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1

1 In tro duction
Stepping into 21st century, human being facessomemore and more urgent mat-

ters. Two of most consideredmatters are energyshortageand environment protection.

To solve the problem causedby energy shortage, there are two pathways, one is to

make good useof currently discoveredenergy, the other is to ¯nd new energysources,

e.g., tide energy, solar energy, nuclearenergyand soon. The air pollution could result

in human illness and ecologicaldamage. Pure air means: 1) lesshuman illness, and

lesspremature death. 2) Agricultural cropsand trees are more healthier. 3) There is

lessphotochemical damageto painted structures. All of thesebene¯ts can be costly.

It wasestimatedthat the abatement of onetonne of Volatile Organic Chemical(VOC)

emissioncosts about 2000 euro annually. Therefore in 1999, European Community

passedthe guideline 1999/13/EC that made a new regulation concerningthe limita-

tion of emissionsof VOC which usually arise in the painting process. In Germany, a

new law regarding the samecontent came into force on August, 2001 as Ordinance

named31.BimSchV, i.e. FederalEmissionProtection Law. Nowadays, this regulation

was acceptedby all member countries of the EuropeanCommunity, EU15.

In order to meet this new regulation, two commonideasare employed, one is to

useexpensive exhaust gas treatment process(thermal post-combustion), the other is

to implement low emissioncoating systems.For the latter one,new developments, e.g.

powder coating, water{borne and high solidscontent coating, have beenmadeto solve

problems.

Fluorinated polymersareof low surfaceenergyleadingto water and oil repellency

properties due to the enrichment of °uorinated part on the top of the air/p olymer

interface. The driving force is that the °uorinated part is of low surface tension.

Therefore the °uorinated part and non{°uorinated part are incompatible with each

other resulting in the (micro)phaseseparationand °uorinated part emergeson the top

of the surface.On the other hand, the °uorinated polymershave a long servicelife of

20 yearseven longer for outdoor use,comparedwith polyacrylic{polyurethanes(7v 10

years) and siliconesresin (10v 15 years). Thus, to develop new hydrophobic powder

coating for environmentally friendly top powder coating basedon °uoropolymers is of

interest either for fundamental study in °uorine chemistry or for the industrial research

to meet the requirement of low VOC law.1
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1.1 Construction of hydrophobic surface

Materials of hydrophobic surfaceare important for someindustrial processesto

protect the surfaceof instruments or containers from the unfavored phenomena,2 e.g.,

snow sticking, contamination, oxidation, and current conduction. The wettabilit y of

surfaceis controlled by surfacechemical composition and the surfacegeometricalmi-

crostructure. This meansone can make the hydrophobic surface(µ> 90±) by making

a smooth surfacewith hydrophobic materials. The maximum water contact angle on

such kind of surfaceis 120±. The combination of this surfacewith surfaceroughness

can give a ultra{h ydrophobic surface,for example,the lotusr e®ect.Scientists found

that the surfaceof lotus leaf is made of the combination of microstructure{papillae

and branch{lik e nanostructure.3{5 A model6 hasbeeninferred to describe the correla-

tion betweencontact angleon rough surface(µf ) and that (µ) on the smooth surface

of the samesolid, basedon the similar hierachical structure on the lotus leaf with

the description of the triadic Koch curve in fractal geometry.7 It was found that to

get a surfaceof water contact angle larger than 160± requiresthe diameter of nanos-

tructure lessthan 128 nm. The recent studies on ultra-hydrophobic ¯lms have been

reviewed.8 Nowadays, the methods developed to impart roughnessto solid surfaces

include the addition of ¯llers (e.g., silica particles,9{ 11 PTFE particles,12,13 and glass

beads14), etching,12,15{ 17 plasma polymerization,18,19 simultaneous plating with °uo-

ride particles,20 wax solidi¯cation,21{ 23 anode oxidation of metal surfaces,24,25 solution-

precipitation reaction in hot water,26,27 chemical vapour deposition (CVD), 28{ 30 ad-

dition of a sublimation material,31{ 33 phaseseparation,9,10,34 and molding.35 A great

number of low surfaceenergymaterialshavebeenused,e.g.,silanes(°uoroalkylsilane,16

per°uorooctyltric hlorosilane,24,25 and heptadeca°uorodecyltrimethoxysilane27{ 32,34,36),

°uoropolymers (PTFE, 12,18,37 polyvinyliden °uoride,12 polyper°uoroalkyl acrylate11),

organic polymers (polypropylene,26 wax (para±n), 15 °uorocarbon wax,14 alkylketene

dimer21,22,37), °uorinated compounds (graphite °uoride,20 and °uorinated monoalkyl

phosphates,24,31 and C4F8 gas19).

Other propertiesof man-madeultra-hydrophobicsurfaces,e.g.,the transparency,

long term surfacestabilit y, mechanical properties, should also be consideredwhen a

ultra-hydrophobic surfaceis designed.
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1.2 Polymers containing °uorinated side groups

Fluorinated compoundshavetotally di®erent propertiescomparedto their hydro-

carbon counterparts38 due to the bond strength of C{F and the high electronegativity

and the sizeof °uorine atom. For the needto replaceindustrial chloro°uorocarbons

and the rapidly growing practical possibility for crop protection, medicine,and diverse

materials application,39 more and more scienti¯c and commercial interests are put in

°uorine chemistry since1980. Fluorinated small moleculeshave great impacts on the

daily life of human being in almost all areas,such asblood substitutes,40 pharamaceu-

cials,41{ 43 and surfacemodi¯ers.44 Recently a new research ¯eld, °uorous technique,45

hasemergedas an extensive protocol for the drug development. 46{ 49

Fluorinated organic compounds are chemical inert and thermo{oxidative stable

for the high strength of C{F bond. Theseproperties can be transferred to the corre-

sponding polymer when a °uorinated monomer is concerned. The resulting polymer

owns low surfaceenergy, low coe±cient of friction, and high biocompatibilit y. There-

fore °uorinated polymershave attracted great industrial interest, such as for "fouling

release",50,51 hydrophobic or oleophobicsurfaces,52 or a low{dielectric{constant mate-

rials sincethe synthesisof polytetra°uoroethylene(PTFE) in 1938by Roy Plunkett at

Dupont. However dueto the di±culties in dealingwith °uoro{oligomers and polymers,

such as solubility and reactivity, it was oncequite abstruseto understand°uoropoly-

mers. Now scientists are more and more familiar with thesespecial ¯elds and many

new techniquesand strategieshave beendeveloped in the last few decades.53

To date, it is well known that the {CF 3 group hasthe lowestsurfaceenergy,54 the

replacement of {CF 3 by {CF 2H can increasethe surfacetension dramatically, which

means the surface tension is quite sensitive to the end group chemistry.55{ 57 The

surfacecomposedof denselypacked{CF 3 group hasthe lowestsurfaceenergyknown, 6

mN/m. This kind of surfacehasbeensuccessfullyconstructedby LB techniquesusing

per°uorocarboxylic acid salts,54,58 semi°uorinated (SF) alkane, SF alkanethiols,59,60

SF alkyl bromide,61 and SF amide thiol 62 to form self{assembled mono- or multila yer

surfaces.Liquid crystal behavior, a high order smecticB mesophaseand a lessorder

smecticA,63{ 65 was identi¯ed on thesesurfaces.However, how to preparepractically

low{energy surfacewith as few as possible°uorine content is still an active research

¯eld.

From the studies on self{assembled monolayer surfacesmentioned above, it is

a common agreement that the rigid{ro d{lik e helical per°uorinated groups can form

a highly organizedsurfacestructure. Therefore polymers containing °uorinated side
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groupsor end groups66{ 69 are preferablefor following reasons.The °uoropolymers for

low surfaceenergy, only the outermost surfacemust be per°uorinated and the °uo-

rinated specieswould migrate to the surfaceor interface to minimize the surfaceen-

ergy.53,70 XPS investigationrevealedthat °uorine content in the uppermost5 nm depth

of °uorinated top coating was about 20{80 times above that of its bulk.71 Contrarily ,

the congregationof the °uorinated phasein bulk can weaken the bulk properties, e.g.,

adhesive and mechanical properties. Furthermore, basing on the self consistent ¯eld

(SCF) analysis,Laven and co{workers72 pointed out: 1) when chain endsare exposed

to the interface,the number of unfavorablesegment-vacancycontacts is smaller;2) the

conformation entropy is larger when a chain end is pushedout of the interfaceinstead

of a string of segment.

For polymers containing SF side chains, the length of °uorinated alkyl spacer

has a great in°uence on the arrangement of °uoroalkyl side groups or end groups.

From the study of scanning tunneling microscopy (STM) of the mixture of 5{(( ! {

per°uorohexyl)undecanyloxy)isophthalic acid (F6H11-ISA) with 5{cetyloxyisophthalic

acid (H16-ISA), Schryver andco{workers73 observedthat °uorinated andnon-°uorinated

moleculesdid not segregateinto microdomains,which meansphaseseparationdid not

occur. They proposedthat H{b onding interactions betweenacid groups, interactions

between alkyl chains, and interaction between monolayer and attached surface are

stronger than the repulsion between °uorinated and non°uorinated alkyl segments.

However with a shorter one, H14-ISA, the phasesegregationwas observed due to the

chain length di®erencebetweenF6H11-ISA and H14-ISA. Shimizu's group74 and Ka-

jiyama's group75 found that the number of CF2 moietiesof the SF sidegroupsshould

be larger than or equal to 7 to give arranged °uoroalkyl side groups. Ober and co{

workers61 alsomadesimilar conclusionthat approximately 8 {CF 2{ units provided the

optimal length for room temperature application, shorter oneonly can form lessorder

smecticA, and longer one is insoluble in conventional solvents at room temperature.

On the other hand, the length of {CH 2{ does not have a great in°uence on

the surfacetension, but longer {CH 2{ spacercould prevent the reconstruction of side

chain packing and increasethe solubility of °uorinated polymers. Ober and co-workers

suggestedthat the side chain should contain 8{10 CH2 groups. While reported by

Tamada and co{workers76 , the AFM imagesof SF alkane thiols turned more and

more disorder according to the increasingof alkyl spacer length. Furthermore, the

crystallization of SF side groupson the top of the surfacecan reducethe low friction

property77 and the stabilit y of thin ¯lms causingdewetting.78
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To realizepolymers containing °uorinated side groups or end groups, some°u-

orinated precursors, e.g., per°uoroalkyl iodide,57,61,76,79,79{ 97 1H,1H {p er°uoroalkyl{

1{ol,55,98{ 101 1H,1H,2H,2H {p er°uoroalkyl{1{ol, 58,70,75,102{111,111{114 per°uoroalkyl acid

halide,71,115{124 and so on, have been used. Someconclusionsare extracted from re-

ported literatures: 1) For most of °uorinated monomers,the °uorocarbon segments

connectwith hydrocarbon segments with C{C bond, and usually multi-step synthetic

routes should be usedto realize the desiredmonomers. For other monomers,-COO-,

-SO2NR-, or -CONR- (R = H or short alkyl) groups are the connecting bridges of

°uorocarbon segments and hydrocarbon segments. 2) Comparedwith -COO- group,

-CONR- group is thought to be morestableagainstheat and base.3) The synthesisof

°uorinated amide usually were realizedby the reaction of 1-N -alkylamino-2-hydroxy-

ethaneor quaternary amino functionalized amine with per°uoroalkyl carbonyl halide.

So far the °uorinated amides with other functional groups, such as primary or sec-

ondary amino and carboxyl group, have not beenusedfor the synthesis of polymers

containing °uorinated side groupsor end groups. Therefore, it is interesting to study

the synthesis of °uorinated amidesunder mild reaction condition and the useof syn-

thesized°uorinated amide in polyreaction.

COFN N

O

H
N

O

H

O

O

(RfO)m
(RfO)m (RfO)m

Rf F

O
HR1N R COOR2

Rf N

O

R1

R COOR2

F 1
Rf N

O

R1

R COOA

A = Na, NH4

RfOSO2Cl
R = alkyl
R1 = H, alkyl
R2 = H, Me, Et

or

F 2

A

F 3

Figure 1.1: Generalsynthetic route and structures of reported °uorinated amide sur-
factants

As mentioned afore, the °uorinated amidesmostly were obtained using highly

reactive reagents, such as per°uoroalkyl carbonyl chloride.125 The ¯rst synthesis of

°uorinated amide was reported in patent. 126 There per°uoroalkyl carbonyl °uoride

(F-1) or per°uorinated halosulfate(F-2) wereused,the synthetic route is shown in Fig.

1.1. At the beginning, most of the °uorinated amideswere usedas surfactant, 126{130

such as those shown in Fig. 1.1. Later-on some°uorinated amides (the structures

of F-5 and F-11 are shown in Fig. 1.2) have been used in polycondensationor in

polyaddition.131{136



6 CHAPTER 1. INTR ODUCTION

Rf CC

OO

NN
R1 R1

Rf = -(CF(CF3)OCF2)m(OCF(CF3)CF2O)nCF(CF3)

R1 = H, Me, Ph

F 11

Rf CC

OO

NN
R1

R2

NH HN
R1

R2

F 5

Rf = -(CF(CF3)OCF2)m(OCF(CF3)CF2O)nCF(CF3)

Figure 1.2: Schematic presentation of the structures of F-5 and F-11

Fluorinated amide was also realized by an unconventional way { reactive ex-

trusion.137 In that case,the coupling of surfacemodi¯ed PTFE particle with PA-6

wascarried out at temperature > 230 ±C resulting in highly thermal stable °uorinated

amidesas linking groups at the interface of PTFE/P A-6 as shown in Fig. 1.3. The

obtained materials could be used in injection moulding processup to 330 ±C to give

surfaceswith low abrasionproperties.138 Thereforebasedon the knowledgeconcerning

the thermal stabilit y of °uorinated amide groups in PTFE/P A-6 material, the °uori-

nated amidegroup is expectedto be thermally stablewhenit is transferredto polymers

as sidegroupsor end groups.

PTFE N
N

PA-6

O

H O

H

PTFE F

O

H2N
N

PA-6
O

H
reactive extrusion

> 230 oC
+

Figure 1.3: Schematic presentation of the modi¯cation of PTFE particles with PA-6
and the assumedstructure of PTFE/P A-6 interface

On the other hand, it is noteworthy that N,N -bis(2-hydroxyethyl) per°uo-

roalkane amide was synthesizedby the reaction of ethyl per°uoroalkanoate with di-

ethanolamine.128 Furthermore, ethyl tri°uoroacetate was used for protecting or dif-

ferentiating amino groups.139{143 All these information demonstratesthat 1) the °u-

orinated amide could be obtained under more mild reaction condition by using alkyl

per°uoroalkanoate instead of per°uoroalkyl carbonyl halide and 2) the reactivity be-

tweenprimary amino and secondaryamino is distinguishable. Thus, it is possibleto

synthesizenew functionalized °uorinated amidesand investigatetheir reaction behav-

ior in polyreactions to synthesizepolymers containing °uorinated side groups or end

groups.

Many linear polymerscontaining °uorinated sidegroupsor endgroupshave been

studied, most of them are polystyrene,55,61,85,144 polyacrylic,74,77,98,100,104{106,110,112

poly(amideurea)s,121{124 poly(fumarate)s,75 polydimethyl siloxane,79 polyesters,83,84,87,88
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and their copolymers,either random or block copolymers. To synthesizepolymers,an-

ionic polymerization,55,61,85 radical polymerization,70,74,77,98,100,104{106,112 atom trans-

fer radical polymerization (ATRP), 99,107,110,115 TEMPO{mediated controlled radical

polymerization,102 group transfer polymerization (GTP), 57 ring opening metathesis

polymerization (ROMP),103 and polycondensation80,83,84,87,121{124 have beenused.

Comparedwith linear polymersmentioned above, cross-linked polyurethanesor

epoxy resinsare more attractiv e candidatesas top coatingsdue to their special char-

acteristics. However, either in patents133{136,145 or in scienti¯c papers,71,113,118,119 only

polyisocyanates,usually the trimer of diisocyanates,wereused. Thesepolyisocyanates

are very active and are sensitive to humidit y. So far only one specimen, the °uori-

nated blocked isocyanate114 basedon 1H,1H,2H,2H {p er°uoroalkyl{1{ol, was used in

the constructionof polyurethanenetworks. Therefore,it is of interest to realizenew°u-

orinated polyurethanenetworks usingblocked isocyanatesbasedon °uorinated amides

as top coatings. On one hand, °uorinated polyols, such as oligoestersand oligo(urea

urethane)s,could be synthesizedby the polycondensationof functionalized°uorinated

amideswith diols, diacids or diestersor diisocyanates. On the other hand, °uorinated

blocked isocyanate, such as uretdione, could be made through the oligomerization of

functionalized °uorinated amideswith diol and uretdione. The combination of these

two kinds of °uorinated materials, °uorinated polyols and °uorinated oligouretdiones,

with their non-°uorinated counterparts can give a variety of formulations to meet dif-

ferent requirements. The resulting polyurethane top coatings are expected to own

excellent bulk properties (adhesive and mechanical properties) and a hydrophobic sur-

face.

1.3 Powder coating

Coating ¯lms, especially top coating, basically function to protect a surface,and

improvethe durabilit y andappearanceof a surface.146 Additionally , slip, mar resistance

and abrasionresistancepropertiesmay alsobe requiredfor coating ¯lms. On the other

hand, coating hasto be developed to temporally changeor protect surfacefor example

in photoresist.146

The increasingenvironmental regulations, namely low VOC regulation1 which

requestto reducethe solvent emissionsduring the application of paints and varnishes

urgently, have changed the nature of coating business. High solids or solvent free

coatings,water{borne, and powder coatingsare among the most e±cient approaches

to meet this requirement. Among these, powder coating possessesits advantages,
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for example, without solvent emissionduring application, the residual can be used

again. The emergenceof new methods to apply powder coatingsat ultra{high speed

(> 1000ft./min.) has beenreported in last few years. Also plenty of papers discussed

the new potential applications147 and new curing mechanisms148 in this ¯eld. It was

predicted that the penetration degreeof powder coating will increasefrom current

(2000) 7% to 10% in 2010.149 All thesesuggestthat the future of powder coatings is

very attractiv e.150

1.4 Polyurethane (PU)

PU canbeachievedby the addition reactionbetweenpolyolsandpolyisocyanates,

the so{called Diisocyanat{Polyadditions{Verfahren151,152 (see Fig. 1.4) invented by

Bayer and co{workers in the late 1930s. The possibleside reaction involved in the

synthesisof polyurethaneis shown in Fig. 1.5, the moisture of reaction mixture reacts

with isocyanato group to give a unstableintermediate,which consequently decomposes

to a primary amine and releasea CO2. The primary amino group can further react

with isocyanate to result in a bisuret. PU also can be obtained by non-isocyanate

chemistry, for example,the reaction of aliphatic diamine with cyclic carbonate,153 and

the phosgenationof polyols.154,155

oligoester polyols 
oligoether polyols
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O
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Figure 1.4: A schematic presentation of the synthesisof PU via the addition reaction
of polyols with polyisocyanates
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Figure 1.5: Possibleside reaction involved in the synthesis of PU using polyols and
polyisocyanates
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Polyurethane is one of the best top coatings and may be the most versatile

polymer. From the view of synthetic architecture, polyurethane possessesunique ad-

vantages.Polymeric chemistscanobtain polyurethanewith di®erent propertiesby tiny

changeof the formula, of which most components are commercially available. Espe-

cially, functional component is introduced to result in the polyurethane of required

properties. Polymers with block, comb, or random branched morphologiesare pro-

ducedby careful selectionof reaction condition, and the materials may take any form

from brittle glassesto elastomers.156

1.4.1 Blo cked isocyanate

The use of blocked isocyanates is of great advantages in the coating industry.

For example, formulator pre{blends blocked isocyanate, polyol, chain extender, ad-

ditiv es and other components in one package, which is stable under normal storage

conditions. The end user needsonly to add catalyst to the curing system. Then the

stableone{packagecoatingsis heatedleadingto the reformation of highly reactive iso-

cyanates,which further react with polyol to form the cross-linked polyurethane. This

so called one-packagePU is widely usedin diversi¯ed areas,such as powder coating,

electrocoatings,wire coatings,and so on (as shown in Tab. 1.1).

R OH OH
N

N

H

C N OH

R1

R2

R'

O O
R'O O

alcohols phenol caprolactam pyrazole

ketoxime malonate

NaSO3H

N

N
N

H

sulfite triazole

N

C

C

N

O

O

N
CC

N

O O

H

uretdione

cyclic urea

External blocking agents Internally blocked isocyanates

N

O

H

Figure 1.6: Structuresof internally blocked isocyanatesand typical blocking agents for
the externally blocked isocyanates

The chemistry of blocked isocyanate hasbeenreviewed by Wicks.157,158 Blocked

isocyanatesaredivided into two classes.Oneis externally blockedisocyanate,the other

is the internally blocked isocyanate. The structures of someblocking reagents and two

internally blockedisocyanatesarepresented in Fig. 1.6. To form the externally blocked

isocyanate,external blocking agents shouldbe added. During the curing, thesevolatile
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chemicalswould be given o®into atmosphereor other surroundingenvironments. The

internally blocked isocyanate is formed by the dimerization of isocyanates or other

chemistry. During the curing, no small moleculesare released,so the powder coating

basedon the internally blocked isocyanate is the real zeroVOC coating.

Table 1.1: Blocking agents, application, deblocking temperature, and catalyst of blocked
isocyanates

Temp.a
Blocking agent Application

(±C)
Catalyst

ketoxime stone chip resistant primer 130{150 Bi, Co, Cr (I I I), DBTDL, Zn, Ca
pyrazol top coatings 120{140 DBTDL, Bi, Co, Cr, Zn
caprolactam powder coating 150{170 Zn, DBTDL, Co, Bi
phenol wire coatings 120{140 Zn, Mn, Bi, DBTDL, Ca, Cr (I I I)
alcohol cationic electrocoatings 150{170 Bi, Co, Zn, DBTDL
malonate automotive clearcoats 100{120 No e®ective catalyst
uretdioneb powder coatings 170{200 Zn, Bi, DBTDL, Sn (I I), DBN, DBU
a the deblocking temperature. b for comparison.

The typical blocking agents used for the formation of externally blocked iso-

cyanates and the decomposition properties of formed blocked isocyanate are listed

in Tab. 1.1. Normally, the applied deblocking temperature of externally blocked iso-

cyanante is at about 120{170±C, while the applieddeblocking temperatureof internally

blocked isocyanate is higher than 170 ±C. For most of externally blocked isocyanates,

the deblocking mechanismis proposedasan elimination{addition mechanismasshown

in Fig. 1.7, Eq.-1 and Eq.-2. At elevated temperature, blocked isocyanate is thermal

labile, it decomposesto the original isocyanate and blocking agent. The latter one

evaporates, and the reformed isocyanates reacts with present compounds containing

Zerewitino®active hydrogenatom. However there are somespecial cases.One is the

malonateblocked aliphatic isocyanate. It seemsthat transesteri¯cation is the predom-

inant reaction step.159 Another is the alcoholblocked isocyanate, the decomposition to

isocyanate is a rather high temperature reaction. In the presenceof catalyst, the direct

transesteri¯cation of alcohol with blocked isocyanate according to Fig. 1.7, Eq.{3 is

the most likely mechanism. The overall reaction rate dependson the volatilit y of the

alcohol.160 Generally, the deblocking of blocked isocyanateundergoesat lower temper-

ature in the presenceof catalyst comparedwith non-catalyst system. The presenceof

resinsalsocan decreasethe deblocking temperature.161{163 To reducethe environment

pollution causedby the harmful metal ions, many new metal compounds have been

tried to replacetheir analogous164 in the catalyst systems.
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Figure 1.8: The possibledeblocking mechanism of uretdione

To date, only onepractical internally blockedisocyanate,uretdione,wasreported.

It is produced by the dimerisation of isocyanate catalyzedby Lewis basesuch as tri-

alkyl phosphine.165 The deblocking of uretdione at elevated temperature undergoes

via two possiblepathways. Uretdione may behave like alcohol blocked isocyanate {

the direct transesteri¯cation betweenuretdionegroup and polyol; or the uretdionering

decomposesand releasestwo free isocyanato groups without the emissionof volatile

molecules. The detailed mechanism is depicted in Fig. 1.8. There is another poten-

tial internally blocked isocyanate, cyclic urea, which will dissociated thermally to give

amido isocyanates.166,167

The possiblesidereaction during the formation of polyurethaneis depicted in Fig.

1.9. First of all, the reformedisocyanato group reactswith humidit y of atmosphereor

intentionally addedwater to yield the alkyl carbamate,which is unstableand turns into

carbon dioxide and amine assoon as formed. The primary amine is soactive that the

isocyanato group reactswith it exclusively to give biuret. Due to the high temperature

required for deblocking of blocked isocyanate, the active H atom of biuret also can
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react with isocyanate to generateallophanate.168,169 To minimize this unfavorable

side reaction, new catalysts basedon non-tin compounds have been developed with

high selectivity in the hydroxy{isocyanate reaction.164 Whereasthis side reaction is

noteworthy for the formulation of the one{component PU.162,170
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Figure 1.9: Schematic presentation of possibleside reaction for isocyanate chemistry
in blocked isocyanate

1.4.2 Functionalized oligo(urea urethane)s

Water{borne and high solids coating are other candidatesto meet the event of

low VOC coatings. However highersolid content and water{bornecoatingshavecaused

new requirements in the formulation of coating system.171 For both, end userscon-

front surfaceimperfection or defection due to the high surfacetension and excessive

°ow during the application and curing process. Most water{borne coatings exhibit

non-Newtonian rheology, which createsspecial problems during the application pro-

cess.High solidscoatingsalsogeneratea lot of problemsdue to their low viscosity. All

thesedemand that new progressesshould be made to solve the mentioned problems.

Functionalizedoligo(ureaurethane)scontaining °uorinated sidegroupsareof practical

interest as additives for water{borne and high solids coatings. In detail, the inter-

molecular or intramolecular hydrogen-bonding interaction of urea or urethane group

can make a temporary net{work for stabilizing the pigment dispersionand ¯lm forma-

tion. It alsocan a®ordthe shearstabilit y of thosetwo kinds of coatings. The presence

of °uorocarbon among these oligomerscan reduce the surfacetension of resins and

result in the reduction of ¯lm imperfection.
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1.5 Surface analysis

1.5.1 X-ra y photo electron spectroscop y (XPS)

For a basicXPS experiment, the surfaceto be investigatedis placedin a vacuum

environment and then irradiated with photons (X-ray). The atoms comprising the

surfaceemit electrons(photoelectrons)after direct transfer of energyfrom the photon

to the core-level electron. Theseemitted electronsaresubsequently separatedaccording

to energyand counted. The energyof the photoelectronsis related to the atomic and

molecular environment from which they originated. The number of electronsemitted

is related to the concentration of the emitting atom in the sample. The basicphysics

of this processcan be described by the Einstein equation:

EB = hº ¡ K E

whereE B is the binding energyof the electron in the atom (a function of the type of

atom and its environment), hº is the energyof the X-ray source,and KE is the kinetic

energyof the emitted electron that is measuredin the XPS spectrometer. Thus, E B ,

the quantit y that providesus with valuableinformation about the photoemitting atom

is easily obtained form hº (known) and KE (measured).172

XPS is an information-rich method providing qualitativ e and quantitativ e infor-

mation on all the elements present, except H and He. In fact, the X-rays of 1 KeV

(a typical order of magnitude for a XPS excitation source) can penetrate 1000 nm

or more into matter while electronsof this energyonly penetrated approximately 10

nm. Therefore, XPS, in which only emitted electronsare measured,is surfacesensi-

tiv e. Electronsemitted from X-ray excitation below the outermostsurfacezonecannot

penetrate far enoughto escape from the sampleand reach the detector.

Although XPS would seemto provide information from a highly surface-localized

zone, in fact the XPS spectrum obtained will be composedof a convolution of the

information from all information depths. Thereforedepth pro¯lling methodsareusedto

deconvolute the XPS signal to the composition asa function of depth. The information

from the outermost s 8 nm of a surfaceis converted into a depth pro¯le using data

acquired in an angular{resolved XPS (AR-XPS) experiment. As a result, more XPS

data can be obtained and contain information about the composition as a function of

depth. To convert from a plot of "angle versuscomposition" to a plot of "depth into

the surfaceversuscomposition" necessitatesa deconvolution173,174 of the data set. In

our case,the equation is sated:

d = 5¸cosµ
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where ¸ is the inelastic mean free path (an absorption coe±cient). µ is the sample

angleto the analyzer.

1.5.2 Fourier transform IR spectroscop y (FTIR)

IR spectroscopy, oneof the vibrational spectroscopies,is of most of the features

of vibrational spectroscopy.172 The vibrational spectroscopy can be one of the most

versatile techniquesfor the (surface)chemist. The techniquesinvolvesthe interactions

of photons or particle with surfaceleading to energy transfer to or from the surface

adsorbed speciesvia vibrational excitation or de-excitation. The discrete energies

transferred correspond to vibrational quanta, and analysisof theseenergiesprovides

the structure of the surfacespecies. Comparedwith other techniques(using particle

beamsand high-vacuum systems)available for the surfaceanalysis, the vibrational

spectroscopy can examine real surfacesunder almost any conditions, is capable of

dealing with almost any surface,hasa relatively low cost.

IR spectroscopy is oneof the most important methods of studying surfacechem-

ical reactions and can provide the meansof determining the fundamental chemical

mechanismsoccurring on surfaces.Whereas,a precaution should be noted, although

FTIR may allow us to identify intermediate speciesforming on surfaces,thesespecies

may not be involved in the rate determining step of the reaction and are called "spec-

tator species".

Most modern IR facilities utilize a Fourier transform IR (FTIR) spectrometer.175

Compared to a dispersive instrument, FTIR spectrometer is of an essential feature

that all of the light from the sourcefalls onto the detector at any instant, this special

feature leads to increasedsignal levels by improving the signal-to-noiseratio at any

point in the spectrum. The advantages175{177 of FTIR methods are described in terms

of the Jaquinot or multiplex advantages which arisessince all channelsare samples

at once,the Fellgett or throughput advantage which arisesbecausethe signal level at

the detector is always higher, and the Connesadvantage which represents enhanced

photometric accuracy arising form the in-built electronic calibration resulting from

laser,usually a HeNe,with the beamsplitter.

1.5.3 Axisymmetric drop shape analysis{pro¯le (ADSA{P)

To evaluate the hydrophobicity of °uorinated side groups containing polymers,

water contact angleis a commoncriterion.178 Basedon the measurement of water con-

tact angleon the given solid surface,the critical surfacetension(or the surfaceenergy)



1.5. Surfaceanalysis 15

of determinedpolymerscould be quantitated. For calculating surfacetension, Zisman

method,54 JKR test,79 and Good{Girifalco{F owkes{Young (GGFY) equation70,77,107

are available basedon the Young'sEquation:

° lvcosµ= ° sv ¡ ° sl

where µ is the Young contact angle at the three-phasecontact line. ° lv, ° sv, and ° sl

are the interfacial tensionsat liquid-vapor, solid-vapor and solid-liquid, respectively.

However all theseapproachesassumethat the solid surfaceis not changedby contact

with liquid.

Techniques have been developed for more preciseestimation of contact angle,

now the axisymmetric drop shape analysis{pro¯le (ADSA{P) 179 is one of the most

useful methods for contact angle measurement, which was carried out at very low

advancing velocity of the three-phasecontact line. This technique is supposedto be

abledistinguish "meaningful" contact anglesfrom "meaningless"ones.A "meaningful"

contact anglemeansthat the advancingcontact angleis constant whenthe three-phase

contact line advances.In this case,the solid-vapor surfacetension doesnot changeby

contact with liquid. A "meaningless"contact anglemeansthat the advancing contact

angle increaseswith increasing liquid drop volume, while the three-phasedoes not

advance. When the liquid drop is large enoughto overcomethe energybarrier, then

the three-phaseline advances.This kind of behavior is called stick/slip. For this case,

the solid surfaceis changedduring contact with liquid, for examplethe surfaceis wetted

by liquid. Thereforethe surfacetension of solid is di®erent for di®erent liquid. Thus,

the contact angleobtained cannot be used.

1.5.4 A tomic force microscop y (AFM)

Surfacetopology hasa great in°uence on the surfacehydrophobicity. Therefore,

when a hydrophobic surface is obtained, the real driving force of the alternation of

surfacehydrophobicity should be seriouslyconsidered,by rough surfaceor by the en-

richment of low surface-energymaterials? AFM o®ers,in principle, the possibility for

obtaining atomic-resolution images.180 AFM is a stylus-type instrument, in which a

sharp probe, scannedraster-fashingacrossthe sample, in employed to detect change

in surfacestructure on the atomic scale. In practice, one generally ¯nds that atomic

resolution is not readily accessible.However the sensitivity of the AFM in the vertical

direction remainsbeyond question.

