6 13.1 5.1

PMP
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Fluorination

Fluorination of hydrocarbon polymers originally became of interest since it

inexpensive route to modify the properties of readily fabricated hydrocarbon polymers to

resemble especially those of poly(tetrafluoroethylene) (PTFE). Extensive studies have

been done on polyethylene to improve the barrier properties, adhesion and wettability. The

permeability and selectivity of poly(4-methyl-l-pentene) 21
and polysulfone membranes-

have been significantly improved by surface fluorination.

Fluorine reacts exothermically and rapidly with hydrocarbon polymers. In general,

the direct gas fluorination of polymer surfaces is begun with a low concentration of fluorine

gas (2 - 5 % diluted in an inert gas i.e. nitrogen, helium, or argon) to minimize the

localization of released energy that may cause the structural degradation of polymer. The

effect of diluting gas has been investigated.
25

Once the fluorination takes place, the

progression of fluorination becomes increasingly difficult because the electron cloud of the

fluorine substituent deactivates the adjacent hydrogen atoms and provides steric hindrance.

For this reason, the fluorine gas concentration is then increased to maintain a practical

reaction rate. Degradation and cross-linking have been observed with some reactions of

polymers using high concentrations of fluorine gas. Polymer fluorination carried out in a

plasma has been described as an alternative to overcome the deactivation problems.
26

The

increased rate of fluorination was explained by the formation of several active species of

fluorine, diluting gas, and the polymer surface itself.

The deactivation effect has been confirmed by studies of fluorination of polyvinyl

fluoride) and poly(vinylidene fluoride) using 10% F
2
/N

2
(Figure 3.5). Sanderson et al.

have shown that polyvinyl fluoride) gained mass during fluorination with a very low rate

of reaction, but no mass gain was observed for poly(vinylidene fluoride) under the same

conditions.
25
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Adsorption of Polymers

Adsorption of polymers at interfaces is very important to many technologies 27"30

including coating, lubrication, adhesion and colloid stabilization. Theoretical and

experimental work has been reviewed extensively on the adsorption of homopolymers and

copolymers. 31 '32 A typical polymer adsorption system consists of polymer, solvent and

substrate. There are three types of interaction governing the adsorption of polymer to a

surface: the polymer segment-surface interaction, the solvent-surface interaction and the

polymer segment-solvent interaction. The difference between the polymer segment-surface

interaction and the polymer segment-solvent interaction (Flory-Huggins % parameter) is

defined as the exchange free energy (%s
). It is the energy needed for a polymer segment to

adsorb to the surface by replacing a solvent molecule on the surface with a polymer

segment. The adsorption, which is a thermodynamic process requiring a negative free

energy change, can take place if the loss of configurational entropy upon adsorption is
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compensated by the gain of enthalpy due to multiple polymer segment-surface interactions.

In other words, the exchange free energy has to exceed a critical value (a critical exchange

free energy, XJ for the adsorption to occur. The polymer chains normally adsorb to the

surface in the form of trains, loops and tails. The distribution of trains, loops and tails

varies with polymer concentration and molecular weight.

The most widely accepted homopolymer adsorption theory that has been shown to

agree well with experimental results was developed by Scheutjens and Fleer.
3334

Based on

a lattice model, the partition function for a mixture of polymer chains and solvent molecules

is determined by assuming random mixing within the adsoiption layer (the mean-field

approximation). The probability of each possible polymer chain conformation (trains,

loops and tails) can be generated. Scheutjens and Fleer's theory can predict the amount of

adsorption, polymer segment distributions and the structure of the adsorbed polymer. This

theory is, however, valid only in the dilute regime or in poor solvent conditions.

Polymer adsorption tendencies from good solvents are predicted by the scaling

argument presented by de Gennes.
35 The correlations between polymer segments (self-

avoidancy of segments) is taken into consideration. The uniform self-consistent potential

that is assumed in Scheutjens and Fleer's theory cannot account for the swelling of polymer

chains in good solvents or the overlapped polymer segments in concentrated polymer

solutions. The scaling theory has been experimentally verified by a number of polymer

adsorption studies.

Both theoretical and experimental studies have indicated that homopolymer

adsorption can be enhanced by increasing the surface affinity (increasing the polymer

segment-surface interaction) and/or decreasing solvent quality (decreasing polymer

segment-solvent interaction).
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Adsorption of Polvftrifli ioroethvle.np)

The adsorption of polymer from solution was chosen as a way to fabricate very thin

coatings of poly(trifluoroethylene) on Si wafer substrates. Since the polymer chains do not

contain any specific functionality that can facilitate the adsorption to the surface, two

approaches were proposed to promote the adsorption: (1) the addition of non-solvent or

poor solvent to the polymer solution (dissolved in good solvent) to adjust the solvent

quality and to increase the amount of adsorbed polymer, (2) the incorporation of polar

functionality to the polymer backbone. Attempts to introduce polar functional groups to

poly(trifluoroethylene) by radical grafting reactions of maleic anhydride (MAH) were

carried out.

Maleation

Free radical grafting reactions of maleic anhydride are commonly used to introduce

polar functional groups to commercial polymers such as polyethylene,
36 "40

polypropylene,
41 "43

ethylene-propylene copolymer,44
polystyrene

45
and styrene-(ethylene-

butylene)-styrene block copolymer.
46

Studies indicate significant improvement of

interfacial adhesion
47
and compatibility.

484
" Grafting reactions have been investigated in

solution,
38 3946

in the melt
39
and in the solid state.

3743 The reaction carried out in the melt is

a diffusion controlled process which is limited by high melt viscosity and results in

crosslinked products with low grafting efficiency.
46

The addition of additives such as

dimethylformamide (DMF) was suggested to eliminate the crosslinking problem.
39,40,43

Another drawback of grafting in the polymer melt is degradation, since the reaction has to

proceed at a temperature higher than the melting point of the polymer. The maleic

anhydride grafting in solution is more feasible, since the reaction can be carried out at lower

temperatures with minimum crosslinking and degradation.

For a typical grafting reaction, the reaction proceeds via chain transfer to polymer

chains. The termination step can be either disproportionation or coupling (which leads to
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crosslinking). The extent of grafting, graft density and modified polymer structure are

influenced by the grafting method as well as the grafting conditions. The effects of

monomer concentration, initiator concentration, reaction time, reaction temperature and

solvent on the percentage of grafting have been extensively investigated in several systems.

As reported by Sathe et al.,
41

the percentage of grafting onto polypropylene

increases initially as a function of initiator concentration due to the increased amount of

radical formed via initiator decomposition which leads to an increase in chain transfer and

grafting. The increase is offset at higher initiator concentration by an increase in

termination rate causing a maximum in grafting yield at an intermediate initiator

concentration. A similar trend was observed on the effect of reaction temperature on the

percentage of grafting. Higher temperature increases the rate of decomposition of initiator.

The increase in radical concentration as well as the radical mobility can increase the

percentage of grafting. Too high chain and radical mobility may also increase the

probability of chain termination and decrease the grafting process. Studies of the effect of

maleic anhydride concentration on grafting yield for polypropylene indicate that the grafting

extent is more strongly influenced by the number of radical sites on polymer chains than the

amount of maleic anhydride.
41

The yield of grafting remains unchanged after a sufficient

amount of monomer has been consumed. No maleic anhydride homopolymer has been

detected despite the excess amount of maleic anhydride monomer. This is due to the fact

that the grafting process is more favorable than homopolymerization. In the absence of

polymer, homopolymerization of maleic anhydride can take place as reported by Gaylord et

al.
39 The percentage of grafting usually increases with time until all the radicals formed are

consumed.
41 As evidenced by liquid chromatographic analysis of maleic anhydride grafted

onto a styrene-(ethylene-butylene)-styrene triblock copolymer, a solvent (xylene in this

case) that undergoes radical chain transfer can significantly reduce the rate and efficiency of

grafting.
46
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Recently, radical grafting of maleic anhydride onto linear low density polyethylene

(LLDPE) and poly(4-methyl-l-pentene) (PMP) in supercritical carbon dioxide (SC-C0
2 )

medium have been reported.- Maleic anhydride and a radical initiator are first infused into

the polymers using SC-C0
2
and the reaction is subsequently thermally initiated. These

modification reactions take advantage of the unique properties of supercritical fluid solvents

- high diffusivity, zero surface tension and ease of removal. Maleated LLDPE and PMP (2

- 3 % maleation) prepared by this method contain a significantly higher number of

anhydride groups than commercial maleated samples (<1% maleation) as analyzed by

transmission infrared spectroscopy and elemental analysis. Analysis of maleated PMP by

attenuated total reflectance spectroscopy (ATR IR) revealed that the maleation was a bulk

modification with no surface selectivity.

Experimental

General Procedures

Poly(chlorotrifluoroethylene) (PCTFE) powder (3M Kel-F 81) was obtained from

3M and used as received without further purification. Azo(bisisobutyronitrile) (AIBN)

from Aldrich was recrystallized from methanol prior to use. Tributyltin hydride (Bu^SnH)

was purchased from Aldrich and used as received. Tetrahydrofuran (Aldrich) was distilled

under nitrogen from sodium/benzophenone. Heptane and hexane (both Fisher) were used

as received for polymer purification. Chlorine gas (Aldrich, 99.5+ %) was used as

received. Toluene (Fisher) was distilled under nitrogen from calcium hydride. Surface

chlorinations were run on both sides of the film, controlling reaction time and light intensity

(ambient light and a high-intensity UV light source (UVP Inc., Black-Ray B-100A, 6000

pAV/cm 2
at 365 nm). Silica gel thin layer chromatography plates (TLC plates), purchased

as Silica Gel 60A (K6F) from Whatman, were cut to size (3.0 x 6.5 cm) and conditioned in

an oven (150 - 200 °C) overnight prior to use. Si wafers (1" diameter, 500 - 550 Jim
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thick, onentation <100>, resistivity of 70 - .30 ohm-cm, doped N/ND), purchased from

International Wafer Service, were cleaned in 30 % HA (30 % HA/H
20) /H

2
S0

4 for 30

min, rinsed thoroughly with water and dried under vacuum (0.01 mm, 24 h). Maleic

anhydride, purchased from Fisher, was recrystallized from chloroform. Benzoyl peroxide

(Aldrich) was recrystallized from chloroform/methanol. Carbon dioxide (Coleman grade)

was purchased from Merriam Graves and used as received. X-ray photoelectron spectra

(XPS) were obtained with a Perkin Elmer-Physical Electronics 5 1 00 with Al Ka excitation

(400 W, 1 5.0 kV). Spectra were recorded at two different take-off angles, 1
5° and 75°

between the plane of the sample surface and the entrance lens of the detector optics.

Atomic composition data were determined using sensitivity factors obtained from samples

of known composition: Fu, 1.000; C
ls , 0.201; O ls , 0.522; Cl

2p , 0.580; Si
2p , 0.220.

Attenuated total reflectance infrared (ATR IR) spectra were recorded using an IBM 38

FTIR at 4 cm" 1

resolution with a 10 x 5 x 1 mm germanium internal reflection element

(45°). Gravimetric measurements were made with a Sartorius 1612MP8-1 analytical

balance. Dynamic advancing (0A) and receding (0R ) contact angles were measured with a

Rame'-Hart telescopic goniometer and a Gilmont syringe with a 24-gauge flat-tipped needle

as the probe fluid was added to and withdrawn from the drop, respectively. Probe fluids

used were water and hexadecane.

Synthesis of Polv(trifluoroethvlene)

To a nitrogen-purged round-bottomed flask containing PCTFE powder (6.0 g, 51

mmol, M
n
-750,000) and a teflon-coated magnetic stir bar, Bu^SnH (22 g, 76 mmol) in

1 12 ml THF solution was added followed by AIBN (1.2 g, 7.3 mmol) dissolved in 30 ml

THF. The reaction mixture was then refluxed in an oil bath at 65 °C and stirred for 24 h.

Additional AIBN ( 1 .2 g) in THF (30 ml) was added after the reaction had proceeded for 12

h. The polymer was purified by precipitation 3 times using 150 ml THF/600 ml cold
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hexane (in dry ice) and was extracted with heptane in a Soxhlet extractor for 24 h. The

polymer was dried in a vacuum oven (0.01 mm, 75 °C, >24 h).

Preparation of Polv(triflnoroethvlene) Film*;

Polymer films were cast from 4 % w/v of PF
3
E in THF solution in a Petri dish (14

cm i.d.). The dish was covered with aluminum foil (with holes) to let the solvent slowly

evaporate at room temperature overnight. The film was transferred from the dish by

introducing water at the edge of the film. The water helps the film float from the bottom of

the dish and it is easily peeled off. The film was laid on a square-shaped glass frame which

allows both sides of the film to dry without touching to any surfaces in a vacuum oven

(0.01 mm, 75 °C, >24 h).

Chlorination

All chlorination reactions were carried out in a secondary manifold connected to a

vacuum manifold (Figure 3.6). Reactions under atmospheric chlorine pressure were

carried out in the dark, using ambient light or a high-intensity UV light source which was

placed at the base of an aluminum foil funnel below the sample container. For reactions

that were run in the dark, the manifold was wrapped with a thick, black cloth. The sample

vessel containing the tared samples, chlorine reservoir and secondary manifold were

evacuated and refilled with nitrogen several times before each reaction. Chlorine gas (5

psig) was introduced after the last evacuation. The overpressure of chlorine gas in the

manifold was depressurized through a bubbler to allow the pressure inside to equilibrate

with the outside pressure. The reaction was stopped by evacuating the system and

replacing the unreacted chlorine and product HC1 with nitrogen. Samples were

dried/degassed under vacuum (0.01 mm, room temperature, >24 h).
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to vacuum/nitrogen

sample container

chlorine reservoir

water trap

chlorine gas tank

Figure 3.6. A secondary manifold used for gas chlorination.