The tip geometry plays an important role in determining the nature of AFM
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images.Variations in tip structure may causevariation in the AFM images.Principally,

a sharp tip would provide an accuraterepresentation of the surfacemorphology. If the

tip is blunt, sothat the surfacefeaturesobtainedby a blunt tip hasdimensionssmaller

than those of the apex of the tip, then the surfacefeature may e®ectively image the

tip. Under such circumstances,it is not clear what the surfacetopography really is.

Additionally , the mechanical properties of the cantilever are important in con-

trolling the performanceof a forcemicroscope. The deformationof cantilever responds

to the interaction forcesbetween the tip and the surface. Therefore, the spring con-

stant k and the resonant frequency ! 0 are of particular interest. The sensitivity of

the cantilever to vibrations decreasewith increasingresonant frequencyand we require

the microscope to be relatively insensitivity to mechanical noise in its environment.

However, a small spring constant is required to facilitate the detection of small force.
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2 Aim
Despite that hydrophobic surfacesbasedon °uorinated compounds have been

successfullyconstructedfor the fundamental research, most of synthesizedpolymersare

of linear structure, only in few casespolymer networks have beenconstructedbasedon

polyurethanenetwork, oneof the predominant top coatings. Until now functionalized

°uorinated amideshave not beenintroducedto polymersasend groupsor sidegroups.

This work wasfocusedon the synthesisof functionalized(e.g.,OH, NH2, COOH)

°uorinated amidesand their usein polyreactionsto synthesizepolymeric or oligomeric

materials for the construction of hydrophobic top coatingswith excellent bulk proper-

ties.

Fluorinated amides have been used as surfactants or in polycondensationand

polyaddition. Most of °uorinated amides were synthesized by the reaction of per-

°uoroalkyl carbonyl halide. To synthesize°uorinated amideswith diversefunctional

groupsunder more mild condition and to extend the useof °uorinated amidesis one

aim of this work.

The °uorinated amide group has to be stable enoughto be used in high tem-

perature polycondensation. The hydrolytic stabilit y of °uorinated amide dependson

the substitution patterns of the N -alkylsubstituted amides. On the other hand, the

H atom of per°uorinated amide group is quite active. Thus, the reaction behavior of

synthesized°uorinated amidesin model reaction or polycondensationis another study

point of this work. Speci¯cally, in the synthesisof poly- or oligoesterwith °uorinated

side groups by melt polycondensation,the transamidation of °uorinated amide with

diester or diacid was the focusof investigation. In the addition reaction of functional-

ized°uorinated amideswith polyisocyanate, the reactivity of H atom of per°uorinated

amidegroupsand functional groupswith isocyanate wasconsidered.Only when those

side reactions could be excludedor reduced,then one can synthesizethe °uorinated

polymeric or oligomericmaterials for the realization of hydrophobic surface.

The in°uence of the used°uorinated amide sidegroup on the surfaceproperties

is anotherstudy point. The study of the bulk and surfacepropertiesof model polymers

with di®erent backbonesand attaching °uorinated sidegroupswasconductedto ¯gure

out the e®ectof the °uorinated amide group.

The ¯nal aim of this work is to construct hydrophobic surface and to study

the in°uenceof someparameterson the surfacepropertiesof cross-linked polyurethane

¯lms basedon the curing reactionof °uorinated hardenerandnon-°uorinated oligoester
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polyols.

To realize the work concept demonstratedabove, various aspects of this work

summarizedas follows have beenstudied.

² Synthesisof functionalized °uorinated amides

² Reactionbehavior study on synthesized°uorinated amidesto ¯nd out the optimal

reaction condition

² Synthesisof polymersor oligomerscontaining °uorinated sidegroupsby conden-

sationsor polymer analogousreactions

² Surfaceproperty studieson polymer ¯lms

The central question which should be answered in this work is: is there another

industrial interesting processto get hydrophobic materials for curing reaction under

melt condition?
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3 Synthesis of Fluorinated Polymers or
Oligomers

This work hasbeenfocusedon the synthesisof functionalized°uorinated amides

and their usesin polyreations for the synthesis of polymeric or oligomeric materials

for the further application in the formation of hydrophobic surfacesof either linear or

network structure.

To obtain the polymericor oligomericmaterialscontaining °uorinated sidegroups

for the construction of hydrophobic surfaces,suitable functionalized °uorinated amide

is of pivotal importanceto meet the needof the practical application. This requires:1)

the synthetic route and workup procedureof functionalized °uorinated amide should

be as simple as possible. 2) The functional group of synthesizedamide should be of

high reactivity during the courseof the formation of polymers or oligomers. 3) The

functionality of °uorinated amidesshould be more than 1. When the functionality of

°uorinated amideis of 1, it could be usedfor the modi¯cation of the polymerscontain-

ing speci¯c functional sidegroupsto give polymerscontaining °uorinated sidegroups.

When the functionality of °uorinated amideis morethan or equalto 2, the synthesized

°uorinated amide could be polymerizedor oligomerizedwith non-°uorinated compo-

nents to give polymeric or oligomeric materials. 4) One more important factor that

should be consideredis the thermal stabilit y of amide group, especially during the

courseof melt polycondensation.At such elevated temperature, the hydrolysis, esterl-

ysis,or transamidation of °uorinated amidegroup could take place,this could result in

the lossof °uorinated segment. On the other hand, the role that the °uorinated amide

plays for the alteration of the surfacewettabilit y is unclear. Thereforethe ¯rst aim of

this work was to focus on the synthesis of functionalized °uorinated amidesand the

reactionbehavior studieson synthesized°uorinated amides.When the reactionbehav-

ior study gave a positive result, the used°uorinated amide was usedfor the synthesis

of polymersor oligomersin polyreations, the properties (bulk or surfaceproperties) of

resulting polymersor oligomerswere investigated,too.

3.1 Synthesis of °uorinated amides

The realization of functionalized °uorinated amidesis one key step to approach

the ¯nal aim of this work. The synthesis of functionalized °uorinated amidesin this

work canbe achieved in the most casesby the reactionof alkyl per°uoroalkanoatewith

a functionalized primary amine in a single step as depicted in Fig. 3.1. Particularly,



20 CHAPTER 3. SYNTHESIS OF FLUORINA TED POLYMERS OR OLIGOMERS

the methyl per°uoroalkanoatewasused. Hydroxyl, primary and secondaryamino, and

carboxyl functionalized°uorinated amideswereobtaineddueto the preferredreactivity

of primary amino group toward per°uorinated ester group comparedwith secondary

amino group, CO2H group, or OH group.

Rf O

O

Rf N

O

H
R FGH2N R FG+

Rf = perfluorinated alkyl    >   C3 
R = non-fluorinated alkyl    >   C3
FG = functional  group = OH, NH, NH2, COOH, COOMe 

0 - 40 oC

CH3OH or CH2Cl2

Figure 3.1: The generalsynthetic route and the structure of preferred°uorinated amide
monomersvia the reactionof functionalizedprimary amineswith methyl per°uorinated
esters

Our coworkers have realizedmono-hydroxyl and mono-methyloxycarbonyl func-

tional monomers,and successfullycoupledthesetwo monomersto oneendof oligomers

(oligoestersor oligouretdiones)for the formulation of powder coatingsto form the hy-

drophobicsurfaces.Thus°uorinated amidesof other functional groups(e.g.,secondary

amino, primary amino, and carboxyl groups) have been synthesizedin this work by

one-stepreaction. As demonstratedafore,the polymerization or oligomerizationof the

difunctioalized °uorinated amideswith non-°uorinated components could yield poly-

mers or oligomerscontaining °uorinated side groups by a more straightforward way.

Thus, somedifunctionalized °uorinated amideshave beendeveloped usingsynthesized

monofunctionalized°uorinated amide. Later on, the functionalized °uorinated amide

is namedas R f -monomer .

3.1.1 Synthesis of N -hex-1-yl per°uoro octane amide

CH3OH

r . t., 4 days
+ H2N C7F15 N

O

H
C7F15 O

O

Figure 3.2: Synthetic route towards N -hex-1-yl per°uorooctane amide

As mentioned earlier, the reactivity of the °uorinated amide during the polyre-

action is one important point to be known. Therefore non-functionalized °uori-

nated amide, N -hex-1-yl per°uorooctane amide, was synthesized. The reaction of
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1-aminohexanewith 1 equivalent methyl per°uorooctanoate as described in Fig. 3.2

gave N -hexyl per°uorooctane amide in very high yield via simple work-up procedure,

solvent evaporation.

3.1.2 Synthesis of F-NHOH

N -[3-N -(2-hydroxyethyl)aminoprop-1-yl] per°uorooctane amide (F{NHOH or

F1), a difunctioanl monomer, was synthesized by an one step reaction as given in

Fig. 3.3. The reaction condition and work-up procedurewere similar to those of N -

hexyl per°uorooctaneamide. The 1H and 13C NMR spectra (seeFig. 3.4) both revealed

that very pure product was obtained, therefore this monomerwas usedwithout any

further puri¯cation.

C7F15 O

O
C7F15 N N OH

O

H H
H2N N OH

H

+
r . t., 4 days

CH3OH

F-NHOH, F1

Figure 3.3: Synthetic route towards N -[3-N -(2-hydroxyethyl)aminoprop-1-yl] per°uo-
rooctane amide (F-NHOH)
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Figure 3.4: 1H and 13C NMR spectra of protonated F-NHOH, in DMSO-d6

3.1.3 Synthesis of 7F3H-amino

The secondaryaminofunctioanlized°uorinated amide,N -(3-N -methylaminoprop-

1-yl) per°uorooctane amide (7F3H{amino), wasobtained by the reaction route shown
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in Fig. 3.5. The reaction of little excessN -methyl-1,3-diaminopropanewith methyl

per°uorooctanoate was carried out at r.t. for 24 hr, then the crude product was neu-

tralized with 1 M HCl to give N -(3-N -methylaminoprop-1-yl) per°uorooctane amide

hydrochloride (7F3H-aminohydrochloride), which wasdeprotonatedby Na2CO3 to give

7F3H{amino. Such kind of work-up procedurewasadoptedsinceonly yellow slurry was

obtained after the evaporation of solvent and excessN -methyl-1,3-diaminopropane.In

addition, two phaseextraction couldnot su±ciently to removethe excessN -methyl-1,3-

diaminopropane. The 1H NMR spectra and their signal assignments of 7F3H{amino

hydrochloride and 7F3H{amino are shown in Fig. 3.6 and Fig. 3.7 on the next page,

respectively. One can ¯nd that the proton signalsof per°uorinated amide and amine

are undetectableafter deprotonation.

C7F15 N

O

H

N H*HCl
C7F15 O

O
H2N N

H
+ C7F15 N

O

H

N H
1). r . t., 24 hr

7F3H-amino hydrochlor ide
 yeild = 81.5%

7F3H-amino, yield = 95%

2). 1 M HCl

3). Na2CO3

Figure 3.5: Synthetic route towards N -(3-N -methylaminoprop-1-yl) per°uorooctane
amide (7F3H{amino)
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Figure 3.6: 1H NMR spectrum of 7F3H{amino hydrochloride and its signalassignments
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Figure 3.7: 1H NMR spectrum of 7F3H{amino and its signal assignments

3.1.4 Synthesis of F-diacid

The reaction of 7F3H{amino or its hydrochloride salt with 1 equivalent 1,2,4-

benzenetricarboxylic anhydride was carried out to synthesizethe desiredproduct, F{

diacid. The reaction conditions and results are shown in Fig. 3.8 on the following

page. This reaction was studied under three di®erent reaction conditions: 1) Melting

reaction, 7F3H-aminoand 1,2,4-benzenetricarboxylic anhydride (1:1 ratio) washeated

at 180±C in a Schlenk °ask for 2 hr under N2-stream. 2) Suspensionreactioncatalyzed

by Lewis base,the 7F3H{amino hydrochloride wasdeprotonatedby NaNH2 in toluene

at 0 ±C for 2 hr and at r.t. for 2 hr. Then 1 equivalent 1,2,4-benzenetricarboxylic

anhydride was added. The mixture was heated at 130 ±C for 21 hr. 3) Suspension

reaction without catalyst, 7F3H-amino and 1,2,4-benzenetricarboxylic anhydride (1:1

ratio) were suspended in toluene and heated at 130 ±C for 21 hr. NMR was used

to determine the structure of the reaction products. It was found that, only by the

last reaction condition (suspension reaction without catalyst), the desired product

(F{diacid) could be obtained quantitativ ely. The 1H NMR spectrum of F{diacid is

shown in Fig. 3.9 on the next page. All protons resonancesare observed, the ratio

of the two rotamers is about 60:40 (syn- to anti-). In the other two cases,crude

products are mixtures of F{diacid and the salt of 7F3H{amino with carboxylic acid.

The reasonis probably that the F{diacid is unstableat high temperatureandundergoes

decomposition.
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Figure 3.8: Synthetic route towards F{diacid. 1) toluene, NaNH2, 2 hr at 0 ±C, 2 hr
at r.t.; 2) 1,2,4{benzenetricarboxylic anhydride, 21 hr at 130 ±C; 3) toluene, 1,2,4{
benzenetricarboxylic anhydride, 21 hr at 130 ±C; 4) 1,2,4{benzenetricarboxylic anhy-
dride, 2 hr at 180 ±C
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Figure 3.9: 1H NMR spectrum of F{diacid and its signal assignment
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3.1.5 Synthesis of F-diaceto xy and F-diol

The synthetic route of F{diacetoxy and F{diol is presented in Fig. 3.10. First,

the OH groupsof 2,2-bis(hydroxymethyl)propionic acid (Bis{MP A) wereprotected by

acetyl chloride, then the carboxyl group was converted into carbonyl chloride. These

two reaction stepswere reported for the synthesis of monodendrons.181 The carbonyl

chloride reacted with 7F3H{amino to give F{diacetoxy, which was puri¯ed by short

column chromatography to remove the non{°uorinated sideproducts and catalyst (tri-

ethylamine (TEA)), a small amount of the latter one has strong interaction with °u-

orinated amide group and could not be extracted into brine by normal two phase

extraction. F{diacetoxy was deprotectedto yield F-diol in high yield. The total yield

is about 69%(calculated from methyl per°uorooctanoate).

HO OH

HO

O

O O

O O

HO O

O O

O O

Cl O

C7F15 N

O

H
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O

O

O

O
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O

H
N

O

OH

OH

C7F15 N

O

H
N

H*HCl

1) 2)

3)

4)

F-diacetoxy
F-diol

Figure 3.10: Synthetic route towards F-diol. 1) acetyl chloride, TEA, DMAP, 2 hr at
r.t.; 2) oxalyl chloride, 2 drops DMF, 4 hr at r.t.; 3) TEA, 4-dimethylaminopyridine
(DMAP), r.t. overnight; 4) 1 M NaOH, 2 hr at 0 ±C, 1 hr at r.t.

The 1H NMR spectra of F{diacetoxy and F{diol are shown in Fig. 3.11 and

Fig. 3.12 on the next page, respectively. After the deacetylation, the chemical shift of

the proton 7 changesfrom 4.20ppm to 3.53ppm. Meanwhile, the signal of OH group

arisesat 4.50ppm and the signalof the proton of acetyl group vanishesfrom 1.97ppm.

Theseinformation revealedthe successfulconversionfrom F{diacetoxy to F{diol.
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Figure 3.11: 1H NMR spectrum of F{diacetoxy and its signal assignments
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Figure 3.12: 1H NMR spectrum of F{diol and its signal assignments

MALDI{TOF{MS investigation con¯rmed that the deprotection product is the

desired compound, F{diol. Maybe tiny amount of tri-h ydroxy-functionalized °uori-
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nated amide (Fig. 3.13) is present too, but this by-product could not be detectedby

NMR investigation.
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Figure 3.13: Structures of F-diol and possibleby-product detectedby MALDI{TOF{
MS

3.1.6 Synthesis of F-acid

It was reported182 that the carboxyl functionalized °uorinated amides could

be successfullyobtained by the reaction of per°uoroalkylcarbonyl °uorides with ex-

cessamino acids without any external catalyst in non-polar solvent, for example

dimethoxyethane(DME) and diethyl ether. When this kind of procedurewasfollowed

in the reaction of methyl per°uorooctanoatewith excessamino acids,only the starting

material{amino acid wasobtainedafter the evaporation of solvent and other materials.

One of the reasonsis the reactivity di®erencebetweenper°uoroalkylcarbonyl °uorides

and methyl per°uorinated ester,the former oneis moreactive than the latter one. That

the amino acidsexist mainly as the so{calledZwitterion (shown in Figure 3.14 on the

next page) is the other causeof this non-conversion. When the solvent was changed

to protonic solvent{methanol, about 3% desiredproduct was collectedafter work-up.

It seemsthat the equilibrium betweenamino acid and Zwitterion shifts more to left

side in methanol than in non-polar solvent. To increasethe reaction rate in protonic

solvent, baseis needed.A basecanneutralizeacid group and releasefreeamino group.

Then amino group will attack methyl ester group to give the corresponding amides.

The introduction of a basealsocan increasethe nucleophilic reactivity of amino group

by abstracting proton from the amino group. Once 1 equivalent sodium methoxide

was introduced, the reaction of methyl per°uorooctanoate with 4{aminobutyric acid

underwent well to yield about 70% of the desiredproduct. The reaction equation is

presented in Fig. 3.1 on the following page. The details of reactionconditionsare listed

in Tab. 3.1 on the next page.
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Figure 3.14: Synthetic route towards F{acid. a) NaOCH3; b) CH3OH, re°ux, 24 hr;
c) HCl.

Table 3.1: Summary of the synthesis of carboxyl functional monomerusing amino
acid and methyl per°uorooctanoate

Sample Ester : Amino Temp. Time Yield

No.
Amino Acid

(mol: mol)
solvent

(±C) (hr) (%)

ZRC50 6-aminohexanoicacid 1: 5 DMEE b 100 12 0

ZRC51 6-aminohexanoicacid 1: 4 chloroform re°ux 24 0

ZRC62 6-aminohexanoicacid 1: 4 DMEE re°ux 13 0

ZRC63 6-aminohexanoicacid 1: 4 DME re°ux 24 0

ZRC99 4-aminobutyric acid 1: 2.5 DME re°ux 24 0

ZRC107 4-aminobutyric acid 1: 1.1 methanol re°ux 24 3

ZRC114a 4-aminobutyric acid 1: 1.1 methanol re°ux 24 69.5

a 1 equivalent NaOCH3 was usedas catalyst. b DMEE = dimethoxyethyl ether

3.1.7 Synthesis of primary amino functionalized °uorinated
amides

In 1995,Xu and co{workers139 reported the amidation of ethyl tri°uoroacetate

with diamines(N -methyl-1,4-diaminopropane,ethylenediamine,1,2-bis-(4-aminophenyl)-

ethane, 1,2-diaminocyclohexane,piperazine, and more) or the mixture of di®erent

monoamine(2-methyl-propyl amine with 2,2-dimethyl-ethyl amine, butyl amine with

2-methyl-propyl amine) for di®erentiating amino groupsand protecting amino group.

They assumedthat the intermolecular catalyst mechanism acceleratesthe reaction

rate, and found that the ratio of mono-substitutedderivative to di-substituted deriva-

tiv e depends on the reaction temperature, electronic in°uence and stereo-hindrance

di®erencebetweentwo amino groups. The lower the reaction temperature, the higher

is the ratio. The primary amino group hasa higher reactivity than the secondaryone.
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p = 1, Rf = C3F7,   3F4H-amino
p = 1, Rf = C7F15, 7F4H-amino
p = 1, Rf = C9F19, 9F4H-amino
p = 3, Rf = C7F15, 7F6H-amino
p = 3, Rf = C9F19, 9F6H-amino 

nFmH-amino

1) 2)

Figure 3.15: Synthetic strategy of amino-functionalized°uorinated amides. 1) 1 hr at
0 ±C, r.t. overnight; 2) HCl

Methyl per°uorinated estersusedin this work are lessactivecomparedwith ethyl

tri°uoroacetate. This determinesthat the reaction of methyl per°uorinated esterwith

diamine can be carried out at higher temperature, such as at 0 ±C or at r.t.. The

reaction scheme is shown in Fig. 3.15. In all cases,1.5-2 equivalents diamines were

stirred with 1 equivalent methyl per°uoroalkylnoates in methanol or dichloromethan

at r.t. or at 0 ±C overnight. As a result, four °uorinated amidesof di®erent °uorinated

alkyls or non-°uorinated alkyl spacerswere isolated by a similar work-up procedure

with that of 7F3H-amino hydrochloride. Their short nameswere referred to nFmH-

amino, n is the number of °uorocarbon, m is the carbon number of non-°uorinated

alkyl spacer.

The length of °uorinated alkyl has great in°uence on the solubility of product

and the reaction behavior of methyl per°uorinated ester. In the caseof the reaction

of methyl tri°uoroacetate with 1,4-diaminobutane,after work-up only di-substituted

derivative was obtained, which meansthe mono-substituted derivative is soluble in

water and the ratio of di-substitution is quite high. For the reaction of methyl hep-

ta°uorobutyrate with diamines,the reaction temperature during the adding of methyl

hepa°uorobutyrate to 1,4-diaminobutanealsoshouldbe carefully controlled at 0 ±C to

prevent the generationof di-amide. In the reaction of methyl per°uorodecanoatewith

diamine, phaseseparationoccurred that can suppressthe production of di-amide.
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3.2 Building blo cks based on F-NHOH or F-HDI-diol

The difunctionalized°uorinated amide,F-NHOH (F1), is an attractiv emonomer

of industrial interest sinceit canbeobtainedin onereactionstepwith a simplework-up

procedure. The F-NHOH has one secondaryamino and one primary hydroxyl group,

therefore it could be used for the synthesis of poly- or oligoester polyols, hydroxyl

terminated poly- or oligo(urea urethane)s,or °uorinated blocked isocyanatesfor the

formulation of polyurethane powder coatings. Our co-workers have studied the melt

polycondensationof this monomerfor the synthesisof poly- or oligoesterpolyols. Thus,

in this work, the study on this monomer was focusedon the synthesis of polymers

or oligomersof di®erent structures with respect to poly- or oligoester polyols. The

urethanechemistry of the F-NHOH was mainly investigatedin this section.

3.2.1 Mo del reaction of F-NHOH

Since the per°uorinated amide groups (R f CONH-) are present among all used

°uorinated amides,it is necessaryto know the reactivity of the active H atom of per°u-

orinated amidegroup with isocyanatein the polycondenstationreaction. Then onecan

optimize the reactioncondition of the condensationof functionalized°uorinated amide

with isocyanate to eliminate the unfavorable side reaction. Therefore the mixture of

non-functionalized amide, N -hex-1-yl per°uorooctane amide with phenyl isocyanate

was stirred at 60 ±C for 21 hr in acetonewith 1 wt-% dibutyltin dilaurate (DBTDL),

then quenchedwith largeexcessmethanol. 1H NMR analysisof the crudeproduct con-

¯rms that the reactionsoccurredunderwent asshown in Fig. 3.16. The crudeproduct

was composedof N -hex-1-yl per°uorooctane amide, bisphenyl urea, and the addition

product of phenyl isocyanate with methanol. The addition product of N -hex-1-yl per-

°uorooctane amide with phenyl isocyanate was not detected,which meansthe active

H atom of per°uorinated amide group is not able to react with isocyanate under such

reaction condition.
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O
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+ +
60 

o
C, 21 h

1% DBTDL
acetone

CH3OH
NCO O N

O

N
N N

O

HH

Figure 3.16: Schematic presentation of the model reaction of N -hex-1-yl per°uorooc-
tane amide with phenyl isocyanate

Becauseof the reactivity di®erencebetween the two reactive sites (secondary
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amino group and hydroxyl group) of F-NHOH, it is necessaryand interest to under-

stand the reactionbehavior of thesetwo functional groupswith isocyanatessothat one

can control the reaction behavior of this monomer to realize the products of desired

structure. For this purpose,the model reaction of F-NHOH with aliphatic monoiso-

cyanate and aromatic monoisocyanate werecarried out under di®erent reaction condi-

tion.

For the model reactions of F-NHOH with butyl isocyanate (BI ), the ratio of

F-NHOH to butyl isocyanate was varied from 1:0.5 to 1:2. The mixture of F-NHOH,

butyl isocyanate, and dibutyltin dilaurate (DBTDL) was stirred at 60 ±C for 6 hr in

acetone. NMR and MALDI-TOF-MS were used to determine the structures of the

crude products. The reaction scheme is depicted in Fig. 3.17 and the results are

summarized in Tab. 3.2. When the ratio of F-NHOH to butyl isocyanate was less

than 1:1, isocyanate reactedwith secondaryamino group exclusively. With increasing

butyl isocyanatecontent, the hydroxyl groupsalsoreactedwith butyl isocyanatewhen

all amino groups were consumed. When the ratio of F-NHOH to butyl isocyanate

was equal to 1:2, di-substituted product (4) was obtained, this result was further

proved by MALDI-TOF-MS. Additionally , once the secondaryamino reacted with

butyl isocyanate,the chemicalshift of OH shifts to down¯eld (seeFig. 3.19on page33).
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Figure 3.17: Schematic presentation of the model reaction of F-NHOH with butyl
isocyanate

Table 3.2: Resultsof the model reactionsof F-NHOH (F1) with
butyl isocyanate (BI) determinedby 1H NMR
Sample F1 :BI F1 (%) 3(%) 4(%)

BI-0.5 1:0.5 50 50 0

BI-1 1:1 0 95 5

BI-1.3 1:1.3 0 65 35

BI-2 1:2 0 0 100

The reaction of F-NHOH with phenyl isocyanate (PI ) was carried out under

the same reaction condition with that of the reaction of F-NHOH with butyl iso-



32 CHAPTER 3. SYNTHESIS OF FLUORINA TED POLYMERS OR OLIGOMERS

cyanate. The reaction schemeis described in Fig. 3.18 and the resultsare summarized

in Tab. 3.3. The resultsof the model reactionsof F-NHOH with phenyl isocyanateare

similar to thoseof the model reactionsof F-NHOH with butyl isocyanate. Noteworthy,

when the reaction, 1:2 ratio of F-NHOH and phenyl isocyanate, was carried out with-

out catalyst, even after long reaction time, 21 hr at 60 ±C, still 35% OH groupswere

not converted and the residual phenyl isocyanate turned into bisphenyl urea during

work-up. When more than 2 equivalents phenyl isocyanate was introduced,the excess

phenyl isocyanatedid not react with the activeH atom of per°uorinated amide,ureaor

urethaneduring reaction, which further con¯rms that the active H atom of °uorinated

amide group is insert at 60 ±C.
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Figure 3.18: Schematic presentation of the model reaction of F-NHOH with phenyl
isocyanate

Table 3.3: Result of the model reactionsof F-NHOH with phenyl
isocyanate (PI) determinedby 1H NMR
Sample F1 :PI F1 (%) 5(%) 6(%) 7(%)b

PI-0.7 1:0.7 22.2 77.8 0 0

PI-1 1:1 0 96.1 3.9 0

PI-1.3 1:1.3 0 71.8 26.4 0

PI-2a 1:2 0 35 65 28

PI-2 1:2 0 0 100 2.3
a without catalyst, 21 hr at 60 ±C. b comparedwith amide signal.

The conversion of amino group into urea has a great in°uence on the chemical

shifts of products, due to the high electron-withdraw and conjugatednature of phenyl

ring. The proton signalof OH of mono-substitutedproduct (5) shifted moredown¯eld

to 5.27 ppm, comparedwith that of mono-substituted product (3) of F-NHOH with

butyl isocyanate, which located at 4.82 ppm (seeFig. 3.19 on the next page). The

changeof chemicalshift of urea group for the products is shown in Fig. 3.20 re°ecting
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the processof the reaction. Once amino groups reactedwith phenyl isocyanates,the

proton signal of the resulted NH-urea group appearedat 8.57 ppm. Then, when the

di-substituted reaction of F-NHOH took place,part of NH signalof urea group shifted

to 8.27 ppm, and the corresponding NH signal of urethane aroseat 9.58 ppm. When

the di-substututed reaction was complete, the NH signal of urea group disappeared

from 8.57ppm totally . The 13C NMR spectra con¯rm the resultsof 1H NMR analysis.
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Figure 3.19: OH chemical shift comparisonbetweenPI-0.7 and BI-0.5

C7F15 N N N

O

H

O

H

OH

N O
N N

O

O
H

H

C7F15

N
O

H

a
a

b

b

c

c

d
d

d

PI-0.7

PI-1

PI-1.3

PI-2

Figure 3.20: Chemicalshift comparisonof NH of per°uorinated amide, urea, and ure-
thane groupsamongPI-0.7, PI-1, PI-1.3, and PI-2 (from up to down)

3.2.2 Synthesis of F-HDI-diol

Knowledge of the reaction behavior of F-NHOH gives evidenceto make good

useof this monomer. Thus, F-HDI-diol (F2) was synthesizedby the reaction of 1,6-

diisocyanatohexane(HDI) with 2 equivalents F-NHOH. 1H NMR (shown in Fig. 3.22)

and MALDI-TOF-MS both revealed that the desiredproduct, F-HDI-diol shown in
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Fig. 3.21, was obtained quantitativ ely. From the view of molecular structure, the

introduction of onesymmetrical center in F-HDI-diol can result in a better alignment

of the corresponding macromolecules,which is important for the long term stabilit y of

hydrophobicsurface.And two °uorinated sidechainswhich arepresent in onemonomer

also may enhancethe congregationof °uorinated phaseof the resulting polymers on

the top of surface.
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Figure 3.21: Synthetic route toward F-HDI-iol
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Figure 3.22: 1H NMR spectrum of F-HDI-diol and its signal assignments

The conversionof F-NHOH into F-HDI-diol also increasesthe thermal stabilit y

by about 70 ±C as shown in Fig. 3.23 on the next page. One can ¯nd that F-NHOH

starts to decomposearound 120 ±C, whereasF-HDI-diol loses1 % by weight at 198
±C, the characteristic decomposition temperature of urethaneor urea group.
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Figure 3.23: TGA curvescomparisonbetweenF-NHOH and F-HDI-diol

3.2.3 Strategy towards poly- or oligo(urea urethane)s

X OCN NCO
RR ]][ [

m n
diisocyanate

X

R-OH

R = HOCH2CH2CH2CH2

HOCH2(CH2)6CH2

HOCH2CH2(OCH2CH2)2OCH2CH2

CH3

CH3CH2(CH3)C=N

X = OH, NH

diisocyanate = IPDI , HDI , MDI

fluorocarbon

hydrocarbon and functional group

Figure 3.24: Synthetic strategiestowards poly- or oligo(urea urethane)s,and the use
of F-NHOH and F-HDI-diol

Due to the low reactivity of the OH group of F-NHOH, which was well demon-

strated in the model reaction section, a two-step reaction procedurewas adopted to

synthesizepoly- or oligo(ureaurethane)ssothat the Rf -monomeris not present at the

end of polymersbut in the middle of polymer chains. The synthetic strategy towards

poly- or oligo(urea urethane)sand the usesof two monomersare shown in Fig. 3.24.

Firstly, Rf -monomerand excessdiisocyanate were stirred and heatedat the required

temperature for the neededtime to allow OH and/or amino groups of Rf -monomer
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to be converted completely into corresponding ureasor urethanes. Then di- or mono-

functional reagents were introduced to give polymers, oligomers, or blocked IPDI's,

respectively.

First, the synthetic approach wasfocusedon to work out the best polycondensa-

tion condition to get soluble poly(urea urethane)s. Polymers basedon Rf -monomers

(10% by weight), 1,4-butanediol (1,4-BD), and three kinds of diisocyannates (HDI,

methylene di-p-phenyl diisocyanate (MDI), and isophoronediisocyanate (IPDI)) were

synthesized.Di®erential scanningcalorimetry (DSC) wasusedto investigatethe ther-

mal properties of synthesized poly(urea urethane)s, the results are summarized in

Tab. 3.4. The solubility of synthesized copolymers in somepolar solvents was also

studied, the results are listed in Tab. 3.5 on the facing page. The copolymers of Rf -

monomer,1,4-butanediol,and HDI or MDI (F1-MDI, F2-MDI, F1-HDI, and F2-HDI)

have not only Tg but alsomelting point. The presenceof the crystalline phaseand the

inter- or intramolecular interaction via denselyH-bondingsin thesecopolymersresults

in poor solubility. The combination of the high melting point and the poor solubility

of thesecopolymers in usedpolar solvents precludesthe further characterization and

application. When IPDI wasselectedto replaceHDI and MDI, only a T g wasobserved

in the DSC curvesof the copolymers(F1-IPDI0 and F2-IPDI), which meansthat these

copolymers are completely amorphous. Though their T g's are quite high, 94 ±C and

101 ±C, they have a good solubility in used solvents. Hence, IPDI was selectedas

diisocyanate to synthesizesolublepoly- or oligo(ureaurethane)s.