Gas Permeation Measurements

Gas permeation studies were run one gas at a time with hydrogen and nitrogen at 40

°C with an upstream pressure of 6 atm (3.5 atm for hydrogen) and a downstream pressure

of 0 atm. After reaching a steady-state flux of gas, a pressure increase of 0.50 mm in a

known volume on the downstream side was timed. A home-built pressure/vacuum

manifold (Figure 3.7) was built around a Millipore 25 mm membrane cartridge (25 mm

diameter) and a Celesco DP 3 1 differential pressure transducer. The rate of gas permeation

for PF
3
E and chlorinated PF

3
E were calculated as previously described.

51

Maleation of Polv(trifluoroethylene) in Supercritical Carbon Dioxide

A PF
3
E sample (0.4 g, 4.9 mmol) was placed in a stainless steel, high pressure

vessel that was machined from hexagonal stock (4" long x 7/16" i.d.) and fitted with a

5000 psi Omega pressure gauge and needle valve on one end and a NPT plug on the other

end. Maleic anhydride (MAH) (0.2 g, 2.0 mmol) and benzoyl peroxide (BPO) (0.08 g,

0.3 mmol) were also added into the vessel which was then put in an ethylene glycol/water

bath (60 °C) before it was filled with approximately 5.8 g of carbon dioxide (2500 psi).
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The reactants were allowed to soak a, 60 °C for 4 h before transferring the vessel to a

silicone o,l bath ( 1 25 °C) for 4 h. The vessel was quenched in cold, running water

immediately after removal from the high temperature bath. The carbon dioxide was
released in the hood.

recorder

n

membranes

pressure

transducer

4 1

gas inlet

^ connected to vacuum pump

Figure 3.7. Gas permeation apparatus.
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Adsorption Studies of Polv(trifluoroeth Y lene)

Thin Layer Chromatography (Tin
. TLC was carried out by applying 30 ul of

polymer solution (5 mg/ml) as a circular spot of diameter 2-3 mm using alOyJ

microsyringe. The spots were 1.5 cm from the bottom of the plate. Elution was carried

out in a filter-paper-lined TLC tank filled to 0.5 cm depth with eluent. The TLC plates

were equilibrated for 5 min in the tank before elution. The solvent front was allowed to

proceed 5 cm from the level of the spots. The TLC plates were air-dried in the hood for 15

min after elution and then developed under iodine vapor for 15 - 30 min. The results

viewed as dark spots in a fluorescent background under a UV lamp (k = 254 nm). R,

values are reported in the standard way where R
t

= elution distance of sample/elution

distance of eluent.

were

Adsorption of PolvCtrifluoroethvlene) and Maleated PolvttrifluoroethvleneV To a

nitrogen-purged, jacketed Schlenk tube containing cleaned Si wafers, 50 ml of a polymer

solution (1.0 - 3.0 mg/ml) dissolved in THF or THF:toluene mixture (25:75, 50:50, 75:25

v/v) was selected. Polymer solutions in THF:toluene mixtures were made by the addition

of the desired amount of toluene to a homogeneous solution of polymer in THF. All

adsorptions were carried out at 25 °C (temperature was adjusted using a circulator

connected to the jacketed Schlenk tube). After the desired adsorption time, the solution

was removed and the Si wafers were washed (3 x 50 ml) with the same solvent mixtures

(THF or THF:toluene mixtures) used for adsorption. The Si wafers were then dried (0.01

mm, room temperature, >24 h).
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Results and Discussion

Synthesis and Characterization of Polvftrifluoroethvle.np)

The synthesis of PF
3
E was carried out by the reductive dechlorination of

poly(chlorotrifluoroethylene) (Scheme 3.2). This radical reaction was conducted in

tetrahydrofuran at 65 °C employing azo(bisisobutyronitrile) as the radical initiator and

tributyltin hydride as the reducing agent. An excess molar ratio (50-100 %) of tributyltin

hydride which is the hydrogen atom source was used to assure complete dechlorination.

This can be confirmed by the absence of the 950 cm"
1

absorbance assigned to the C-Cl

vibration in the infrared spectrum (Figure 3.8). These conditions render a yield of

approximately 80-85 %. Polymer films prepared by solution casting from 4% w/v of

PF
3
E/THF solution have a thickness of about 40 |im. The films are transparent, colorless,

flexible and easily drawable. The stoichiometry of PF
3
E product deduced from quantitative

XPS (75° take-off angle) is C
2
F

3
(C = 39.20%, F = 60.54%, O ~ 0.20%, CI ~ 0% and Sn

~ 0%). This indicates complete dechlorination and the complete removal of residual tin

compounds (Bu
3
SnCl and unreacted Bu

3
SnH) (See XPS survey spectum in Figure 3.9).

The C
ls
region of the XPS spectrum of PF

3
E consists of two peaks. The lower binding

energy peak corresponds to the carbons bound to one hydrogen and one fluorine and the

other peak is assigned to carbons bound to two fluorines.

The cast PF
3
E film exhibits contact angles (OA/0R ) of 96773° (water) and 2571

1

0

(hexadecane). Gel permeation chromatography (GPC) analysis yields weight average

molecular weight (Mw ) of approximately 750,000 with a polydispersity of 1.5. Melting

temperature (Tm) of the polymer was analyzed by differential scanning calorimetry (DSC,

using a 10 °C/min heating rate, under nitrogen in the range of room temperature to 250 °C).

The result in Figure 3. 10 indicates a melting temperature of -179 °C. The glass transition

temperature (T ), which was expected to be in the range of 30-50 °C was not observed by
0

DSC analysis.
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Figure 3.8. Infrared spectrum of poly(trifluoroethylene).

Figure 3.9. XPS survey and C„ spectra of PF
3
E film analyzed using 75° take-off angle.
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PF,E is thermally stable up to 350 °C, as indieated by thermal gravimetrie analysis (TGA,

20 °C/min heating rate). Figure 3.11 tndicates that only 0. 1 % weigh, loss oecurs when the

temperature is raised from 250 °C to 350 °C.

The degree of crystallimty of PF
3E was estimated using an analysis of wide angle

X-ray scattering (WAXS) data. Scattering intensity as a function of scattering angle (26)

for PF
3
E is displayed in Figure 3.12. Cu K„ (X= 1.5418 A) radiation with a Ni filter was

used. The degree of crystallinity can be estimated from Equation 3. 1

:

Degree of Crystallinity = I I
crystalline (s

2

) ds/ J I
to(al (s>) ds

(3 .
1

)

where s = 1/d = 2sin6a and s and d are the scattering factor and the crystalline spacing,

respectively. To obtain the degree of crystallinity of PF
3
E, the data in Figure 3.12 was

replotted into the curve as shown in Figure 3. 1 3. The ratio between the area under the

curve above the baseline (1 I
crystalline

. s
2
ds) and the total area under the curve (J lma . s

2
ds)

yields -45% crystallinity. An identical diffraction pattern was obtained from the film

sample rotated 90° from the original alignment indicaing that there are no specific

orientations induced in the polymer film during the fabrication process.

Chlorination of Polvftrifluoroethvlene)

Two series of photochlorination reactions were carried out at atmospheric chlorine

pressure using ambient light and high-intensity UV light source. Kinetics of chlorination

was studied by XPS as shown in Figure 3.14. The slow increase of Cl/C ratio with

exposure time using ambient light indicates that the chlorination proceeds very slowly with

low yield (only 3% CI after 100 min reaction). The chlorination using a high-intensity UV

light occurs faster and results in a more densely chlorinated modified layer. Under these

conditions, the Cl/C ratio reaches a limiting value of -0.45 (PCTFE exhibits a Cl/C ratio of

0.5) after 10 min of chlorination (Figure 3. 14). This indicates that there is approximately
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Figure 3. 10. Differential scanning calorimetry profile of poly(trifluoroethylene).
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Figure 3.11. Thermal gravimetric analysis data of poly(trifluoroethylene).
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1
chlorine per repeat unit of PF

3E and the similarity between data recorded at 1
5° and 75°

take-off angles indicates that there is little or no surface selectivity in the XPS sampling

reg,on (within the outer -40 A) and that the chlorination proceeds throughout the XPS
sampling depth. Figure 3.15 shows XPS survey and C

ls
region spectra for a PF.E film

chlorinated using the UV light for 150 min. The C
ls
peak appears as a broad spectrum

which is a combination of carbons from CF
2
and CFC1. Variable small amounts ( 1 -2 %)*

of oxygen are observed in product films (seen in Figure 3.15); this is attributed to

termination of the radical chain reaction by adventitious oxygen. The chlorinations were

also attempted in the dark without using any light source. There was no significant amount

of chlorine « 0.
1 %) detected by XPS analysis of PF

3
E chlorinated in the dark after 20 min

of exposure time. These results demonstrate a significant effect of photointensity on the

extent of chlorination. The photointensity influences the rate of chlorine radical formation

that initiates radical chain chlorination and the concentration of radical species in the

polymer film.

ATR IR spectra for PF
3
E samples photochlorinated using a UV light are shown in

Figure 3. 16. The C-Cl stretching band (1000-900 cm 1

) of chlorinated PF,E increases in

intensity with longer reaction time up until -100 min reaction after which time no further

increase in intensity is observed. C-H bending (1400-1350 cm"
1

) was observed in all

samples indicating that the ATR IR sampling depth (~ 1 \im) was not completely reacted.

Comparison of transmission IR with ATR IR spectra indicates that the chlorination of PF^E

is surface selective. ATR IR spectra exhibit stronger C-Cl stretching bands than those in

transmission spectra (Figure 3.17) for samples chlorinated for the same period of time.

Kinetics determined using transmission IR indicate that the reaction stops after -100 min.

Transmission spectra of 100 min and 150 min chlorinated samples are superimposable.

The absorbance due to C-Cl stretching normalized to the absorbance of C-F

stretching (1200-1 100 cm"
1

) are plotted as a function of reaction time for chlorinated

samples analyzed by both ATR IR and transmission IR (shown in Figure 3. 18). The ratios

I 1
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Figure 3.14. XPS Cl/C ratio of chlorinated PF
3
E using ambient light (O) and high-

intensity UV light (•) obtained from 15° take-off angle data (top), 75° take-off angle data

(bottom).
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Figure 3. 15. XPS survey and C
ls
spectra of PF

3
E film chlorinated for 150 min using UV

light source analyzed using 75° take-off angle.
8

The absorbance due to C-Cl stretching normalized to the absorbance of C-F

stretching (1200-1 100 cm 1

) are plotted as a function of reaction time for chlorinated

samples analyzed by both ATR IR and transmission IR (shown in Figure 3. 18). The ratios

obtained from ATR IR and transmission IR reach their plateau values after 100 min reaction

time. This suggests that under these reaction conditions, a barrier layer of chlorinated PF
3
E

(PCTFE) is formed and inhibits permeation of chlorine gas to greater depth. The better

barrier properties of chlorinated PF
3
E compared to PF

3
E can be quantified by gas

permeation and results of these experiments are shown in Table 3.3. The permeability of

nitrogen and hydrogen gases through the films were measured at 40 °C (higher than T of
D

PF
3
E).

There is no clear trend of gravimetric data as a function of extent of chlorination.

The mass increase varies in the range of 1-3 %.
52

Despite the inconsistent mass increase of
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Figure 3.16. ATR IR spectra of chlorinated PF
3
E prepared by using high-intensity UV

light.

144



u
§

u
o

i
1 1 1 1

r

4000 3500 3000 2500 2000 1500 1000 600

Wavenumbers (cm 1
)

Figure 3.17. Transmission (top) and ATR IR (bottom) spectra of chlorinated PRE
prepared by using high-intensity UV light for 100 min.
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Figure 3. 18. C-Cl/C-F absorbance ratio from ATR IR (•) and transmission IR (O) of
chlorinated PF,E prepared using high-intensity UV light as a function of reaction time.

Table 3.3. Gas permeability data of PF
3
E and 100 min chlorinated PF,E.

Sample
Permeability

( 1

0"9 cm 3
(STP) cm/cm1 • s • cmHg) Selectivity of H

2
/N.

Nitrogen (N
2 ) Hydrogen (H

2 )

PF,E 4.2 x 10
-2

1.3 30.9

100 min chlorinated

PF3E
9.2 x 10

-3

0.6 65.2
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chlorinated PF
3
E, these data are in marked contrast to the results observed for

polyethylene'" and poly(4-methyl-l-pentene);'' significant mass changes (2-16 %) were

observed for these less surface-selective chlorinations. The relatively low gas permeability

of PF
3
E is another factor that renders high surface selectivity of chlorination. At 40 °C,

PF,E is 30 times less permeable to nitrogen gas than is Poly(4-methyl-l-pentene) (See

Table 3. 1). The hexadecane contact angle (0A/6R) decreases from 25°/ 1
1° for PF,E to 9°/2°

for 150 min chlorinated PF
3
E which is close to the 872° values for PCTFE. This implies

that chlorinated PF
3
E film has surface properties similar to PCTFE.

Fluorination of Polv(trifluoroethvlenp)

Gas fluorination studies were carried out in collaboration with the Fluorine Division

of Air Products. The fluorine concentration used for fluorination was 5% fluorine gas

diluted in nitrogen gas. The reaction time was varied from 15 to 300 min. Kinetics of

fluorination was studied using XPS (Figure 3.19). XPS F/C ratios of ~2 were obtained

for all fluorinated PF
3
E samples indicating that the reaction proceeds rapidly and reaches

the XPS sampling depth (40 A) within the first 15-30 min of reaction. These conditions

render complete fluorination of the surface as indicated by the stoichiometry (C2F ).
52

There is no surface selectivity in the XPS region as shown by the similarity of F/C ratio

data obtained at 15° and 75° take-off angles.
52 The gravimetric data displayed in Figure

3.20 indicate the apparent tendency for mass increase at longer reaction times, unlike the

chlorination. The rate of mass increase, however, appears to slow after 120 min of

reaction. Mass gain increases from 0. 1 % at 60 min to 0.3% at 120 min and to 0.5% at 300

min. This implies that the fluorinated layer becomes a better barrier as more polymer is

fluorinated.

The 15 min fluorinated film showed a slight weight loss which is in the order of

error.
52

All fluorinated films remain transparent (no appearance of crystalline domains).

Interestingly, the fluorinated films become non-stick (do not stick to the glass wall of
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sample vials) which represents a characteristic of PTFE. The 300 min fluorinated PF
3E

exhibited hexadecane contact angles (6A/0R ) of 43723° similar to those of PTFE (42725°).

Maleation of Pol vftrifluoroethvlenp.)

Several experiments were attempted using AffiN as an initiator for radical grafting

reactions of maleic anhydride (MAH) to PF
3
E in homogeneous solutions of THF. The

reactions were carried out at 65°C and were not successful. The ratio of MAH to PF
3
E was

varied from 0.25:
1
to 1 :

1 (AffiN:MAH = 1 :2). There was no carbonyl functionality

detected in the products as analyzed by infrared spectroscopy. It is possible that AIBN

may not be reactive enough for this grafting reaction to take place. Benzoyl peroxide

(BPO) is a more commonly used initiator for grafting reactions and may be a better

initiator. Since PF
3
E is only soluble in some solvents such as THF and methanol which

have low boiling points (45-50 °C), the reaction temperature to be used for maleation is

then limited. The half-life of benzoyl peroxide at 60 °C is about 100 h. Using BPO as an

initiator for grafting reaction ofMAH in homogeneous THF solution at 65 °C seems to be

impractical under atmospheric pressure. Reactions under higher pressure in THF medium

were not attempted.

PF
3
E is a fluoropolymer that can be effectively plasticized by SC-C0

2
. The

polymer swells tremendously after soaking at 125 °C (5000 psi) for 1 h. Another reaction

procedure that was attempted and seems to be promising was running the maleation in SC-

C0
2
(Scheme 3.3). The reaction was carried out in a high pressure vessel that allows the

reaction to proceed at higher temperature (125 °C) using the more reactive initiator, BPO.

The reaction vessel containing PF
3
E, MAH, BPO and C0

2
was soaked at 60 °C for 4 h to

allow the reagents to infuse into the polymer. The reaction was then thermally initiated by

soaking the vessel at 125 °C for 1 h (half-life of BPO is 30 min at 125 °C). At this point the

pressure of C0
2
raised to 5000 psi. The vessel was quenched in cold running water and

the C0
2
was released.
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Scheme 3.3. Maleation of PF
3
E in SC-CO,

The optimized purification procedure of the product involves precipitation 4 times in

THF/water. Since MAH is soluble in water, the precipitation in water helped remove the

unreacted MAH from the product. It is apparent that the brownish color of the product as

well as the solvent mixture (THF mixed with water) remaining after the precipitation

becomes lighter as the precipitation is repeated. After dissolutions and precipitations, the

color of the product remains unchanged (slight brown) and the solvent mixture becomes

colorless. A polymer film was cast and dried in a vacuum oven at 75 °C for two days. The

drying step under vacuum at high temperature is also expected to assist the removal of

unreacted MAH. Figure 3.21 shows that after drying, the ratio of the intensities of the

carbonyl peak at 1787 cm"
1

(symmetric stretching of carbonyl from the grafted anhydride)

to that at 1718 cm"
1

(maleic anhydride) becomes higher and remains consistent after 2 days

of drying. Note that the small peak at 1661 cm"
1

is due to the PF
3
E itself. The IR spectrum

of the purified maleated poly(trifluoroethylene) (PF
3
E-g-MAH) is shown in Figure 3.22.

An O-H stretching band was not observed above 3000 cm"
1

implying that hydrolyzed

monomers (both unreacted and grafted monomer) do not exist in the product. The off-scale

substrate peak (C-F stretching) intensity compared to that of the carbonyl stretching

indicates that the product contains a very small percent of grafted MAH. The PF^E-g-MAH
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product obtained with its polar functionality is, however, expected to adsorb to inorgan.c

substrates more effectively than PR,E.

A one-step reaction combining reductive dechlorination with maleation of PCTFE
was also attempted. Two different ratios of MAH : PCTFE were chosen. Both sets of

experiments were carried out under the same conditions used for the synthesis of PF
3E

(described in experimental section) except MAH was also added at the beginning of

reaction. Even though the ratio of 0. 1 : 1 MAH:PCTFE yields a product with a slight brown

color (purified PF
3
E is clear), characterization by XPS and infrared spectroscopy indicate

that no maleation has occurred.

Figure 3.2 1
.
Transmission IR spectra of (a) PF,E (b) PRE-g-MAH (after precipitation

(c) PF
3
E-g-MAH (after drying).
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Figure 3.22. Transmission IR spectrum of purified PF
3
E-g-MAH.

A larger amount ofMAH was used in a second set of reaction (MAH:PCTFE = 1 :3)

for the reason that there may not have been a sufficient concentration ofMAH to compete

with the reductive dechlorination in the first set of experiments. It turns out that the

reduction ofMAH by Bu
3
SnH dominates both the dechlorination and the maleation due to

the overadded MAH. The solution remained inhomogeneous with PCTFE powder

dispersed in a dark red solution, the color which is caused by the reduced MAH.

Adsorption of PF,E and Maleated PFJ5

Prior to the adsorption experiments, general solubility tests and thin layer

chromatography (TLC) of PF^E were performed (results in Table 3.4). The adsorption

studies from pure solvents and solvent mixtures were carried out using cleaned Si wafers

as substrates. PF
3
E is soluble only in solvents with high polarity (acetone, methanol and

THF) but not soluble in solvents with medium ( chloroform, dichloromethane) or low
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polarity (toluene, benzene). The TLC results are consistent with the solubility tests. R,

values are close to 1 .0 in the cases when po.ar solvents were used as e.uents. These results

suggest that one hydrogen atom in a repeat unit surrounded by five electronegative

fluorines may be electropositive and capable of forming hydrogen bonding with such high

polar solvents leading to solubility. THF and toluene were selected for adsorption studies

as a solvent and a non-solvent, respectively. The TLC results of PF
3
E eluted with solvent

mixtures of THF:toluene of various compositions are shown in Figure 3.23. This indicates

that the adsorption of PF
3E can be varied as a function of solvent quality (solvent

composition). The better the solvent quality is, the less the tendency for polymer to

adsorb.

Table 3.4. Solubility tests and TLC results of PF,E

Solvent Solubility

(room temperature)

Toluene insoluble 0.04

Benzene insoluble 0.04

Chloroform insoluble 0.10

Dichloromethane insoluble 0.17

Acetone soluble 0.92

Methanol soluble 0.92

Tetrahydrofuran (THF) soluble 1.00
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These data are supported by the results obtained from adsorption of PF,E onto Si

wafers from THF solution and solutions of THFltoluene mixtures (25:75, 50:50 and

75:25) (See Figure 3.23). The adsorption studies were carried out from 2.0 mg/ml PF E
solutions for 24 h at 25 °C. The XPS data in Figure 3.24 show a significant incase in the

amount of polymer adsorbed from 25:75 THF:toluene solution. The take-off angle

dependent data and the appearance of a Si signal indicate that the thickness of adsorbed

polymer in all cases does not reach the XPS sampling depth. Water contact angle data

(Figure 3.25) exhibit an increase in contact angle hysteresis at higher toluene composition

suggesting that the adsorbed layer becomes rougher as more polymer is adsorbed. Note

that a clean Si wafer exhibits 0A/OR (water) of 3071 5° and 0A/9R (hcxadecane) of 770°.

0 20 40 60 80 100 120

% THF Composition

Figure 3.23. TLC results of PF,E eluted from THF:toluene mixtures.
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Figure 3.24. XPS F/Si ratio of adsorbed PF,E on Si wafers as a function of solvent
composition; 15° take-off angle (•), 75° take-off angle (O).
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Figure 3.25. Water contact angle (6A (•),0R (O)) and hexadecane contact angle (GA
(),0R ()) data for Si wafers with adsorbed PF

3
E as a function of solvent composition

155



The surface roughness of the adsorbed PF,E films was analyzed using Atomic
Foree Microscopy (AFM) in the tapptng mode. The AFM myographs are shown in

Figures 3.26 - 3.29. The Si wafer substrate has a relat.vely smooth surface with root mean
square (rms) roughness of 0.17 nm (Figure 3.25). As the amount of adsorbed polymer is

increased with the increasing toluene content of the polymer solution, the surface

roughness increases as indicated in Table 3.5.

Ltorbed PF
R
°E°an

m
a"z

n

e

°

f
* *^ ™d Si^ wi*

Sample Root mean square (rms) roughness (nm)

Si wafer 0.17

PF^E adsorbed from THF solution 0.63

PF
3
E adsorbed from 50:50 THF:toluene

solution
1.54

PF
3
E adsorbed from 25:75 THF: toluene

solution
6.94
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Figure 3.26. AFM micrograph of a clean Si wafer.
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Figure 3.27. AFM micrograph of a Si wafer with adsorbed PF
3
E from THF solution.
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Figure 3.28. AFM micrograph of a Si wafer with adsorbed PF
3
E from 50:50 THF:toluene

solution.
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Figure 3.29. AFM micrograph of a Si wafer with adsorbed PF^E from 25:75 THF:toluene
solution.
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The adsorption isotherms (Figure 3.30) and adsorption kinetics (Figure 3.31) of

PF
3
E from THF solution and 50:50 THRtoluene solutions were also investigated. The

extent of adsorption was followed by XPS F/Si ratio. Adsorption of PF
3
E from THF

solution reaches its maximum extent at lower concentration with a lower amount of

polymer adsorbed compared with the adsorption from 50:50 THF:toluene solution as

displayed in Figure 3.30. The adsorption kinetics (shown in Figure 3.31) indicate that the

adsorption from THF is rapid (reaching the final state within 1 h), while it takes much

longer (24 h) for adsorption from 50:50 THF:toluene mixture to reach its final state. These

results suggest that the adsorption from THRtoluene mixtures (driven by induced phase

separation) requires a longer period of time to complete and this allows more polymer to

adsorb than occurs in the adsorption from THF solution, which is driven by a decrease in

interfacial energy.

Two sets of adsorption studies were carried out for PF
3
E-g-MAH; one from THF

solution, the other from a 50:50 THF:toluene solution. Both experiments were done using

2.0 mg/ml PF
3
E for 24 h at 25 °C. The surface analytical data for the adsorbed polymers

on Si wafers are shown in Table 3.6. The F/Si ratio data indicate that the amount of

adsorption of PF
3
E-g-MAH is higher than the amount of PF

3
E adsorbed from the same

solvent composition. A significant decrease of contact angle of adsorbed PF
3
E-g-MAH

from 50:50 THF:toluene solution reflects the higher polarity of PF
3
E-g-MAH compared

with PF
3
E. Surface roughness data analyzed by AFM imply that the adsorbed PF

3
E-g-

MAH surfaces are smoother than the adsorbed PF
3
E surface with a similar amount of

adsorption. PF
3
E-g-MAH adsorbed from THF solution exhibits an XPS F/Si ratio (15°

take-off angle) of 1.10 and a rms roughness of 0.85 nm while PF
3
E adsorbed from 50:50

THF:toluene solution shows XPS F/Si ratio (15° take-off angle) of 0.97 and a rms

roughness of 1.54 nm. As shown in Figure 3.32, the topography of the surface of PF
3
E-

g-MAH adsorbed from THF solution is, however, different from what was observed from

the surface of PF
3
E adsorbed from 50:50 THF:toluene solution (Figure 3.28) implying
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Figure 3.30. XPS F/Si ratio of Si wafers with adsorbed PF
3
E from THF solution (top)

and from 50:50 THF:toluene solution (bottom) as a function of polymer concentration; 15°

take-off angle (•), 75° take-off angle (O).
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Figure 3.3 1 . XPS F/Si ratio of Si wafers with adsorbed PF
3
E from THF solution (top)

and from 50:50 THF:toluene solution (bottom) as a function of adsorption time; 15° take

off angle (•), 75° take-off angle (O).
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Sample
Solvent

Composition
XPS F/Si

(15775°)
Water Contact

Angle (0A/0R)

rms
Roughness

(nm)

PF
3
E THF 0.54/0.14 69°/20° 0.63

50:50

(THF:toluene)
0.97/0. 1

8

72718° 1.54

25:75
(THF:toluene)

2.81/0.70 84723° 6.94

PF
3
E-g-MAH THF 1.10/0.21 66714°

. 0.85

50:50

(THF:toluene)
1.50/0.31 48715° 1.20

differences in the adsorption process. The addition of toluene also increases the adsorption

of PF
3
E-g-MAH but not to the great extent as the case of PF

3
E. An AFM micrograph of

PF
3
E-g-MAH adsorbed from 50:50 THF:toluene solution is displayed in Figure 3.33.

Chlorination of PF
2
E adsorbed onto Si wafers

To obtain a thin film coating of chlorinated PF
3
E, a Si wafer with PF

3
E adsorbed

from 50:50 THF:toluene solution (2.0 mg/ml, 24 h) was chlorinated under high-intensity

UV light for 100 min. The XPS atomic concentration data analyzed from both 15° and 75°

take-off angles indicate that the F:C1 ratios (Table 3.7) are -2:1 as opposed to what was

expected from complete chlorination of PF
3
E (F:C1 ratio is 3: 1 for PCTFE). Due to the fact

that the amount of PF
3
E adsorbed is very low, the surface of Si wafer with its high surface

energy is covered not only by the polymer but also by other hydrocarbon contaminants as
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Figure 3.32. AFM micrograph of a Si wafer with adsorbed PF
3
E-g-MAH from THF

solution.
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Figure 3.33. AFM micrograph of a Si wafer with adsorbed PF
3
E-g-MAH from 50:50

THF:toluene solution.
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of the^ peaks of PF)E (see^ J g) ^^^^ ^^
reaction with those contammants. The C„ region of chiorinated adsorbed PF E is

hydrocarbon contaminants becomes two separated peaks which cou.d be the resuh of
combinahon of monochlorinated and drchlorinated hydrocarbons. The ratio of the peak
area between the band at 295.0 eV and 292.6 ev (prev.ousiy assigned to CF

;
and CFH of

PF,E, respective,^ is changed from -1:1 to -2:3. From this data, it can be assumed that

the chJonnation of adsorbed thin films of PF,E can be accomplished using the controhed

conditions that have been investigated for the bulk film. The data interpretation can be quite

complicated depending on the substrates used.