Table 3.4: Thermal properties of poly(urea urethane)sbasedon di®erent diiso-
cyanates,1,4-butanediol,and Rf -monomers

Tg Tm Td (±C)
Probe Rf

a Diisocyanate Diol
(±C) (±C) 1% wt. loss 10% wt. loss

F2-HDI F2 HDI 1,4-BD 15 172.9 168 280

F1-HDI F1 HDI 1,4-BD 18 172.9 172 276

F2-MDI F2 MDI 1,4-BD 94 196.3 151 281

F1-MDI F1 MDI 1,4-BD 99 202.8 118 242

F2-IPDI F2 IPDI 1,4-BD 94 / 200 275

F1-IPDI F1 IPDI 1,4-BD 101 / 193 283

a Rf is Rf -monomer. In all cases, the content of Rf -monomers is 10 wt-%,
[NCO]/([OH] + [NH]) = 0.99. F1 = F-NHOH. F2 = F-HDI-diol.
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Table 3.5: Comparedsolubilities of poly(urea urethane)sbasedon dif-
ferent diisocyanates,1,4-butanediol,and Rf -monomers

Poly(urea urethane)s
Solvent

F2-HDI F1-HDI F2-MDI F1-MDI F2-IPDI F1-IPDI

Acetone { { { { + +

DMF § § § § + +

DMSO § § § § + +

THF { { { { + +

Chloroform { { { { + +

Methanol { { { { + +

({)Insoluble, (§ ) Slightly swollen, (+) Soluble at r.t.

3.2.4 Poly- or oligo(urea urethane)s based on IPDI, F-NHOH
or F-HDI-diol, and diol
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Figure 3.25: Schematic presentation of the structure of poly(urea urethane)sbasedon
IPDI, F-NHOH, and three di®erent diols.

Poly- or oligo(ureaurethane)sbasedon IPDI, F-NHOH or F-HDI-diol, and three

di®erent diols (1,4-BD, 1,8-octanediol (1,8-OD), and tetraethyleneglycol(TEG)) were

synthesized by a two-step reaction procedure. First, Rf -monomer and large excess

IPDI were stirred at the desired temperature for 6-8 hr (For F-NHOH, 2 hr at r.t.

and 6 hr at 60 ±C. For F-HDI-diol, 6 hr at 60 ±C) in acetone. Then a little excessof

diol (([NH]+[OH])/[NCO] = 1.01) was introduced and the solution was heatedat 60
±C overnight. The resulting solution was precipitated in water to give a white solid,

which was isolated by ¯ltration and dried in vacuum oven to give a polymer or an

oligomer with more than 95% yield. The generalstructure of the resulting materials

basedon F-NHOH, IPDI, and diols is shown in Fig. 3.25. The abbreviation follows the

rule of (Rf -monomer)-(non-°uorinateddiol)-(weight percentage of Rf -monomer). For

example,F1-BD-X meansthat: The Rf -monomer is F1, namely F-NHOH; the non-
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°uorinated diol is 1,4{BD, in addition OD is the abbreviation of 1,8-OD; the content

of Rf -monomeris X-wt%, X equalsto 5, 10, 15, or 20. Poly- or oligo(ureaurethane)s

originated from F-HDI-diol have similar abbreviations with those of F-NHOH, while

the ¯rst note is replacedby F2. Homopolymersof IPDI with 1,4-BD, 1,8-OD, or TEG

werealsosynthesizedfor comparison.Their short namesare IPDI-BD, IPDI-OD, and

IPDI-TEG, respectively.

3.2.4.1 Molecular weight determination

The molecularweights of poly- or oligo(ureaurethane)sdeterminedby SEC are

summarizedin Tab. 3.6 on the facing page. The Mn valuesare in the range of 3900

to 61400g/mol, and the Mw valuesvary from 8500to 193000g/mol. A typical SEC

plot is shown in Fig. 3.26. This SEC curve is relatively broad, and a small amount

of oligomers is present. One can easily distinguish the dimer depicted in Fig. 3.26

from other fractions. Generally, the value of the polydispersity index (PDI) of poly- or

oligo(ureaurethane)sis larger than 2, exceptF1-BD-5 and F2-OD-5. As reported, the

linear polyurethanesbasedon °uorinated diol using THF as polymerization medium

have Mw/Mn ¼ 2.0.50 The reasons,why such broadly dispersematerials with a little

bit low molecularweight wereobtained, canbe: 1) A phaseseparationoccurredduring

the polymerization, since the reaction mixture usually underwent phase separation

when it wascooled down to r.t.. 2) The non-stoichiometry betweenZerewitino®active

H atoms183 and isocyanate groups prevents the further polymerization when all the

chains end possessthe samefunctional group. Another reasonis that the usedpolar

solvent, acetone,can form H-bonding with OH groupsor NH groupsand lead to a slow

polymerization rate.

Mp = 800Mp = 800Mp = 800

HO
O N

N O
OH

O

H

H

O

m
m = 2, dimer , MW = 883.26

Figure 3.26: A typical SECcurveof poly(ureaurethane)(F2-OD-15), the low molecular
weight sectionis the dimer depicted
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Table 3.6: Molecular weights of synthesized poly(urea urethane)s basing on Rf -
monomers,IPDI, and di®erent diols

Rf
a content SEC

Probe Rf
a diol

(wt-%)
´ r

b
Mn (g/mol) Mw (g/mol) PDI c

F2-BD-5 F2 1,4-BD 5 1.035 4700 13200 2.81

F2-BD-10 F2 1,4-BD 10 1.042 5200 16400 3.15

F2-BD-15 F2 1,4-BD 15 1.044 5800 17600 3.03

F2-BD-20 F2 1,4-BD 20 1.031 3900 11400 2.92

IPDI-BD / 1,4-BD 0 1.060 8400 22600 2.69

F1-BD-5 F1 1,4-BD 5 1.030 4300 8500 1.98

F1-BD-10 F1 1,4-BD 10 1.038 6300 14600 2.32

F1-BD-15 F1 1,4-BD 15 1.043 7500 18500 2.47

F1-BD-20 F1 1,4-BD 20 1.035 4600 10400 2.30

IPDI-OD / 1,8-OD 0 1.076 12300 24800 2.02

F1-OD-5 F1 1,8-OD 5 1.262 61400 193800 3.16

F1-OD-10 F1 1,8-OD 10 1.040 5200 15000 2.88

F1-OD-15 F1 1,8-OD 15 1.057 7100 19300 2.72

F1-OD-20 F1 1,8-OD 20 1.068 7700 22400 2.91

F2-OD-5 F2 1,8-OD 5 1.079 19400 31700 1.63

F2-OD-10 F2 1,8-OD 10 1.041 4800 14000 2.92

F2-OD-15 F2 1,8-OD 15 1.045 6300 17700 2.89

F2-OD-20 F2 1,8-OD 20 1.058 6600 20200 3.06

TEG-IPDI / TEG 0 / 5400 12800 2.37

F1-TEG-5 F1 TEG 5 / 5600 17100 3.07

F1-TEG-10 F1 TEG 10 / 5600 18600 3.32

F1-TEG-15 F1 TEG 15 / 5700 18200 3.19

F1-TEG-20 F1 TEG 20 / 4300 14600 3.40

a Rf is Rf -monomer. b ´ r = relative viscosity. c PDI = polydispersity index = Mw/Mn.

The relativeviscosity of thesematerials in chloroform at 25 ±C alsowasmeasured.

The results are listed in Tab. 3.6. The correlation of ´ r with Mw obtained by SEC

measurement is plotted in Fig. 3.27 on the following page. The ´ r increasesas the

increaseof molecular weight. It seemsthat two parametershave linear correlation

accordingto the nature of backbone.
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Figure 3.27: The correlation of ´ r with Mw obtained by SEC measurement, the lines
are for eye-guide,solvent of both measurements is chloroform.

3.2.4.2 Thermal prop erties

DSC was used to investigate the thermal properties of poly(urea urethane)s,

the results are shown in Fig. 3.28 on the next page. Only a T g was observed for

all materials. So all these are totally amorphous. Copolymers F1-TEG-X have the

lowest Tg among thesecopolymers. Copolymers F1-OD-X and F2-OD-X have lower

Tg than copolymers F1-BD-X and F2-BD-X, the di®erenceis about 20 ±C. This is

determined by the nature of polymer backbone, copolymers F1-BD-X and F2-BD-

X are of the most rigid backbone; copolymers F1-OD-X and F2-OD-X have more

°exible backbonethan F1-BD-X and F2-BD-X; copolymersF1-TEG-X have the most

°exible backbone due to the TEG moleculepossessingthree ether bonds along one

moleculeand the longestlength amonguseddiols. Chapmanand co-workers reported

that poly(amide urethane)s,which weremadefrom oligomersof °uorinated polyamide

with 1,4-butanedioland diisocyanate, usually have T g higher than 110 ±C123 which is

similar to that of F1-BD-X and F2-BD-X, the introduction of °uorine on backbone

resulted in the increaseof Tg.124 MÄoller and co-workers70 reported that the Tg of

copolymersof styreneand p-per°uoroalkyl-ethyloxymethyl styrenedecreasedwith the

increasingof the content of p-per°uoroalkyl-ethyloxymethyl styrene. Comparedwith

poly(styrene-co-p-per°uoroalkyl-ethyleneoxymethyl styrene), the copolymers F1-OD-
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X, F2-OD-X, F1-BD-X, and F2-BD-X synthesizedherehave totally di®erent chemical

nature. One may predict, as the content of Rf -monomersincreases,the interaction

of °uorine atoms may increasetoo, but the °uorinated side chain may act as internal

plasticizer to prevent polymer backbone-backbone interaction via intermolecular H-

bonds. Hence,the correlation of Tg's with Rf -monomercontent is out of predication

in our case. However, for the copolymers F1-TEG-X, T g increaseswith increasingof

F-NHOH content. Sincethe TEG has the longest length and is the most °exible diol

among useddiols, the backbone of copolymer F1-TEG-X is more °exible than other

copolymers. Therefore the °uorinated phasecan undergo phasecongregationeasily,

then the interaction of °uorine atoms becomesmore and more signi¯cant to result in

the increaseof Tg with increasingof F-NHOH content.
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Figure 3.28: The correlation of Tg of poly(urea urethane)swith the weight percentage
of Rf -monomer,Tg's were obtained from the 2nd heating trace of DSC by half-point
method.

3.2.4.3 Surface prop erties

Films from the above described products werepreparedby solution casting tech-

nique on silicon wafer using 8 wt-% polymer solution.

To get information concerningthe surfacetopology of poly- or oligo(urea ure-

thane)s, tapping mode AFM wasusedto investigatethe surfaceroughnessfrom height

imageand the homogeneity from the phaseimagefor non-annealedand annealed̄ lms.

The surfaceroot-mean-squareroughnesses(Rms) of all ¯lms are listed in Tab. 3.7 on

page43 and Tab. 3.8 on page43. For most specimens,such asF1-OD-5, the surfacesof
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non-annealed̄ lms are already quite smooth after the evaporation of solvent. However

some¯lms are a little rough beforeannealing,such as F1-OD-10 and F2-OD-10. The

annealingprocedurewasneededto smoothen the surfaces.The roughnessof annealed

¯lms is lessthan 1 nm for all surfaces.Therefore,it is sure that the surfaceroughness

can not in°uence the surfacehydrophobicity. Two seriesof AFM height and phase

imagesare presented in Fig. 3.29. For F2-OD-5, beforeannealing(Fig. 3.29 c), the

surfaceexhibits phaseheterogeneity. The annealingprocessmakes the surfacemore

homogeneous.While the AFM imagesof F1-OD-5 do not show any changebeforeand

after annealing,both of them are characterless.

a b

c d

Figure 3.29: The typical tapping mode AFM imagesof poly(urea urethane)sbasedon
Rf -monomers,IPDI, 1,8-octanediol, left is height imageand right is phaseimage, the
scaleis 5£ 5 ¹ m2. a) F1-OD-5, beforeannealing;b) F1-OD-5, annealedat 20 ±C above
Tg for 24 hr; c) F2-OD-5, beforeannealing;d) F2-OD-5, annealedat 20 ±C above Tg

for 24 hr.

Water contact anglemeasurement werecarried out to estimatethe hydrophobic-

it y of surfaces,the results are listed in Tab. 3.7 on the next pageand Tab. 3.8 on the

facing page for F1-OD-X and F2-OD-X, respectively. As expected, the introduction

of a small amount of °uorine atoms can dramatically alter the surfacefrom more hy-

drophilic to morehydrophobic,and the increasingof °uorine content resultsin the slow

increaseof the advancingcontact angleof copolymer ¯lms up to 112and 115± for F1-

OD-20 (12.44%°uorine) and F2-OD-20 (8.69%°uorine), respectively. The alteration

of surfacefrom morehydrophilic to morehydrophobic for homopolymer to copolymers

is causedby the enrichment of °uorinated phaseon the top of surfaceand not by
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the rough surface. It seemsthat the structure of Rf -monomershas an e®ecton the

hydrophobicity of corresponding copolymers, the surfacesof copolymersF2-OD-X are

more hydrophobic than that of F1-OD-X, even the °uorine content of the former one

is smaller than that of the latter onewhenthe sameweight percent Rf -monomerswere

used. This could be explained as that two °uorinated side chains in one °uorinated

monomercould enhancethe segregationof °uorinated phaseon the surface.

Table 3.7: Contact anglemeasurement resultsand Rmsof ¯lms basedon F-NHOH
(F1), IPDI, and 1,8{OD

Fluorinec µA µR Hysteresis Rms
Sample

(wt%)
Probe

(±) (±) µA -µR (nm)

IPDI-OD 0 annealeda 83.5§ 0.44 47.2§ 3.43 36.2 0.24

annealeda 100.0§ 0.99 50.4§ 3.21 49.6 0.27
F1-OD-5 2.06

non-annealedb 93.5§ 0.83 50.0§ 2.11 43.5 0.34

annealeda 105.3§ 0.54 53.9§ 4.81 51.4 0.92
F1-OD-10 5.26

non-annealedb 95.7§ 0.87 51.9§ 3.45 43.8 6.08

annealeda 107.1§ 0.32 54.3§ 2.18 52.8 0.24
F1-OD-15 7.46

non-annealedb 99.9§ 1.63 54.0§ 3.32 45.1 0.27

annealeda 111.9§ 0.90 49.4§ 2.72 62.5 0.38
F1-OD-20 12.44

non-annealedb 103.8§ 0.64 50.6§ 2.50 53.2 2.09

a annealedat 20 ±C aboveTg for 24hr. b asprepared.c determinedby °uorine analysis.

Table 3.8: Contact anglemeasurement results and Rms of ¯lms basedon F-HDI-
diol (F2), IPDI, and 1,8{OD

Fluorinec µA µR Hysteresis Rms
Sample

(wt%)
Probe

(±) (±) µA -µR (nm)

annealeda 103.3§ 0.54 59.3§ 4.72 44.5 0.50
F2-OD-5 2.02

non-annealedb 94.6§ 1.08 58.9§ 4.00 38.7 0.75

annealeda 110.6§ 0.95 51.4§ 4.38 59.2 0.37
F2-OD-10 4.17

non-annealedb 96.4§ 0.89 52.1§ 3.29 44.5 4.69

annealeda 112.6§ 0.54 47.4§ 2.34 65.3 0.47
F2-OD-15 6.48

non-annealedb 104.5§ 0.77 47.0§ 2.50 57.5 0.58

annealeda 114.8§ 0.58 50.3§ 4.30 64.5 0.86
F2-OD-20 8.69

non-annealedb 110.6§ 0.93 49.7§ 3.40 60.9 2.04

a annealedat 20 ±C above Tg for 24 hr. b asprepared.c determined by °uorine analysis.

The recedingcontact angleof all copolymers¯lms is similar to that of homopoly-

mer. Basically, it can be concludedthat the hydrophilic nature of all ¯lms is similar,

this could be causedby the rearrangement of °uorinated side chain allowing much
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more polar groups to present on the surfacewithout large enthalpy penalty61 when

¯lms contacted with polar liquid-H2O. On the other hand, the annealing procedure

can increasethe hydrophobicity of polymer ¯lms.

For the copolymers F1-TEG-X, ¯lms were also obtained by solution casting.

When the contact angle measurement was carried out, the stick/slip phenomenon184

was observed for all specimens.Even after annealedat 20 ±C above Tg for 24 hr and

120±C for 1 hour, the stick/slip phenomenonstill occurredduring the measurement of

advancing contact angle.

Table 3.9: Surfacetopologyof copolymersof F-NHOH with
TEG and IPDI, beforeannealingand after annealing

Sample Topology Rms (nm)

beforeannealing plain 0.21
IPDI{TEG

annealed plain 0.25

beforeannealing holes+ islands 1.51
F1-TEG-5

annealed holes 1.18

beforeannealing holes 0.78
F1-TEG-10

annealed islands 0.65

beforeannealing holes+ islands 1.36
F1-TEG-15

annealed holes 0.33

beforeannealing holes 1.65
F1-TEG-20

annealed holes 1.37

Tapping modeAFM investigationwasperformedto ¯nd out what kind of surface

morphologycausesthis. The surfacetopologiesand Rms are summarizedin Tab. 3.9.

For the homopolymer, it was found that the surfaceis quite smooth beforeannealing

from height image. The annealing processdid not change the surface topology of

homopolymer. Before annealing, for F1-TEG-5, a lot of particles were dispersedon

the surfaceevenly, somesmall holesalsoexist. The highestheight of particles is about

11 nm, the depth of holesis about 2 nm. For F1-TEG-10, only holesappearsevenly on

the surface,the depth of hole is about 8 nm and the width is about 200 nm. For F1-

TEG-15, the surfacemorphology is similar to F1-TEG-5, holesand particles coexist.

F1-TEG-20 has the sametopology as F1-TFG-10. After annealing, the surfacesof

copolymers are smoother than those of non-annealedones, the Rms is smaller than

1.5 nm. Even though these annealed¯lms are already quit smooth, the stick/slip

phenomenonwas still observed. The possibleexplanation is that thesematerials are

amphiphilic polymers possessinghydrophobic °uorinated side groupsand hydrophilic

backbones.Therefore,whensurfacecontacted with water, water penetratedinto more
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hydrophilic bulk through more hydrophobic surface and swelled the polymer. The

repulsive force between °uorinated side groups and hydrophilic backbonesmade the

hydrophobic side chains congregateand form a barrier. The contact angle turned

larger and larger when more water was applied. When the water drop was large

enoughto overcomethis barrier, it slipped. More water was applied, stick and slip

circulated. The further proof is that the receding contact angle was close to zero,

which meansthesesurfacesare totally wetted by water. Maybe this can explain why

the recedingcontact angleof copolymersF1-OD-X and F2-OD-X is much smaller than

the advancing contact angle,becausethe hydrophobic °uorinated sidegroupscan not

prevent the water penetration and contact with more polar group.

3.2.5 Poly(urea urethane)s based on F-NHOH, HDI, and
TEG

Comparedwith short alkane diols, TEG is more °exible and hydrophilic. Thus

the copolymerswith structure shown in Fig. 3.30 weresynthesizedby a similar proce-

dure with afore mentioned copolymersusing F-NHOH, HDI, and TEG. The resulting

poly(urea urethane)s (F1-HDI-TEG-X, X= 10 or 20) are soluble in polar solvents,

while poly(urea urethane)s (e.g. F1-HDI and F2-HDI) basedon Rf -monomer, HDI,

and 1,4-butanediolare insoluble in polar solvents. For comparison,the homopolymer

(HDI-TEG) of HDI with TEG was synthesizedtoo.
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Figure 3.30: Schematic presentation of the structure of poly(urea urethane)sbasedon
F-NHOH, HDI, and TEG

3.2.5.1 Bulk prop erties

SEC was usedto determinethe molecularweight of copolymer F1-HDI-TEG-X,

and DSC wasperformedto study the thermal propertiesof thesepoly(urea urethane)s,

the results are listed in Tab. 3.10 on the following page. The SEC investigation of

homopolymer HDI-TEG gives a negative peak, which indicates that the refractive
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index of HDI-TEG solution is smaller than that (nD
293K = 1.4070)of eluent, THF.

For copolymers, the Mn value is less than 10,000g/mol. Surprisingly, only T g was

observed for this homopolymer, since a crystallinit y was expected to be observed in

this linear polymer, which can enhancelong rangeorder of macromolecules.Maybe in

this casethe odd-even e®ect(23 atoms in one repeat unit along polymer backboneas

shown in Fig. 3.30 on the pagebefore) takese®ectand results in the totally amorphous

product. On the other hand, the Tg of homopolymer HDI-TEG is lower than that of

homopolymerof IPDI with TEG. The introduction of F-NHOH asco-monomerdestroys

the regularity of the polymer backbone reducing the intermolecular interactions and

leading to lower Tg with respect to homopolymer.

Table 3.10: Molecular weights and thermal properties of synthesizedpoly(urea
urethane)sbasedon F-NHOH, HDI and TEG

Rf Tg SEC
Probe Rf diol

(wt-%) (±C) Mn (g/mol) Mw (g/mol) PDI

TEG-HDI / TEG 0 13 negative peak

F1-HDI-TEG-10 F1 TEG 10 -11 9300 19100 2.05

F1-HDI-TEG-20 F1 TEG 20 -10 5100 16200 3.18
a Rf is Rf -monomer.

3.2.5.2 Surface prop erties

Polymer ¯lms for AFM investigationwerepreparedby solution castingtechnique

using8 wt-% solution. After the evaporation of solvent, only brittle ¯lms wereobtained,

and these¯lms dewetted from silicon wafer. Then they were heated at 120 ±C for 1

hour. After this additional heating treatment, ¯lms did not dewet from silicon wafter

again. The AFM height imagesof annealed¯lms are shown in Fig. 3.31 on the facing

page. In summary, these¯lms are more rough than other specimenswhich have been

shown above. For homopolymer HDI-TEG, the surfaceis of ¯b er like topology, the

Rms is more than 10 nm. The diameter of ¯b ers is about 200 nm. Comparedwith

homopolymer, the copolymershave smoother surfaces,the Rms is 4.2 and 9.3 nm for

the copolymer F1-HDI-TEG-10 and F1-HDI-TEG-20, respectively. To further study

the in°uence of thermal history on the surfacemorphology, polymer ¯lms wereheated

at 190±C for 10min, then tapping modeAFM wasusedto investigatehigh temperature

annealed¯lms. The AFM height imagesare shown in Fig. 3.31 on the next page

down. For the homopolymer, the roughnessis decreasedfrom 10.4nm to 4.4 nm, the

morphology also changeddramatically from ¯b er to rotten limestonelike. The AFM
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imagesof copolymersshow a similar e®ect,the surfacesaremoresmoother than former

annealedpolymer ¯lms, due to the disappearanceof the large sizeparticles or holes.

However sincethese¯lms are more rough than that of other poly(urea urethane)s,and

the water contact measurement of copolymer F1-TEG-X exhibited stick/slip behavior,

the water contact angleof these¯lms werenot measured.

a b c

Figure 3.31: AFM height imagesof poly(urea urethane)sbasedon F-NHOH, HDI, and
TEG. Upper is height image of ¯lms annealedat 120 ±C for 1 hr (Z range 100 nm),
down is the height imageof ¯lms further heatedat 190±C for 10 min (Z range30 nm),
the scaleis 5£ 5 ¹ m2. a) HDI-TEG; b) F1-HDI-TEG-10; c) F1-HDI-TEG-20.

3.2.6 Synthesis and characterization of blo cked IPDI's

Blocked isocyanateshave beenwidely usedin one-packagepolyurethane. There-

fore °uorinated polyurethanescontaining °uorinated sidechainscanbe obtainedwhen

a suitable °uorinated blocked isocyanate wasconcerned.In this section,only the syn-

thesisand characterization of externally blocked isocyanate will be discussed.In Sec-

tion 4 on page90, the synthesisand usingof internally blocked isocyanate, °uorinated

oligouretidionebasedon F-NHOH and IPDI uretdione, will be described.

3.2.6.1 Synthesis of blo cked IPDI's

The blockedIPDI's wereobtainedby meansof two-stepaddition reaction. About

1:2 (mol:mol) ratio of Rf -monomerswith IPDI wereheatedand stirred at the required

temperaturefor the neededtime, then 2.2equivalents blocking reagents (methanol or 2-

butanoneoxime) wereaddedto the reactionsolution. The mixture washeatedat 60 ±C

overnight for 2-butanoneoxime (2-BO), or at r.t. overnight for methanol. The idealized

synthetic route toward blocked IPDI's basedon F-NHOH, IPDI, and methanol or 2-
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butanone oxime is shown in Fig. 3.32. The reaction conditions and someresults are

summarizedin Tab. 3.11 on the facing page. For simplicity, the synthesized°uorinated

blocked IPDI's werereferredto accordingto the rule: (R f -monomer)-(blocking agent)-

(the ratio of IPDI to Rf -monomer). For example F1-CH3OH-Y means that: The

Rf -monomeris F1, namely F-NHOH; the blocking agent is methanol; and the ratio of

IPDI to Rf -monomeris Y, Y equalsto 2, 1.8, or 1.7. BO is the note of 2-BO.
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Figure 3.32: Idealized reaction scheme of the synthesis of °uorinated blocked IPDI
basedon F-NHOH, IPDI, and methanol or 2-butanoneoxime

The isolatedproduct by precipitation in water wasstudiedby NMR investigation.

The ¯rst view is focusedon the reaction behavior of OH and/or NH group of Rf -

monomers. It was found that the lower the ratio of Rf -monomerto IPDI, the longer

is the ¯rst step reaction time. When this ratio is larger than 1.8, in 6.5 hr no more

signal of OH group was identi¯ed, therefore it is sure that all OH and NH groups

already reactedwith isocyanatesto give the corresponding urethane and urea. When

the ratio is equal to 1.7, it neededlonger time for the isocyanate group to consumeall

OH groups. When the ratio was equal to 1.5 or lower and the mixture was heatedat

60 ±C for more than 10 hr, the conversionof OH groupsof Rf -monomersinto urethane

was still incomplete, free OH groups of Rf -monomerswere detected in the 1H NMR

spectra.

The 1H NMR spectra of F1-CH3OH-2 and F1-BO-2 are shown in Fig. 3.33

and Fig. 3.34 on page50, respectively. The structures shown in both ¯gures are the

idealizedstructures. In the 1H NMR spectrum of F1-CH3OH{2, the singlet signal at

3.50 ppm is assignedto the proton 1 of methyl group. In the 1H NMR spectrum of

F1-BO-2, the signalsat 1.92 ppm are assignedto the proton 1 of methyl group next

to C=N group. And the two multi- signals at 2.36 and 2.26 ppm are assignedto

the proton 3 of methylene group next to C=N group. This con¯rmed the successful

conversionof the end isocyanate groupsinto the corresponding urethanegroups.
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Table 3.11: Summary of the synthesis of blocked IPDI using methanol or 2-butanone
oxime

Ratio t1 /T1 a t2 /T2 b Free c SEC
Sample

(mol) (hr) /( ±C) (hr) /( ±C) OH Mn Mw PDI
g/mol g/mol

F1-CH3OH-2 F1 :IPDI:CH 3OH 1/r.t. 19/r.t. - 1500 2000 1.32

1: 2: 10 6/60

F1-CH3OH-1.8 F1 :IPDI:CH 3OH 1/r.t. 16/r.t. - 1400 1900 1.36

1: 1.8: 10 4.5/60

F1-CH3OH-1.7 F1 :IPDI:CH 3OH 6.5/60 14/60 + / / /

1: 1.7: 10 8/60

F1-CH3OH-1.7 F1 :IPDI:CH 3OH 1.5/r.t. 13.5/60 - 1800 2400 1.33

1: 1.7: 10

F1-BO-2 F1 :IPDI:2-BO a 1/r.t. 22.5/60 - 1600 2000 1.28

1: 2: 2.1 6.5/60

F1-BO-1.8 F1 :IPDI:2-BO 1/r.t. 16/60 - 1400 1700 1.21

1: 1.8: 2 5.5/65

F1-BO-1.7 F1 :IPDI:2-BO 1/r.t. 13/60 + / / /

1: 1.7: 1.54 6/60

F1-BO-1.7 F1 :IPDI:2-BO 1.5/r.t. 13.5/60 - 1800 2500 1.39

1: 1.7: 1.54 8/60

F2-CH3OH-2 F1 :IPDI:CH 3OH 1/r.t. 19/r.t. - 2200 2600 1.18

1: 2: 10 6/60

F2-CH3OH-1.8 F2 :IPDI:CH 3OH 5/60 16/r.t. - 2100 2500 1.19

1: 1.8: 8

F2-BO-2 F2 :IPDI:2-BO 1/r.t. 16/60 - 2200 2600 1.21

1: 2: 2.1 6/60

F2-BO-1.8 F2 :IPDI:2-BO 6/60 16/60 - 2200 2600 1.18

1: 1.8: 1.76

CH3OH-2 IPDI:CH 3OH 48/r.t. / / 200 200 1.00

1: 2

BO-2 IPDI:2-BO 48/r.t. / / 300 300 1.00

1: 2

a the reaction time and temperature of ¯rst step, b the reaction time and temperature of
secondstep, c the free OH group of Rf -monomers,+ = detectable, - = undetectable.
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Figure 3.33: 1H NMR spectrum of F1-CH3OH-2 and its signalassignment. The shown
structure is ideal structure
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Figure 3.34: 1H NMR spectrum of F1-BO-2 and its signal assignment. The shown
structure is ideal structure

SEC was employed to determine the molecularweights of synthesizedproducts.

The results are summarized in Tab. 3.11 on the preceding page. SomeSEC curves

are shown in Fig. 3.35 on the next page. Only oligomerswere obtained and the SEC

investigationof theseoligomersgave curveswith multimodal distribution, even though

the reactivity of two isocyanato groups of IPDI is di®erent. 185 In the low molecular

weight section,the addition product of two blocking moleculeswith oneIPDI molecule

was observed (Mp = 200 g/mol for methanol blocked IPDI (M-1 ), Mp = 270 g/mol

for 2-butanoneoxime blocked IPDI (B-1 )), this was con¯rmed by MALDI-TOF-MS

investigation. It was tried to reducethe non-°uorinated addition product content by

reducing the ratio of IPDI to Rf -monomers. Only one samplewas obtained success-

fully, speci¯cally, F2-CH3OH-1.8 does not contain the non-°uorinated product (see
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Fig. 3.35). Whereasin other trials there is still signi¯cant amount of non-°uorinated

product. For F-NHOH, even if the ratio of IPDI to Rf -monomeris as low as 1.7, the

reaction product still contains large amount of non-°uorinated product.
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Figure 3.35: SEC curves of F1-CH3OH-1.8, F1-BO-1.8, F2-CH3OH-1.8, and F2-BO-
1.8 (from up to down). The numbers above peaksare the molecular weights of peaks
(Mp).

MALDI-TOF-MS was used to investigate the detailed structure of synthesized

oligomersin order to deducethe possiblereaction mechanism of the oligomerization.

For example, in F1-BO-2, non-°uorinated blocked IPDI, B-1 , and two seriesof °uo-

rinated blocked IPDI's, B-2 and B-3 were detected as depicted in Fig. 3.36 on the

next page. Basedon the results of MALDI-TOF-MS analysis,it is concludedthat the

blocking reaction underwent asexcepted:During the ¯rst reaction step, Rf -monomers

oligomerizedwith IPDI to give ®, ! -diisocyanato oligomers. Then the introduction

of blocking reagents in the secondstep stopped the propagation of chains to yield a
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end-blockedIPDI (B-2 ). In somecases,the formation of undesiredureas(B-3 ) wasob-

served sinceit is very di±cult to remove the moisture from Rf -monomers,which inter-

act with H2O via intermolecularH-bonding. Thereforethe degradationof isocyanateto

the corresponding amine took place,the resulting aminereactedwith other isocyanate

group to form urea B-3 . On the other hand, MALDI-TOF-MS results are consistent

with those of SEC, which indicates that the low molecular weight polystyrene (PSt)

standard has similar hydrodynamical volume comparedto the synthesizedoligo(urea

urethane)sunder such measurement condition.

Mw = 395.52   +23 = 418.52
+39 = 434.52

n = 0,                                                             
n = 1, Mw = 1329.34            +23 = 1352.34
n = 2,                              +736.52 = 2088.87
n = 3,                              +736.52 = 2825.39

n = 1,   Mw = 1133.05       +23 = 1155.05
n = 2,                           +736.52 = 1892.75
n = 3,                           +736.52 = 2629.27
n = 4,                           +736.52 = 3365.79

-736.52  = 615.83
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Figure 3.36: MALDI-TOF-MS analysisresultsof F1-BO-2: structuresand correspond-
ing molecularweights

3.2.6.2 Thermal prop erties of blo cked IPDI

TGA and DSC wereemployed to study the thermal propertiesof blocked IPDI's.