^rtJ
6
,

3
]'

7
'

XPS
,

at0m
L
C
^
omP°sition da^ for Si wafers with adsorbed PF E from 50-50THF.toluene solution before and after chlonnation usingh^m^WK?iSmin

Sample
0T

(degrees)
Atomic Composition (%)

C 0 F Si CI

Before

Chlonnation
15 32.16 36.76 15.31 15.77

75 15.22 34.99 7.51 42.27

After

Chlorination

15 34.58 25.85 18.71 10.37 10.50

75 16.49 39.33 9.25 29.53 5.41
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Figure 3.35. C, region (75° takeoff angle) of a Si wafer with PF
3
E adsorbed from 50:50

THF:toluene solution after chlorination under high-intensity UV light for 100 min.
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b

aft

3

efchfori„

V2r8 ^ C
<>

for P^ ^sorbed on Si wafers before

Peak Position (eV)

295.0

292.6

290.4

288.6

Total Peak Area (%)

PF
3
E adsorbed on a Si wafer PF

3
E adsorbed on a Si wafer(before chlor,nat,on)
(after chlorination)

19.31

21.90

58.78

6.00

24.48

27.33

32.20

Conclusions and Suggestions for Future Wnri-

It has been demonstrated that the extent of chlorination of PF
3
E can be adjusted by

controlling reaction time and light intensity. Heterogeneous (gas-solid) chlorination of

PF
3E is a surface-selective reaction. The chlorinated PF

3
E layer behaves as a good barrier

to chlorine gas and can efficiently stop the bulk chlorination. The fluorination data done in

collaboration with Air Products indicates that the fluorinated PF
3
E exhibits similar surface

properties to PTFE. Fluorination under the chosen condition is, however, not surface-

selective. More detailed investigations are suggested in order to achieve a product with

controllable extent of fluorination which could be varied as a function of fluorine gas

concentration or the identity of the diluting gas.

A maleic anhydride grafting reaction to PF
3
E was successfully carried out in SC-

C0
2
medium using benzoyl peroxide as an initiator. Despite the low grafting density (not

calculated), the amount of polymer adsorption was significantly increased due to the

increase in polarity of polymer. Further studies of the grafting density and the grafting
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yield of maleation in SC-CO rrwi;,,™ a»C C0
2 med.um as a funct.on of experimental variables (i.e. initiator

concentrate, ratio of i„i,i,or ,0 PF
,E , C0; densi ,y ,^ ^

recommended. The PF,E-g-MAH products with various graf,i„g extent, ,hus different
polarity will be very beneficial for coating applications.

Tbe amount of PF,E adsorbed can aiso be controlled by the change in solvent
quahty by varying the solvent composition of THF:to,uene mixtures The surface
roughness of subs.ra.es with adsorbed polymer is higher as more polymer is depos.ted
The adsorbed PF,E-g-MAH offers a smoo.her surface w,,h a similar amoun, of adsorption
and different topography. The ,n vestigat.on of gas chlorination of PF,E thin flta coated on

» wafer has confirmed that the chlorination can be applied to the supported-film system.
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APPENDIX A

DATA TABLES FOR CHAPTER

gjsss
composit,on and^Kssas^ and

Time 0T
(min) degrees

Atomic Composition (%)
before Labelling

C F 0 CI

0 15 68.4 18.8 11.2 1.6

75 61.4 22.8 10.9 4.8

3 15 45.5 44.9 9.3 0.3

75 49.2 40.1 9.6 1.2

7 15 44.1 46.3 9.3 0.3

75 48.0 41.5 9.0 1.5

15 15 44.0 46.1 9.7 0.3

75 47.5 41.9 9.4 1.3

0A/0R
(water)

degrees

67/17

106/64

106/69

108/67

Atomic Composition (%)
after Labelling

O CI

0A/6R
(HD)

degrees

71.9 12.3 15.0 0.8 10/0

70.7 13.3 14.8 1.1

46.4 43.6 9.8 0.2 58/37

50.5 38.8 9.9 0.8

45.6 44.6 9.2 0.6 59/40

47.8 41.2 8.6 2.4

43.9 46.3 8.8 1.0 59/40

46.6 42.2 8.8 2.4
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Mggo compos ltio„ and hexadecaneoUt^aEftffi^-

Time 0T
(min) degrees

Atomic Composition (%)
before Labelling

O CI

eA/eR
(water)

degrees

Atomic Composition (%)
after Labelling

0 1 <N
1 J loo

18.8 11.2 1.6 67/17
75 61.4 22.8 10.9 4.8

3 15 69.8 15.4 13.6 1.2 78/40
75 64.6 18.9 12.4 4.1

7 15 70.7 13.8 14.4 1.1 83/45
75 67.1 16.3 13.5 3.2

15 15 71.4 13.1 14.3 1.3 86/49
75 66.0 17.5 13.1 3.4

30 15 72.0 13.0 14.3 1.0 88/52
75 66.8 16.7 12.8 3.7

60 15 71.9 12.6 14.3 1.2 87/53
75 65.7 17.4 13.7 3.3

120 15 72.2 11.9 15.0 0.9 89/54
75 69.6 14.2 13.7 2.6

o CI

eA/eR
(HD)

degrees

44.0 46.1 9.7 0.3 60/40
47.5 41.9 9.4 1.3

61.2 23.8 13.7 1.3 35/8
61.1 22.6 12.9 3.4

66.6 18.4 14.1 0.9 26/6
62.4 20.7 12.9 4.0

67.0 17.2 14.3 1.6 23/7

65.5 18.2 13.3 3.1

69.2 16.5 13.3 1.0 20/6

65.7 17.2 13.6 3.5

69.8 14.3 14.9 1.0 18/0

67.4 16.0 13.6 3.1

70.7 14.3 13.5 1.5 11/3

67.7 15.7 12.7 3.0
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and XPS
cric composition and hexadecane(HD^S^

Time
(min) degrees

Atomic Composition (%)
before Labelling

C F 0 CI

0 15 68.4 18 X
1 1 .z

1 s
I .(")

75 61 4 1 1\ O
i u.y 4.8

3 15 90.3 4 2 U.o

75 84 X 7 9
1 .1 0.7

7 15 93.0 3.0 3.5 0.6

75 86.4 6.0 6.9 0.7

15 15 92.8 2.7 3.9 0.5

75 85.3 6.4 7.6 0.8

30 15 92.9 2.9 3.9 0.3

75 85.5 6.8 7.0 0.8

60 15 92.4 3.1 4.0 0.5

75 86.5 6.2 6.8 0.6

120 15 92.8 3.0 3.8 0.4

75 86.4 6.4 6.5 0.7

eA/eR
(water)

degrees

67/17

104/74

108/88

108/91

108/90

108/90

109/91

Alomie Composition (%)
after Labelling

O CI

9A/0R
(HD)

degrees

44.0 46.1 9.7 0.95 60/40

47.5 41.9 9.4 1.13

83.4 10.4 5.5 8.01 44/24

80.2 1 1.6 7.4 6.91

83.6 9.9 5.7 8.44 37/3

82.5 9.5 7.1 8.68

86.3 7.7 5.3 11.2 35/0

83.8 8.3 7.4 10.

1

88.4 5.9 5.1 15.0 38/2

83.5 8.0 7.6 10.4

89.3 5.7 4.1 15.7 40/10

84.7 7.5 7.0 11.3

90.9 4.4 4.2 20.7 40/35

85.1 7.2 7.0 1 1.8
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ofP^HP
fSy£&.&K^£# (V9

« ) dMa for «" «*«
atom£ cO

c7
osiSon and hexadecane (HD) c'on.ac, angle dala

XPS

Time e
(min) degrees

Atomic Composition (%)
before Labelling

C F 0 CI

0 15 68.4 18.8 11.2 1.6

75 61.4 22.8 10.9 4.8

15 15 43.6 46.2 9.8 0.5

75 47.7 41.2 9.9 1.3

30 15 43.5 47.1 9.2 0.2

75 47.7 41.4 9.8 1.2

60 15 45.6 44.9 9.1 0.4

75 47.2 42.1 9.3 1.4

eA/oK
(water)

degrees

67/17

106/63

108/66

108/67

Atomic Composition (%)
after Labelling e A/e,

c F O CI
degrees

71.9 12.3 15.0 0.8 10/0

70.7 13.3 14.8 1.1

44.7 46.8 8.3 0.3 61/28

48.9 39.8 10.9 0.4

43.4 45.7 10.7 0.2 60/40

47.4 41.7 10.0 0.9

43.7 45.9 10.1 0.3 61/41

46.7 41.1 9.9 0.7
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atom, compos,t,on and he.adecane (HD, cUacUnK witcgcOCL

Time 9X
(h) degrees

0

1

2

4

8

12

24

Atomic Composition (%)
before Labelling eA/eR

(water)

Atomic Composition (%)
after Labelling

C F O CI
degrees

F O CI

15 68.4 18.8 11.2 1.6 67/17 44.0 46.1 9.7 0 3
75 61.4 22.8 10.9 4.8 47.5 41.9 9.4 1.3
15 66.8 18.4 13.4 1.4 79/31 51.8 37.7 10.0 0.5
75 65.7 19.0 13.0 2.3 54.3 33.9 11.0 0.9
15 67.9 17.8 12.9 1.4 82/33 53.3 35.6 10.4 0.7
75 66.9 17.7 13.1 2.3 57.4 29.6 11.5 1.5
15 66.5 18.6 13.8 1.2 80/40 56.3 30.7 11.5 1.6
75 65.1 18.3 14.2 2.5 58.7 26.9 11.9 2.5
15 70.0 14.5 14.3 1.3 85/43 59.2 27.6 12.6 0.6
75 68.4 15.8 14.2 1.7 65.1 20.6 12.9 1.4
15 70.3 14.2 14.4 1.1 90/46 62.6 23.4 13.0 1.0

75 68.6 15.9 14.2 1.3 65.9 19.2 13.6 1.3

15 68.7 16.0 14.0 1.3 94/46 64.4 21.3 13.3 1.0

75 67.2 17.1 14.3 1.5 66.6 18.0 14.2 1.2

eA/eR
(HD)

degrees

60/40

50/25

46/18

43/17

35/4

32/5

20/0
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catalyst and XPSmrn^^^td^^^^ °} WkhW0C1
labelling with C

3F7C0C1.
nexadecane (HD) contact angle data after

Time Gx
(h) degrees

Atomic Composition (%)
before Labelling

O CI

eA/eR
(water),

(HD)
degrees

Atomic Composition (%)
after Labelling

O CI

eA/eR
(HD)

degrees

0

2

4

8

12

24

15 68.4 8.8 11.2 1.6 67/17 44.0 46.1 9.7 0.95
75 61.4 22.8 10.9 4.8

, 18/6 47.5 41.9 9.4 1.13
15 71.1 17.3 10.3 1.3 80/19 51.6 39.3 8.6 1.31
75 71.3 15.1 10.9 2.7

, 11/0 54.7 35.0 9.0 1.56
15 78.4 12.5 7.9 1.2 98/27 55.6 35.2 8.7 1.58
75 74.4 13.3 9.7 2.6

, 20/4 59.5 30.2 8.7 1.97
15 88.7 6.0 4.8 0.5 104/56, 60.7 30.3 8.5 2.00
75 82.4 8.8 8.0 0.9 27/17 69.4 21.5 8.5 3.23
15 90.4 4.7 4.4 0.6 105/75, 66.8 24.2 8.3 2.76
75 82.6 8.2 8.1 1.1 34/25 72.1 18.6 8.4 3.88
15 90.4 5.1 3.9 0.7 108/84, 74.9 16.5 8.0 4.54
75 83.6 7.9 7.4 1.1 42/34 75.3 15.2 8.5 4.95
15 91.6 4.5 3.5 0.4 111/91, 75.7 16.5 7.0 4.59
75 84.2 7.8 7.3 0.8 41/35 77.3 14.2 7.7 5.44

60/40

59/8

53/4

33/0

25/5

15/0

12/0
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solutton and XPS atomiccoSo and toSdS^.
1?^^ in ° : 100 w«er: methanol

labelling with C,H,C0C1.
hexadecane (HD) contact angle data after

Time
(min)

0T
degrees Atomic Composition (%)

before Labelling

C F O CI

0 15 44.0 46.1 9.7 0.3

75 47.5 41.9 9.4 1.3

15 15 64.9 21.4 12.2 1.6

75 62.6 21.9 11.5 4.6

30 15 63.0 20.5 14.5 2.1

75 61.6 21.1 12.7 4.6

60 15 63.3 19.5 15.1 2.1

75 61.2 21.3 12.6 5.0

120 15 63.7 20.5 13.8 2.0

75 59.9 21.6 12.7 5.8

(water)

degrees

108/67

70/21

71/20

69/19

71/18

Atomic Composition (%)
after Labelling

43.9

46.6

68.0

67.2

66.8

64.3

69.5

67.5

65.0

62.4

46.3

42.2

15.4

16.9

14.9

18.6

13.0

15.6

16.4

19.2

O

8.8

8.8

14.7

13.1

15.2

13.1

15.8

14.5

15.6

13.8

CI

1.0

2.4

1.9

2.9

3.1

4.0

1.7

2.5

3.0

4.7

eA/eR
(HD)

degrees

60/40

14/5

15/4

12/3

11/3

hvdmlvsfs of PCTr^oVTP
F°f v *u

d Wa^.T1act angle (W data for thenyaroiysis orPCJ PE-OCOC3
F

7
(initially modified at -78 °C) in 25-75 watermethmnl

LtSimVwhh C^COC|
C°mPOSiti0n hCXadeCane '^->

'
contact ang^le data after

Time 6T
(min) degrees

Atomic Composition (%)
before Labelling eA/eR

(water)