The combination of DSC and TGA is the most powerful method to investigate the

thermal propertiesof blocked isocyanate,however the emissionof small moleculesmay

contaminate the high sensitive DSC instrument. Therefore DSC was run only until

120 ±C, since it was observed that theseblocked IPDI's are not able to undergo de-

composition below 120 ±C by TGA. The results of DSC investigations showed that

only a Tg wasdetectedfor theseblocked IPDI's. The Tg's of someprobesare listed in

Tab. 3.12 on the facing page.
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Table 3.12: Chemicalcomposition and thermal properties of blocked IPDI's
Components and their content T g Decomp-12 Decomp-23

Probe
Rf

4 IPDI blocker (±C) Tmax wt. loss5 Tmax wt. loss5

(%) (%) (%)1 (±C) (%) (±C) (%)

F1-BO-2 F1(43.8) 39.8 2{BO(16.3) 64 186 7 328 65

F2-BO-2 F2(64.5) 25.2 2{BO(10.3) 62 180 4 322 64

F1-CH3OH-2 F1(50.3) 43.5 CH3OH(6.3) 58 245 17 288 51

F2-CH3OH-2 F2(70.2) 26.1 CH3OH(3.7) 61 208 3 280 37

1 equal to the theoretical weight loss. 2 the ¯rst decomposition step. 3 the seconddecom-
position step. 4 Rf = Rf -monomer. 5 observed weight loss at maximum decomposition
temperature.
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Figure 3.37: TGA curve and its 1st di®erential derivative of blocked IPDI's: a) F1-BO-
2, b) F2-BO-2. The data shown in ¯gures are those of the ¯rst step decomposition,
the black line is for eye-guide.

TGA investigations of F1-BO-2, F2-BO-2, F1-CH3OH-2, and F2-CH3OH-2

(shown in Fig. 3.37 and Fig. 3.38 on the next page) showed that all investigatedsam-

ples underwent a multi-step degradation process. Particularly, for F1-BO-2, the 1st

di®erential derivative of the relative weight vs temperature shows two distinct minima.

The ¯rst decomposition step started from round 130 ±C, which is much higher than

that of onset deblocking temperature (50 ±C) of 2-butanoneoxime blocked dimethyl

m-isopropenyl benzyl isocyanate,162 but similar to that (120» 140 ±C) of 2-butanone

oxime blocked MDI 161,186 or T-1890.187 The maximum deblocking temperature is at

about 180±C and the ¯rst deblocking stepstopped at 220±C. The detectedweight loss
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(15.6 %) of the ¯rst decomposition step is closeto the theoretical weight loss(16.3 %)

by the emissionof blocking reagents (as listed in Tab. 3.12 on the preceding page).
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Figure 3.38: TGA curve and its 1st di®erential derivative of blocked IPDI's: a) F1-
CH3OH-2, b) F2-CH3OH-2. The data shown in ¯gures are those of the ¯rst step
decomposition, the black line is for eye-guide.

The methanolblockedIPDI, F1-CH3OH-2, alsoexhibited a similar decomposition

behavior. However the maximum deblocking temperature of the ¯rst step is at about

220±C, which is higher than the reported onesof 190±C,162 and the observedweight loss

(9.8 %) is higher than the theoretical one(6.3 %) by the emissionof blocking reagents.

As demonstratedin the last section, there is non-°uorinated blocked IPDI (M-1 ) (in

Fig. 3.36 on page52) included in F1-CH3OH-2. When this is taken into account, the

higher weight lossthan the theoretical oneis reasonable,sincethe reformedIPDI could

alsobe lost when the heating temperature is higher than its boiling point of 216 ±C.188

Furthermore, it seemsthat the deblocking behavior is determinedby the blocking

agent and independent of used Rf -monomer. In detail, F1-BO-2 and F2-BO-2 have

similar deblocking behavior despitethat they weremadefrom di®erent Rf -monomers.

While F1-CH3OH-2 and F2-CH3OH-2 alsoshowed similar thermal properties.

To verify the thermal properties of blocked IPDI, isothermal temperature-

dependant FT-IR wasusedfor further analysis. The investigationconditionsand some

primary results are listed in Tab. 3.13 on the facing page. The IR spectra obtained

during the heating and at r.t. are shown in Fig. 3.39 on page 56 and Fig. 3.41 on

page57 for F1-BO-2 (KBr pellet) and F1-CH3OH-2 (KBr pellet), respectively.
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Table 3.13: Summary of the isothermal temperature-
dependent FTIR investigationsof F1-BO-2 and F1-CH3OH-2

Temp. / Time
Probe

(±C / min)
Note

F1-BO-2

160 / 10 few NCO was detected

170 / 10 few NCO was detected

180 / 10 few NCO was detected

190 / 10 no more NCO was detected

F1-CH3OH-2

170 / 10

180 / 10 maximum NCO was detected

190 / 10

200 / 10 still someNCO was detected

Comparing the IR spectra (shown in Fig. 3.39 on the next page) of F1-BO-2 at

r.t. and heatedat 160 ±C, one can ¯nd that the absorbancebandsat 1719cm¡ 1 due

to C=O functionality and at 1521cm¡ 1 due to the N-H functionality decreaseduring

the deblocking process. For normal blocked isocyanate, such as 2-butanone oxime

blocked T-1890,both bandsare undetectablewhenthe deblocking processis complete.

Whereasin our case,after the leaving of the blocking reagents, there were still a lot

of urethaneand urea groupsoriginating from the reaction of IPDI with Rf -monomers.

Therefore both bands were still present after the completion of the deblocking. The

absorbanceband at 2263cm¡ 1 is dueto the increaseof the freeisocyanatefunctionality

during the heating. Sincethe content of blocked isocyanateis quite low, the intensity of

this absorbanceband is not sohigh with respect to other functionalities. However this

indicatesthe reformation of the isocyanategroupsduring the heating. The absorbance

band due to CO2 may be causedby the reaction of reformedisocyanate with moisture

and the subsequent degradation to give CO2. The absorbanceband at 1644cm¡ 1 is

assignedto the amideI of Rf -monomers,however, it wasoverlappedby the absorbance

band of C=O groups. So far, in this case,there is no suitable referenceband which

can be usedas normalizing band to correct for any changesduring deblocking to do

quantitativ e analysis. As a result, only some qualitativ e conclusionsare given: 1)

For 2-butanoneoxime blocked IPDI, F1-BO-2, free isocyanate groupsaroseat 100 ±C,

this meansthat the deblocking begins,while the onset temperature of the deblocking

determinedby TGA is 130±C. This is reasonablesincethe boiling point of 2-butanone

oxime is of 152-156±C. 2) The deblocking reaction reached maximum decomposition

rate at about 160 ±C, which is also lower than that detectedby TGA. After heatedat

160±C for 10 min, only a small amount of additional free isocyanatewasproduced. 3)
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No additional isocyanategroupswerereleasedwhenthe heatingtemperaturewashigher

than 190 ±C beforethe decomposition of other urea or urethanegroups. Basedon the

resultsof TGA and FTIR investigations,it is surethat the deblocking of blocking sites

and the decomposition of other urethane or urea groups is distinguishable. From this

conclusion,the assumeddeblocking mechanism is depicted in Fig. 3.40. During the

¯rst decomposition step, only the blocking reagent, 2-butanoneoxime, was released.
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Figure 3.39: FTIR spectra of 2-butanoneoxime blocked IPDI, F1-BO-2: a) at 25 ±C,
b) at 160 ±C.
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Figure 3.41: The FTIR spectra of blocked IPDI, F1-CH3OH-2: a) at 30 ±C, b) at 180
±C

For the methanol blocked °uorinated IPDI's, the FTIR spectra of F1-CH3OH-2

at 30 ±C and heatedat 180 ±C for 10 min are shown in Fig. 3.41. Similar conclusions

can be extracted from the analysisof FTIR investigation. Freeisocyanato groupswere

detectedstarting from 130 ±C. At 180 ±C, the deblocking rate reached its maximum.

However, after heated at 200 ±C for 10 min, someadditional free isocyanato groups

werestill produced. Whereas,oncethe heating temperature is higher than the boiling

point of IPDI, the reformedIPDI of M-1 would be distilled o®. When the temperature

is higher than 190±C, other urethaneor ureagroupswould alsodecompose.Hence,for

blocked IPDI's synthesizedhere,the practical curing temperatureshouldbe lower than

190±C. On the other hand, the 1st di®erential derivative of TGA curve of F1-CH3OH-2

alsodid not show any distinct minima during the ¯rst decomposition step. Therefore,

methanol is not a good candidate as blocking agent in our system. This observation

is supported by the other research group, they found that T-1890blocked with methyl

ethyl ketone oxime (equal to 2-butanone oxime) could deblock completely,161 those

blocked with other blocking reagents (such asmethanol and "-caprolactam)could not.

3.2.7 End-h ydro xyl-terminated oligo(urea urethane)s

So far oligoether and oligoester polyols have been widely used in the formula-

tion of polyurethane. Currently, Voit's group has synthesizedsoluble hyperbranched

poly(urea urethane) polyols basedon A¤A and B¤B2 system for the construction of

polyurethane networks.189 On the other hand, oligo(urea urethane) polyols also have

been used in the water-borne and high solid contents coatings.190,191 Therefore, the
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hydroxyl functionalized °uorinated oligo(urea urethane)sare of interest as chain ex-

tendersfor the curing reaction to form °uorinated polyurethanes.

3.2.7.1 Oligomers based on R f -monomers, IPDI, and 1,4-BD

The synthetic route towards hydroxyl funcationalized oligo(urea urethane)s is

similar to that of the blocked IPDI's. A two-step reaction processwas adopted. The

reactionconditionsof the synthesisof the oligomersbasedon Rf -monomers,IPDI, and

1,4-BD are summarizedin Tab. 3.14.

Generally, two times precipitation wasneededto remove the free1,4-butanediol.
1H NMR spectrum of puri¯ed ZRC323 is shown in Fig. 3.42 on the next page. All

expected signals were detected. Especially, the signal of OH group appears at 4.45

ppm. For comparison,the oligomer of IPDI with 1,4-butanediol was synthesizedby

heatingthe mixture of IPDI and1,4-butanediol(1:5mol/mol) at 60±C for 6 hr (ZRC334

in Tab.3.14). 1H NMR investigationcon¯rmed that the puri¯ed product is an oligomer

of IPDI with 1,4-butanediol.

Table 3.14: Summary of the synthesis of oligo(urea urethane)s basedon IPDI, Rf -
monomers,and 1,4{BD using two-stepprocess

Ratio t1 /T1 a t2 /T2 b Conv.c SEC
Sample

(mol) (hr)/( ±C) (hr) /( ±C) (%) Mn Mw PDI

(g/mol) (g/mol)

ZRC334 IPDI: 1,4-BD 6/60 / / 600 700 1.17

1: 5

ZRC323 F1 : IPDI: 1,4-BD 2/40 14/65 100 1900 2600 1.37

1: 2: 5 5/65

ZRC332 F1 : IPDI: 1,4-BD 6/60 16/60 99 / / /

1: 2: 2.2

ZRC270 F2 : IPDI: 1,4-BD 8/40 60/50 100 900 1600 1.78

1: 2: 11.2

ZRC324 F2 : IPDI: 1,4-BD 6/60 14/65 100 900 1400 1.56

1: 2: 5

a the reaction time and temperature of ¯rst step, b the reaction time and temperature of
secondstep, c the conversion of Rf -monomers.
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SEC and MALDI-TOF-MS were used to determine the molecular weight and

possiblestructuresof puri¯ed product. SEC investigation revealedthat oligomerswere

obtained. The Mn values are among 900» 1900 g/mol. The PDI is lessthan 3 and

is larger than that of block IPDI's. The larger PDI also indicates that in the second

reaction step the oligomerization of diol with ®,! -diisocyanato oligomerstook place

to give a broader disperseoligomerswith respect to blocked IPDI's. The SEC curve

and MALDI-TOF-MS results of ZRC323 are shown in Fig. 3.43 on the page before.

The SEC diagram is also a multimodal distribution curve. At low molecular weight

section,about at 13.5min, onepeakwasdetected. This fraction is the non-°uorinated

addition product of 1 moleculeIPDI with 2 molecules1,4-butanediol. At high molecu-

lar weight part, °uorinated mixtures are present. The MALDI-TOF-MS investigation

showssimilar results: the product wascomposedof non-°uorinated product (NON-F )

and °uorinated oligomerswith two di®erent end group chemistries,F-end-1 and F-

end-2 . F-end-1 is terminated by 2 molecules1,4-butanediol. For F-end-2 , oneend is

terminated by 1,4-butanediol, the other end is terminated by the addition product of

2 molecules1,4-butanediolwith 1 moleculeIPDI. This further con¯rms that oligomer-

ization took place during the ¯rst step reaction but not the reaction of 1 molecule

Rf -monomerwith 2 IPDI molecules.

3.2.7.2 Oligomers based on R f -monomers, IPDI, and 1,8-OD

The synthesisof theseoligomersis similar to the former ones,the reaction con-

ditions are listed in Tab. 3.15 on the facing page. However the work-up procedurehas

to be modi¯ed to remove the worse hydrophobic 1,8-octanediol. The crude product

wasdropped into ice cooled water. Then the water waswarmedup to r.t. slowly. The

resulting solid was¯ltered then dried in vacuumoven. As a result, someoligomerswere

realized. The 1H NMR spectrum of ZRC296 is shown in Fig. 3.44 on the next page.

It was found that about 2% of hydroxyl groupswerenot converted into corresponding

urethane. However, whenthe reaction time of the ¯rst reactionstepwasprolonged,the

OH groupsof Rf -monomerscould be completely consumed.To simplify the work up

procedure,at the secondreaction step, only 2.2 equivalent 1,8-octanediol was added.

Imaginable, oligomersof a higher molecular weight were obtained by this trick (see

Tab. 3.15 on the facing page).
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Table 3.15: Summary of the synthesis of oligo(urea urethane)s basedon IPDI, Rf -
monomers,and 1,8{OD

Ratio t1 /T1 a t2 /T2 b Conv.c SEC
Sample

(mol) (hr)/( ±C) (hr) /( ±C) (%) Mn Mw PDI

(g/mol) (g/mol)

ZRC301 F1 : IPDI: 1,8-OD 3/40 15/65 99 / / /

1: 2: 10 3/65

ZRC329 F1 : IPDI: 1,8-OD 3/r.t. 14/55 100 1000 1700 1.70

1: 2: 2.2 6/60

ZRC296 F2 : IPDI: 1,8-OD 5.5/60 15/70 98 900 1600 1.78

1: 2: 10

ZRC330 F2 : IPDI: 1,8-OD 8/55 14/65 100 1300 2100 1.62

1: 2: 2.2

a the reaction time and temperature of ¯rst step, b the reaction time and temperature of
secondstep, c the conversion of Rf -monomers.
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Figure 3.44: The 1H NMR spectrum of ZRC296and its signal assignments. The pre-
sented structure is the ideal structure.

3.2.8 Conclusion

The reactionbehavior of F-NHOH becamewell understood by model reaction in-

vestigation. Then F-NHOH and its derivative, F-HDI-diol, were usedas comonomers

for the synthesisof poly- and oligo(ureaurethane)scontaining °uorinated sidechains.

Tg's of synthesizedpoly- or oligo(urea urethane)s (basedon IPDI, diol, F-NHOH or

F-HDI-diol) weredeterminedby the nature of non-°uorinated diols. F1-TEG-X's have
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the lowest Tg value, F1-BD-X and F2-BD-X's have the highest T g value. Water con-

tact anglemeasurement on copolymer ¯lms of F1-OD-X and F2-OD-X showedthat the

increaseof °uorine content results in the increaseof the advancingwater contact angle

up to 111 and 115± for the annealed¯lms preparedby solution-casting. AFM mea-

surement con¯rmed that these¯lms are quite smooth, and the high advancingcontact

anglevalue is not causedby surfaceroughnessbut by the surfacechemicalcomposition

- the enrichment of °uorinated phaseat the top of surface. Thermal treatment could

also in°uence the surfacetopology and surfacehydrophobicity, the annealingprocess

gave more smooth and more hydrophobic surfaces. However, for the copolymers F1-

TEG-X and F1-TEG-HDI-X, a stick/slip phenomenonwas observed during the water

contact anglemeasurement, even though their Rms is lessthan 5 nm after annealing.

BlockedIPDI's wereobtainedby a two-step-additionreaction,but MALDI-TOF-

MS and SEC investigations both revealed that the blocked IPDI's are of oligomeric

structure. The combination of TGA and temperature-dependant FTIR showed that

the 2-butanoneoxime blocked IPDI's could deblock completelybelow 190 ±C, but the

methanolblockedIPDI's could not deblock completelybelow 190±C, which meansthat

the deblocking of blocking reagent and the decomposition of other urea or urethane

groups is undistinguishable. Therefore methanol is not a suitable candidate, but 2-

butanoneoxime is a potential blocking agent for our system.

®,! -Dihydroxyl functionalized oligo(ureaurethane)sbasedon two Rf -monomers

with IPDI and 1,4-butanediolwereobtained, the structure of oligomerswereelucidated

by NMR, SEC, and MALDI-TOF-MS. A more complicatedwork-up procedureshould

beadoptedto obtain pureoligomersbasedon Rf -monomers,IPDI, and 1,8-octanediol.
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3.3 Reaction behavior study on 7F3H-amino and F-diacid

The reactionbetweenaromatic acid and epoxy grouphasbeenwidely usedfor the

synthesisof polyesters.The resulting polyesters(shown in Fig. 3.45) contain hydroxyl

groupsassidegroups,which cana®ordan excellent adhesive properties. Therefore,if a

°uorinated aromatic acid is concerned,then onecould obtain the polyesterscontaining

°uorinated side groups or end groups via the reaction between °uorinated aromatic

acid and diepoxides. On the other hand, this kind of °uorinated aromatic acid can

be a potential monomerfor the synthesisof polyesterby the melt polycondensationof

Rf -monomer,diester, and diol. Basedon this idea, the aromatic carboxylic acid with

a °uorinated group, F-diacid, and its precursor(7F3H-amino) have beenstudied.

CC

OO

OHHO

Rf
Rf

O O
CC

OO

O
RO

OH OH

O R1
n

+

R, R1 = polyester  or  oligoester
Rf = fluor inated group
RH = non-fluor inated group

diepoxides

RH
RH

Figure 3.45: Synthetic schemeof polyestersbasedon aromatic diacid and di-epoxide

3.3.1 Reaction behavior of F-diacid or 7F3H-amino with epox-
ides

The model reactionof F-diacid with mono-epoxides(glycidol and glycidyl phenyl

ether) was carried out to learn about the reactivity of carboxyl group with epoxide

under di®erent reaction conditions. In this case, two kinds of reaction conditions

were used. One was melt reaction, the other was solution reaction. The reaction

conditionsand someprimary resultsof model reactionsaresummarizedin Tab. 3.16on

the following page. It is well known that the reaction betweenF-diacid and epoxides

can produce four kinds of products as depicted in Fig. 3.46 on the next page. The

conformation of thesecompounds are very complicateddue to the coexisting of a lot

of isomersand possibleoligomersin this system. Nevertheless,the reaction conversion

and the occurrenceof side reaction are the study points. NMR and MALDI-TOF-MS

wereperformedto determinethe structure of crude products.
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Table 3.16: Summary of the model reaction of 1:2 ratio (mol:mol) of F-diacid
with epoxides (glycidol, glycidyl phenyl ether)

Sample Catalyst Temp. Time Solvent Conv. Decomp.c

No.
R

(mol%) (±C) (hr) (ml) (%) (%)

ZRC147 Ph TBAB b(2.5) 80 24 1,4-dioxane(10) 30

ZRC185 Ph TBAB(2.5) 80 24 1,4-dioxane(1) > 95 1

ZRC186 H TBAB(2.5) 80 24 1,4-dioxane(1) > 95 1

ZRC145 Ph / 140 0.17 / 87 1

ZRC183a Ph / 130 0.17 / > 95

ZRC155 H / 140 0.25 / > 95

ZRC165 H / 140 0.25 / > 95

ZRC181 H / 130 0.25 / > 95

a the ratio of gylcidyl phenyl ether to F-diacid is 5:1. b TBAB = tribut ylammonium
bromide. c Decomp. = decomposition.

In solution reaction, 1:2 ratio (mol:mol) of F-diacid and epoxides weredissolved

in 1,4-dioxaneand heatedat 80 ±C for 24hr with 2.5mol-% TBAB ascatalyst. For the

reactionof F-diacid with glycidyl phenyl ether, it wasfound that the reactionconversion

dependedon the concentration of the reaction system. For comparison,the 1H NMR

spectra of the crude product of diluted (ZRC147) and concentrated (ZEC185) system

are presented in Fig. 3.47 on the facing page. It was revealedthat only 30 % carboxyl

groups were consumedin diluted solution. While in concentrated reaction solution,

the proton signal of carboxyl groups disappeared in 1H NMR spectrum totally , the

proton signalsof OH groups were detectableat approximately 5 ppm. Hence,it can
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be assumedthat the desiredproducts, disubstituted F-diacid shown in Fig. 3.46 on

the preceding page, were realized.

COOH

NH

OH

DMSO

acetone

A: ZRC147

B: ZRC185

Figure 3.47: The 1H NMR spectra comparisonbetween ZRC147 (up) and ZRC185
(down)
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Figure 3.48: Possiblecompoundscontained in the crude product of reaction of 7F3H-
diacid with 2 equivalents gylcidyl phenyl ether via concentrated solution reaction-
ZRC185

The MALDI-TOF-MS investigationof ZRC185con¯rmed that the main products

are the desireddisubstituted derivative of F-diacid. However a small amount of mono-

substituted derivativeswerealsoproduced,another compound is the addition product

of 1 molecule7F3H-amino with 2 moleculesgylcidyl phenyl ether. The structures of

these compounds are described in Fig. 3.48. The reaction behavior di®erenceof F-

diacid in diluted and concentrated solution may be causedby followings: In diluted

solution, F-diacid forms micellesin solution, the hydrophobic °uorinated part makes

up the outer shell, the hydrophilic carboxyl groupsaggregatein the inner. This kind

of organization precludesthe interaction of carboxyl groupswith epoxides and results

in the low conversion. As the concentration was increased,the intermolecularcollision
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frequencyof carboxyl groups and epoxides increases,too. So, in the samereaction

time, the carboxyl groups were consumedcompletely in concentrated solution. The

model reaction of F-diacid with glycidol is similar to that of F-diacid with glycidyl

phenyl ether, while its 1H NMR spectrum is more complicatedthan that of ZRC185.

In melt reaction, 1:2 ratio (mol:mol) of F-diacid and epoxideswereheatedat 130

or 140±C for 10 to 15 min. The 1H NMR analysisof the crude products revealedthat

the aim, higher conversionin shorter reaction time, wasachieved. However the content

of by-products also increased.For example,when F-iacid and glycidol wereheatedat

140±C for 15 min (ZRC155),new signalslocatedat 1.43» 2.15ppm assignedto 7F3H-

amino and its derivative (amino-diol produced by the reaction of 7F3H-amino with

glycidiol) were identi¯ed. For comparison,the 1H NMR spectra of thesecompounds

were shown in Fig. 3.49. It was evident without doubt that F-diacid decomposedat

high temperature. The MALDI-TOF-MS analysis of this samplealso supports that

the crude product was composedof the disubstituted derivativesof F-diacid and by-

products, of which the structures are shown in Fig. 3.50 on the facing page. Beside

the desireddisubstituted derivativesof F-diacid, the oligomersof glycidol initiated by

7F3H-aminoand the addition products of 1,2,4-benzenetricarboxylic acid with glycidol

weredetected.

F-diacid

the product of reaction of F-diacid
with glycidol

C7F15 N

O

H
N

OH
OH

DMSO

ZRC155

F-diacid

amino-diol

Figure 3.49: 1H NMR spectra comparisonamongF-diacid (up), ZRC155(middle) and
amino-diol (down)
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Figure 3.51: 1H NMR spectra comparisonof F-diacid heatedat di®erent temperature.
From up to down, the spectra of products heated at 150 ±C, 140 ±C, 130 ±C, and
F-diacid (starting materials).

In the course of model reaction of F-diacid with epoxides, some by-products

were detectedin the crude product. It was assumedthat F-diacid is unstable at high
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temperature, it can turn into its precursorsor other intermediate. To con¯rm this

assumption,F-diacid was baked in a Schlenk °ask under nitrogen stream at di®erent

temperature for 30 min, then the crude product was investigated by 1H NMR. The
1H NMR spectra comparisonof the non-°uorinated alkyl part of crude products is

presented in Fig. 3.51on the pagebefore. For better understandingthe di®erencebefore

and after heating, the 1H NMR spectrum of starting material, F-diacid, is presented in

Fig. 3.51 on the preceding page, too. When the F-diacid was heatedat 130 ±C for 30

min, lessthan 1% N -methyl-N -(per°uoroheptylcarbonylaminopropyl)-ammonium was

produced. As the temperature wasincreasedto 140±C, the yield of the decomposition

product increasedto 5%. However when the temperature was increasedto 150 ±C,

only 3% of F-diacid decomposed. Hence, it gives a clear tendency of low degreeof

decomposition of F-diacid in the study temperature scope.

SinceF-diacid decomposesat high temperature, it is interest and necessaryto

know how 7F3H-aminoreactswith epoxides under a similar condition. Then one can

optimize the reactioncondition. Therefore7F3H-aminoand 1 equivalent epoxideswere

heatedat 140 ±C for 15 min under N2-stream. NMR and MALDI-TOF-MS were em-

ployed to study the reaction product. The corresponding reaction scheme and the

possibleproducts basedon the analysisof NMR and MALDI-TOF-MS investigations

are depicted in Fig. 3.52. The 1H NMR and 13C NMR both revealed that the con-

versionof 7F3H-amino to its derivativesis quite high, nearly quantitativ ely. However

the MALDI-TOF-MS investigation revealedthe presenceof oligomersof epoxides, this

means that the oligomerization of epoxides initiated by 7F3H-amino occurred dur-

ing the reaction. Diols or polyols with similar structure as thesecompoundsshown in

Fig. 3.52arepopular cross-linkersor chain extendersfor the formation of polyurethane

or epoxy resins. In addition, tertiary amine is important catalysts for urethanechem-

istry. Hence,thesecompoundscan be usedas reactive catalyst in urethanechemistry.
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Figure 3.53: The possiblereaction mechanism of F-diacid with epoxides basedon the
results of MALDI-TOF-MS and 1H NMR spectra.

Basedon evidencesmentioned above, a possiblereactionmechanismof the model

reaction of F-diacid with epoxides is ¯gured out in Fig. 3.53. The main reaction

is the addition reaction of F-diacid with epoxides to give the desired product, DI-

SUB . Additionally , a small amount of F-diacid decomposeto 7F3H-aminoand 1,2,4-

benzenetricarboxylic anhydride at elevated temperatures. Thesetwo compoundscould

recombine to give the F-diacid. But in the presenceof epoxide, the equilibrium moves

towards decomposition. The 7F3H-amino attacks the epoxide ring to give its deriva-

tiv es, further to form oligomers or polymers. 1,2,4-Benzenetricarboxylic anhydride

reactswith epoxides to yield the corresponding compounds.

3.3.2 Reaction behavior study on F-diacid and 7F3H-amino
for the synthesis of poly- or oligo esters

The copolycondensationof F-diacid with diesterand diol wascarried out to syn-

thesizepoly- or oligoesterscontaining °uorinated side groups. It is well known that

the carboxyl group is lessactive than the corresponding methyl ester in the esteri¯-

cation reaction, so usually excessdiol was usedduring the polycondensation. In our

cases,even if the content of F-diacid was as high as 10 wt-%, it still was di±cult to
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identify the reactionbehavior of F-diacid by NMR analysis. On the other hand, during

the polycondensationof F-diacid with diol, the decomposition of F-diacid was always

detected. The reaction melt turned into brown slowly after the addition of catalyst.

Thereforethe further analysison the polycondensationproducts was not carried out.

As demonstratedabove, the F-diacid decomposedduring the courseof polycon-

densation. This result forced us to study the polycondensationbehavior of 7F3H-

amino with non-°uorinated diester and diol. If no transamidation occurs during the

courseof polycondensationof 7F3H-aminowith ester, then F-diacid could be consid-

eredasa potential monomerfor the synthesisof polyestersto introducethe °uorinated

side groups in polyesters. A low degreeof decomposition of F-diacid can result into

polyesterscontaining °uorinated endgroupsdue to the polycondensationof its precur-

sor, 7F3H-amino, with other components. To achieve enoughinformation to support

this assumption, the melt polycondensationand model reaction of 7F3H-amino were

studied.

The model reactionsof 7F3H-aminowith dimethyl ester(dimethyl terephthalate

(DMT), dimethyl adipate (DMA)) in the presenceof 0.1 wt-% catalyst (dibut yltin

oxide (DBTO)) were done to study the reaction behavior of this compound when the

concentration of aminogroupsis high. The reactioncondition are listed in Tab. 3.17on

the facing page. 1H NMR was used to determine the composition of the reaction

products. For the model reaction of 7F3H-amino with DMA (seeFig. 3.54 on the

next page), after 2 hr heating at 150 ±C (ZRC96), the reaction didn't proceed. Then

the reaction processwas changedby increasingthe reaction temperature and reaction

time to increasethe reactivity and conversionof 7F3H-amino. In the caseof ZRC106,

when 7F3H-amino was heatedwith DMA at 170 ±C for 2 hr, only about 10% 7F3H-

amino were converted to the corresponding amides. Even now it seemsthat a small

amount transamidationoccurreddueto the emergenceof proton signalsat 7.8» 7.9ppm

assignedto the proton 1" of non-°uorinated amide group asshown in Fig. 3.55 on the

facing page. While in the caseof ZRC116, as the reaction time was increased(1 hr

at 150 ±C and 4 hr at 170 ±C), the conversionof 7F3H-amino to substituted product

increasedup to 50%,but the transamidation degreealsoincreasedrespectively. To get

more information, onecan seethe partial 1H NMR spectra comparisonof ZRC106and

ZRC116shown in Fig. 3.55 on the next page.
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Figure 3.54: Schematic presentation of the model reaction of 7F3H-aminowith DMA

Table 3.17: Summaryof the model reactionof 7F3H-aminowith
non-°uorinated diester

Sample Rf
a: diester Conv.

No. (mol:mol) (%)
Process

ZRC96 7F3H-amino: DMA 0 130 ±C, 30 min , DBTO

2: 1 150 ±C, 2hr

ZRC106 7F3H-amino: DMA 10 130 ±C, 30 min, DBTO

2: 1 150 ±C, 1hr

170 ±C, 2 hr

ZRC116 7F3H-amino: DMA 50 130 ±C, 30 min, DBTO

2: 1 150 ±C, 1 hr

170 ±C, 4 hr

ZRC91 7F3H-amino: DMT 10 150 ±C, 30 min, DBTO

2: 1 180 ±C, 4 hr

a Rf is Rf -monomer.

C7F15 N

O

H
N R

O
RH N

O

H

N R

O

C7F15 N

O

H

N H
2' 2

1' '3' 31

1 1' '
3+3'

2'

2

DMSO

ZRC106

ZRC116

R, RH = non-fluor inated alkyl 

Figure 3.55: 1H NMR spectra comparisonof ZRC106(up) and ZRC116(down)

In the model reaction of 2:1 ratio of 7F3H-aminoand DMT, after the preheating

and addition of catalyst - DBTO, the reaction mixture was heatedat 180 ±C for 4 hr.

The 1H NMR spectrum of this specimenis presented in Fig. 3.56 on the following page.
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This spectrum is similar to the 1H NMR spectrum of model reaction of 7F3H-amino

with DMA, the proton signalsat 1.60 ppm are due to the proton 2 of 7F3H-amino.

The signals at 1.72 ppm are assignedto the proton 2' of substituted product. The

signal resonatedat 9.55is due to the proton 1' of substituted product. Onecan ¯nd in

this casethat only about 10% amino groupswere turned into amide groups,however

no transamidation took placeduring reaction.
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Figure 3.56: Partial 1H NMR spectra of ZRC91: the reaction of 7F3H-amino with
DMT

The melt polycondensation of two systems, 7F3H-amino/DMA/1,4-BD and

7F3H-amino/DMT/NPG (neopentyl glycol), wasstudied to synthesizepolyesterscon-

taining °uorinated end groups. The composition of polycondensationsystemsand the

reaction processesare listed in Tab. 3.18 on the next page. To make sure that the

amino group can be converted during the courseof polycondensation,a little excessof

esterwasused,meaningthat Q (=[ester]/([amino]+[OH])) is larger than 1 in all cases.
1H NMR was used to analyze the reaction products. For the synthesis of aliphatic

polyester, the reaction mixture washeatedat 150 ±C for 1 hour and at 170±C for 4 hr

after the addition of 0.1 wt-% catalyst (DBTO) and preheating. The 1H NMR spec-

trum of this crudeproduct (ZRC139) is presented in Fig. 3.57 on the facing page. This

spectrum is quite similar to that of the model reaction of 7F3H-aminowith DMA. The

signalassignments aresimilar, too. In this spectrum, the occurrenceof transamidation
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wasobserved for the detection of signalsaround 7.7-7.8ppm assignedto the proton 1'

of non-°uorinated amide.

Table 3.18: Summary of the melt polycondensationof 7F3H-amino with
non-°uorinated diester and diol

Sample Rf
a: diester: diol Rf

No. (mol: mol: mol)
Qb

wt-%
Process

ZRC139 7F3H-amino: DMA: 1,4-BD 1.02 5 130 ±C, 30 min, DBTO

1: 16.77: 15.94 150 ±C, 1hr

170 ±C, 4 hr

ZRC140 7F3H-amino: DMT: NPG 1.02 5 150 ±C, 30 min, DBTO

1: 31.23: 30.10 180 ±C, 1hr

200 ±C, 2 hr

ZRC149 7F3H-amino: DMT: NPG 1.1 10 150 ±C, 30 min, DBTO

1: 15.27: 13.38 180 ±C, 1 hr

200 ±C, 4 hr

200 ±C, 1 hr, vacuum

a Rf is Rf -monomer, b Q = [ester]/([amino]+[OH])
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Figure 3.57: Partial 1H NMR spectra of ZRC139

For the synthesis of aromatic polyesters, if the 7F3H-amino content was 5 wt-

% (ZRC140), it was di±cult to detect the proton signals of the 7F3H-amino part.

When the content of 7F3H-amino was increasedto 10 wt-% (ZRC149), the intensity

of proton signals of amino compound is detectable but still very low. Nevertheless,

one important information is that no transamidation occurred in this reaction. The
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detectedlow intensity of °uorinated part may be causedby the evaporation of 7F3H-

amino with the nitrogen stream during polycondensationfor its low boiling point.

From above demonstration, the transamidation of °uorinated amide to aliphatic

ester took place either in model reaction or in melt polycondensation. The assumed

transamidation mechanism is described in Fig. 3.58 on the next page. 7F3H-amino

owns: 1) One secondaryamino group which is a very strong basedue to electron-

donation nature of neighboring methyl group and has a high nucleophilicity. 2) The

possibility of the formation of a six-member ring intermediate due to the C3-alkyl

spacerbetweencarbonyl group and the secondaryamino group. Two possiblemecha-

nisms,intermolecularand intramolecular catalysis,can happen simultaneously in melt

polycondensation.But the intramolecularcatalysisassumptionis morepreferredin the

model reaction of 7F3H-aminowith ester. For the intermolecularcatalysismechanism,

the highly basicsecondaryamino groupsabstract H+ from OH groupsto give oxyan-

ionswhich have higher nucleophilicity with respect to OH groups. Then oxyanionscan

attack the carbonyl groups of °uorinated amide to generatethe corresponding esters

and releasefreeprimary amino groups,which could not occur in other similar systems

catalyzedby Lewisacid. The primary amino groupsfurther attack the non-°uorinated

carbonyl groupsto result in the non-°uorinated amides.This kind of mechanismis very

common for the base-catalyzedesteri¯cation or amidation. One the other hand, the

secondaryamino groupsalso can attack the carbonyl groupsof °uorinated amidesto

cleave primary amine,becausethe secondaryamino groupsare morenucleophilic than

the hydroxyl groups. For the intramolecular catalysismechanism, the non-°uorinated

part of 7F3H-amino is able to form a 6-member ring intermediate. Such conforma-

tion improvesthe nucleophilicity of secondaryamino groups. Then the primary amino

group is releasedto further react with ester to give non-°uorinated amides. In one

word, the structure of 7F3H-aminomakesthe transamidation possible.

However, the transamidation products wasdetectedin neither the melt polycon-

densationnor the model reactionof 7F3H-aminowith aromatic ester,this is explainable

and causedby the possibleevaporation of 7F3H-aminowith N2 stream. Thus, the con-

centration of the secondaryamino groupsis too low to acceleratethe transamidation.
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Figure 3.58: Possibletransamidation mechanismsduring the model reaction and melt
polycondensationof 7F3H-amino

3.3.3 Conclusion

The decomposition of the aromatic amidegroupsof F-diacid wasdetectedeither

in polycondensationor in model reaction. Its precursor,7F3H-amino,wasinvestigated

in polycondensationand model reaction, too. In polycondensation,transamidation

occurred, intermolecular and intramolecular catalyst mechanismsare proposedbased
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on the speci¯c structure of 7F3H-amino: 1) the high basic nature of its secondary

amino group and 2) the C3-alkyl spacerbetween amino group and carbonyl group

which allows to form a 6-member ring intermediate acceleratingthe transamidation

rate. The model reactionof 7F3H-aminowith epoxideso®eredwell de¯ned compounds.

Sincethe decomposition degreeof F-diacid during the model reaction of F-diacid with

epoxides is lessthan 5% and the subsequential reaction of 7F3H-aminowith epoxides

can give the well de¯ned compounds, therefore, F-diacid can be used to polymerize

with diepoxy functionalized monomersto give polyesterscontaining °uorinated side

and end groups.
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3.4 Building blo cks based on F-diaceto xy or F-diol

Oligoester polyols are of important position in the formulation of polyurethane

powder coatings. To synthesizeoligoesterscontaining °uorinated sidegroups,there are

a great number of methods available. Besidethe method (using dicarboxyl function-

alized °uorinated amide, F-diacid) mentioned in last section,F-diacetoxy and F-diol,

thesetwo difunctionalized °uorinated amides,were also usedfor the synthesis of oli-

goesters.

3.4.1 Melt polycondensation of F-diaceto xy with diester and
diol

The melt polycondensationof F-diacetoxy was studied via typical reaction pro-

cess(see Tab. 3.19 on the following page) to obtain the knowledge concerning the

reaction behavior of this monomer and to synthesizepoly- or oligoesterscontaining

°uorinated side groups. In this system, a little bit excessdimethyl ester (DMT or

DMA) was used, for the aim to obtain oligoesterscontaining °uorinated side groups

but not end groups.

For the synthesis of aliphatic oligoesters,one conclusioncould be made that no

transamidation of the °uorinated amidegroups,which could result in the lossof °uori-

natedmoieties,hasoccurredduring polycondensationfrom 1 H NMR spectrum analysis

(seeFig. 3.59 on the next page) indicating that no proton signalof aliphatic amidewas

recordedat 7.5-7.8ppm. Sincethe proton resonancepatterns of the methylene group

(proton C) next to acetyl group of the monomer and those (proton C' and C") of

the transester¯ed counterparts (mono-s. and di-s. ) are quite similar, it is di±cult

to estimate the conversion of monomer. However two new proton signalsare located

at 1.13-1.25ppm, they di®er from the proton signal of methyl group (proton b) next

to quaternary carbon of monomer(lying in 1.1 ppm) and are assignedto the methyl

groups (proton b' and b") of transesteri¯ed °uorinated compounds. From this point,

onecanget the following information: 1) The conversionof F-diacetoxy to oligoesteris

quite high, but still about 3% of this monomerexists in reaction products in the case

of ZRC167. 2) F-diacetoxy wascoupledinto oligomerchainsby two possiblepathways.

One is that the monomerwas coupledat the end of polymer chain, which meansonly

one acetyl group was converted. The other is that the monomerwas coupled in the

middle of oligomerchains, resulting in oligoesterscontaining °uorinated sidegroups.

In the synthesis of aromatic oligoesters,from 1H NMR spectra analysis,no ev-
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idence directly supports that the transester¯cation between F-diacetoxy and DMT

has occurred due to the overlapping of proton signals. However the transester¯cation

betweenF-diacetoxy and DMT was proved by MALDI-TOF-MS investigation.

Table 3.19: Summary of the melt polycondensationof F-diacetoxy with non-
°uorinated diester and diol

Sample Rf
a: diester: diol Rf

a

No. (mol: mol: mol)
Qb

wt-%
Process Note

ZRC167 F-diacetoxy: DMA: 1,4-BD 1 10 130 ±C, 30 min, DBTO

1.46: 34.55: 33.09 150 ±C, 1 hr

170 ±C, 1 hr, vacuum

ZRC162 F-diacetoxy: DMT: NPG 1 10 150 ±C, 30 min, DBTO

1: 20.20: 21.46 180 ±C, 1hr

200 ±C, 2 hr

200 ±C, 0.5 hr, vacuum

ZRC189 F-diacetoxy: DMT: NPG 1 5 150 ±C, 30 min, DBTO

0.87: 32.10: 31.37 180 ±C, 1hr

200 ±C, 4 hr

200 ±C, 1 hr, vacuum

a Rf is Rf -monomer, b Q = [ester]/[OH]
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3.4.2 Mo del reaction of F-diol

R = H,    monosubstituted     
R = C11H23CO,   disubstituted

C7F15 N

O

H

N

O

OH

OH C7F15 N

O

H
N

O

OR

O C11H23

O

C11H23 O
O

+

130oC, 30 min
0.5 wt-% DBTO
150oC, 1hr
170oC, 2hr

Figure 3.60: Schematic presentation of model reaction of F-diol with methyl unde-
canoate

The model reaction of F-diol with methyl undecanoatewas carried out under

melt condition, reaction processesand results are presented in Fig. 3.60. From the 1H

NMR spectrum (Fig. 3.61 on the next page) analysis,it wasfound that F-diol behaved

similar to F-diacetoxy: 1) No transamidation of the °uorinated amides groups was

detected. 2) The conversion of F-diol to the corresponding di-substituted derivative

is incomplete. In detail, the proton signals of the OH groups of mono-substituted

derivative and monomerare distinguishable. The proton signal of OH groups(proton

3') of mono-substituted derivative is present at 4.77 ppm as triplet, that (proton 3)

of F-diol also appears as triplet but at 4.49 ppm. The proton signals of methylene

group (proton 4' and 4") next to the carbonyloxy group of mono-substituted and di-

substituted derivativesalso resonatedat di®erent chemical shifts. Therefore,from the

integrals of these proton signals, one can calculate the conversion of F-diol and the

contents of mono-substituted and di-substituted derivatives. On the other hand, the

protons of °uorinated amides(proton 1', and 1") and methyl groups (proton 2', and

2") next to aliphatic amidegroupsboth resonateat two di®erent chemicalshifts due to

the steric hindranceafter the substitution. One more information o®eredby 1H NMR

spectrum is the chemical shift di®erenceof proton 5, 5', and 5" of methyl groupsnext

to the quaternary carbon atom amongmonomer,mono-and di-substituted derivatives,

which locate at 1.07,1.13and 1.22ppm, respectively. As mentioned earlier, the ratio

of these three compounds can be obtained by the integrals of OH groups and ester

groups, thereforeone can assignthesepeaksto their real owner. This window is very

important for calculating the conversion of F-diacetoxy, and the content of di®erent

°uorinated compounds,sinceother signalswereoverlapped or undistinguishablethere

(seeFig. 3.59 on the facing page). The interesting 1H NMR signalscan be assigned

and the details are summarizedin Tab. 3.20 on the next page, then it is possibleto

determine the conversion of F-diol to poly- or oligoester and the ratio of °uorinated
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compoundsof the polycondensationproducts, this is described in following.
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Figure 3.61: Partial 1H NMR spectrum of crude product of model reaction of F-diol
with methyl undecanoate,and its signal assignments

Table 3.20: Chemicalshift assignments of interestingpro-
tons of di®erent °uorinated compoundsin the crudeprod-
uct of the model reaction of F-diol with methyl unde-
canonate

Chemical Shift (ppm)
Group

monomer mono-substituted di-substituted

Rf CONH- 9.40 9.40 9.40

-OH 4.49 4.77 /

=NCH 3 2.99 2.99 2.99

-CH2OR / 4.17 4.19

´ CCH3 1.07 1.13 1.22

3.4.3 Melt polycondensation of F-diol with diester and diol

The polycondensationof F-diol was carried out under typical conditions (sum-

marized in Tab. 3.21 on the facing page). For example, to synthesizealiphatic poly-

or oligoesters,under N2 atmosphere,monomers(F-diol, 1,4-BD, and DMA) werepre-

heated at 130 ±C for 30 min to form a melt, then 0.1 wt-% catalyst (DBTO) was

introduced. The melt was heated at 150 ±C for 1 hr, then at 170 ±for at least 4 hr.

After that, the reaction instrument waskept at 170±C under vacuumfor 1 hr or longer
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to evacuatethe generatedmethanol or 1,4-BD to result in polymersor oligomerswith

a higher molecular weight. The synthetic processof aromatic poly- or oligoester is

similar to that of aliphatic oligoester,whereasthe reaction temperature is higher. The

polycondensationcrude products were dried in a vacuum oven to give a light yellow

powder.

Table 3.21: Summary of the polymerization conditions of polycon-
densationof F-diol with non-°uorinated diester and diol

Sample Rf
a: diester: diol Rf

d

No. (mol: mol: mol)
Qb

wt-%
Process

ZRC190 F-diol: DMA: 1,4-BD 1 5 130 ±C, 30 min, DBTO

0.83: 36.23: 35.39 150 ±C, 1 hr

170 ±C, 4 hr

170 ±C, 1 hr, vacuumc

ZRC248 F-diol: DMA: 1,4-BD 1 10 130 ±C, 30 min, DBTO

1.67: 35.08: 33.41 150 ±C, 1 hr

170 ±C, 4 hr

170 ±C, 1 hr, vacuumc

ZRC373 F-diol: DMA: 1,4-BD 1 10 130 ±C, 30 min, DBTO

1.67: 35.08: 33.41 150 ±C, 1 hr

170 ±C, 6 hr

170 ±C, 2 hr, vacuumc

ZRC381 F-diol: DMA: 1,4-BD 1 10 130 ±C, 30 min, DBTO

1.67: 35.08: 33.41 150 ±C, 1 hr

170 ±C, 7 hr

170 ±C, 2 hr, vacuumc

ZRC386 F-diol: DMA: 1,4-BD 1 10 130 ±C, 30 min, DBTO

1.67: 35.08: 33.41 150 ±C, 1 hr

170 ±C, 5.5 hr

170 ±C, 3 hr, vacuumc

ZRC247 F-diol: DMT: NPG 1 10 150 ±C, 30 min, DBTO
1.67: 30.53: 29.49 180 ±C, 1hr

200 ±C, 3 hr

200 ±C, 1 hr, vacuumc

a Rf is Rf -monomer. b Q = [ester]/[OH]. c using membrane pump,
vacuum between5-15 mbar. d the content of °uorinated monomer.
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3.4.4 Characterization of oligo esters based on F-diaceto xy or
F-diol

Keepingthe information obtained from the model reaction of F-diol with methyl

undecanoatein mind, one can easily study the polycondensationreaction. The crude

products of polycondensationwere analyzedby NMR investigation. For the aliphatic

oligoesters, the 1H NMR spectra are shown in Fig. 3.62. The ¯rst study point was

always focusedon whether transamidation took place or not. For all specimens,no

transamdiation of the °uorinated amidesto non-°uorinated amideswasdetected. This

meansthat the °uorinated amidesare stable during the courseof polycondensation

and the conversionof the secondaryamino groupsto amidesgivesa more stable °uo-

rinated amide, becausethe transamidation always was observed during the courseof

polycondensationof 7F3H-amino. Aside from no transamidation, the conversion of

°uorinated monomer(F-diol) to the corresponding poly- or oligoestersis not complete,

F-diol always (summarizedin Tab. 3.22 on the facing page) was detectedin the crude

products whatever the reaction time was lasted for 6 hr at 170 ±C, or the reaction

°ask was kept under vacuum for long time at 170 ±C. The maximum amounts of the

non-reactedF-diol is 10%.

In the caseof aromatic oligoester synthesis, the reaction behavior of F-diol was

studied at higher temperature. It also can be concludedthat transamidation did not

occur during the melt polycondednsationfrom 1H NMR spectra analysis.

CHCl3 amide NH

ZRC386

ZRC373

ZRC248

ZRC109

Figure 3.62: 1H NMR spectra comparison of polycondensationproducts: ZRC386,
ZRC373,ZRC248,and ZRC109(from up to down)
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Table 3.22: Composition of °uorinated compounds in polycondensa-
tion products basedon F-diol, 1,4-BD, and DMA
SampleNo. Monomer (%) mono-substituted(%) di-substituted (%)

ZRC190 6 16 78

ZRC248 10 32 58

ZRC373 6 23 70

ZRC386 9 22 59

SEC was performedto determine the molecular weights of synthesizedpolycon-

densationproducts. The Mn values(seeTab. 3.23) arrangefrom 1700to 5800g/mol,

which meansthat oligomerswere produced. The PDI of theseoligoestersare closeto

the theoretical one of 2 of idealized polymers produced by polycondensation,except

ZRC190.

Table 3.23: Thermal properties and molecularweights of synthesizedoligoesters
Sample Tg T c;m T c;0

a Td
b SEC

No.
Composition

(±C) (±C) (±C) (±C) Mw Mn PDI

g/mol g/mol

ZRC190 F-diacetoxy/1,4-BD/DMA 4 49.0, 53.7 29.9 204 11700 4900 2.38

ZRC248 F-diol/1,4-BD/DMA 4 47.4, 52.4 27.4 194 8600 4000 2.16

ZRC373 F-diol/1,4-BD/DMA / 43.7, 50.8 25.5 230 10500 5000 2.10

ZRC386 F-diol/1,4-BD/DMA 0 43.7, 50.7 29.4 201 11300 5500 2.05

ZRC189 F-diacetoxy/NPG/DMT 43 / / 151 12100 5800 2.10

ZRC247 F-diol/NPG/DMT 23 / / 129 3400 1700 2.00

a T c;0 were collected in cooling trace. b Td is the temperature at 1% weight loss.

DSC and TGA were used to study the thermal properties of synthesized oli-

goesters. The results are summarizedin Tab. 3.23 and someDSC 2nd heating traces

are shown in Fig. 3.63 on the next page. The DSC 2nd heating traces of aliphatic

oligoestershowed two endothermicpeaksassociated with two di®erent ¯rst order tran-

sitions and a Tg except ZRC373. Castelvetro and co-workers105 reported that two

endothermicpeakswere present in the random copolymers of polyacrylate L4 and F-

503T M , they explainedthat it was causedby the melting transitions of per°uoroalkyl

and oligo(ethylene oxide) side chains, when the enthalpy penalty and the content of

compositionsweretaken into account. In our cases,the ¯rst endothermicpeakaround

45 ±C is due to the melting transition of polyester backbone for its larger enthalpy

change. For the secondendothermic peak around 52 ±C, there is still no reasonable
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explanation. Detailed structure and thermal analysesare necessaryto describe the

origin of both endothermicpeaks.For the aromatic oligoesters,only a T g wasrecorded

on DSC traces, this meansthey are amorphous. The temperature of 1% weight loss

for aromatic oligoesters is very low, at 151 and 129 ±C for ZRC 189 and ZRC247,

respectively. This may be due to the presenceof small moleculesin polycondensa-

tion products, such as DMT (melting point of 140» 142 ±C) or NPG (melting point of

126» 128 ±C).
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Figure 3.63: DSC 2nd heating tracesof oligoestersbasedon F-diol or F-diacetoxy

An aliphatic (ZRC248) and an aromatic (ZRC247) oligoesterswere investigated

by MALDI-TOF-MS to know how °uorinated monomerwasconverted into oligoester.

For aliphatic oligoesters, oligomers were composed of two seriesof oligoesterswith

di®erent end groups, one is of ®,! -dihydroxyl groups, the other is of ®-hydroxyl-! -

methyloxycarbonyl structure. The presenceof F-diol was also identi¯ed. The °uo-

rinated oligoestersonly contains one °uorinated monomer along each chain, the re-

peat unit number of non°uorinated oligoester part is up to 6. The results of 1H

NMR investigation a±rmed that °uorinated segment could be incorporated either at

the of end of oligomersas end group or in the middle of the oligomer backbonesas

sidegroup. Thereforethe possiblestructures of °uorinated compoundspresent in the

polycondensationproducts are shown in Fig. 3.64 on the facing page. Additionally ,
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the oligoesters (depicted in Fig. 3.64 as decomp. ) which have N -methyl-N -[3-N -

(per°uoroheptylcarbonyl)aminopropyl]carbonyl end groups were not detected. This

proved that the decomposition of non-°uorinated aliphatic amide group of F-diol did

not occurre during polycondenstion. In the caseof aromatic polyester, the samecon-

clusion could be made.
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Figure 3.64: MALDI-TOF-MS analysis results of aliphatic oligoester: ZRC248.
mono-sub. is mono-substituted derivatives; di-sub. is di-substituted derivatives;
decomp. is assumeddecomposition products, which werenot detected.

3.4.5 Conclusion

The reaction behaviors of two difunctionalized Rf {monomers, F{diacetoxy and

F{diol, werestudied in model reactionand melt polycondensation.The resultsrevealed

that neither of F{diacetoxy and F{diol underwent transamidation of °uorinated amide

groups or decomposition of aliphatic amide groups during the courseof polyconden-

sation with respect to F-diacid and 7F3H-amino. Aliphatic and aromatic oligoesters

basedon F-diol or F-diacetoxy were obtained by melt polycondensation. Both NMR

and MALDI-TOF-MS investigations certi¯ed that Rf -monomersare present among

the oligomer backbones. However a small amounts of free F-diol were detectedin the

products of polycondensation.This problem can be solved when theseoligoestersare
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cured with blocked isocyanates to form cross-linked polyurethanes. There, the OH

groups of free F-diol can also react with reformed isocyanate, which can immobilize

free monomersand avoid the lost of °uorinated moieties. Two endothermic peaks

were detected for aliphatic oligoesters,one is the crystalline transition temperature

of oligomer backbones, more works are neededto ¯nd out the origin of the second

endothermicpeak. Only a Tg value was identi¯ed for aromatic polyesters,which are

expectedto be amorphous.
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3.5 Reactivit y study on F-acid

For the reasonswhich have been illustrated in Section 3.3 on page63, mono-

carboxyl functionalized °uorinated amidesalso are of interest for the modi¯cation of

polymers which have epoxy groupsas side groupsor end groups. On the other hand,

mono-carboxyl functional °uorinated amide also can be used as a precursor for the

synthesisof dihydroxyl functionalized °uorinated amidesby the ring opening reaction

of glycidol with carboxyl group as shown in Fig. 3.5. This kind of dihydroxyl func-

tional monomersarenot suitable for melt polycondensationdueto the presenceof ester

bonds. However they can be usedaschain extendersfor the synthesisof polyurethane

containing °uorinated side groups. To realize this idea, the model reaction of syn-

thesizedmono-carboxyl functionalized °uorinated amide (F-acid) with epoxides was

studied.
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Figure 3.65: Synthetic strategy towards dihydroxyl-functionalized °uorinated amide
basedon carboxyl functionalized °uorinated amide

3.5.1 Mo del reaction

The model reaction of N -(3-hydrocarboxy)prop-1-yl per°uorooctane amide (F-

acid ) with epoxides (glycidol and glycidyl phenyl ether) was carried out under melt

condition and in solution to obtain the knowledgeconcerningthe reaction behavior of

the F-acid. The results are summarizedin Tab. 3.24 on the following page and the

ideal reaction schemeis presented in Fig. 3.66. NMR wasusedto analyzethe reaction

products.

C7F15 N
OH

O

H O

C7F15 N O OR
O

H O

OH
O

OR

C7F15 N O
OH

O

H O
OR

+

R = H, Ph

Figure 3.66: Schematicpresentation of idealizedmodel reactionof F-acid with epoxides
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Table 3.24: Summary of the results of the reactionsof F-acid with epoxides (glycidol
and phenyl glycidyl ether)

Sample Catalyst Temp. Time Solvent Conv.

No.
R

(mol%) (±C) (hr) (ml) (%)
Note

ZRC175 H / 140 0.25 / 20 /

ZRC180 H / 140 0.5 / 31 30% glycidol remained

ZRC184a H / 150 1 / 100

ZRC141 Ph / 140 0.17 / few polymerization

ZRC174 Ph / 140 0.25 / 15 /

ZRC150 Ph TBAB (2.5) 90 24 DMF(4) few polymerization

a The ratio of F-acid to epoxide is 1: 2. In other cases,the ratio is 1:1.
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Figure 3.67: 1H NMR spectra comparisonof ZRC180(down) and ZRC184(up)

In melt reaction, ¯rstly , 1:1 ratio of F-acid and glycidol were heated at 140 ±C

for 15 min and 30 min, the 1H NMR analysesrevealedthat the conversionof carboxyl

groupsto corresponding estergroupsis only 20%and 31%,respectively. On the other

hand, the polymerization or oligomerizationof epoxideswas identi¯ed. Then 1:2 ratio

of F-acid and glycidol were heated at 150 ±C for 1 hour. As a result, the carboxyl

groupswere completely consumedindicated by 1H NMR spectra comparisonbetween

ZRC180 and ZRC184 shown in Fig. 3.67. In the 1H NMR spectrum of ZRC184, the

proton signalof methylenegroups(1') next to carbonyl groupsfor the converted F-acid

disappearedfrom its original position (2.23 ppm) completely. The corresponding new

signal is located at 2.33ppm. No more proton signal of carboxyl groups is present at

12.6ppm. Theseinformation told that the carboxyl groupsreally convertedcompletely,

but the NMR pattern of OH groupsand methylene groupsnear to OH groups is too
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complicatedto distinguish the structures shown in Fig. 3.66 on page87 and prevents

us from further structure elucidation. The poor solubility of crudeproduct in common

solvents for MALDI-TOF-MS measurement does not allow us to study the detailed

structures, too. The melt reaction of glycidyl phenyl ether with F-acid is similar to

that of glycidol with F-acid, only 15%carboxyl group wasconsumedin 15 min at 140
±C.

The model reaction of F-acid with glycidyl phenyl ether was also carried out in

solution with 2.5 mol-% catalyst (TBAB), however only a small amount of carboxyl

groups were converted in 24 hr at 90 ±C. This indicates that F-acid is not suitable

for such reaction conditions. On the other hand, the oligomerization of epoxide was

observed in the courseof reaction, this alsoimplies that the reaction betweencarboxyl

groupswith epoxy groupsis slower than the oligomerizationof epoxide initiated by the

F-acid in this system.

Therefore, it was concludedthat the reaction of the °uorinated aliphatic acid

(F-acid) with epoxides is not so satisfactory, comparedwith that of the °uorinated

aromatic acid (F-diacid) with epoxides as reported in Section 3.3 on page63.

3.5.2 Conclusion

The model reaction of F-acid with epoxides is slower than that of F-diacid with

epoxides. To consumethe carboxyl groupscompletely, the reaction should be carried

out at 150 ±C for 1 hour with excessepoxides under melt condition. Due to the

poor solubility of the crude product and its complicated structures, so far no direct

information con¯rms that the crudeproduct only contains the desiredproducts. But it

can be assumedthat F-acid could be usedfor the modi¯cation of polymerscontaining

epoxy groups.
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4 Construction of Hydrophobic Surfaces
4.1 In tro duction

The ¯nal aim of this work was to realize hydrophobic surfacesbasedon cured

polymer networks containing °uorinated end or sidegroups. Among known polymers,

polyurethane is one of the best top coatings. Specially, polyurethanes made from

aliphatic diisocyanateshave excellent weather resistance,do not yellow, and are com-

patible with most resins. On the other hand, the uretdione is thermally labile, and

has been widely used in the formation of polyurethanes. Therefore the °uorinated

polyurethane network as shown in Fig. 4.1 could be realized by the curing reaction

betweenthe °uorinated poly- or oligouretdionesand poly- or oligoesterpolyols. Con-

sequently, the °uorinated moiety enricheson the top of surfaceto form a hydrophobic

surface,and the polar urethanegroupshave strong interactionswith substratesto give

an excellent adhesive property.
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Figure 4.1: Schematic presentation of the curing reactionsinvolved in this work

In Section 3.2 on page30, F{NHOH and its derivative, F{HDI{diol, have been

usedfor the synthesisof °uorinated sidegroupscontained poly(ureaurethane)s,blocked

IPDI's, and dihydroxyl-functionalized oligo(urea urethane)s. It was found that the

advancing contact anglesof ¯lms basedon poly(urea urethane)s,F1{OD{20 (12.44%

°uorine content) and F2{OD{20 (8.69% °uorine content), are about 111 and 115±,

respectively. The 2-butanone oxime blocked IPDI's are suitable candidates for the
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one-packagepolyurethane. In this section, the synthesis, characterization, and useof

the °uorinated oligouretdionesbasedon F-NHOH is discussed.

4.2 Mo del reaction

To synthesize the °uorinated hardeners,the reaction behavior of the used Rf -

monomersshould be known in advance. Therefore, model reactionsof Rf -monomers

with butyl isocyanatewerecarriedout to study their reactionbehavior. The reactionof

N -(5-hydroxy-pent-1-yl) per°uorooctaneamidewith 1 equivalent butyl isocyanatewas

carried out in acetoneat 60 ±C for 6 hr with 0.5 wt-% DBTDL. The reaction schemeis

shown in Fig. 4.2. NMR analysisrevealedthe generationof the desiredproduct. Model

reactionsof F{NHOH with mono-isocyanate have beenmentioned in Section 3.2 on

page30. Basingon the results of the model reaction studies,our industrial copartners

have synthesizedthe hardenerscontaining °uorinated endgroupsaswell as°uorinated

sidegroups(shown in Section 4.3 on the next page).
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Figure 4.2: Schematic presentation of model reaction of N -(5-hydroxy-pent-1-yl) per-
°uorooctane amide with butyl isocyanate. 1) 0.5 wt-% DBTDL, acetone,60 ±C, 6
hr
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Figure 4.3: Reactionschemeof the reactionof °uorinated uretdione(F-uretdione) with
1,8{octanediol and PEG1500 at 120 ±C for 20 min, then at 180 ±C for 10 min

Beforethe study of curing reaction wascarried out, the model reactionsof °uori-

nated uretdionewith diols wereinvestigated. The reactionschemeis shown in Fig. 4.3.
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The °uorinated uretdione (F-uretdione) is the addition product of 2 moleculesN -(5-

hydroxy-pent-1-yl) per°uorooctane amide with 1 moleculeIPDI uretdione. The diol

is 1,8{octanediol or PEG1500. The mixture of °uorinated uretdione and diol (1:0.6

mol:mol) with 1 wt-% Zn(acac)2 was heatedat 120 ±C for 20 min, then at 180 ±C for

another 10 min under N2 stream. NMR investigation of the crude products con¯rmed

the realization of the insertion reaction. It is too di±cult to analyze the reaction

product of F-NHOH with IPDI uretdione, therefore this model compound was not

synthesized.

4.3 Used hardeners and resins

The structures of usedhardenersare shown in Fig. 4.4. Their molecularweights

and °uorine contents are listed in Tab. 4.1 on the facing page. Hardener B1023 and

B1195are the oligomersproducedby the condensationof IPDI uretdione, F{NHOH,

and 1,5{pentanediol. Both of them contain °uorinated side groups. The molecular

weight of B1023is a little bit higher than that of B1195. Furthermore the °uorine con-

tent (19.03%)of B1023is alsohigher than that (7.93%)of B1195. HardenerB11608has

one °uorinated end group basedon N -(5-hydroxy-pent-1-yl) per°uorooctane amide,

IPDI uretdione, and 1,5{pentanediol. Among thesehardeners,B1023has the highest

°uorine content.
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Figure 4.4: Schematic presentation of usedhardenersin curing systems
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Table 4.1: Overview of usedhardenersb

Equi. Wt. a F content Mn Mw
Hardener

(g/mol) (wt%) (g/mol) (g/mol)
Note

B 11608 335.0 11.75 2400 4200 °uorinated end group

B 1195 326.8 7.92 3000 6800 °uorinated side group

B 1023 381.5 19.03 3700 8600 °uorinated side group

a equivalent weight for 1 mol NCO. b o®eredby DegussaAG.
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Table 4.2: Overview of usedoligoesterpolyolsd as resinsfor the curing reactions
OH number Equi. Wt. a Mn Mw

Resin Composition
(mg KOH/g) (g/mol)

Funct.b
(g/mol) (g/mol)

DLE 02-568 AA, 1,4-BD, TMP 228 246 4.47 1100 3200

DLE 03-504 { c 209 268.7 3.35 900 2600

DLE 03-211 DMT, NPG, TMP 217 258.6 5.8 1500 3700

DLE 03-442 AA, 1,4-BD, TMP 150 500 2 1000 1800

DLE 03-443 AA, 1,4-BD, TMP 226 475 4 1900 6500

DLE 03-457 AA, 1,4-BD, TMP 208 633 3 1900 4800

a equivalent weight for 1 mol OH. b functionalit y. c the 50:50aliphatic aromatic oligoester. d

o®eredby Synthopol Chemie Dr. rer. pol. Koch GmbH & Co. KG

Oligoesterpolyolswith di®erent structures(shown in Fig. 4.5), molecularweights,

OH numbers,and functionalities (listed in Tab.4.2) wereusedhere. Aliphatic resinsare

oligoestersmadeby meansof polycondensationusingadipic acid (AA), 1,4{BD, and 2{

ethyl{2{(h ydroxymethyl){1,3{propanediol (TMP). Their molecularweights rangefrom

1000to 1900g/mol, the functionality is between2 { 4.47. Aromatic resin (DLE03-211)

wasproducedby the polycondensationof DMT, NPG, and TMP. The number average
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molecular weight of aromatic resin is 1500 g/mol, and the functionality is 5.8. On

the other hand, a mixture (DLE03-504) of 50:50(weight percent) aliphatic resin and

aromatic resin was synthesizedto be usedin the curing reaction, too. Its Mn value is

900g/mol, and the functionality is 3.35.