Atomic Composition (%)
after Labelling 0A/6R

C F O CI
degrees

C F O CI
degrees

0 15 44.0 46.1 9.7 0.3 108/67 43.9 46.3 8.8 1.0 60/40
75 47.5 41.9 9.4 1.3 46.6 42.2 8.8 2.4

15 15 64.5 21.5 12.2 1.8 70/20 70.0 12.1 16.6 1.4 10/5

75 61.5 22.7 11.4 4.5 69.0 14.4 14.8 1.8

30 15 64.2 19.3 14.0 2.5 72/19 67.9 15.6 14.2 2.2 12/3

75 58.0 24.2 10.5 7.3 64.9 17.9 13.4 3.7

60 15 64.6 21.5 11.8 2.1 70/21 66.8 16.4 14.2 2.7 1 1/0

75 60.0 23.8 10.8 5.4 65.8 17.8 12.4 3.9

120 15 61.4 21.2 14.0 3.3 73/19 69.7 13.6 15.0 1.7 12/5

75 55.4 26.5 1 1.0 7.1 66.5 16.2 14.5 2.8
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solution and XPS atonSclo^SS^taStoSSl» 7°?°7™*"°'
labelling with C

3
H

7
C0C1.

nexaaecane (HD) contact angle data after

Time
(min)

6y
degrees

Atomic Composition (%)
before Labelling

c* r O CI

0 15 44.0 46.1 9.7 0.3

75 47.5 41.9 9.4 1.3

15 15 63.9 22.2 11.8 2.1

75 59.0 24.6 10.7 5.7

30 15 62.0 23.0 12.8 2.2

75 59.9 23.1 11.4 5.6

60 15 59.8 23.9 14.4 2.0

75 59.2 23.2 12.6 5.0

120 15 62.2 20.1 15.1 2.5

75 56.6 24.2 12.8 6.4

eA/eR
(water)

degrees

108/67

72/21

71/21

66/14

71/13

Atomic Composition (%)
after Labelling

c F O CI

43.9 46.3 8.8 1.0

46.6 42.2 8.8 2.4

72.6 11.9 13.9 1.6

67.5 16.0 13.5 3.1

67.9 15.6 14.4 2.1

66.0 17.5 13.6 2.9

67.5 15.3 14.8 2.4

65.4 16.9 14.4 3.3

71.4 12.0 15.4 1.2

70.0 13.7 14.8 1.4

6A/6R
(HD)

degrees

60/40

9/0

14/1

14/4

14/0

Table A. 10. XPS atomic composition and water contact angle (0 A/OP ) data for the

o
Y

,

,°
lyS,S^P

p
C
Q
TFE-°C0C^ (initiall

>' modified at "78 °Q in 75:25 watenmethanol

SSd^^t^ES^^^^^ h6XadeCane (HD) contact angle data after

Time
(min)

0j
degrees

Atomic Composition (%)
before Labelling

O CI

eA/9R
(water)

degrees

Atomic Composition (%)
after Labelling

O CI

eA/eR
(HD)

degrees

0 15 44.0 46.1 9.7 0.3 108/67 43.9 46.3 8.8 1.0 60/40

75 47.5 41.9 9.4 1.3 46.6 42.2 8.8 2.4

15 15 66.4 18.9 13.4 1.3 74/27 63.2 15.6 20.2 1.0 23/9

75 63.3 21.1 12.2 3.4 66.1 16.4 15.7 1.7

30 15 64.6 22.7 10.9 1.7 72/21 71.0 1 1.4 16.8 0.8 14/6

75 61.1 23.0 11.4 4.6 71.3 12.3 15.9 0.5

60 15 62.6 23.7 1 1.0 2.7 72/18 64.3 20.9 1 1.5 3.3 13/0

75 57.4 26.7 9.9 6.0 58.8 24.7 8.22 5.9

120 15 60.2 25.6 10.5 3.8 66/15 67.5 12.0 18.2 2.4 14/4

75 58.8 25.3 10.4 5.5 61.1 20.2 13.8 4.9
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solution and XPS atomic SdSSffi'SSS^^)J»
,

10™ watenmethanol
labelling with C

3H7C0C1.
nexaaecane (HD) contact angle data after

Time 0T
(min) degrees

Atomic Composition (%)
before Labelling

F O CI

0 15 44.0 46.1 9.7 0.3

75 47.5 41.9 9.4 1.3

15 15 63.5 23.2 10.9 2.5

75 57.8 25.7 11.7 4.8

30 15 66.0 18.7 13.3 2.0

75 64.3 19.8 12.6 3.4

60 15 66.8 19.5 11.9 1.7

75 61.1 22.6 11.8 4.5

120 15 65.7 19.2 12.7 2.4

75 60.0 23.3 11.4 5.3

eA/eR
(water)

degrees

108/67

74/26

68/18

65/15

65/16

Atomic Composition (%)
after Labelling

43.9

46.6

64.5

65.7

67.5

68.2

66.9

69.3

65.0

63.4

46.3

42.2

19.3

17.8

15.3

14.6

15.3

14.2

17.4

18.0

O

8.8

8.8

14.3

14.3

15.4

15.4

15.2

14.5

14.6

14.5

CI

1.0

2.4

1.8

2.3

1.7

1.8

2.6

2.0

3.0

4.1

(HD)

degrees

60/40

24/12

19/6

12/4

10/0

nydrolysis o PCTFE-OCOC
3
F

7
(initially modified at -78 °C) in 100:0 watermethanolsolution for 5mm as a function of temperature and XPS atomic composition aTdhexadecane (HD) contact angle data after labelling with C

3
H

7
C0C1.

Temp. 0T
(°C) degrees

Atomic Composition (%)
before Labelling

C O CI

(water)

degrees

Atomic Composition (%)
after Labelling

O CI

0A/6R
(HD)

degrees

Control 15 44.0 46.1 9.7 0.3 108/67 43.9 46.3 8.8 1.0 60/40

75 47.5 41.9 9.4 1.3 46.6 42.2 8.8 2.4

30 15 49.4 39.0 11.2 0.5 99/36 52.3 36.5 11.0 0.3 48/15

75 54.1 33.0 11.9 1.0 57.0 30.1 11.2 1.6

60 15 53.9 34.0 10.9 1.2 90/31 53.7 32.2 13.0 1.2 44/12

75 55.3 31.1 10.6 3.1 60.0 25.2 12.6 2.3

90 15 61.1 25.4 12.4 1.0 84/27 65.3 18.0 15.3 1.4 26/11

75 62.2 22.8 12.6 2.4 68.1 14.9 15.7 1.3

105 15 63.5 23.2 10.9 2.5 74/26 64.5 19.3 14.3 1.8 24/12

75 57.8 25.7 1 1.7 4.8 65.7 17.8 14.3 2.3
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water contact angle <eA/eR ) data for the

solution a'nd XPS^c^^S^^^ °C ) oflOO watenmethanol
labelling with C,F

7
COCl.

nexadecane (HD) contact angle data after

Time 9
(min) degrees

Atomic Composition (%)
before Labelling

0

15

30

60

120

15

75

15

75

15

75

15

75

15

75

71.9

70.7

67.1

63.5

67.1

63.7

66.6

65.2

65.6

62.0

12.3

13.3

18.3

20.5

19.1

20.1

20.1

19.2

18.9

21.1

O

15.0

14.8

13.1

11.7

12.5

12.3

12.1

12.9

13.2

1 1.5

CI

0.8

1.1

1.6

4.3

1.2

4.0

1.2

2.8

2.3

5.4

eA/eR
(water)

degrees

89/54

71/25

62/19

73/18

75/20

Atomic Composition (%)
after Labelling

70.7

67.7

49.2

48.8

47.4

49.5

47.3

50.0

45.3

49.3

14.3

15.7

40.1

39.0

42.4

38.9

42.3

39.0

44.6

39.0

O

13.5

12.7

9.5

9.8

9.8

10.0

9.9

9.7

9.4

9.5

CI

1.5

3.0

1.2

2.5

0.4

1.7

0.6

1.3

0.7

2.2

eA/eK
(HD)

degrees

10/0

56/28

57/36

59/38

60/41

Table A. 14. XPS atomic composition and water contact angle (QJQD ) data for the
hydrolysis of PCTFE-OCOC

3
H

7
(initially modified at -78 °C) in 25:75 watenmeLol

iSeinng with C

^

S

F
at^c

1

comP°sltion and hexadecane (HD) contact angle data after

Time
(min)

6T
degrees

Atomic Composition (%)
before Labelling 0A/9R

(water)

Atomic Composition (%)
after Labelling 0A/9R

C F O CI

degrees

C F O CI
degrees

0 15 71.9 12.3 15.0 0.8 89/54 70.7 14.3 13.5 1.5 10/0

75 70.7 13.3 14.8 1.1 67.7 15.7 12.7 3.0

15 15 67.2 18.2 12.4 2.3 77/29 48.9 40.1 10.3 0.6 56/22

75 64.3 20.2 12.2 3.4 51.1 36.9 10.8 1.3

30 15 65.7 20.9 1 1.4 2.0 64/16 45.7 43.9 8.7 1.7 59/35

75 61.6 21.8 1 1.6 5.0 49.0 38.7 8.7 3.6

60 15 65.8 16.9 15.7 1.7 72/17 46.9 42.8 9.5 0.8 58/37

75 65.1 18.5 13.7 2.8 50.2 38.6 9.8 1.5

120 15 64.2 18.0 16.0 1.7 73/19 46.4 43.5 9.8 0.3 60/39

75 61.0 21.0 13.0 5.0 49.9 39.3 9.7 1.1
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^lysi-S <M0 data for the
solution and XPS atomic corr^sS »d "Y^0 Water:methanol
labelling with C

3
F

7C0C1.
nexaoecane (HD) contact angle data after

Time 0T
(min) degrees

Atomic Composition (%)
before Labelling

C F O

0 15 71.9 12.3 15.0

75 70.7 13.3 14.8

15 15 67.4 17.7 13.1

75 63.5 20.2 11.8

30 15 65.2 19.4 14.3

75 62.2 21.2 13.5

60 15 63.2 21.7 13.3

75 61.5 21.7 12.7

120 15 62.9 18.6 16.1

75 61.2 20.0 14.4

CI

0.8

1.1

1.9

4.5

1.1

3.1

1.8

4.1

2.4

4.4

eA/eR
(water)

degrees

89/54

80/29

72/19

64/19

68/20

Atomic Composition (%)
after Labelling

O CI

eA/eK
(HD)

degrees

70.7 14.3 13.5 1.5 10/0

67.7 15.7 12.7 3.0

48.9 40.9 9.0 1.3 54/23

48.8 39.5 9.0 2.8

48.5 41.1 9.5 0.9 57/25

50.3 38.9 9.7 1.7

48.3 40.9 10.1 0.8 58/31

50.2 37.2 10.8 1.9

47.8 41.4 10.1 0.6 59/3

1

50.0 37.5 10.0 2.4
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*****g&g^ScStSS^ Wff

rT»a a"8 ,e <WU ««* for the
solution and XPSatoSKS^^C) in 75:2^5 watenmeftano.
labelling with C

3
F

7COCl.
nexaaecane (HD) contact angle data after

Time 0T
(h) degrees

Atomic Composition (%)
before Labelling

C F O CI

0 15 71.9 12.3 15 0 U. o

75 70.7 13.3 14 8 1
1

1 . 1

0.25 15 71.2 13.4 14 7 u. o

75 67.4 16 2 14 4 Z.U

0.5 15 70.7 14.4 13.8 1.1

75 67.6 16.7 13.3 2.5

1 15 68.3 16.8 13.3 1.6

75 65.1 18.7 12.8 3.5

2 15 67.5 18.0 12.5 2.0

75 64.5 20.0 12.1 3.5

5 15 67.3 18.3 13.2 1.3

75 64.3 19.5 12.6 3.7

10 15 66.2 19.7 13.4 0.7

75 63.4 21.3 13.8 1.5

eA/eR
(water)

degrees

89/54

82/39

81/33

80/27

76/26

73/25

70/17

Atomic Composition (%)
after Labelling

Ba/Ok

c F O CI
degrees

70.7 14.3 13.5 1.5 10/0

67.7 15.7 12.7 3.0

53.4 31.9 13.9 0.8 43/10

57.1 29.1 12.9 0.8

54.4 34.3 10.7 0.6 49/16

56.5 30.8 11.3 1.5

51.6 37.6 10.2 0.6 52/15

55.8 31.8 11.0 1.5

51.0 36.8 1 1.4 0.8 54/17

55.0 31.7 11.5 1.8

48.4 41.3 9.6 0.7 57/27

51.6 35.9 9.8 2.7

46.7 42.5 10.3 0.7 60/35

50.5 37.1 10.9 1.5
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hydrolysi

!

s

7

0fmSSScSSSmm^Str™# < ^ *>'*
solution and XPS atomiccSSS$&Zto^%£> "\m° ^methanol
labelling with C

3
F

7
C0C1.

nexaaecane (HD) contact angle data after

Time 0T
(h) degrees

Atomic Composition (%)
before Labelling

C F O CI

0 71 Q 11.

J

15.

0

0.8

75 70 7/U. / 1 J.J 14.8 1.1

0.25 15 7D A
I J.J 15.3 1.0

75 70 0
1 J.y 14.7 1 .5

0.5 15 70 ?
1 J.y 14. / 1.3

75 70 1/U.I 1 J. / 15.0 1 .3

1 15 71 7 1 0 1
1 Z. 1 15.

D

0.6

7S/ J /U. I 13.9 14.9 1.1

2 15 71.0 12.3 16.1 0.6

75 70.7 13.1 15.4 0.8

5 15 70.5 13.2 15.1 1.2

75 69.4 14.1 15.0 1.5

10 15 68.6 14.6 15.3 1.5

75 68.3 15.3 14.0 2.4

15 15 69.8 15.4 14.0 0.8

75 67.2 17.2 13.9 1.7

24 15 66.8 19.0 13.5 0.7

75 63.31 21.5 13.7 1.5

eA/eR
(water)

degrees

89/54

88/39

87/35

87/28

87/25

83/14

82/15

80/15

70/16

Atomic Composition (%)
after Labelling eA/e,

c F O CI
degrees

70.7 14.3 13.5 1.5 10/0

67.7 15.7 12.7 3.0

61.2 23.5 14.5 0.9 32/5

65.2 18.4 15.2 1.2

60.1 24.3 14.8 0.8 34/6

66.1 17.8 14.9 1.2

56.7 28.3 13.7 1.3 43/7

62.8 21.4 14.2 1.6

55.1 29.0 14.8 1.1 46/8

62.2 20.9 15.1 1.8

54.9 29.5 14.3 1.3 50/10

61.0 22.7 14.6 1.7

52.0 33.4 12.5 2.1 54/10

57.8 26.1 12.9 3.2

50.7 38.0 11.1 1.1 57/12

56.8 29.6 11.7 2.6

46.8 42.3 10.4 0.7 60/19

51.5 36.1 10.9 1.5
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^^i^^^f^Z«« »
#

le (9,/e,,) data for the
solution and XPS atomic composition ;in tl hI^todcc'ine f HriT

° ° : 100 ^methanol
labelling with C,F,COCI.

nexadecane (HD) contact angle data alter

Time
(h) degrees

Atomic Composition (%)
before Labelling

C F O CI

0 15 92.8 2 7 ~\ o U.j

75 85.3 6 4 7 fi U.o

0.5 15 90.0 4.9 4 4 i\ Au.o

75 83 4 7 Q /.J 1 .2

1 15 88.0 5.8 5.4 0.8

75 82.5 8.6 7.7 1.3

1.5 15 77.3 13.0 8.3 1.5

75 72.0 15.7 10.0 2.4

2 15 73.3 15.7 9.5 1.5

75 66.

1

18.5 1 1.0 4.5

2.5 15 60.3 25.0 1 1.2 3.5

75 59.2 24.9 10.7 5.3

3 15 62.4 23.4 1 1.6 2.7

75 60.2 24.0 10.9 5.0

eA/eK
(water)

degrees

108/90

107/87

103/57

99/28

86/24

69/18

70/16

Alomie Composition (%)
alter Labelling eA/eR

c F O CI
degrees

90.9 4.4 4.2 0.6 40/35

85.1 7.2 7.0 0.8

81.9 1 1.3 6.2 0.6 20/3

81.2 10.5 7.8 0.6

68.5 23.3 7.0 1.2 41/8

72.9 17.9 8.0 1.2

49.5 42.3 7.6 0.7 56/10

52.4 37.1 8.6 1.9

45.9 44.0 9.0 1.0 60/18

49.9 38.9 9.6 1.5

45.8 44.5 9.0 0.7 60/37

49.6 39.2 9.5 1.7

45.0 45.3 8.5 1.1 61/41

48.6 40.1 9.4 2.0
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hyd rolys is^of PCTFE-OCOc" H^'r
0

'!
Water contacl (WW data for .he

labelling with C
3
F

7C0C1.
nexadecane (HD) contact angle data after

t- « Atomic Composition (%) A

''T ,

e
>' before Labelling ft m Atomic ComPosition (%)

(n) degrees b wa'Hr after Labelling 0 /fl
(water) 6 °a/hk

C F O

(} i j Vz.o 2.1 3.9

7S o!).i 6.4 7.6

0.5 O 1 Vy I .0
T A
3.4 4.2

OJ.O l* A
6.4 7.1

1 1 s Q 1 f

,

" 1 .u A A4.4 3.8

/ D o r) . 2 6.9 7.0

2 IS 91.6 4.2 3.6

75 84.5 7.2 7.4

6 15 82.5 9.6 7.0

75 80.0 9.7 9.5

12 15 80.6 11.1 7.3

75 79.3 1 1.2 8.4

18 15 60.5 26.6
1 I.I

75 63.0 21.1 12.2

24 15 58.3 28.3 1 1.0

75 57.3 27.7 10.8

degrees
~ (HD)

CI r c ^ degrees
O CI

0.5 108/90 90.9 4 4 A 0 0.6 40/35
0.8 85.1 7 1 7.0 0.8
0.6 108/89 81.3 11.3 6.9 0.5 21/3
0.9 82.5 9.6 7.4 0.5
0.8 108/73 72.5 18.1 8.8 0.7 27/3
0.9 78.8 12.5 7.8 0.9
0.6 108/61 69.2 21.4 8.7 0.7 40/5
0.9 76.1 15.4 7.9 0.6
0.9 101/33 59.5 31.2 8.7 0.6 50/5
0.8 62.9 26.5 9.5 1.1

1.0 98/20 53.1 36.2 9.9 0.9 60/7
1.1 58.0 31.4 9.6 1.1

1.8 70/15 46.8 42.1 9.7 1.5 60/3

1

3.6 49.2 39.3 10.2 1.3

2.4 67/16 43.6 45.1 9.8 1.5 59/40
4.2 47.8 39.8 10.1 2.3
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Table A 20. XPS atomic composition and hexadecme rw™ .the reaction of PCTFE-OH (modified at 1 s ? >S 1 (
.]

COntact anS le Ga^r) data for
C,H

7COCl and C,F
7COCl

m°aiUe(i at "
1

5

C
)
W1* the acid chloride mixture of

Mole% of

C
3
F

7C0C1 degrees

Atomic Composition (%)

O CI

(HD)

degrees

Control

PCTFE-OH

0

fPPTPP
V r v_ i rn-

OfT^f"1 LI \ULUL,H
7 )

1 c
1

J

/ j

69.32

69.40

16.52

16.32

14.05

14.03

0.11

0.26

5/0

15

75

76.55

74.70

7.71

9.38

15.64

15.69

0.09

0.23

10/0

0.5 15 61.51 25.93 12.30 0.26 41/14

1.0

75 67.13 19 09i s ,\jy
1 J.20 0.58

15 60.21 31.25 8.17 0.37 54/36
75 62.28 27.16 9.45 1.11

1.2 15 50.59 39.09 10.12 0.20 56/41

1.3

75 57.90 31.41 10.08 0.60
15 47.92 42.29 9.69 0.09 60/42

100

75 53.55 35.92 10.23 0.31

15 47.79 42.86 9.29 0.06 60/40
(PCTFE- 75 52.26 38.31 9.23 0.20
OCOC,F

7 )
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£et^ (HD) contact angle (0A/6 k ) data for
C

l7
H

35COCl andC,F
7COCl

C
)
Wlth the acid chloride mixture of

Mole% of

C
3F7C0C1

Control

PCTFE-OH

0

(PCTFE-

OCOC
17H„)

0-p

degrees

Atomic Composition (%)

15

75

15

75

O CI

69.32 16.52 14.05 0.11
69.40 16.32 14.03 0.26
93.69 2.09 4.22 0.00
88.40 4.46 7.09 0.06

0.25 15 87.53 2.47 9.89 0.12

0.4

75 83.67 6.18 9.80 0.35
15 70.41 20.24 9.09 0.26

0.5

75 74.28 14.87 10.68 0.18
15 65.31 25.28 9.33 0.08

0.6

75 68.45 20.67 10.68 0.20
15 54.78 33.97 10.95 0.30
75 65.45 23.27 11.10 0.18

0.8 15 50.32 38.47 11.08 0.13

75 59.08 29.43 11.27 0.22
1.0 15 46.40 43.44 9.99 0.17

75 50.99 38.00 10.73 0.27
100 15 47.79 42.86 9.29 0.06

(PCTFE- 75 52.26 38.31 9.23 0.20

eA/oK
(HD)

degrees

5/0

42/35

39/29

33/19

50/20

57/20

63/32

63/37

60/40

OCOC
3
F

7 )
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APPENDIX B

CALCULATION OF % COMPOSITION OF SURFACE MIXTURES

unsaturation unit in

A composition of hydrocarbon ester/fluorocarbon mixed surface (Figure B ,) was
ca.cu,ated based on the structure of alcoho.-functiona.ized poly(ch,orotrif,uoroeth

y,ene)
(PCTFE-OH) containing 4 alcohol-funct.onalized repeat units and one unfunctiona.ized

every 5 repeat units (Figure 1.1). The PCTFE-OH/-OCOC
3
H

7 ,

PCTFE-OCOC
17H33 samples were labelled with heptafluorobutyryl chloride (C F COC1)

resulting PCTFE-OCOC
3
H

7/-OCOC3
F

7
and PCTFE-OCOC

17
HV-OCOC.F7 , respectively.

The PCTFE-OH/-OCOC
3
F

7 samples were labelled with butyryl chloride (C^COCl)
resulting in PCTFE-OCOC

3
H

7/-OCOC 1
F

7
.

OCOC
3
F
7

OCOC3H 7 or OCOC 17H 35

OCOC,H
7
or OCOC

17
H

35

1 unit heptafluorobutyrate

OCOC3H 7 orOCOC l7H 35

y X units of hydrocarbon ester

Figure B. 1
.
Structure of hydrocarbon ester/heptafluorobutyrate mixed surface
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Per PCTPE-OCOCHyOCOCP, mixed su ,,ace
, carbon/fluor|ne^ fa^ ^

Every 8 carbons on backbone

Heptafluorobutyrate unit

C°main 2 fWm an Saturation unit

\
Butyrate unit

= 9 + 9X + ?.f?Y + ->wg

F
8 + X + 2(X+l)/4 (B1)

Butyrate unit

Heptafluorobutyrate unit

Every 4 fluorines on backbone
contain 2 fluorines from an unsaturation unit

A number of butyrate units (Xh , ) in a PCTFF-Ornr w / nn^ c^ buty™^ '"^^^-UCUL
3
H

7/-OCOC3
F

7 mixed surface can

be calculated from:

^butyrate ~ 8.5fC/F) - 9 5 ,g 2)
9.5- 1.5(C/F)

For PCTFE-OCOC
l7
H

35/-OCOC3
F

7
mixed surface, carbonrfluorine ratio is equal to:

£ = 9 + 23X + 2r?.x + 9VE fB3 N

F 8 + X + 2(X+ l)/4
'

A number of stearate units (X
stearate)

in a PCTFE-OCOC
17
H

35/-OCOC3
F

7
mixed surface can

be calculated from:

X
steara.e = 8.5CC/F) - 9.5 (QA)

23.5 - 1.5(C/F)
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For a hydrocarbon ester/heptafluorobutyrate mixed surface which is composed of ,

heptafluorobutyrate „„i, and X hydrocarbon ester un.ts, % composition of hydrocarbon
ester can be calculated from:

% Composition of Hydrocarbon Ester = X/(X+ ,)x,00% (B.5)

Note that this calculation assumes that all hydroxy! groups are convened into ester

functional groups (hydrocarbon esters or fluorocarbon esters).
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APPENDIX C

DATA TABLES FOR CHAPTER 2

Time
(min)

0

5

10

20

30

60

120

e
Atomic Composition (%)

legrees)

C O F CI N

15 73.63 15.16
1 1.15 0.06

75 73.60 15.27 11.00 0.13
15 73.56 15.25 9.97 0.29 0.92
75 72.64 15.80 10.43 0.30 0.83
15 75.22 14.97 8.39 0.32 1.11
75 74.1

1

15.09 9.78 0.30 0.73
15 75.79 15.40 7.46 0.41 0.94
75 73.36 16.02 9.39 0.40 0.84
15 77.50 14.82 6.24 0.34 1.10
75 76.03 15.06 7.73 0.34 0.84
15 73.82 15.07 9.93 0.29 0.89
75 72.64 15.30 10.96 0.26 0.84
15 75.89 14.04 8.76 0.33 0.98
75 73.28 14.69 10.87 0.28 0.88

6A/8R
(degrees)

69/25

68/22

63/23

66/25

61/27

63/27

62/26
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2££^StStfi^ra^ data for >H

PH

1.7

2.3

3.0

5.0

6.0

7.0

9.0

11.0

0-j-

(degrees)

Atomic Composition (%)

O
CI N

15 (SQ 7X 13.68 15.67 0.16 0.71
75 70 11 1/1 A C

1 4.45 14.81 0.11 0.41
15 68 14 Jo.Jo 17.25 0.21 1.04
75 69 79 \ 1 AO

1 J.HQ 16.03 0.16 0.54
15 68 32 16.81 0.28 1.17
75 69.93 14.10 15.23 0.21 0.53
15 69.42 15.26 13.59 0.40 1.33
75 69.24 15.05 14.59 0.32 0.79
15 70.54 14.37 13.32 0.45 1.35
75 70.43 14.28 14.15 0.34 0.80
15 70.98 14.60 12.49 0.54 1.39
75 70.62 14.43 13.78 0.37 0.81
15 70.44 13.76 12.02 1.04 2.73
75 70.79 14.14 12.51 0.92 1.65
15 75.97 1 1.35 4.14 3.59 4.94
75 72.17 11.63 7.94 3.53 4.73

eA/eR
(degrees)

69/22

69/23

69/24

67/25

68/23

71/22

70/19

74/14
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[PAH]

(mol/L)
0-j-

(degrees)

Atomic Composition (%)

eA/eR
(degrees)

0.00

0.005

0.01

0.02

0.05

0.10

0.20

15 (S9 19 14.05 16.52 0.11
75

14.03 16.32 0.26
15 70 45 14. /y 12.79 0.49
75 70.03 14.24 14.79 0.18
15 73.80 14.04 10.12 0.43
75 71.74 13.96 13.46 0.23
15 70.54 14.37 13.32 0.45
75 70.43 14.28 14.15 0.34
15 74.41 13.75 8.95 0.77
75 71.45 14.36 12.46 0.52
15 71.97 15.67 10.07 0.87
75 71.15 14.80 12.65 0.43
15 72.04 11.41 12.90 1.51