4.4 Thermal prop erties of curing systems

DSC was employed to determine the thermal properties of curing systemsto

obtain the onsetand maximum temperaturesof the reaction betweenhydroxyl groups

and uretdionegroupsof di®erent curing systems.The composition of thesesystemsare

listed in Tab. 4.3 on the next page. In all cases,hardenerB1023or B1195wasblended

with stoichiometric polyols(1,8{octanediol,PEG1500, DLE02-568,and DLE03-211)and

0.5wt-% catalyst { DBTDL. The resultsaresummarizedin Tab.4.3 on the facing page.

One can ¯nd from the DSC investigation results that the thermal behavior of di®erent

curing systemsnot only dependson the nature of usedpolyols, but also dependson

the °uorine content of the curing systems. In detail, when the samehardener was

used, the formulation of hardener with 1,8-OD has the lowest onset and maximum

temperaturesdue to the highestdi®usioncoe±cient of 1,8-OD.While for other polyols

(e.g., PEG1500, DLE02-568, and DLE03-211), they neededa higher temperature to

initiate the reaction between hydroxyl groups and uretdione rings. The maximum

temperaturesof the curing systemsusing thesethree polyols are alsohigher than that

of 1,8-OD (about at 165 ±C), and around 190 ±C. Noteworthy, the curing systemsof

aliphatic resin (DLE02-568)with hardenershave lower onsettemperature with respect

to the curing system of aromatic resin (DLE03-211) with hardeners. On the other

hand, the °uorine content of hardenersalso can in°uence the onset temperature of

curing reaction, while its in°uence on the maximum temperature of curing reaction

can be ignored. Speci¯cally, the curing systemof B1195hasa lower onsettemperature

compared to that of B1023. This is explainable, since B1023 has a higher °uorine

content. It is able to form micelleswith more denser°uorinated outer shell. This kind

of organization can increasethe thermal stabilit y of micellesand prevent interaction

of OH groupswith uretdione rings, leadingto a higher onsettemperature comparedto

that of B1195. However theseconclusionis not true for all cases,whenthe temperature

is higher than 160 ±C, the in°uence of resin and °uorine content can be ignored.
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Table 4.3: Summaryof the thermal behavior of curing systemsdeterminedby
DSC investigation

Compositiona Peakonset Peakmax 1 ¢H max 1 Peakmax 2 ¢H max 2

Hardener Polyol (±C) (±C) (J/g) (±C) (J/g)

B 1195 1,8{OD 107.1 165.3 {158.78 231.4 15.45

B 1195 PEG1500 165.9 186.7 {59.98 / /

B 1195 DLE 02-568 143.6 187.5 {97.22 / /

B 1195 DLE 03-211 162.7 191.5 {70.16 / /

B 1023 1,8{OD 117.3 169.1 {112.1 / /

B 1023 PEG1500 184.1 191.3 {34.50 / /

B 1023 DLE 02-568 154.1 184.8 {54.80 204.6 {19.7

B 1023 DLE 03-211 165.9 192.0 {58.31 / /

a [uretdione]/[OH] = 1:2, 0.5 wt-% DBTDL.

To further con¯rm the chemicalreactionof curing systems,temperature-dependent

FTIR was usedto investigate the curing reaction behavior of B1023/DLE03-211and

B1195/DLE03-211.For both cases,0.5 wt-% DBTDL wereadded. Their compositions

are the sameas thoseusedfor DSC investigation.

Figure 4.6: Dynamic temperature-dependent FTIR spectra of B1023/DLE 03-211,
heating rate is 10 K/min, from 30 to 230 ±C
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The dynamic temperature-dependent FTIR spectra of B1023/DLE03-211(KBr

pellet) are presented in Fig. 4.6 on the page before. The heating rate is 10 K/min.

The absorbanceband at 1763 cm¡ 1 is assignedto the C=O stretching vibration of

the uretdione ring. From this ¯gure, onecan ¯nd that the reaction betweenuretdione

groupsand hydroxyl groupsstarts from 160±C, this is similar to the onsettemperature

(165.9±C) of this curing reaction determinedby DSC. The reaction of OH groupswith

uretdione groups proceedsas the temperature increasestill 210 ±C. At 210 ±C the

absorbanceband due to the uretdione ring vanishedcompletely. On the other hand,

the absorbanceband at 1726cm¡ 1 due to the stretching vibration of C=O of urethane

and amide groups increasedmonotonically with increasingtemperature from 160 to

210 ±C. Lower than 160 ±C, this band keepsthe original state. Higher than 210 ±C,

the intensity of this band keepsconstant. Hence,it can be concludedthat the curing

reaction of curing systemsdetermined by FTIR is consistent with the DSC results.

Additionally , the absorbanceband at 2339cm¡ 1 is assignedto the stretching vibration

of CO2, which might be produced by the reaction of the reformed NCO groups with

moisture and the subsequently decomposition.
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Figure 4.7: Isothermal temperature-dependent FTIR spectra of B1023/DLE 03-211
(left) and B1195/DLE 03-211(right) at 180 ±C for 0{30 min, the interval of 5 min

The isothermal temperature-dependent FTIR investigationsof afore mentioned

B1023/DLE03-211and B1195/DLE03-211(KBr pellets) werecarried out at 180±C for

the period of 30 min with interval of 5 min. The IR spectra comparisonof thesetwo

specimensarepresented in Fig. 4.7. As onecansee,the IR spectra of thesetwo systems

are quite similar, which meansthe in°uence of °uorine content on curing reaction can
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be ignored at elevated temperature. This also agreeswith the DSC results, which

revealedthat the maximum temperaturesof the curing reactionsof both systemsare

similar. For both cases,when the temperature reached 180 ±C, the reaction between

OH groups with uretdione groups already took place. Heated for 15 min, most of

the uretdione groupswereconverted into the corresponding urethanegroupsresulting

in the intensity increaseof the absorbanceband at 1723 cm¡ 1. After 20 min, the

uretdione group absorbanceband disappearedtotally . It was reported that the curing

systemsbasedon non-°uorinated hardenerVESTAGON EP-BF1320(oligomerof IPDI

uretdione with 1,5-pentanediol) usually need 15 min or shorter time at 180 ±C to

give a completeconversion.192 In other words, the curing processof both °uorinated

systemsunderwent di®erently with that of non-°uorinated curing systems,this is the

contribution of °uorinated moietiesof our systems.

To get further information concerningthe thermal stabilit y of the °uorinated

amide during the curing reaction of hardener with polyols, the insertion reaction of

B1023 with PEG1500 (1 wt-% Zn(acac)2 as catalyst) were carried out at 180 ±C for

di®erent reaction times. 1H NMR was employed to analyze crude products of the

curing reaction. The reaction conditions and results are listed in Tab. 4.4. Here the

ratio of [NCO]:[OH] of 1:0.8 was used, since the primary purpose of this seriesof

insertion reaction study is to determine the stabilit y of °uorinated amide. If the ratio

of [NCO]:[OH] is closeto 1, the resulting high molecular weight polyurethanesmay

be of poor solubility, this would prevent the structure elucidation of reaction crude

products. From the NMR spectra analysis,one important information was given that

no OH group originating from F-NHOH was observed for all three specimens. The

increaseof the content of OH groups of PEG1500 with increasingreaction time may

indicate that the reaction system is unhomogeneousresulting from the lab mixture

procedure.

Table 4.4: Summary of the insertion reactionsof B1023with PEG1500

Conversion NCO:OH (mol:mol) Reactiona(±C/min) OH groupb (%)

Stp669 1 : 0.8 180/10 1.4

Stp670 1 : 0.8 180/20 2.6

Stp671 1 : 0.8 180/30 7.0

a 1 wt% Zn(acac)2 as catalyst. b the OH group of PEG1500 determined by 1H NMR.

Someconclusionscan be drawn from the above investigations. The insertion

reaction between°uorinated uretdione and 1,8{OD wasproved by NMR and MALDI-

TOF-MS investigation. DSC revealed that the maximum reaction temperature of
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curing systemsof °uorinated oligouretdioneswith oligoesterpolyols is about at 180{190
±C. Dynamic temperature-dependent FTIR con¯rmed the realization of the reaction

of uretdione with OH groups,sincethe absorbanceband due to stretching vibration of

uretdionering vanishedcompletelyat 210±C. Isothermal temperature-dependent FTIR

investigation showed that the reaction of uretdione groupswith OH groupscompleted

in 20min at 180±C. Further study on the reactionbetweenB1023and PEG1500 revealed

that no OH group of F-NHOH was releasedduring the courseof the curing reaction,

this meansthat the urethanegroup of °uorinated oligouretdioneis stable under study

conditions. Basedon theseconclusions,the combination of °uorinated oligouretdione

and non-°uorinated oligoester polyols can be used for the formation of °uorinated

polyurethanenetwork as top coating.

4.5 Surface prop erties of cured ¯lms

The ¯lms for curing reactionswere preparedby solution casting technique, the

typical solution concentration was 20 wt-%. Stoichiometric hardener and resin were

dissolved in chloroform just prior to the casting. The solution wasdepositedon cleaned

silicon wafer, then the coatedsilicon wafer waskept in desiccatorchargedwith solvent

vapor for 1 or 2 days. The ¯lms were dried in a vacuum oven at r.t. for 24 hr to

remove the residual solvent. The ¯nal step is that the casted ¯lms were cured at

relative temperaturesfor 10, 20, to 30 min to study the in°uenceof curing time, curing

temperature, and catalyst on the surfaceproperties.

The water contact anglemeasurements on cured ¯lms were investigatedby drop

shape analysis. AFM was used to study the surface topology of cured ¯lms. The

results are listed in Tab. 4.5 on the facing pageand Tab. 4.6 on page 102 for cured

¯lms prepared by the curing reaction without and with catalyst, respectively. The

water contact anglesand Rms are the averagesof thoseon three di®erent probes.

For the curing systemswithout additional catalyst, the hardenerB1023was for-

mulated with stoichiometric aliphatic resins (DLE03-442, DLE03-443, DLE03-457)

or aliphatic-aromatic resin (DLE03-504). The casted ¯lms were cured at 190 ±C

for 10, 20, and 30 min. As a result, in most caseshydrophobic surfaceswere ob-

tained. For B1023/DLE03-443cured for 10 min, only a more hydrophilic surfacewas

given. The stick/slip behavior was observed on ¯lms of B1023/DLE03-443cured for

20 min. The advancing contact anglesof the cured ¯lms made from B1023/DLE03-

442, B1023/DLE03-457,and B1023/DLE03-504decreaseas curing time increases.In

contrary, the recedingcontact anglesincreasewith increasingcuring time. For ¯lms
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made from B1023/DLE03-443,the advancing contact anglesincreasewith increasing

curing time, the recedingcontact anglesdid not exhibit any di®erencebetween30 min

and 10 min.

Table 4.5: Summaryof the water contact anglemeasurements and tapping mode
AFM investigationson the ¯lms cured at 190 ±C without catalyst

F Time Contact Angle (±) Rms
Compositiond

(wt%) (min) µA
a µR

b Hysteresisc (nm)

B1023/DLE03-442 8.23
10 118.8§ 0.84 33.8§ 3.24 85.0 60.06

20 110.0§ 2.08 34.2§ 2.25 85.8 17.59

30 98.3§ 0.59 42.2§ 1.82 57.1 17.18

B1023/DLE03-457 8.47
10 114.2§ 3.20 29.0§ 5.07 95.0 /

20 107.3§ 0.59 33.0§ 4.41 74.3 /

30 92.6§ 1.10 51.4§ 2.40 41.2 /

B1023/DLE03-443 7.15
10 73.0§ 1.29 35.2§ 3.67 37.8 /

20 / / / /

30 114.2§ 4.77 35.5§ 5.51 88.7 /

B1023/DLE03-504 11.35
10 107.3§ 4.90 52.9§ 4.20 54.4 0.45

20 100.3§ 1.76 54.4§ 4.76 45.9 0.77

30 99.5§ 3.11 56.4§ 4.84 43.1 1.17

a µA is advancing contact angle, b µR is recedingcontact angle, c Hysteresis= µA -
µR . d [NCO]:[OH] = 1:1 (mol:mol).

A B C D

Figure 4.8: AFM images (up: height images, down: phase images) of ¯lms of
B1023/DLE03{442 cured at 190 ±C for A) 10 min (5£ 5 ¹ m2, Z range is 200 nm or
50±), B) 20 min (5£ 5 ¹ m2, Z rangeis 100nm or 20±), C) 20 min (2£ 2 ¹ m2, Z rang is
50 nm or 30±), D) 30 min (5£ 5 ¹ m2, Z rangeis 100nm or 30±)



100 CHAPTER 4. CONSTRUCTION OF HYDROPHOBIC SURFACES

a b c

Figure 4.9: AFM images (Up: height images, down: phase images) of ¯lms of
B1023/DLE03-504cured at 190 ±C for a) 10 min, b) 20 min, c) 30 min. The scale
is 5£ 5 ¹ m2, Z rangeof height imagesis 20 nm.

Tapping mode AFM was usedto determine the surfacetopology of cured ¯lms.

In the caseof B1023/DLE03-442,the OH functionality of resin DLE03-442is 2. This

meansthat the soft segment of cured ¯lm is of linear structure. The AFM height and

phaseimagesof cured¯lms of B1023/DLE03-442areshown in Fig. 4.8 on the preceding

page. The height imagesof these¯lms showed that an ear like topology was formed,

and the surfaceis very rough, the Rms changesfrom more than 60 nm for ¯lms cured

for 10 min to about 18 nm for ¯lms cured for 20 min, as well as ¯lms cured for 30

min. In the caseof B1023/DLE03-504,the cured ¯lms are smooth and homogeneous.

Generally the Rms is lessthan 1.2 nm (as presented in Tab. 4.5 on the pagebefore and

Fig. 4.9).

Basedon the above surfaceproperty investigations,the in°uence of curing time

and other parameterson the surfaceproperties shows sometendencies. The longer

the curing time, the higher is the curing conversion,the higher is the recedingcontact

angle. The °uorine content has not a great in°uence on the advancing contact angle,

while it has in°uence on recedingcontact angle, the higher the °uorine content, the

higher is the recedingcontact angle. For example,the cured¯lms of B1023/DLE03-504

(11.35%°uorine content) have similar advancing contact anglescomparedto thoseof

B1023/DLE03-457(8.47% °uorine content), while the recedingcontact anglesof the

latter oneare smaller than thoseof the former one. However, this alsocan be regarded

as the in°uence of the nature of resins, since DLE03-457 is an aliphatic oligoester
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polyol, while DLE03-504is an aliphatic-aromatic oligoesterpolyol.

The curing reactionswere also carried out at 180 ±C and 190 ±C with 0.1 wt-%

catalyst, DBTDL. The water contact angle measurement results are summarizedin

Tab. 4.6 on the next page. In this seriesof cured ¯lms, a hydrophobic surfacewasgive

for most cases.

Comparedwith curing systemswithout catalyst, the recedingcontact anglesof

cured ¯lms with additional catalyst are more consistent for di®erent curing times.

This meansthe hydrophilicit y of thesecured ¯lms already reachesthe thermodynam-

ically steady state in 10 min, sincethe recedingcontact angle re°ects the hydropho-

bilicit y of surfaces. From the advancing contact angle comparisonbetween ¯lms of

B1023/DLE03-504cured at 190 ±C with and without additional catalyst, onecan ¯nd

the ¯lms with catalyst have smaller advancing contact angleby 7 » 12±, which means

the adding of catalyst acceleratedthe curing reaction resulting in the higher crosslink-

ing degreein the samecuring time, which suppressesthe enrichment of °uorinated

phaseon the top of surface.

The chemical nature of resin can in°uence the contact angle. Generally, the

cured ¯lms of aliphatic resin (DLE02-568) have higher advancing contact anglesthan

thoseof aliphatic-aromatic resin(DLE03-211,DLE03-504). Whereasthe cured¯lms of

aliphatic-aromatic and aromatic resinshave higher recedingcontact anglesthan those

of aliphatic resins.

The °uorine content of curing systemshas not a great in°uence on either the

advancing contact anglevalue or the recedingcontact anglevalue. However, the cor-

relation of advancing contact angle with curing time may depend on the nature of

hardener. For the curing systemsusing hardenerB1023,the advancing contact angles

commonly increasewith curing time. Two exceptionsare B1023/DLE03-504 cured

at 190 ±C and B1023/DLE02-568cured at 180 ±C. In the former case,the advancing

contact angledecreaseswith increasingcuring time. In the latter case,the advancing

contact angle ¯rst decreasesto 101± and then increasesto 115±, this value is higher

than the starting one (111±). For the curing systemsbasedon hardenerB1195,a re-

versetendency was observed, the advancing contact angle decreaseswith increasing

curing time. There are also2 exceptions,B1195/DLE03-504cured at 180 ±C and 190
±C. In both cases,the advancingcontact angleof the ¯lms cured for 20 min are higher

than other probes.

The curing temperature also has in°uence on the advancing contact angle. The

higher the curing temperature, the lower is the advancing contact angle.
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Table 4.6: Summaryof the water contact anglemeasurements and tapping mode
AFM investigationson the cured¯lms basedon °uorinated sidegroupscontaining
hardeners

F Time Contact Angle (±) Rmsd

Compositiona
(wt%) (min) µA µR Hysteresis (nm)

B1023/DLE 03-211 11.34

10b 97.7§ 0.43 59.8§ 4.68 37.9 0.71e

20b 104.1§ 0.17 62.7§ 1.56 41.4 0.42

30b 108.0§ 1.03 58.6§ 4.59 49.4 1.09

10c 96.4§ 0.12 60.7§ 4.74 35.7 0.55

20c 95.6§ 0.62 65.2§ 0.65 30.4 0.77

30c 98.1§ 0.11 64.2§ 2.84 33.9 0.73

B1023/DLE 03-504 11.35

10b 97.3§ 0.70 57.4§ 4.42 36.9 0.97

20b 99.1§ 0.37 59.7§ 3.15 39.4 0.99

30b 102.8§ 1.14 62.0§ 4.62 40.8 0.99

10c 95.7§ 0.12 58.9§ 2.82 36.4 2.13

20c 92.3§ 0.20 62.9§ 1.08 29.4 0.28

30c 92.7§ 0.96 59.5§ 3.34 33.2 0.40

B1023/DLE 02-568 11.57

10b 111.5§ 0.93 49.6§ 2.96 61.9 1.23

20b 101.5§ 1.09 35.7§ 2.54 65.8 2.26

30b 115.1§ 0.11 51.8§ 4.40 33.9 2.55

10c 99.7§ 0.47 47.4§ 2.52 52.3 0.80

20c 103.2§ 0.51 42.6§ 4.34 63.3 1.36

30c 103.9§ 0.61 54.2§ 4.64 49.7 1.57

B1195/DLE 03-211 4.42

10b 103.4§ 0.45 53.9§ 4.56 49.1 0.89

20b 96.4§ 0.23 59.5§ 4.03 36.9 2.24

30b 95.4§ 0.09 60.5§ 3.83 34.9 0.83

10c 103.6§ 0.17 56.1§ 2.85 47.5 1.18

20c 98.3§ 0.09 60.9§ 3.07 37.4 0.46

30c 97.0§ 0.20 59.0§ 2.27 38.1 1.19

B1195/DLE 03-504 4.34

10b 100.1§ 0.09 58.5§ 1.78 41.6 3.05

20b 103.7§ 0.20 59.0§ 4.19 44.7 2.20

30b 99.4§ 0.13 56.9§ 2.75 42.5 0.61

10c 96.4§ 0.38 60.0§ 2.17 36.4 1.21

20c 101.5§ 0.35 54.3§ 3.79 47.2 1.86

30c 91.6§ 0.21 55.3§ 2.98 36.3 1.27

B1195/DLE 02-568 4.52

10b 124.7§ 1.65 45.0§ 4.09 79.7 4.62

20b 113.2§ 1.12 0 / 2.26

30b 98.6§ 0.12 55.3§ 2.84 43.3 0.31

10c 131.3§ 1.46 0 / 1.07

20c 135.1§ 2.09 0 / 0.68

30c 96.4§ 0.24 56.8§ 0.27 49.6 0.93

a [NCO]:[OH] = 1:1 (mol:mol), 0.1wt-% DBTDL as catalyst. b cured at 180 ±C. c

cured at 190 ±C. d the lateral scaleis 5 £ 5 ¹ m2. e the lateral scaleis 4 £ 4 ¹ m2.
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The water contact angle measurement results of one seriesof cured ¯lms pre-

pared by Mrs. A. Synytska were selectedto be presented in Tab. 4.7 for comparison.

These¯lms are cross-linked polyurethane network made from °uorinated end groups

containing hardener{ B11608with aromatic resin DLE03-211. The advancingcontact

angle of the cured ¯lms increaseswith increasingcuring time. The decreaseof the

curing temperature had the samee®ecton the recedingcontact angleas my systems,

namely the recedingcontact angleof ¯lms cured at 190 ±C is smaller than that cured

at 180±C. Comparedwith B1023/DLE03-211and B1195/DLE03-211,this systemhas

a little bit higher advancingand recedingcontact angles,its advancingcontact angleis

about 100{110±, the recedingcontact angleis about 55{66±. While B1023/DLE03-211

and B1195/DLE03-211haveadvancingcontact anglesof 95{110± and recedingcontact

anglesof 53{65±.

Table 4.7: Summary of the water contact angle measurements on the cured
¯lms basedon °uorinated end groups containing hardener (done by Mrs. A.
Synytska)

F Time Contact Angle (±)
Compositiona

(wt%) (min) µA µR Hysteresis

B11608/DLE 03-211 6.63

10b 102.5§ 0.18 63.3§ 0.56 39.2

20b 103.2§ 0.05 66.4§ 0.28 36.8

30b 105.0§ 0.90 66.2§ 0.11 38.8

10c 107.2 58 49.2

20c 110 58.4 51.6

30c 109 55 54

a [NCO]:[OH] = 1:1 (mol:mol), 0.1wt-% DBTDL as catalyst. b cured at 180 ±C. c

cured at 190 ±C.

Tapping modeAFM investigationon cured¯lms wascarried out, Rmsof surfaces

are summarizedin Tab. 4.6 on the preceding page. In 5 £ 5 ¹ m2 area, all ¯lms are

quite smooth, generallythe Rms is lessthan 3 nm. For example,the AMF height and

phaseimagesof ¯lms of B1195/DLE02-568cured at 190 ±C are shown in Fig. 4.10 on

the following page. Thesesurfacesare quite smooth, only holeswere observed. These

holes may originate from the evaporation of the residual solvent or CO2, the latter

one may be produced by the reaction of NCO groups with moisture and subsequent

decomposition. The diameter of theseholesdecreasewith increasingcuring time from

420 to 140 nm. And the depth of theseholesis lessthan 30 nm, which meansclosed

¯lms were obtained. Furthermore, some surfacesare very plain and characterless.

Islandsweredetectedon somesurfaces.
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A B C

Figure 4.10: AFM imagesof ¯lms of B1195/DLE 02-568cured at 190 ±C for, A) 10
min; B) 20 min; C) 30 min. Up is height image, Z range is 20, 20, and 40 nm for
10 min, 20 min, 30 min, respectively. Middle is the section analysis. Down is phase
image,Z rangeis 60±. The lateral scaleis 5 £ 5 ¹ m2.

When the scanningscaleof AFM investigation was increasedto larger than 20

¹ m. Two kinds of surfacetopologieswere observed as shown in Fig. 4.11 on the next

page. The left one is the height and phaseimagesof the surfaceof B1023/DLE03-211

cured at 190 ±C for 20 min, this surfaceis composedof a soft continuous phaseand

an irregular hard dispersedphase. The right one is the surfaceof B1195/DLE02-568

cured at 190 ±C for 10 min, its topology di®ersfrom the left one, it was made up by

an hard continuous phaseand soft islands. When the °uorine content of the curing

systemsis taken into account, one conclusionis obtained: the surfacetopology of the

cured ¯lms of B1023is similar to the left one,while the right oneis the typical surface

topology of curing systemsbasedon B1195.
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Figure 4.11: 3D AFM height and phaseimagesof ¯lms of A) B1023/DLE 03-211cured
at 190±C for 20min (Z rangeis 300nm,80£ 80 ¹ m2) and B) B1195/DLE02-568cured
at 190 ±C for 10 min (Z rangeis 400nm, 60 £ 60 ¹ m2)

A B C
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Figure 4.12: AFM imagesof ¯lms of B1195/DLE 02-568cured at 190 ±C for A) 10
min; B) 20 min; C) 30 min. Up is height image,Z rangeis 400,600,and 200nm for 10
min, 20 min, 30 min, respectively. Down is phaseimage,Z range is 120±. The lateral
scaleis 60 £ 60 ¹ m2.
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Furthermore, the 60 £ 60 ¹ m2 AFM height and phaseimagesof B1195/DLE02-

568curedat 190±C for 10,20,and 30min werecollectedand areshown in Fig. 4.12 on

the preceding pageto study the in°uence of curing time on the surfacetopology. Ba-

sically, the surfacesof these¯lms are composedof a hard continuousphaseand a soft

dispersedphase. For the surfaceof ¯lms cured for 10 min, the polydispersity index

of soft islands is quite large, which meansthe sizeof island is not even. On the hard

phasepart, small holes were detected as shown in Fig. 4.10 on page 104. For the

surfaceof ¯lms cured for 20 min, the diameter and the height of soft island is more

evenly with respect to the former one. On the surfaceof ¯lms cured for 30 min, more

regular topology was observed. However the soft island still is present on the surface

as shown in the Fig. 4.12 on the preceding page.
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Figure 4.13: ATR-IR spectra of ¯lms of B1195/DLE03-211curedat 180±C for 10 min,
20 min, and 30 min

ATR-IR was usedto investigatethe cured ¯lms castedon Si-wafersto know the

di®erencebetweenthe curing reactionin bulk and in ¯lm. The IR spectracomparisonof

oneseriesof cured¯lms (B1195/DLE03-211curedat 180±C) is presented in Fig. 4.13.

Evidently, the uretdione group was not completely consumedin 30 min indicated by

the presenceof uretdione ring stretching absorbanceband at 1763 cm¡ 1. While in

the bulk, the completion of the curing reaction in 20 min at 180 ±C was con¯rmed

by isothermal temperature-dependent FTIR. This is explainable, since in the probes

for temperature-dependent FTIR investigation usually 0.5%DBTDL was formulated.
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While in the probesbasedon the cured ¯lms only 0.1%DBTDL was added. Another

reasonis the di®erencebetweenisothermaltemperature-dependent FTIR measurement

and the curing reaction environment.

Figure 4.14: The correlation of curing time with the ratios of [uretdione]/[other C=O
groups]

To quantify the conversion of uretdione groups, the correlation of the ratio of

[uretdione] to [other C=O groups] with curing time is shown in the Fig. 4.14. One

can ¯nd, for most cases,that this ratio decreasesas the increaseof curing time, which

meansthe reaction of uretdione groupswith hydroxyl groupsproceedwith increasing

curing time. However for ¯lms of B1195/DLE02-568 cured at 190 ±C and ¯lms of

B1023/DLE02-568 cured at 180 ±C, the ratio of [uretdione]/[other C=O groups] of

¯lms cured for 20 min is higher than that cured for 10 min, this may indicate a phase

separationbetweennon-°uorinated resinand °uorinated hardenerduring the courseof

curing reaction. This phenomenonalsowas not observed in the bulk curing reaction.

4.6 Conclusion

To realize°uorinated end groupscontaining polyurethanetop coatings,the °uo-

rinated oligouretdionesusing IPDI uretdione, 1,5-petanediol, and F-NHOH were syn-

thesizedbasedon the result of model reactionsof Rf {monomerswith monoisocyanate.
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Model reaction of °uorinated IPDI uretdione (F-uretdione) with diols (1,8-OD and

PEG1500) con¯rmed the realization of the reaction of hydroxyl groupswith uretdione

groups. DSC investigation revealedthat the °uorine content and the chemical nature

of resinscan in°uence the curing reaction. The higher the °uorine content, the higher

is the onset reaction temperature. The curing system of aliphatic oligoester has a

lower onset temperature with respect to the curing systemof aromatic oligoester re-

gardlessof the in°uence of °uorine content. The maximum reaction temperature of

di®erent curing systemsis similar at around180{190±C. The dynamicaland isothermal

temperature-dependent FTIR investigation of B1023/DLE02-568and B1023/DLE03-

211revealedthe occurrenceand the completionof the reactionbetweenhydroxyl groups

and uretdione groups. The model reaction of °uorinated oligouretdioneswith PEG1500

con¯rmed that no OH group of Rf {monomer was produced.

The combination of °uorinated oligouretdionesand non-°uorinated oligoester

polyols was usedto construct hydrophobic surfacebasedon °uorinated polyurethane

top coatings. The in°uence of curing temperature, curing time, the nature of resin,

the °uorine content, and the amount of catalyst on the surfacewettabilit y was stud-

ied. Someconclusionswereextracted: 1) the useof catalyst can increasethe receding

contact angleand reducethe advancing contact angle. 2) The higher the curing tem-

perature, the lower is the advancingcontact angle. 3) The °uorine content did not have

any obvious in°uence on advancing contact angle. 4) The recedingcontact angle of

¯lms madefrom aliphatic-aromatic resinsis higher than that of aliphatic resins,while

the advancingcontact angleshow a di®erent tendency. 5) The in°uence of curing time

on wetting property is not clear, its e®ectis caseto case.The surfaceof cured ¯lms in

small scaleis very smooth, while in largerscalephaseseparationwasdetected. ATR-IR

investigation revealedthe di®erencebetweenthe curing reactionsin bulk and in ¯lm.

Speci¯cally, the uretdione group wasnot consumedcompletely in 30 min either at 180
±or at 190 ±C. Principally the ratio of [uretdione]/[other C=O groups]decreaseswith

increasingcuring time.
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5 Fluorinated MI Cop olymers
5.1 In tro duction

Alternating maleimide (MI) copolymerscan have di®erent properties, e.g., non-

linear optical properties,193,194 imagerecordingmaterials,195,196 hydrophilic184 and hy-

drophobic179,197 surfaces,supramolecularpolymer interactions,198 biocompatible sur-

face,199,200 liquid crystalline,201 extraction,202 (multi-)la yer formation by LB tech-

nique,203,204 and many more. Thesepolymershave the sameor similar polymer back-

bone but di®erent side groups. This meansthat the performanceof MI copolymers

is governed by the attached side groups regardlessof the backbone. On the other

hand the simple modi¯cation of a great variety of commercially available alternating

maleic anhydride copolymers into MI copolymers by meansof polymer analogousre-

action o®ersan easyway to the synthesisof MI copolymerscontaining °uorinated side

chains.