75 71.82 12.80 13.56 0.65

1.48

0.76

1.61

0.61

1.35

0.80

2.12

1.21

1.43

0.97

2.13

1.17

69/25

66/25

67/23

68/23

69/18

70/18

72/15
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MnCl
2 concentration.

y r 10 FC 1 FE"OH at pH 6 as a function of

MnCI
2 eT

(mol/L) (degrees)

0

0.25

0.50

1.00

1.50

Atomic Composition (%)

15 70.54 14.37 13.32 0.45 1.35
75 70.43 14.28 14.15 0.34 0.80
15 69.08 13.42 15.13 0.30 1.57
75 69.55 14.16 14.67 0.25 0.67
15 69.64 15.11 12.43 0.43 1.62
75 69.32 14.50 14.57 0.23 0.75
15 67.75 16.47

1 1.77 1.22 1.80
75 69.36 15.15 13.82 0.40 0.71
15 68.91 12.18 15.10 0.78 1.89
75 68.50 14.87 14.76 0.34 0.75

0.50

0.70

0.78

0.63

0.99

0.57

1.15

0.78

0A/9R
(degrees)

68/23

64/25

66/24

72/25

69/24

Table C.5 XPS atomic composition and water contact angle (6 A/6 ) data for kineticstud.s of desorptton of PAH adsorbed to PCTFE-OH at p

§
H 11 anXalecf with"a^ at

Time
Atomic Composition (%)

eA/eR(min) (degrees)
(degrees)C O F CI N

0 15 75.97 1 1.35 4.14 3.59 4.94 74/14
75 72.17 1 1.63 7.94 3.53 4.73

5 15 72.84 1 1.66 9.27 2.04 4.19 73/14

75 69.72 13.89 10.99 1.83 3.58

10 15 66.46 16.40 11.39 2.00 3.75 70/13

75 69.44 13.39 1 1.71 2.00 3.46

30 15 70.63 13.42 10.68 1.16 4.11 70/13

75 67.96 16.72 1 1 .07 0.96 3.28

60 15 71.97 14.13 8.13 1.54 4.23 71/10

75 69.24 16.57 9.82 1.02 3.35
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Time
(min) (degrees)

Atomic Composition (%)
;

c O

0 15 69.65 17.45

75 69.81 13.67

10 15 65.58 20.02

75 68.34 13.92

20 15 69.94 16.50

75 69.42 14.44

30 15 71.24 17.93

75 69.77 14.31

60 15 70.99 15.41

75 68.84 14.47

86

16.06

12.85

16.85

12.03

15.37

9.14

15.27

11.55

15.80

N

,04

0.47

1.01

0.61

0.95

0.50

1.05

0.41

1.37

0.61

0.54

0.28

0.58

0.27

0.63

0.24

0.69

0.29

eA/oR
(degrees)

69/26

68/20

64/17

67/18

69/17

a - Atomic composition of chlorine was neglected in analysis.

Table C.7 XPS atomic composition and water contact angle (0A/6R ) data for ionic strength
StUdieS °f PSS t0 PCTFE-OH-PAH

§
at ptf4 a«s a funcln of MnClf

[MnCl
2 ]

(mol/L)

9-j-

(degrees)

Atomic Composition (%)'

C O F N S
^uegiees;

0 15 69.94 16.50 12.03 0.95 0.58 64/17

75 69.42 14.44 15.37 0.50 0.27

0.1 15 72.69 21.46 3.45 0.96 1.44 52/10

75 73.32 17.42 7.27 0.86 1.12

0.2 15 72.92 19.17 4.77 1.09 2.05 48/11

75 72.23 15.97 10.29 0.42 1.10

0.5 15 71.40 20.58 5.41 0.80 1.82 51/12

75 71.58 15.86 10.78 0.64 1.14

1.0 15 71.71 20.49 5.28 0.66 1.86 52/12

75 71.68 15.78 10.94 0.57 1.03

b - Atomic composition of chlorine and manganese were neglected in analysis.
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e (0A/0R ) data for the series of

Number of 0T

Layers (degrees)

Atomic Composition (%)'

I

(PAH)

2

(PSS)

3

(PAH)

4

(PSS)

5

(PAH)

6

(PSS)

7

(PAH)

8

(PSS)

9

(PAH)

10

(PSS)

11

(PAH)

12

(PSS)

13

(PAH)

14

(PSS)

15

(PAH)

16

(PSS)

15

75

15

75

15

75

15

75

15

75

15

75

15

75

15

75

15

75

15

75

15

75

15

75

15

75

15

75

15

75

15

75

15

75

C

69.32

69.40

69.65

69.81

69.94

69.42

68.51

69.40

71.04

70.67

71.23

70.66

70.17

70.28

70.94

70.70

72.10

71.29

69.45

70.40

71.30

70.87

69.84

72.45

68.24

70.65

69.77

71.54

70.87

71.23

72.16

72.40

70.77

71.32

0A/0K

(degrees)

14.05

14.03

17.45

13.67

16.50

14.44

16.72

14.62

15.61

13.71

14.40

13.95

15.89

14.33

15.09

14.34

13.92

14.60

16.13

14.69

15.77

14.72

19.86

14.23

21.39

14.99

17.77

14.45

17.95

14.85

16.07

14.40

18.08

1 5.06

16.52

16.32

1 1.86

1 6.06

12.03

15.37

12.28

14.75

10.80

14.48

11.12

13.83

11.73

13.98

11.68

13.32

1 1.47

12.54

1 1.35

12.92

10.07

12.53

6.70

11.20

7.26

1 1.67

8.38

1 1.23

6.19

10.66

6.05

9.79

6.30

10.06

1.04

0.47

0.95

0.50

1.76

0.90

1.39

0.72

2.03

1.10

1.22

0.88

1.34

1.11

1.34

0.92

1.82

1.30

1.45

1.12

1 .99

1.29

1 .50

1.61

2.45

1.73

2.71

1.94

3.17

2.10

2.54

2.09

0.58

0.27

0.73

0.32

1.16

0.41

1.22

0.46

1.00

0.53

0.95

0.52

1.17

0.66

1.26

0.68

1.42

0.77

1.61

0.83

1.61

1 .09

1.63

1.05

2.28

1.31

2.54

1.30

2.31

1.47

69/25

69/26

64/17

70/19

65/16

68/18

65/16

68/19

63/17

69/19

63/12

62/13

62/12

63/13

59/10

60/10

61/12

Continued, next page

198



- Atomic composition of chlorine was neglected in analysis.
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t^^^SSSS^SZ 2

on,act angle (6^» data fOT^ «*• of

Number of

Layers

0

1

(PAH)

2

(PSS)

3

(PAH)

4

(PSS)

5

(PAH)

6

(PSS)

7

(PAH)

8

(PSS)

9

(PAH)

10

(PSS)

11

(PAH)

12

(PSS)

13

(PAH)

14

(PSS)

15

(PAH)

16

(PSS)

9T

(degrees)

Atomic Composition

1 ^

L

69.32

0

14.05

F

16.52

N_

-

7^
/ J 69.40 14.03 16.32

£. f AS
66.46 16.40 11.39 3.75

7^
/ J 69.44 13.39

1 1.71 3.46
1 J 67.66 23.20 4.66 2.27
/ J 71.35 16.05 7.63 2.86
1 j 70.25 18.99 5.52 2.81
7*:

72.33 14.82 7.94 3.04
1 j 69.91 20.10 4.76 2.52

71.64 16.1 1 6.98 3.06
ID 70.45 19.36 4.24 3.21

/J 71.98 15.55 7.06 3.25
1 c
I J 69.89 20.40 2.92 3.45
7<:

72.29 16.10 5.65 3.37
i r
1 J 69.72 20.38 2.73 3.88
7</J 72.91 15.93 5.28 3.52

ID
'""7 f\ «
70.93 20.43 2.07 3.15

7/̂J 72.31 16.38 5.40 3.30

1 j 72.35 18.12 1.61 4.39

Id 72.90 15.75 4.94 3.83

13 70.64 19.74 1.75 4.09

Ij 70.63 17.76 5.09 3.67

73.88 17.21 1.68 4.06

75 73.47 15.33 3.88 4.42

15 73.70 17.30 1.16 3.89

75 72.93 15.74 3.54 4.47

15 76.26 14.54 1.18 4.29

75 72.60 15.67 3.97 4.54

15 76. 1

1

14.68 1.16 4.11

75 72.59 16.36 3.39 4.37

15 75.38 15.58 0.92 4.26

75 72.57 16.70 2.97 4.56

15 76.64 14.41 0.93 3.99

75 72.83 1 6.05 3.62 4.1 1

2.22

2.11

2.44

1.88

2.71

2.21

2.74

2.15

3.34

2.58

3.29

2.37

3.42

2.61

3.53

2.58

3.78

2.86

3.17

2.90

3.96

3.33

3.73

3.22

3.94

3.30

3.86

3.20

4.03

3.39

(degrees)

69/25

70/13

64/17

64/14

64/12

64/12

63/12

63/10

60/12

60/12

59/11

61/12

59/11

61/12

60/12

61/12

60/11

Continued, next page
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Table C.9, continued

Number of

Layers

8T

(degrees)

Atomic Composition (%)'

17

(PAH)

18

(PSS)

19

(PAH)

20

(PSS)

21

(PAH)

22

(PSS)

23

(PAH)

24

(PSS)

25

(PAH)

26

(PSS)

27

(PAH)

28

(PSS)

29

(PAH)

15

75

15

75

15

75

15

75

15

75

15

75

15

75

15

75

15

75

15

75

15

75

15

75

15

75

75.60

73.71

73.29

73.10

74.65

73.29

74.30

72.28

74.30

72.31

74.98

72.14

74.62

73.16

74.06

72.45

74.34

73.10

73.78

72.58

74.56

73.37

72.49

72.74

72.53

73.19

O

14.95

15.47

19.17

16.61

16.26

15.33

17.47

16.30

16.45

16.98

15.48

17.1

1

16.19

16.47

16.85

17.64

16.32

16.57

17.05

16.81

16.66

16.50

18.33

17.03

18.38

16.81

F N s

0.88 4.52 4 OS

3.19 4.35 3 29
0.84 3.37 3 32

2.72 4.00 3.56

0.55 4.57 3.96

3.14 4.88 3.36

0.90 3.77 3.57

2.92 4.74 3.76

0.89 4.52 3.83

2.26 4.94 3.52

0.94 4.57 4.03

1.97 4.98 3.80

0.89 4.38 3.92

1.66 4.99 3.71

1.09 4.08 3.92

1.84 4.51 3.57

0.94 4.47 3 94

1.38 5.16 3.78

1.19 3.90 4.09

1.46 5.01 3.87

0.99 4.22 3.58

1.24 5.22 3.68

0.93 4.21 4.03

1.26 5.11 3.86

0.60 4.47 4.03

1.18 5.09 3.72

eA/eR

(degrees)

61/12

59/12

60/10

60/10

60/11

60/10

60/11

60/11

61/11

59/9

60/10

60/10

59/10

a - Atomic composition of chlorine was neglected in analysis.
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data for the series of

Number of

Layers

0

1

(PAH)

2

(PSS)

3

(PAH)

4

(PSS)

5

(PAH)

6

(PSS)

7

(PAH)

8

(PSS)

9

(PAH)

10

(PSS)

11

(PAH)

12

(PSS)

(degrees)

15

C

69.32

0

14.05

F

16.52

N

75 69.40 14.03 16.32
15 66.46 16.40 11.39 3.75
75 69.44 13.39 11.71 3.46
15 72.47 19.32 1.10 3.22
75 73.10 17.53 2.97 3.13
15 75.82 15.34 1.28 4.10
75 72.27 17.12 3.66 4.17
15 74.50 16.80 0.70 3.48
75 71.53 18.67 2.24 3.80
15 74.98 15.79 0.75 4.57
75 72.61 17.02 2.17 4.90
15 74.19 17.13 0.72 3.30
75 72.48 18.15 1.10 4.02
15 71.56 19.69 0.81 4.28
75 73.04 16.50 1.12 5.44
15 73.49 18.26 0.84 3.08
75 71.55 18.31 0.59 4.68

15 72.11 19.10 1.16 4.19

75 72.24 15.89 0.46 5.39

15 71.93 19.81 0.85 2.95

75 71.56 18.67 0.35 4.49

15 74.00 16.59 1.01 4.42

75 73.02 16.37 0.73 5.67

15 74.34 17.47 0.42 3.26

75 71.54 18.43 0.27 4.75

3.88

2.28

3.45

2.78

4.53

3.75

3.91

3.30

4.66

4.24

3.67

3.91

4.33

4.87

3.44

4.03

4.47

4.92

3.98

4.21

4.51

5.05

<VeR

(degrees)

69/25

70/13

47/11

57/11

45/12

56/1

1

46/12

48/10

45/12

50/10

41/10

50/11

38/10

b - Atomic composition of chlorine and manganese were neglected in analysis.
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££& 1. 2

lna»,Si "9 data for- -ies of PAH/PSS mum,ayer assemb! ies using

Number of

Layers

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

Protocol 1

15 degree 75 degree

0

0.0858

0.0821

0.0768

0.1100

0.1024

0.0886

0.0897

0.0944

0.0972

0.1281

0.2336

0.2128

0.1757

0.3027

0.2560

0.2495

0.2630

0.3062

0.2942

0.3958

0.3887

0.4054

0

0.0155

0.0579

0.0977

0.1155

0.1599

0.1495

0.1962

0.2545

0.2257

0.2553

0.3636

0.3239

0.3611

0.4114

0.4936

0.4673

0.4418

0.5156

0.5146

0.6874

0.5516

0.6054

_-ln(N/Nn)sin9

Protocol 2

15 degree 75 degree

0

0.0965

0.3279

0.2840

0.3224

0.3523

0.4488

0.4663

0.5379

0.6029

0.5814

0.5919

0.6878

0.6833

0.6878

0.7478

0.7450

0.7593

0.7713

0.8809

0.7535

0.7563

0.7422

0.7563

0.7039

0.7422

0.6812

0.7288

0.7450

0.8584

0

0.2961

0.7098

0.6713

0.7958

0.7848

1 .0000

1 .0654

1 .0437

1.1297

1.1008

1.3630

1.4516

1.3409

1.4934

1.6212

1.4300

1.5522

1.7061

1.5674

1.6376

1.8851

2.0177

2.1831

2.0837

2.3616

2.3071

2.4649

2.4494

2.5128

Protocol 3

15 degree 75 degree

0

0.0962

0.7012

0.6620

0.8182

0.8003

0.8109

0.7804

0.7710

0.6875

0.7679

0.7233

0.9504

0

0.3206

1.6458

1 .4440

1.9182

1.9489

2.6052

2.5878

3.2069

3.4473

3.7113

3.0012

3.9620
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APPENDIX D

DATA TABLES FOR CHAPTER 3

1

•

X?S at°miC C°mp0Siti0n for studies of chlorination of PF
3E films in

Time (min)