The establishedresultsbasedon the studiesof MI copolymersrevealeda de¯ned

layer structure of the bulk phase.179,205{213 The layer distance is explainable by the

helical conformation of backbone and the possibleside chain interdigitation. 206,207,213

Furthermore Del Rio's197 and Grundke's179,214 groupshave investigatedthe wettabilit y

of aliphatic sidechainscontaining MI copolymerssurfaces,and especially Grundke and

co-workers observed that the surfacetensionsof those MI copolymers are around 20

mJ/m 2, which was assumedthat the long aliphatic side chains at the top of surface

region are closelypacked and oriented toward the air/¯lm interface. Henceit was as-

sumedthat the polar polymer backboneis shieldedby the surroundinglong sidechains

and the surfacepropertiesaredeterminedby the nature of sidechains. Thereforewhen

the aliphatic sidechain is replacedby °uorinated sidechains, the surfacetensioncould

be dramatically reduceddue to the nature of °uorinated side chain. In addition, the

°uorinated segments used in this work should be checked on a model system (com-

mercially available polymer or polymer synthesizedby "living" polymerization, both

of them have known molecularweight, functionality, and soon) to understandits fun-

damental bulk and surfacepropertiesby attaching the following °uorinated sidechains

on the maleimidering (shown in Fig. 5.1 on the following page).
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N

O

O

(CH2)x NH CO Rf X = 4, 6; Rf  = C3F7, C7F15, C9F19

Figure 5.1: Generalstructure of maleimidecopolymersstudied in this work

5.2 Polymer analogous reaction

The modi¯cation of alternating maleicanhydridescopolymersis very simply, sto-

ichiometric maleicanhydridescopolymers,amino-functionalizedreagent (7F4H-amino,

9F4H-amino,9F6H-amino,and 3F4H-amino), and TEA were heated in a PTFE auto-

clave to give the corresponding MI copolymers, the synthetic strategiesis described in

Fig. 5.2. As a result, the MI copolymers shown in Fig. 5.3 on the facing pagewere

obtained. ETMH12, STMH12, and ODMH12 are the non-°uorinated MI copolymers

with n-dodeyl sidechain. ETMnFm is the abbreviation of poly(ethene-alt -maleimide)

with °uorinated side chain, n is the carbon number of non-°uorinated alkyl spacer,

n = 4 or 6; m is the carbon number of per°uorinated alkyl segment, m = 3, 7 or

9. STMnFm and ODMnFm are the short namesof °uorinated side chain contain-

ing poly(styrene-alt -maleimide)and poly(octadecene-alt -maleimide),respectively. The

theoretical distancesof someextendedsidechains are alsodepicted in Fig. 5.3 on the

next pageto be usedfor the explanation of layer distancesin the bulk phase.

CH2 CH CH

R1

O

CH

O O

CH2 CH CH

R1

N

CH

O O

R2

H2N R2

R1 = H, phenyl or n-hexadecyl

R2 = -(CH2)4-NH-CO-Rf or n-dodecyl

Rf = -(CF2)6CF3, -(CF2)2CF3, or -(CF2)8CF3

Figure 5.2: Schematic presentation of the modi¯cation of alternating maleicanhydride
copolymerswith functionalized amines
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Figure 5.3: Survey of the synthesizedMI copolymers and the theoretical lengths of
extendedsidechains

The obtained non-°uorinated aliphatic MI copolymers(ETMH12, STMH12, and

ODMH12) were characterizedby IR spectroscopy and NMR investigation, IR spectra

showed that maleic anhydride ring were completely converted into maleimide ring,
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NMR spectra also did not show proton signal of acid group which may be produced

by the incomplete conversion of amide into male imide and the hydrolysis of maleic

anhydride group. The calculatedmolecular weights of aliphatic MI copolymersbased

on 100%conversionare listed in Tab. 5.1. For °uorinated MI copolymers, IR spectra

alsorevealedthe completeconversionof maleicanhydride group into maleimidegroup,

but NMR spectra only gave very broad signals,therefore°uorine analysiswasdoneto

calculatethe attaching degreeof °uorinated sidechains. The resultsof °uorine analysis,

the calculated degreesof attached °uorinated side chain, and molecular weights are

listed in Tab. 5.1. Nevertheless,the calculatedmolecularweights basedon the °uorine

analysiscan only be consideredas rough estimation.

Table 5.1: The molecular weight parametersof poly(alkene-alt -maleic anhydride)s
and MI copolymers

Degreeof Mw of RUg Fa
calc: Ff ound

b Degreeof Mwc

Copolymer
RUAM h (g/mol) (wt%) (wt%) side chains (£ 103 g/mol)

ETMH12 991.7 293.44 / / » 0.95{1e » 284

ETM4F7 991.7 592.30 48.11 44.01 0.91d » 548

ETM4F9 991.7 692.32 52.14 50.49 0.97d » 666

ETM6F9 991.7 720.37 50.11 47.86 0.95d » 678

STMH12 98.9 369.54 / / » 0.95{1e » 36

STM4F3 98.9 468.37 28.39 / f » 0.95{1e » 45

STM4F7 98.9 668.40 42.64 40.50 0.95d » 63

ODMH12 85.6{142.7 517.87 / / » 0.95{1e » 43{72

ODM4F7 85.6{142.7 816.73 34.89 33.37 0.96d » 67{112

ODM4F9 85.6{142.7 916.75 39.37 39.31 » 1d » 78{130

ODM6F9 85.6{142.7 944.80 38.21 37.9 0.99d » 88{133

a calculated data. b obtained from °uorine analysis. c Mw = (Degree of side
chains)£ (Degree of RUAM) £ (Mw of RU). d based on found F content, Degree of
side chains = Ff ound /F calc:. e basedon ATR{IR results. f not determined. g RU =
repeating units in MI copolymers. h RUAM = repeating unit alkene{maleicanhydride
of poly(alkene-alt -maleic anhydride)s.

5.3 Molecular mo deling

Molecular modeling for the MI copolymerswasdone;worm{lik e shape molecules

with extendedsidechainsare recognizablepossessinghelical chain conformationbased

on alternating polymerization walking with prede¯ned trans{con¯guration of the

maleimide ring for the repeating units. 10 repeating units for ETM4F7, STM4F7,

and ODM4F7 are presented in Fig. 5.4 on the facing page. ODMnFm have two dif-
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ferent sidechains, the possibility of sidechains interdigitation dependson the lengths

of these two side chains. If the two side chains have a similar length, for example

ODM4F7, it is assumedthat there is not enoughspacefor side chain interdigitation;

when one side chain has longer length, side chain interdigitation may happen, e.g.,

ODM4F9 and ODM6F9. ETMnFm only have one kind of side chain, therefore the

side chain interdigitation is possible. In STMnFm side chain interdigitation may not

appear due to the voluminous phenyl ring. The aliphatic MI copolymers ETMH12,

STMH12, and ODMH12 behave similarly to the °uorinated MI copolymers.

ETM4F7 ODM4F7                                        STM4F7

A

B

Figure 5.4: Molecular modeling resultsof ETM4F7, ODM4F7, and STM4F7 (from left
to right), A: top view, B: sideview

5.4 Bulk prop erties

The thermal properties of synthesizedMI copolymersweredeterminedby DSC,

the transition temperaturesand enthalpies are listed in Tab. 5.2 on the next page.

Within the seriesof poly(ethene{alt {maleimide)s, ETMH12 hasoneT m peak at

{38 ±C corresponding to the melting point of long aliphatic sidechain. The °uorinated

poly(ethene{alt {maleimide)s, ETM4F7 and ETM6F9, possesa T g, while EFM4F9 has

not. Additional melting peaks above Tg were detected on the 2nd heating runs of

ETMnFm, the corresponding crystallization peak were observed on the cooling runs

after 1st heating. However no melting peak of °uorinated side chains are observed

below Tg for thesesamples.The melting peakat 163±C of ETM4F7 wasconsideredas

the ordered/disorderedtransition of the bulk, the thermogram is shown in Fig. 5.5 on

page115. ETM4F9 has a similar ¯rst melting peak as ETM4F7, while ETM6F9 has
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a lower melting transition. However ETM4F9 and ETM6F9 have similar thermal

behavior, multi melting peakswereobserved for both polymers. All thesemay be due

to the di®erent structural featuresof three °uorinated sidechains in the bulk phase.

Table 5.2: Transition Temperaturesand enthalpies of MI copolymersdetermined
by DSC, and d valuesobtained by WAXS/SAXS experiments
Copolymer 2nd heating Cooling after 1st heating d valueb d valuec

Tg Tm ¢H m T c;m ¢H m

(±C) (±C) (J/g) (±C) (J/g)
(nm) (nm)

ETMH12 / {38 11.8 / a / a 3.21f / d

ETM4F7 100 163.0 3.3 152/157 {3.2 3.42e 3.50e

ETM4F9 / 160.4 17.0 148.8 {10.2 3.82e / d

191.8 0.5 183.5 {0.8

ETM6F9 26.2 123.6 109.8 {5.5 4.07e

129.0 7.2

143.3

176.7 1.2 165.3 {1.3

STMH12 70 / / / / 2.48f / d

STM4F3 135 / / / / 2.90f / d

STM4F7 113 / / / / 2.90f 3.02

ODMH12 30 {22 20.9 / a / a 2.98f / d

ODM4F7 63 {22 1.9 / a / a 3.5-7e 3.5-7e

ODM4F9 / {14.5 4.6 / a / a 6.30e / d

111.2 1.8 107.4 {1.3

159.5 11.9 148.5 {9.0

ODM6F9 75.1 -17.4 3.2 / a / a 6.36e / d

142.3 132.5 {18.8

150.9
20.2

a not calculated becausethe program temperature deviatesfrom sampletemperature
below {20 ±C at a cooling scanof 20 K/min. b measuredat r.t. beforeannealing. c

measuredat r.t. after annealedat 20 ±C above Tg for 24 hr. d not determined. e

SAXS investigation. f WAXS investigation.

The thermal behavior of ODMnFm and ODMH12 is quite similar to that of

ETMnFm and ETMH12. Speci¯cally, ODMH12 possessesoneT g and oneTm peakat {

22±C dueto the melting of two aliphatic sidechains,which are18.1and21.3ºA asshown

in Fig. 5.3 on page111. When the secondaliphatic sidechain is replacedby °uorinated

sidechains, the resulting MI copolymershave higher T g with respect to ODMH12, due

to the increaseof moleculesinteraction causedby the presencesof °uorine atoms and

H-bonding interactions of °uorinated amide groups. ODM4F7 has the samemelting
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temperature as ODMH12, while the enthalpy changedecreasesdramatically. It seems

that ODM4F7 is more disorderedthan ODMH12 due to the incompatibilit y between

aliphatic sidechain and °uorinated sidechain resulting in this small enthalpy change.

For ODM4F9 and ODM6F9, the melting point of aliphatic sidechains still are present

on the 2nd heating traces, they are of {14.5 ±C and {17.4 ±C, respectively. Beside

the melting points of aliphatic side chain, at higher temperature, 159.5 ±C and 150.9
±C are the ordered/disorderedtransition temperatures for ODM4F9 and ODM6F9,

respectively. Furthermore ODM4F9 has a higher glass transition temperature than

ODM6F9.
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Figure 5.5: DSC thermogram of ETM4F7 of the cooling run and the 2nd heating run,
1 is glasstransition temperature, 2 is crystallization temperature

While for STMH12 and STMnFm, only Tg's were observed, and the STMnFm

have higher Tg comparedto STMH12. The tendencyof Tg changeis similar to that of

ETMnFm and ODMnFm. There is no endothermicpeakcollectedon either STMH12's

or STMnFm's DSC traces, this may be due to the bulky phenyl substituent in the

backbonewhich suppressesa sidechain interdigitation in the bulk phase.

Wide and small angleX-ray di®raction experiments (WAXS/SAXS) of the syn-

thesizedMI copolymerswere performedto determine the layer distance(backbone to

backbone)in the nano structured material. Someof the WAXS diagramsare shown in

Fig. 5.6 on the following page a. The backbone backbone distancesare summarized

in Tab. 5.2 on the preceding page, too. Generally, the layer distancesof °uorinated

MI copolymersare longer than their aliphatic counterparts, and the distancesdepend

on the length of side chains. Only one exception, ODM4F7 has not a de¯ned layer

distance,which is changeableand rangesfrom 3.5 to 7 nm.
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Figure 5.6: a) WAXS diagramsof MI copolymers, b) SAXS (line) and WAXS (doted
line) diagramsof ETM4F7 and ODM4F7

Basedon the molecular modeling study, a worm{lik e shape ODM4F7 was pro-

posedand the sidechain interdigitation seemsto be prevented due to the samelength

of the aliphatic and °uorinated side chains. Hence,SAXS investigation of ODM4F7

(shown in Fig. 5.6 b) only gave a very broad peak. However this indicates that the

aliphatic side chain and °uorinated side chain do not undergo real phaseseparation

as concludedfrom DSC investigation. Once longer °uorinated side chains were cou-

pled to the polymer backbone, the resulting MI copolymers,ODM4F9 and ODM6F9,

possessde¯ned layeredstructures. This observation could be explained: the longer°u-

orinated sidechainsgovern the assembly of backbones.On the other hand, the lengths

of aliphatic alkyl spacercould in°uence the tilt angle of °uorinated side chain to the

normal of polymer backbone.61,76 The longer the aliphatic side chain, the larger the

tilt angle. ThereforeODM6F9 hasa similar layer distanceas ODM4F9.

For ETMnFm, from the result of molecularmodeling calculation, the sidechain

interdigitation is possibledue to the largevacancybetweenthe °uorinated sidechains.

As a result, the layer distancesof ETMnFm increasewith the increaseof °uorinated

side chain lengths. Furthermore, the di®erence(0.25 nm) between ETM4F9's layer

distanceand ETM6F9's layer distanceis larger than that (0.06nm) betweenODM4F9

and ODM6F9. However, this value is only half of the theoretical value of 0.508nm (4

times of 0.127nm for the methylene chain in the planar zigzagconformation75) with

the assumptionof no side chain interdigitation. Therefore this further demonstrates

the possibility of side chain interdigitation in studied °uorinated MI copolymers,and

the sidechain interdigitation degreemay increaseas the increasingof °uorinated side
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chain length in the caseof ETMnFm.

Figure 5.7: Temperature-dependent SAXS pattern (intensity countour plot) of
ETM4F7 (up) and ETM4F9 (down) obtained during heating from 20 ±C to 200 ±C
and subsequent cooling with rate of 3K/min

The temperature{dependent SAXSexperiments of ETM4F7 and ETM4F9 shown

in Fig. 5.7 also present de¯ned layer distances. For ETM4F7, during the annealing

process,up to Tg (» 100 ±C), the layer distance almost keepsconstant with a weak

increasedue to the mobilit y increaseof sidechain with increasingtemperature; then a

intensive decreaseuntil at » 150±C, the layer structure disappears. In cooling process,
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both transitions are present but in an opposite sequence.The correlation of the layer

distancewith temperature observed on temperature{dependent SAXS ¯t well with the

DSC diagram shown in Fig. 5.5 on page115.

However ETM4F9 shows two layer distancesduring the annealingprocess,one

keepsconstant up to 140 ±C, then disappears;the other arisesuntil 90 ±C and hasthe

similar tendencywith that of ETM4F7. During the cooling process,the layer distance

changeis similar to that of ETM4F7, too.

The layer distancesof STMH12 andSTMnFm aresmallerthan thoseof ETMH12,

ODMH12, ETMnFm, and ODMnFm. The phenyl ring may be responsiblefor this and

leadsto the di®erent alignment comparedto other MI copolymers. Therefore,a melting

peak of ordered/disorderedtransition could not be detectedup to 200 ±C.

H-bondinginteractionsof the amidegroupsfor MI copolymersETM4F7, STM4F7,

and ODM4F7 wereobserved by temperature-dependent ATR-IR spectroscopy. The IR

spectra of MI copolymer at 35 ±C, at elevated temperature, and at 35 ±C after anneal-

ing were analyzed to study the changing of H{b onding interaction during annealing

and cooling process. The assignedwavenumbers due to the NH-stretching band and

the amide II band are listed in Tab. 5.3 on the next page.

In all cases,the NH-stretching bandsmoved to higher wavenumberswhile amide

II band shifted to lower wavenumbers with increasingtemperature215 comparedwith

describedbulk behavior of linear polyamide. Cooleddown to room temperature, the H-

bonding of ETM4F7 and STM4F7 can be recoverednearly at the samewavenumbers.

The dependanceof band wavenumber of the NH-groups with temperature is shown

in Fig. 5.8 on the facing page. It seemsthat this curve is similar to the 2nd heating

run of the DSC measurement (shown in Fig. 5.5 on page115). A step-wiseincrease

of wavenumbers was recorded, including a nearly plateau formation after the glass

transition temperature and a great jump of the wavenumber at approximately 160 ±C

during the melting process.Thereforeit canbe concludedthat the H-bonding of amide

groups is one reasonfor the increasedglasstransition of the polymer backbone with

respect to their aliphatic counterparts and the formation of a stable layer structure up

to 150 ±C. STM4F7 and ODM4F7 also showed a similar behavior in the rangeof the

glasstransition temperature.
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Table 5.3: Assigned wavenumbers of NH and amide II bands
during the heating and cooling run obtained from ATR{IR spec-
troscopy

Position of band maximum (cm¡ 1)
Copolymer IR band

at 35 ±Cb at elevated Temp. at 35 ±Cc

NH 3320.4 3349.0(180) 3323.7
ETM4F7

amide I I 1540.3 1532.4(180) 1540.8

NH 3323.6 3340.6(170) 3330.4
STMF4F7

amide I I 1541.2 1534.0(170) 1541.2

NH 3326.3 3334.5(120) / a

ODMF4F7
amide I I 1544.1 1540.0(120) / a

a not determined. b beforeheating. c after heating.
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Figure 5.8: Changesof the maximum NH-stretching band wavenumber of EM4F7 with
temperature

5.5 Surface prop erties

The ¯lm thicknessof the spin-coatedlayers of MI copolymers before and after

annealingwas in the rangeof 55 » 100nm determinedby ellipsometry.

TappingmodeAFM wasusedto investigatethe surfacemorphologyand topology.

In all investigated surfaces,smooth and homogeneoussurfaceswere recognized,the

Rms's are listed in Tab. 5.4 on page121 for annealedand non-annealedsurface. For

example, the height images of ETM4F7 surface are presented in Fig. 5.9. Before
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annealingthe surfaceis characterless,only small holesare observed. After annealing

process,terrace-like surface is observed, the section analysis revealed that an edge

height is of around 4 nm. All other edgeheights are in the range of 3.5 » 4.0 nm.

This observation may re°ect the bulk layer structure on the surface. The edgeheight

is larger than the layer distance, which is explainabledue to the weaker interactions

betweenmacromoleculespresent on the surface.Furthermore, holesonly wereobserved

on the ETM4F7 surface,while other surfacesare smooth and continuous.

A B

Figure 5.9: The height imagesand corresponding section analysis of ETM4F7, a).
beforeannealing;b). after annealing. Lateral scaleis 5 £ 5 ¹ m2, the Z rangeis 60 nm.

Surfacemorphology study on non-annealedand annealedspin-coatedthin ¯lms

revealedthat the observed low surfaceroughnessshouldnot in°uencethe contact angle

measurement. Hence, ADSA-P was carried out to determine the surface-energetic

properties of the mentioned MI copolymers. The contact angle pattern of advancing

contact angle of water on ¯lm of ETM4F7 is shown in Fig. 5.10 on the facing page.

Becauseof the constant volume °ow rate, the water drop volume increasedlinearly,

and the contact radius R of the sessiledrop also increasedmonotonically at a rate of

approximately 0.2 mm/min. The water contact angleremainedconstant with a mean

value of (119.3 § 0.2)± as the drop advanced. After approximately 450 s, the water

drop volume started to decreaselinearly resulting in a decreasingcontact angle, but

at constant drop contact radius. At a certain point, at about 800 s, the three-phase
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line detached and started moving inward. The reasonfor non-uniquerecedingcontact

angle was discussedas liquid retention on the polymer surface,and might be due to

sorption and swelling processesof the polymer ¯lms. 216

Table 5.4: Summary of surfaceproperties of MI copolymers
Advancing CA (±)e;f Surf. Tension(mJ/m 2)b;d;f Rmsd (nm)

Surface
µa µb ° sv

a ° sv
b Rmsa Rmsb

ETM4F7 118.2§ 0.5 120.4§ 0.9 12.22 11.08 2.14 3.76

ETMH12 104.7§ 0.6 105.2§ 0.8 19.78 19.49 0.26 4.36

STM4F7 106.8§ 1.74 114.4§ 1.67 18.56 14.25 3.15 4.55

STMH12 101.1c 102.5c 21.90 21.04 0.17 0.29

ODM4F7 120.0§ 0.2 118.0§ 0.65 11.29 12.32 3.04 1.03

ODMH12 105.5§ 0.8 106.9§ 0.6 19.31 18.46 0.34 0.26

a non annealed layer. b annealed layer. c using Kr Äuss G40 Goniometer with § 2±. d

lateral dimension 5 £ 5 ¹ m2. e CA = contact angle. f water, ° lv = 71.9 mJ/m 2.
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Figure 5.10: ADSA-P measurement on the ¯lm of ETM4F7

The results of the advancing contact anglesfor someMI copolymers are sum-

marized in Tab. 5.4. The water advancing contact anglesof ETMH12, STMH12, and

ODMH12 rangefrom 101to 105.5±, amongtheseSTMH12 hasthe lowest valueby 4.5±
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comparedwith that of ETMH12 and ODMH12. Comparedwith similar aliphatic MI

copolymers,poly(styrene{alt {maleimide)sand poly(propene{alt {maleimide)s reported

by Grundke and co{workers217 with denselypacked n{deodecyl sidechains on the sur-

faces,SMTH12 has a similar hydrophobicity, so one can induce that all aliphatic MI

copolymers synthesizedhere also consist of surfaceswith exposedalkyl chains. The

non{annealedand annealedETM4F7 and ODM4F7 all gave very hydrophobic surfaces

with water advancingcontact anglearound 120±, comparablewith thoseof °uorinated

sidechainscontaining block copolymers.55,61,106,218 From this we canassumethat pref-

erentially organized{CF 3 group are present on the top of surfaces.The surfaceof as

preparedSTM4F7 ¯lm did not exposeits per°uorinated segments on the top of surface

resulting in a lower advancing contact angle than that of the former two MI copoly-

mers. However an annealingprocessprovided the possibility for better alignment of

°uorinated sidechain during the heating above the T g. Even though, the alignment of

°uorinated sidechain of STM4F7 is still not soperfect as for ETM4F7 and ODM4F7.

This may originate also from the special organization of °uorinated sidechains in the

bulk phaseof STM4F7.

The advancing contact anglesof MI copolymerswereusedto calculate the solid

surface tension ° sv based on the equation of state for interfacial tensions.219 The

results are given in Tab. 5.4 on the preceding pageas well. Comparing thesesurface

tensions,onecan ¯nd a gradual hydrophobicity of the di®erent MI copolymer surfaces.

Speci¯cally, 14.25mJ/m 2 for annealedSTM4F7, 12.32mJ/m 2 for annealedODM4F7,

and 11.08 mJ/m 2 for annealedETM4F7 were determined; this re°ects the di®erent

state of enriched or exposed{CF 3 groupson the di®erent surfaces.In other words, the

attachedsidechainsand main chainssubstitution pattern can in°uencethe wettabilit y

of MI copolymer. The secondside groups in STM4F7 and ODM4F7 result in higher

solid surfacetensionscomparedwith ETM4F7. This is reasonable,since the second

side groups can shield the more hydrophilic backbone, however hydrocarbon has a

higher surfacetension than its °uorocarbon counterpart and can lead to an increasein

the surfacetension when it also is present on the top of surface.

Angle-resolved XPS (AR{XPS) was employed to characterizethe surfacechem-

ical composition. The high-resolution XPS spectra of ODM4F7 surfaceis depicted in

Fig. 5.11 on the next page. According to the literature, a completepeak assignment

of the chemical substructure of °uorinated side chain, including maleimide ring, was

given. For the ETM4F7 andSTM4F7 surfacesthe XPS spectra revealedthat the maleic

anhydride ring was not completely converted, theseresults were further con¯rmed by
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the °uorine analysisof °uorinated MI copolymersshown in Tab. 5.1 on page112.
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Figure 5.11: High{resolution C1s photoelectron spectra of annealedODM4F7 layer
recordedin dependenceon the tilt angle µ. Di®erent carbon speciesin the polymer
chain causethe corresponding peaksA, B, C, D, E, F, and G

The AR{XPS investigationsrevealedup to two/three piled up copolymer layers

for non{annealedETM4F7, STM4F7, and ODM4F7 on the top of the surfacesdepend-

ing on the incidenceangle. The F/C ratios at di®erent information depth are listed

in Tab. 5.5 on the next page. For comparison,the calculated and found F/C ratios

of bulk are presented in the sametable. The F/C ratios of non{annealedODM4F7

increasesfrom 0.4405to 0.7146from 8 nm to 2 nm information depth, respectively.

While ETM4F7, as well as STM4F7, only show an uniform F/C ratio. At 2 nm the

F/C ratio of ODM4F7 is much higher than its bulk F/C ratio, which may meanthat

only °uorinated side chains are present on the top of surfaceand the aliphatic side

chains immerseunderneath the outermost part of surfacedue to the incompatibilit y
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betweenhydrocarbon and °uorocarbon moieties. Driven by its low surfaceenergy, the

°uorocarbon enricheson the top of surface. With increaseof information depth, the

surrounding chemical environment changes,and the micro-phaseseparation are not

favored as at the top of surface. For ETM4F7 and STM4F7, the similarit y between

surfaceF/C ration and bulk F/C ratio further con¯rms our assumptionthat the back-

bone of used MI copolymer adopts helical like conformation leading to the uniform

F/C ratios.

Table 5.5: F/C ratios at di®erent information depth determinedby angle{
resolved XPS and theoretical F/C for ETM4F7, STM4F7, and ODM4F7
comparedwith their solid surfacetension ° sv

0± 60± 75± Bulk ° sv d
Layer

8 nm 4 nm 2 nm calculated foundc mJ/m 2 (nm)

ETM4F7 a 0.7451 0.7503 0.7472 0.833 0.737 12.22 3.42

STM4F7a 0.5102 0.4966 0.5157 0.625 0.610 18.56 2.90

ODM4F7a 0.4405 0.6187 0.7146 0.441 0.421 11.29 3.5-7

ODM4F7b 0.3908 0.5079 0.4411 0.441 0.421 12.32 3.5-7

a non{annealed layers. b annealedlayer. c usedelemental and °uorine anal-
ysis.

So far only the annealedODM4F7 was also characterizedby AR-XPS, but an

astonishingresult wasobserved. Comparedto non{annealedODM4F7, the F/C ratios

at investigated information depths are similar to bulk F/C ratio. It is assumedthat

before the spin{coating, micro-phaseseparationoccurred in the dilute solution, then

the micro-phaseseparationwasmaintained during the spin{coating due to the similar

chemicalenvironment betweenair/¯lm interfaceandpolymer/solvent interfacein dilute

solution. However the thermal treatment on this polymer ¯lm softenedthe polymer

backbone,then macromoleculesrearrangedto the thermal dynamicalequilibrium state.

That is why the advancingcontact angleof non{annealedODM4F7 is higher than that

of annealedODM4F7.

5.6 Conclusion

A seriesof amino-functionalized°uorinated amideswere usedfor the modi¯ca-

tion of alternating maleic anhydride copolymers. The bulk and surface properties

investigation of those maleimide copolymers containing N -n-dodecyl and N -4-(N -

per°uoroheptylcarbo- nyl)aminobutyl side groups showed that the bulk and surface

properties of MI copolymers are understandableunder the assumptionof helical-like
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main chain conformation. The alternating substitution pattern in MI copolymers

meansthat the main chains are surroundedby partly/completely aligned side chains

in molten and solid state.

For both attachedsidechains,N -n-dodecylandN -4-(N -per°uoroheptylcarbonyl)-

aminobutyl, the surfacetensionof corresponding MI copolymersincreasedby the order

of STMH12> ODMH12¼ETMH12> STM4F7> ODM4F7¼ETM4F7. The surfaceten-

sioncould be gradually decreasedfrom 22 mJ/m 2 (STMH12) to 11 mJ/m 2 (ETM4F7).

The advancing contact angleshowed the reverseorder.

The poly(styrene-alt -maleimide) main chain is disfavored to give a highest hy-

drophobicsurfacewithin the both probes. The phenyl groupsasadditional substituent

in STM4F7 and STMH12 suppressa better alignment of the n-dodecyl or 4-(N -

per°uoroheptylcarbonyl)aminobutyl side chains on the surface in the corresponding

MI copolymer. This is also revealed in the bulk phase, the STM4F7 and STMH12

possessthe shortest layer distancesmeaningnon-preferredsidechain alignment in ad-

jacent on the helical main chain. Also the thermal properties(only T g values)obtained

from DSC are very di®erent from the other MI copolymers.

The poly(ethene-alt -maleimide) and poly(octadecene-alt -maleimide) main chain

in ETMH12 and ODMH12 are favoredto result in surfacesof samevaluesof hydropho-

bicity. The surfaceengineeringwith thesealiphatic MI copolymers revealeda slightly

increasedexposition of closelypacked CH3 groupson the top of surfacecomparedto

previouslydescribed.179,214 The secondsidechain n-hexadecylin ODMH12 hasno dis-

advantageousin°uenceon the hydrophobicity of coatedsurfaces.The thermal and bulk

properties of ETMH12 (side chain melting and material melting and layeredstructure

with well-establishedside chain organization) and ODMH12 (side chain melting and

worm-like shape) are di®erent, but both result in the sameorganizationof n-alkyl side

chain on the top of the surface.

The poly(ethene-alt -maleimide) and poly(octadecene-alt -maleimide) main chain

in ETM4F7 and ODM4F7 are favored to give surfacesof high and similar valuesof

hydrophobicity. The surfaceengineeringwith theseMI copolymers showed the same

preferentially organizedCF3 groupson the top of the surfacescomparedwith results in

literatures.55,61,106,218 Surprisingly, the secondsidechain n-hexadecylin ODM4F7 has

no negative in°uenceon the hydrophobicity of coatedsurfacealthough ODM4F7 di®ers

extremely in its bulk and thermal properties from ETM4F7 (e.g. layered structures

up to 150 ±C including well-establishedsidechain organization). For ETM4F7, a self-

enhancement of layeredstructures from the bulk phaseto the top of the surfaceswas
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proven. In contrast to this, ODM4F7 shows in the upper surface layers a di®erent

organization which is alsonot comparablewith the bulk organization.
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6 Conclusion and Outlo ok
This work hasbeenfocusedon the synthesisof functionalized°uorinated amides

and their usesin polyreations for the synthesis of polymeric or oligomeric materials

for the further application in the formation of hydrophobic surfacesof either linear or

network structure.

The ¯rst step of this work was to synthesize new functionalized °uorinated

amides,which had suitable functional groupsto be usedin polyreaction. The reaction

behavior studieson the synthesized°uorinated amideswas the secondstudy point of

this work. Here, the reactivity of functional groups, the thermal stabilit y of °uori-

nated amide groups, and the reactivity of °uorinated amide groups with isocyanates

were studied. We expected that the used°uorinated amidesshould be coupled into

polymer or oligomerchains, this could immobilize the movement of °uorinated amides.

The transamidation of °uorinated amide groups can lead to the loss of °uorinated

moieties, therefore, the thermal stabilit y of °uorinated amide is of importance during

the synthesisof oligoesterin high temperaturemelt polycondensation.The third study

point of this work wasthe in°uenceof °uorinated amidegroupson the bulk and surface

properties of linear polymersor cross-linked polyurethanes.

6.1 Synthesis of °uorinated amide

To realizethe aforementioned aims, the synthesisof suitable °uorinated amides

was the deciding step. As a result, F-acid, F-NHOH, 7F3H-amino,and nFmH-amino

wereobtainedby the reactionsof methyl per°uorooctanoatewith functional aminewith

a simple work-up procedure. Then F-NHOH reactedwith 0.5 equivalent HDI to give

F-HDI-diol without any extra puri¯cation step. 7F3H-aminoreactedwith 1 equivalent

1,2,4-benzenetricarboxyl anhydride to give F-diacid quantitativ ely, with 1 equivalent

glycidol to give amino-diol with a small amount of oligomersof glycidol initiated by

7F3H-amino, and with 1 equivalent 2,2-bis(acetoxymethyl) proponic acid chloride to

give F-diacetoxy puri¯ed by using a short column chromatography to remove catalyst;

the further deprotectionof F-diacetoxy gave F-diol in high yield and by a simplework-

up procedure. The relationship of these monomersis presented in Fig. 6.1 on the

following page.
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Figure 6.1: The relationship of synthesized°uorinated amidesin this work

The reaction of methyl per°uorooctanoatewith a functional amine is soreactive

that most of the amidation reactionscan be carried out under mild reaction condition.

By carefully controlling the ratio of per°uoro compoundsto amines,onecanobtain the

desiredproduct in high yield by a simple work-up procedure,such as evaporation of

solvents and excesschemicals,extraction, or ¯ltration. However a multi-step synthetic

route was neededto reach the target product, when a difunctionalized Rf -monomer

with a long aliphatic spacer(> C4) was required. For example the synthesis of F-

diacetoxy and F-diol, it involved a protection { deprotection strategy to meet this

need.

The number of {CF 2{ groups of per°uoroalkyl part can a®ect the reactivity

and solubility of methyl per°uoroalkanoate. The lower this number, the higher is

the reactivity of the methyl per°uoroalkanoate, the better is the solubility of methyl

per°uoroalkanoatesand the resulting °uorinated amides in water and hydrocarbon

organic solvents.
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The intermolecularH-bonding interactions causednew problemsduring the sep-

aration of desired product from crude product. In some cases,the per°uoroamide

groups have very strong interaction with the tertiary amine, which was usedas acid

acceptorduring the acylation or to abstract protons in the tosylation reaction. In such

case,the conventional two phaseextraction is not su±cient to destroy this interaction,

column chromatography has to be called for.