PF,E

2.5

5.0

10

20

Op

(degrees)

Atomic Composition (%)

15

75

15

75

15

75

15

75

15

75

39.76

39.20

39.22

38.21

39.05

39. 1

3

38.69

39.65

39.03

39.30

O

1.07

0.20

0.61

0.51

1.22

0.29

1.40

0.40

0.83

0.35

59.17

60.54

60.1

1

61.25

59. 1

7

60.54

59.86

59.92

60.13

60.34

CI

0.00

0.06

0.06

0.03

0.02

0.04

0.04

0.03

0.01

0.01
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ufnga
D
mLm

P
Hg

a

hr iC

C

°mp0Si, '°n for ""dies of chlormation ofPF
3E films

Time (min)
0-j-

(degrees)

Atomic Composition (%)

PF
3E

1

13

60

100

15

75

15

75

15

75

15

75

15

75

39.76

39.20

39.82

38.87

39.69

38.58

39.52

38.71

38.86

38.32

O

1.07

0.20

0.63

0.28

0.52

0.70

0.84

0.53

1.40

1.22

59.17

60.54

59.18

60.65

59.16

60.10

59.33

59.79

56.54

57.16

CI

0.00

0.06

0.37

0.21

0.63

0.62

1.15

0.97

3.20

3.30
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ustg^Umten'si^V n°g h,
P0Si,i0n f°'' kmetiCS stufc »f ch,ori„a,,o„ of PF,E fi,ms

Time (min)

(degrees)

Atomic Composition (%)

PF,E

1

4

7

10

60

100

150

15

75

15

75

15

75

15

75

15

75

15

75

15

75

15

75

39.76

39.20

37.92

39.07

37.74

38.37

36.51

36.78

33.86

35.19

34.38

33.79

33.56

32.70

33.84

33.07

1.07

0.20

0.84

0.80

2.00

1.85

2.63

1.89

1.74

1.58

0.61

0.88

1.82

1.64

1.78

1.66

59.17

60.54

58.71

57.85

54.05

54.31

52.29

53.54

49.16

46.98

50.59

50.60

50.14

50.94

49.13

50.38

0.00

0.06

2.53

2.28

6.21

5.47

8.58

7.79

15.24

16.25

14.42

14.73

14.48

14.71

15.25

14.89
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Table D 4. Hexadecane contact anele (Diiij.,Wms us,ng high-intensity UV Ugh"
8 ^ "ata for PCTFE. PF,E and PF,E chlorinated

Sampli

eA/0R (degrees)

PF
3
E

1 min chlorinated PF
3E

10 min chlorinated PF
3
E

100 min chlorinated PF
3
E

1 50 min chlorinated PF
3
E

PCTFE

25/11

24/6

10/3

9/2

9/2

8/2

Time (min)
Absorbance from Transmission Spectrum

C-Cl C-Fa

C-Cl/C-F

10

60

100

150

0.46

0.44

3.1

2.7

Absorbance from ATR IR Specti

C-Cl h

urn

C-Cl/C-F

0.16 0.85 0.19

0.27 0.62 0.44
0.15 0.28 0.51 0.55
0.16 0.34 0.62 0.56

• nl
a

cm°')

b

/2

nCe
°
f C"F tond " Ca 'CUla,ed fTOm

(
Abso*ance 0 1100 cm ' + Absorbance

@ 9

T
72
e

cm
Sf,

)/2

anCe
°
f00 fr°m « 953 cm 1

+ Absorbance
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Table D.6. Gravimetric data for PF E film,
function of reaction time.

3 S chlorinated using high-intensity UV light as a

Reaction Time (min) Sample Number
Weight before

Chlorination

(± 0.01 mg)

Weight after

Chlorination

(± 0.01 mg)
Mass Gain (%)

0

100

150

1

2

1

2

1

2

3

4

1

2

3

4

30.40
31.58

3.74
19.84

20.98
2.14

28.50
28.69

0.67
33.23

33.55
0.96

38.12
38.81

1.57
26.34 27.20

3.26
28.04 29.07

3.67
31.20

31.51
1.00

30.70 31.97 4.14
53.03 54.01 1.85
35.55 36.02 1.32
40.90 41.81 2.22

™Hgh< for

G
100

Preati°n d3ta f°r PF
'
E and PF

»
E chl" "«™ using high-intensity

Sample
Hydrogen

Nitrogen

Pressure 1"

Time (sec) Permeability 11

Pressurec
Time (sec) Permeability 11

PF3E

chlorinated

PF
3E

0.50

0.50

402

880

0.6

1.3

0.50

0.20

8373

16126

4.2 x 10"2

9.2 x 10
3

c - Pressure (psi) read by transducer at the end of each measurements (start timing at 0 psi)

d - lO"
9 cm3

(STP) cm/cm 2
• s cmHg
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SSft^'<W— -* data for kinetKS

Time(min) 9T (degrees)
Atomic Composition (%

0a/9r (degrees)

PF
3E

15

30

60

120

180

300

15

75

15

75

15

75

15

75

15

75

15

75

15

75

39.76

39.20

35.71

32.69

33.84

32.76

34.49

32.41

33.91

33.06

33.15

32.24

32.57

33.24

1.08

0.20

2.54

0.80

4.17

0.93

2.68

0.70

2.21

0.76

2.41

0.60

2.62

1.23

59.17

60.54

61.75

66.51

62.00

66.31

62.83

66.89

63.89

66.17

64.44

67.16

64.81

65.52

25/11

44/21

42/23

42/22

40/22

42/21

43/23

SSf«:taSS^SS"*' S 'UdieS °f of f.ms using 5*

Reaction Time (min)
Weight before

Fluorination

(O 0.01 mg)

Weight after

Fluorination

(O 0.01 mg)
Mass gain (%)

15
56.37

30
36.78

60
55.20

120
45.55

180
45.90

300
43.93

56.35

36.80

55.27

45.68

46.00

44.17

0.05

0.13

0.28

0.22

0.54
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J^D
nZ^iVrZt^ZTy f°r PF

'E dUted ta- ™F.,o,uene m ,xtures

THF: toluene Mixture (v/v) Elution Distance of Sample (cm)

0:100

10:90

20:80

30:70

40:60

50:50

60:40

70:30

80:20

100:0

0

1.45

2.30

165 - 2.30

130- 1.95

1.30- 1.90

3.30 - 4.00

3.20 - 3.80

3.30 - 4.30

5.00

0

0.29

0.46

0.33 - 0.46

0.26 - 0.39

0.26 - 0.38

0.66 - 0.80

0.64 - 0.76

0.66 - 0.86

1.00

composition.
V °' PF'E onto Sl wakrs as a function of THF:toluene

THF:toluene

(degrees)

Atomic Composition (%)

O
Si

eA/0R (water) 0A/eR (HD)
(degrees) (degrees)

Si wafer

100:0

75:25

50:50

25:75

15 33.82 46.90
19.28

75 10.99 48.71
40.30

15 35.48 38.80 8.98 16.75
75 14.64 38.12 5.70 41.53
15 34.17 40.17 10.45 15.21

75 14.52 37.49 5.12 42.88
15 32.16 36.76 15.31 15.77

75 15.22 34.99 7.51 42.27
15 33.82 24.03 31.08 11.07

75 18.82 33.16 19.81 28.21

30/15

69/20

66/20

72/18

84/23

7/0

15/4

15/6

20/8

26/8
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^^•ttZS^&jg^ da, for ki„etics

Time (h)

0

0.25

0.50

1

2

4

8

16

24

0-p

(degrees)

15

75

15

75

15

75

15

75

15

75

15

75

15

75

15

75

15

75

33.82

10.99

32.47

13.98

42.95

20.43

34.10

13.00

32.21

14.25

34.51

14.96

32.01

13.79

33.98

12.70

35.48

14.64

Atomic Composition (%)

O

46.90

48.71

43.68

40.13

37.12

39.29

42.63

39.27

43.09

38.74

44.13

38.86

45.05

39.92

41.15

38.09

38.80

38.12

5.33

2.43

7.24

2.47

8.00

2.73

8.98

3.43

7.48

2.74

6.37

2.74

6.93

2.98

8.98

5.70

Si

19.28

40.30

18.53

43.46

12.69

37.81

15.27

45.01

15.72

43.58

13.88

43.44

16.57

43.55

17.95

46.23

16.75

41.53

(degrees)

30/15

44/18

43/16

49/20

48/23

59/21

68/22

69/20
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Time (h)

0

0.25

0.5

1

4

8

12

24

36

0-p

(degrees)

15

75

15

75

15

75

15

75

15

75

15

75

15

75

15

75

15

75

33.82

10.99

36.21

13.91

31.41

12.80

35.71

13.06

36.62

14.76

33.62

13.61

33.34

13.93

32.16

15.22

35.45

15.28

Atomic Composition (%)

46.90

48.71

39.48

44.48

41.65

44.52

39.93

45.50

36.31

37.18

45.81

38.57

38.98

36.99

36.76

34.99

39.18

37.65

7.31

4.51

9.34

5.99

6.91

5.24

9.88

5.68

8.80

4.58

10.57

5.48

15.31

7.51

12.30

5.53

19.28

40.30

17.01

37.10

17.60

36.69

17.45

36.20

17.19

42.37

1 1.77

43.23

17.12

43.60

15.77

42.27

13.06

41.54

eA/oK
(degrees)

30/15

39/12

44/15

50/16

60/23

64/18

68/20

72/18

69/20
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Concentration

(mg/ml) (degrees)

Atomic Composition (%)

O
Si

(degrees)

0

0.1

0.5

1.0

2.0

3.0

15

75

15

75

15

75

15

75

15

75

15

75

33.82

10.99

31.87

11.38

29.85

10.10

34.92

13.86

35.48

14.64

35.42

13.09

46.90

48.71

41.92

48.35

46.15

47.86

40.12

37.89

38.80

38.12

34.19

37.22

7.90

3.83

5.64

3.39

9.99

4.32

8.98

5.70

7.83

4.12

19.28

40.30

18.30

36.44

18.36

38.65

14.97

43.93

16.75

41.53

22.57

45.57

30/15

54/14

65/22

71/25

69/20

70/23
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Tabl

studL

concentration

Concentration

(mg/ml) (degrees)

Atomic Composition (%

0

o.i

0.5

1.0

2.0

3.0

O

15 33.82 46.90
75 10.99 48.71

15 31.39 41.15
75 11.63 44.36
15 30.80 38.98

75 12.01 44.41

15 35.32 31.81

75 13.55 34.87

15 32.16 36.76

75 15.22 34.99

15 39.52 29.54

75 14.05 35.20

9.82

5.06

12.70

8.05

16.22

6.77

15.31

7.51

14.06

6.23

Si

19.28

40.30

17.64

38.95

17.52

35.53

16.65

44.81

15.77

42.27

16.89

44.51

Qa/Ok

(degrees)

30/15

48/16

59/23

72/24

72/18

70/24
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APPENDIX E

ABBREVIATIONS

AIBN

AFM

ATRIR

BPO

Bu
3SnH

DSC

GPC

HD

LLDPE

MAH

mm

PAH

PCTFE

PCTFE-Ester

PCTFE-PEAA

PCTFE-OH

PCTFE-OCOC
3
H

7

PCTFE-OCOC
I7
H

3

PCTFE-OCOC
3
F

7

PCTFE-OH-PAH

35

PF
3
E

azo(bisisobutyronitrile)

atomic force microscopy

attenuated total reflectance infrared

benzoyl peroxide

tributyltin hydride

differential scanning calorimetry

gas permeation chromatography

hexadecane

linear low density polyethylene

maleic anhydride

mmHg

poly(allylamine hydrochloride)

poly(chlorotrifluoroethylene)

ester-functionalizedpoly(chlorotrifluoroethylene)

acetal-functionalizedpoly(chlorotrifluoroethylene)

alcohol-functionalized poly(chlorotrifluoroethylene)

butyrate-functionalized poly(chlorotrifluoroethylene)

stearate-functionalized poly(chlorotrifluoroethylene)

heptafluorobutyrate-functionalized poly(chlorotrifluoroethylene)

polyallylamine adsorbed on alcohol functionalized

poly(chlorotrifluoroethylene)

poly(trifluoroethylene)
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PF
3E-g-MAH Hialeic anhvrlri^ r c*. ianhydride grafted

poly(trifluoroethylene)

poly(trifluoroethvlenp^

PMP
polv(4-methvU 1 r»>ntAM \r iii^myi-

1 -pentene)

PSS
^ ftjrvouuiuin ^tyrenesulronate)

PTFE
poly(tetrafluoroethvlene^

sc-co
2 ^upciuiiucaj carbon dioxide

TGA
thermal eravimptH^ Qn 0ii,„:i,ui 6 1 a viincLi ic analysis

THF
tetrahydrofuran

TLC
thin layer chromatncrmnh\/

WAXS wide angle x-ray scattering

XPS x-ray photoelectron spectroscopy
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