6.2 Synthesis of poly- or oligo esters using °uorinated amides

One aspect of this work was to study the reactivity, thermal stabilit y of synthe-

sizedfunctionalized °uorinated amides,then to synthesizepoly- or oligoesters. Many

of the synthesizedRf -monomerswerestudied in melt polycondensationor in addition

reaction with epoxides as shown in Tab. 6.1.

Table 6.1: Summary of the useof functionalized °uorinated amidesfor the synthesis
of poly- or oligoesters

Monomer Use Result

Melt polycondensation transamidation
7F3H-amino

Addition reaction with epoxides high yield (> 95%), few oligomers

Melt polycondensation decomposition
F-diacid

Addition reaction with epoxides high yield, few by-product

F-acid Addition reaction with epoxides high conversion, complicated structure

F-diacetoxy oligoesterswere realized,

F-diol
Melt polycondensation

conversion of monomers> 90%

7F3H-amino was studied in polycondensationand in addition reactions with

epoxides. During polycondensation,transamidation of the °uorinated amide groups

was observed, the possibleexplanations are: 1) The highly basic secondaryamino

group abstracted the H atom from the hydroxyl group to give a RO¡ , which has a

higher nucleophilicity than the hydroxyl group and could attack carbonyl group of the

°uorinated amide group to releasea primary amino group. 2) The C3-alkyl spacer

betweenthe carbonyl group and the secondaryamino group is suitable to form a six-

membered ring intermediate and induces the intramolecular nucleophilic reaction to

releasea primary amino group, which further attacks ester to give a non-°uorinated

amide. The addition reactions of 7F3H-amino with epoxides (glycidol and glycidyl

phenyl ether) are very fast, the desiredproducts were obtained nearly quantitativ ely

in 15 min at 140 ±C. These products are suitable candidatesas chain extendersor

cross-linkers.
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F-diacid underwent decomposition either in polycondensationor in model reac-

tion with epoxidesdue to its thermally labile aromatic tertiary amide group. Further-

more, when F-diacid was baked at di®erent temperatures for 30 min, the presenceof

the salt of the reformedsecondaryamino group with carboxyl group was detected. It

was revealedthat the desireddisubstituted product and a small amount of oligomers

initiated by 7F3H-aminoarepresent in the crudeproductsof model reactionof F-diacid

with epoxides.

Polycondensationsof F-diacetoxy and F-diol were carried out to study the re-

action behavior of both two monomers. No transamidation of the °uorinated amide

groupsand no decomposition of the aliphatic amide groupsweredetectedfor all spec-

imens. SEC investigation showed that oligoesterswere synthesizedby melt polycon-

densation using F-diacetoxy or F-diol. Both NMR and MALDI-TOF-MS con¯rmed

that neither F-diacetoxy nor F-diol was completely converted into corresponding es-

ters during the courseof polycondensation,and that the °uorinated groupsact either

as end groupsor as sidegroupsin the oligoesters.

Model reactions of F-acid with epoxides were carried out at 150 ±C for 1 hr

in the presenceof excessepoxides to consumeall carboxyl groups completely. How-

ever, the structure elucidation of the crude product was prevented by its complicated

conformation and poor solubility in the usedsolvents.

Due to the electron-withdrawing nature of per°uoroalkyl spacer,the °uorinated

amide group is more basesensitive than a non-°uorinated amide group. It was pro-

posedthat this might be a disadvantage of this system,whereasit was found that in

most casesthe °uorinated amide group is quite stable at elevated temperature, with

only oneexception{ 7F3H-amino. Furthermore Fr¿myr and co-workers220 synthesized

and studied the surfaceactivit y of polysoapscontaining per°uoroamido-amine,and

assumedthat these speciesare of high stabilit y even under harsh conditions (high

temperature, low or high pH values) and that they are more stable than {CF 2CH2{

fragments. On the other hand, the per°uorinated amide adopted here, is certainly

more stable than the corresponding per°uorinated ester,which are sensitive to heat or

base.116,117

6.3 Cross-link ed, poly-, or oligo(urea urethane)s based on F-
NHOH or F-HDI-diol

The ¯nal aim of this work was to construct polyurethane networks with hy-

drophobic smooth surfaces.F-NHOH (F1) and its derivative, F-HDI-diol (F2), were



6.3. Cross-linked, poly-, or oligo(urea urethane)s basedon F-NHOH or F-HDI-diol 131

studied to meet this requirement.

To get solublepoly(urea urethane)sbasedon F-NHOH or F-HDI-diol, °uorinated

monomerwaspolymerizedwith 1,4-butanedioland three di®erent diisocyanates(HDI,

MDI and IPDI). Only the copolymers of IPDI, 1,4-butanediol and F-NHOH or F-

HDI-diol are solublein commonpolar solvents, while other polymersare insolubleand

have high melting point. Basedon this result, six seriesof solublepoly- or oligo(urea

urethane)s(seeFig. 8.2 on page162) weresynthesizedas listed in Tab. 6.2.

Table 6.2: Summary of synthesized poly- or oligo(urea urethane)s basedon F-
NHOH (F1) or F-HDI-diol (F2) and their properties

Material Composition Solubilit y T g Film Surface

appearance properties

F1-MDI F1/MDI/1,4-BD

insoluble

high / /

F2-MDI F2/MDI/1,4-BD j / /

F1-HDI F1/HDI/1,4-BD # / /

F2-HDI F2/HDI/1,4-BD low / /

F1-BD-X c F1/IPDI/1,4-BD

soluble

highest brittle /

F2-BD-X F2/IPDI/1,4-BD j brittle /

F1-OD-X F1/IPDI/1,8-OD j good 111±a

F2-OD-X F2/IPDI/1,8-OD j good 115±b

F1-TEG-X F1/IPDI/TEG # good amphiphilic

F1-TEG-HDI-X F1/HDI/TEG lowest brittle amphiphilic
a advancing contact angle, 12.44%°uorine.b advancing contact angle, 8.69%°uorine.
c X is the content of °uorinated amide.

Water contact anglemeasurements on solution casted¯lms of F1-OD-X and F2-

OD-X were studied. The water advancing contact angle increasesup to 115 ±C with

increasing°uorine content. Copolymer F2-OD-X hasa little higher advancingcontact

anglecomparedto copolymer F1-OD-X of similar °uorine content. It seemsthat the

presenceof two °uorinated side chains in one F-HDI-diol moleculecan improve the

exposureof the °uorinated phaseon the top of the surface.The recedingcontact angles

of all copolymersare similar to that of the homopolymer of IPDI with 1,8-octanediol,

which means that the °uorinated side groups of °uorinated copolymers rearranged

whenthese¯lms arecontacted with water. AFM investigationshowedthat the surfaces

beforeannealingor after annealingall are quite smooth, this point supports that the

increaseof the advancingcontact anglewith increasing°uorine content is causedby the

enrichment of °uorinate phaseon the top of the surfacenot by the surfaceroughness.

However when TEG was chosenas diol, amphiphilic copolymers were obtained since
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stick/slip phenomenonwasobserved on the (co)polymer ¯lms when the water contact

anglemeasurements on these¯lms werecarried out.

Oligo(urea urethane)send-blocked (seeFig. 8.3 on page163) with methanol or

2-butanoneoxime (2{BO) weresynthesizedby a two-stepaddition reaction. SEC and

MALDI-TOF-MS both proved that oligomeric materials were obtained. TGA and

temperature dependant FTIR data are consistent with each other, and showed that

the 2-butanone oxime blocked oligo(urea urethane)s underwent deblocking starting

from 100 ±C, and deblocked completely below 190 ±C. Methanol blocked oligo(urea

urethane)sneedhigher temperatures to initiate the deblocking. The deblocking was

not ¯nished below 190 ±C, which means that the subsequent degradation of other

urethaneor urea group would take placeat the sametime.

®,! -Dihydroxyl terminated oligo(ureaurethane)sweresynthesizedby a two-step

addition reaction. They are potential chain extendersfor polyurethanesand additives

for water-borneor high solidscoatings. However, to purify the crudeproduct, namelyto

remove 1,4-butanediolor 1,8-octanediol, more e®ortswereneeded.For 1,4-butanediol

quenchedoligo(ureaurethane)s,two times precipitation wasneeded.For 1,8-octanediol

terminated oligo(urea urethane)s, a more complicated procedureshould be adopted.

In summary, the chemical composition of theseend-blocked or dihydroxyl terminated

oligo(ureaurethane)sare listed in Tab. 6.3.

Table 6.3: Summary of the synthesized end blocked or end hydroxyl terminated
oligo(ureaurethane)sinvolved in this work and their compositions

Oligomer Rf -monomer Ya Blocking Agents Tdeblocking (±C)b

F1-CH3OH-Y F-NHOH 2, 1.8, 1.7 CH3OH 220

F1-BO-Y F-NHOH 2, 1.8, 1.7 2{BO 180

F2-CH3OH-Y F-HDI-diol 2, 1.8 CH3OH 202

F2-BO-Y F-HDI-diol 2, 1.8 2{BO 177

oligo(F1-BD-Y) F-NHOH 2 1,4{BD /

oligo(F2-BD-Y) F-HDI-diol 2 1,4{BD /

oligo(F1-OD-Y) F-NHOH 2 1,8{OD /

oligo(F2-OD-Y) F-HDI-diol 2 1,8{OD /
a Y is the ratio of Rf -monomersto IPDI. b maximum temperature determined by TGA.

To obtain polyurethane top coatings containing °uorinated side groups, °uori-

nated oligouretdiones(basedon IPDI uretdione, 1,5-pentanediol, and F-NHOH) were

synthesized. Model reaction of °uorinated IPDI uretdione (F-uretdione) with diols

(1,8{OD and PEG1500) con¯rmed the realization of the reaction of hydroxyl groups
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with uretdione groups. DSC investigation revealed that the °uorine content of cur-

ing systemsand the chemical nature of resinscan in°uence the curing reaction. The

higher the °uorine content, the higher is the onset reaction temperature. The curing

systemof aliphatic oligoester has a lower onset reaction temperature with respect to

the curing systemof aromatic oligoesterregardlessof the in°uence of °uorine content.

The maximum reaction temperature of the di®erent curing systemsis similar and at

around 180-190±C. The dynamical and isothermal temperature-dependent FTIR in-

vestigation of B1023/DLE02-568and B1023/DLE03-211revealedthe occurrenceand

the completion of the reaction betweenhydroxyl groupsand uretdione groups.

The combination of °uorinated oligouretdionesand non-°uorinated oligoester

polyols wasusedto construct hydrophobic surfaceunder melt condition. The in°uence

of curing temperature, curing time, the nature of resin, the °uorine content, and the

amount of catalyst on the surface properties was studied. Some conclusionswere

extracted: 1) The useof catalyst can increasethe recedingcontact angle and reduce

the advancing contact angle, which meansthe faster curing reaction can prevent the

enrichment of °uorinated segment on the top of the surface,whereasit can prevent

the rearrangement of °uorinated segments leading to higher recedingcontact angles.

2) The higher the curing temperature, the lower is the advancing contact angle. This

also indicates that the curing reaction should not be too fast. 3) The °uorine content

did not have any obvious in°uence on advancing contact angle, thereforeit is possible

to realize hydrophobic surfaceusing as few as possible°uorine, however a dilemma

problem confronted is how to increasethe enrichment of °uorinated segments on the

surfaceand prevent the rearrangement of °uorinated moietiessimultaneously. 4) The

recedingcontact angleof ¯lms madefrom aliphatic-aromatic resinsis higher than that

of aliphatic resins,while the advancingcontact angleshowed a di®erent tendency, this

illustrates that a morerigid polymer backbonenot only canprevent the rearrangement

of °uorinated phase,but also can suppressthe migration of °uorinated segment to

the outermost part of the surfaceresulting in lower advancing contact angles. 5) The

in°uence of curing time on wetting property is not clear, its e®ectis casesensitive.

The surfaceof cured ¯lms on small scaleis very smooth, while on larger scale

phaseseparationis detectedand the surfacemorphologydependson the °uorine con-

tent of curing systems.ATR-IR investigation revealedthe chemical structure of ¯lms

cured for di®erent curing times and it was found that, principally, the ratio of [uret-

dione]:[otherC=O groups]decreaseswith increasingcuring time.
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6.4 In°uence of °uorinated side groups on bulk and surface
prop erties of MI copolymers

In order to study the in°uence of °uorinated amide groups on the surfaceand

bulk properties of model polymers,a seriesof amino-functionalized°uorinated amides

were usedfor the modi¯cation of alternating maleic anhydride copolymers. The bulk

and surfaceproperties investigation of those MI copolymers (seeFig. 6.2) containing

N -n-dodecyl and N -4-(N -per°uoroheptylcarbonyl)aminobutyl sidechain showed that

the bulk and surfaceproperties of the MI copolymers are understandableunder the

assumptionof helical-like main chain conformation. The alternating substitution pat-

tern in MI copolymersmeansthat the main chainsaresurroundedby partly/completely

aligned sidechains in molten and solid state.

For both attachedsidechains,N -n-dodecylor N -4-(N -per°uoroheptylcarbonyl)-

aminobutyl, the surfacetensionof correspondingMI copolymersdecreasedby the order

of STMH12> ODMH12¼ETMH12> STM4F7> ODM4F7¼ETM4F7. The surfaceten-

sioncould be gradually decreasedfrom 22 mJ/m 2 (STMH12) to 11 mJ/m 2 (ETM4F7).

The advancing water contact angleshowed a reverseorder.
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Figure 6.2: Schematic presentation of somesynthesizedMI copolymers, their surface
tension, and advancing water contact angle(µA )

The poly(styrene-alt -maleimide) main chain is disfavored to give the highesthy-

drophobic surfacewithin the both series.The phenyl groupsasadditional substituent

in STM4F7 and STMH12 suppressa better alignment of the n-dodecyl or 4-(N -

per°uoroheptylcarbonyl)aminobutyl side chains on the surface in the corresponding

MI copolymer. This is also revealed in the bulk phase, the STM4F7 and STMH12
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possessthe shortest layer distances(backbone to backbone distance) meaning non-

preferredsidechain alignment in adjacent on the helical main chain. Also the thermal

properties (only Tg values) obtained from DSC are very di®erent from the other MI

copolymers.

The poly(ethene-alt -maleimide) and poly(octadecene-alt -maleimide) main chain

in ETMH12 and ODMH12 are favoredto result in surfacesof samevaluesof hydropho-

bicity. The surfaceengineeringwith thesealiphatic MI copolymers revealeda slightly

increasedexposureof closelypacked CH3 groupson the top of the surfacecomparedto

previouslydescribed.179,214 The secondsidechain n-hexadecylin ODMH12 hasno dis-

advantageousin°uenceon the hydrophobicity of coatedsurfaces.The thermal and bulk

properties of ETMH12 (side chain melting and material melting and layeredstructure

with well-establishedside chain organization) and ODMH12 (side chain melting and

worm-like shape) are di®erent, but both resulted in the sameorganization of N -alkyl

sidechain on the top of the surface.

The poly(ethene-alt -maleimide) and poly(octadecene-alt -maleimide) main chain

in ETM4F7 and ODM4F7 are favored to give surfacesof high and similar valuesof

hydrophobicity. The surfaceengineeringwith theseMI copolymers showed the same

preferentially organizedCF3 groupson the top of the surfacescomparedwith results in

literatures.55,61,106,218 Surprisingly, the secondsidechain n-hexadecylin ODM4F7 has

no negative in°uenceon the hydrophobicity of coatedsurfacealthough ODM4F7 di®ers

extremely in its bulk and thermal properties from ETM4F7 (e.g. layered structures

up to 150 ±C including well-establishedsidechain organization). For ETM4F7, a self-

enhancement of layeredstructures from the bulk phaseto the top of the surfaceswas

proven. In contrast to this, ODM4F7 shows in the upper surface layers a di®erent

organization which is alsonot comparablewith the bulk organization.

The hydrophilicit y of amide groups may lead to a high hysteresis in contact

anglemeasurements due to the exposureof polar amide groupson the top of surfaces,

when the polymer ¯lm is in contact with water. However, the amide group can also

stabilize the alignment or orientation of °uorinated sidechains. The presenceof amide

group may promote intermolecularhydrogenbonding and in°uence tilt angle,packing

density and stabilit y of °uorinated side chains. Lenk and co-workers62 studied the

self-assembled monolayersof a semi°uorinatedamidethiol and revealedthat the amide

groupsprovided orientational stabilit y through intermolecular hydrogen bonding and

manifesteditself in enhancedmechanical integrity. Other studiesconcerning°uorinated

amphiphilic moleculemonolayers also proved that intermolecular interaction are one
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driving force for the orientation of °uorinated sidechain.

6.5 Summary and outlo ok

In summary:

² New functionalized °uorinated amides were developed in most casesby a one

step reaction and a simple work-up procedure. This point is very attractiv e

for industrial processand application. The reaction behaviors of synthesized

°uorinated amidesin polyreactionswerewell understood.

² New °uorinated oligoesterpolyols, blocked IPDI's, and end-hydroxyl terminated

oligo(ureaurethane)shave beensynthesized,the detail structures and properties

are known. Thesematerials could be suitable components of powder coatings.

The end-hydroxyl terminated oligo(urea urethane)s could be used as reactive

additivesin high solid content and water-borne coatings.

² Hydrophobicsmooth surfacesbasedon linear polymers,poly(ureaurethane)sand

alternating MI copolymers, containing °uorinated side groups were successfully

constructed. The attachment of °uorinated side groups into polymers can dra-

matically alter the surfacesof the resulting polymers from more hydrophilic to

hydrophobicdueto the enrichment of °uorinated sidegroupson the surfaces.The

backbonecon¯guration, the polarity of backbones,and the thermal treatment on

surfacescan in°uence the surfaceproperties of corresponding materials.

² Hydrophobic surfacesof cross-linked polyurethanesas model top coatings were

constructedunder melt condition at high temperature (180 or 190 ±C) using the

combination of °uorinated oligouretdionesand non-°uorinated oligoesterpolyols.

Since poly- or oligouretdione has been widely used in powder coatings, those

formulations areattractiv ecandidatesto beusedaspowder top coatingmaterials.

The work addressingthe construction of the hydrophobicsurfacesbasedon cross-

linked polyurethanescontaining °uorinated side groups is at the beginning stageand

casts the ¯rst light into this ¯eld. It was found that several parameters (catalyst,

curing time, curing temperature, the nature of hardenersor resin, and so on) could

in°uence the surfaceproperties of resulting ¯lms. Therefore it is a great challenge

to ¯nd out the optimal condition for the construction of cross-linked polyurethane

powder top coatings. On resulting surfaces,most of the °uorinated segments would
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enrich on the outermostpart of the surfaceand the migration towardsbulk phaseor the

rearrangement of °uorinated segments would be prevented to give a long term stable

hydrophobicsurfaceusingasfewaspossible°uorine. Further study couldbeconducted

on how to construct hydrophobic surfacesbasedon cross-linked polyurethane¯lms on

metallic surfaceor other substrates. This is an attractiv e research for the application

in automotive industries. The °uorinated oligouretdionescould beusedashardenerfor

the curing of hydroxyl functionalized polyacrylate or polymethacrylate. The resulting

polymersshould have better exterior durabilit y than non-°uorinated ones.
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7 Exp erimen tal
7.1 Chemicals

Table 7.1: ChemicalsUsedin this Work

Purit y
Chemical abbre. Company

(%)

1,2,4-benzenetricarboxylic anhydride ACROS 97

1,4-butanediol 1,4{BD ACROS 99+

1,4-diaminobutane ACROS 99

1,6-diaminohexane ACROS 99.5

1,6-diisocyanatohexane HDI ACROS 99+

1,8-octanediol 1,8{OD Aldrich 99+

18-crown-6 Aldrich 99

N -(2-hydroxyethyl)-1,3-diaminoporpane Fluka > 98

2,2-bis(hydroxymethyl) propionic acid Bis{MPA ACROS 99+

(water< 0.05%)

2,2-dimethyl-propanediol NPG ACROS 97

2-butanoneoxime Aldrich 99

2-ethyl-2-(hydroxymethyl)-1,3-propanediol TMP ACROS 98

3,5-bis(tri°uoromethyl)benzyl chloride ABCR 98

4-(tri°uorometh yl)benzyl bromide ACROS 98

4-aminobutyric acid ACROS 99+

4-dimethylamino-pyridine DMAP ACROS 99

5-amino-1-pentanol Merck 99

6-aminohexanoicacid ACROS 99

acetone(< 0.01%H2O) Merck 99.5

acetyl chloride Fluka 99

bis-[2-(2-hydroxyethoxy)-ethyl] ether TEG ACROS 99.5

butyl isocyanate Fluka > 98

calcium hydride CaH2 Merck 95

dibutyltin dilaurate DBTDL Aldrich 95

dibutyltin oxide DBTO ACROS 98

dimethyl adipate DMA Aldrich 99+

dimethyl terephthalate DMT Fluka 98
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Table 7.1: ChemicalsUsedin this Work

1,2-diaminoethane Aldrich 99

glycidol, oxirane methanol ACROS 96

glycidyl phenyl ether ACROS 99

isophoronediisocyanate IPDI Aldrich 98

methyl 3,4,5-trihydroxy benzoate ACROS 99

methyl 3,5-dihydroxy benzoate ACROS 97

methyl hepta°uorobutyrate ACROS 99

methyl octanoate ACROS 99

methyl per°uorodecanoate ABCR 98

methyl per°uorooctanoate ABCR 98

methyl tri°uoroacetylate ACROS 99

methyl undecanoate Fluka > 99

methylenedi-p{phenyl diisocyanate MDI ACROS 99.5

(1.5% 2,4'-isomer)

N -BOC-1,4-iaminobutane Fluka > 97

N -methyl-1,3-diaminopropane ACROS 99

oxalyl chloride ACROS 98

PEG¡ 1500 ACROS

per°uoro(2,5,8-trimethyl-3,6,9-trioxo- ABCR 97

dodecanoyl) °uoride

phenyl isocyanate ACROS 99+

poly(ethene-alt -maleic anhydride) Aldrich

Mw = 125,000g/mol

poly(styrene-alt -maleic anhydride) Leuna Werke AG

Mw = 20,000g/mol

poly(octadcene-alt -maleic anhydride) PolySci.

Mw = 30,000-50,000g/mol

potassiumiodide KI GrÄussing 99.5

sodium amide NaNH2 Fluka 97

sodium methoxide(water free) ACROS > 97

tetrabutylammonium bromide TBAB ACROS 99+

thionyl chloride ACROS 99.5

trieth ylamine TEA Fluka 99.5
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7.2 Synthesis

N -(3- N -meth ylamino-prop-1-yl) per°uoro octane amide hydro chloride

C7F15 N

O

H

N H*HCl C7F15 N

O

H

N H
Na2CO3

HCl
a

b

c

d

e

f

a'

b'

c'

d'

e'

4 ml N -methyl-1,3-diaminopropane(3.36 g; 38.11 mmol) was dissolved in a

35 ml dichloromethane in 100 ml round-bottom °ask which was cooled with an ice

bath. The solution of 9 ml methyl per°uorooctanoate (16.074g; 37.54mmol) in 5 ml

dichloromethanewasaddedto the solution dropwisevia adding funnel under nitrogen

stream. After the adding of methyl per°uorooctanoate, the mixture was kept in ice

bath for another 1 hr, then warmedup to r.t. for 24 hr. After the solvent wasdistilled

o®, the crude product was dissolved in 50 ml diethyl ether, then cooled with an ice

bath and neutralized with 1 M HCl until pH = 5. The resulting solid was isolated by

¯ltration, washedwith diethyl ether and water sequentially until water was neutral.

The collectedsolid wasdried in vacuumovenat 40 ±C overnight to give14.43g (81.5%)

of a white powder. M. p. = 175.8-176.8±C.
1H NMR (DMSO-d6): ± = 9.66 (b, 1H, a), 8.72 (s, 2H, f), 3.30 (q, 2H, b), 2.86

(t, 2H, d), 2.52(s, 3H, e), and 1.82ppm (m, 2H, c).
13C NMR (DMSOd6): ± = 156.73(Rf CONH), 45.76(CH2N+ H2(CH3)Cl ¡ ), 36.83

(Rf CONHCH2), 32.34(CH3), and 24.94ppm (Rf CONHCH2CH2).
19F NMR (DMSO-d6): ± = -81.97(b, 3F, CF3), -121.11(t, 2F, CF2CONH), -

122.82(b, 2F CF2), -123.10(b, 2F, CF2), -123.87(m, 4F, CF2), -127.25ppm (m, 2F,

CF2).

N -(3- N -meth ylamino-prop-1-yl) per°uoro octane amide (7F3H-amino):

N -(3-N -methylamino-prop-1-yl) per°uorooctane amide hydrochloride (14.43 g;

29.80 mmol) was suspended in the mixture of 50 ml chloroform and 10 ml water,

then sodium carbonate (3.48 g; 32.78mmol) was added to the mixture slowly. The

mixture wasstirred at r.t. for 4 hr, then wastransferredto a 250ml separatingfunnel,

and diluted with 50 ml chloroform. The organic phasewas washedwith water until

the water phasewas neutral. The organic phasewas dried over magnesiumsulfate,
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the solvent was evaporated, then the oil like liquid was dried in vacuum oven at r.t.

overnight to yield 13.44g (95%) of a slurry.
1H NMR (DMSO-d6): ± = 3.25(t, 2H, b'), 2.45(t, 2H, d'), 2.23(s, 3H, e'), and

1.60ppm (m, 2H, c').
13C NMR (DMSO-d6): ± = 157.35 (Rf CONH), 51.10 (CH2NH(CH3)), 41.02

(CH3), 35.54(Rf CONHCH2), and 26.05ppm (Rf CONHCH2CH2).

N -f 3-[N -(2,3-dih ydro xyprop yl)- N -meth yl]aminoprop-1-yl g per°uoro octane

amide (amino-diol):

7F3H-amino (0.4842 g; 1 mmol) and 0.066 ml

C7F15 N

O

H

N OH
OH

a

b

c

d

e

f g h

i
j

glycidol (0.0737g; 1 mmol) were added into a 25

ml Schlenk °ask and heatedat 140 ±C for 15 min

under nitrogen stream. The light yellow slurry was

dissolved in 10 ml methanol, then the solvent was evaporated, the resultant was dried

in vacuum oven at 40 ±C overnight to give 0.55g (99%) of a light yellow slurry.

1H NMR (DMSO-d6): ± = 9.50(b, 1H, a), 4.45(b, 1H, j), 4.29(b, 0.9H, i), 4.05(b,

0.1H, i), 3.54(m, 1H, g), 3.30(m, 2H, h), 3.24(t, 2H, b), 2.34(m, f), 2.36(m, d), 2.20

(m, 1H, d), 2.16(s, 3H, e), and 1.62ppm (qui, 2H, c).
13C NMR (DMSO-d6): ± = 156.98 (t, Rf CONH), 67.06 (CH(OH)), 64.30

(CH2OH), 59.31(N(CH3)CH2CH(OH)), 54.36(CH2N(CH3)CH2CH(OH)), 41.38(CH3),

37.63(Rf CONHCH2), and 24.15ppm (Rf CONHCH2CH2).

N -f 3-[N -(2-h ydro xy-3-pheno xyprop yl)- N -meth yl]aminoprop-1-yl g per°uo-

ro octane amide (amino-ol):

7F3H-amino(0.4842g; 1 mmol) and 0.135ml glycidyl

C7F15 N

O

H

N OPh
OH

a

b

c

d

e

f g h

i

phenyl ether (0.1502g; 1 mmol) wereaddedto a 25 ml

Schlenk °ask and heated at 140 ±C for 15 min under

nitrogen stream. The light yellow slurry was dissolved

in 10ml methanol, then the solvent wasevaporated, the

resultant was dried in vacuum oven at 40 ±C overnight to give 0.63g (99%) of a light

yellow solid.
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1H NMR (DMSO-d6): ±= 9.48(b, 1H, a), 7.25(t, 2H, aromatic H), 6.91(d, aromatic

H), 6.90(d, aromatic H), 4.77(b, i), 3.96(m, 1H, h), 3.90(m, i), 3.83(m, 1H, h), 3.24

(t, 2H, b), 2.46(m, 1H, f), 2.36(m, d), 2.19(s, 3H, e), and 1.62ppm (m, 2H, c).
13C NMR (DMSO-d6): ± = 158.87(aromatic C), 156.52(t, Rf CONH), 129.36

(aromatic C), 120.36 (aromatic C), 114.47 (aromatic C), 70.86 (ArOCH2), 67.06

(CH(OH)), 60.39(N(CH 3)CH2CH(OH)), 55.28(CH2N(CH3)CH2CH(OH)), 42.54(CH3),

37.93(Rf CONHCH2), and 25.89ppm (Rf CONHCH2CH2).

N -f 3-[N -(2,4-dih ydro xycarb oxyphen ylcarb onyl)- N -meth yl]aminoprop-1-yl g

per°uoro octane amide (F-diacid):

Melting Reaction

7F3H-amino(0.4842g;1 mmol) and1,2,4-benzenetricarboxylic anhydride (0.1988

g; 1 mmol) wereaddedto a 25ml Schlenk °ask and heatedat 180±C for 2 hr. The light

yellow crudeproduct wasdissolved in 20ml chloroform. The solution wasconcentrated

and dried in vacuum oven at 30 ±C overnight to give 0.68 g of a light yellow powder.
1H NMR investigation showed that reaction is incompletely.

Suspension Reaction Catalyzed by Sodium Amide

7F3H-amino hydrochloride (2.0827g; 4 mmol) was suspendedin 40 ml toluene

(anhydrous) in a 100ml round-bottom °ask which wascooledwith an icebath. Sodium

amide (0.1580g; 4 mmol) was addedto the suspension. The mixture was stirred at 0
±C for another 1 hr and then was warmed up to r.t. and kept at r.t. for 2 hr. 1,2,4-

benzenetricarboxylic anhydride (0.7855g; 4 mmol) was addedto the former mixture,

then the mixture wasstirred and heatedat 130 ±C for 21 hr. The solvent wasdistilled

o®under vacuum, the residual was dried in vacuum oven at 50 ±C for 2 days to give

2.72g white powder. 1H NMR proved that the reaction is incompletely.

Suspension Reaction without Catalyst

7F3H-amino(4.8421g; 10mmol) and1,2,4-benzenetricarboxylic anhydride (1.9876

g; 10 mmol) were suspendedin 50 ml toluene (anhydrous) in a 250 ml round-bottom

°ask. The suspensionwas stirred and heated at 130 ±C for 21 hr. Then the solvent

was distilled o®under vacuum, the residual was dried in vacuum oven at 50 ±C for 2

days to give 6.82g (99%) of a white powder.
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Syn- Anti-

CONR1R2HOOC

HOOC

12

3

4 5

6

O
HO

HO
O

C7F15N

O

H

N

O O
HO

HO
O

N

O

N C7F15

O

H
a

b

c

d

eb'

a'

c'

d'

e'

Syn- (60%) :
1H NMR (DMSO-d6): ± = 13.39(b, COOH), 9.47(t, a'), 8.45(s, ArH 3), 8.14(d,

ArH 5), 7.41(d, ArH 6), 3.45(t, d'), 3.34(t, b'), 2.68(s, e'), and 1.83ppm (m, c').
13C NMR (DMSO-d6): ± = 169.72(ArC ON), 166.35(COOH), 166.29(COOH),

156.61(t, Rf CONH), 142.75(ArC 1), 133.12(ArC 5), 131.23(ArC 4 or ArC2), 130.98

(ArC 3), 128.79 (ArC 2 or ArC4), 127.31 (ArC 6), 43.86 (CH2N(CH3)OCAr), 37.27

(Rf CONHCH2), 35.92(CH3), and 25.53ppm (Rf CONHCH2CH2).

Anti- (40%):
1H NMR (DMSO-d6): ± = 13.39(b, COOH), 9.32(t, a), 8.44(s, ArH 3), 8.10(d,

ArH 5), 7.37(d, ArH 6), 3.06(t, b), 2.99(t, d), 2.94(s, e), and 1.68ppm (b, c).
13C NMR (DMSO-d6): ± = 169.34(ArC ON), 166.26(COOH), 166.24(COOH),

156.54(t, Rf CONH), 142.56(ArC 1), 132.87(ArC 5), 131.12(ArC 4 or ArC2), 130.08

(ArC 3), 128.90 (ArC 2 or ArC4), 127.22 (ArC 6), 47.90 (CH2N(CH3)OCAr), 37.06

(Rf CONHCH2), 31.58(CH3), and 26.64ppm (Rf CONHCH2CH2).
19F NMR (DMSO-d6): ± = -80.57(b, 3F, CF3), -118.94(t, 1.2F, CF2CONH), -

119.11(m, 0.8F, CF2CONH), -121.74(b, CF2CF2CONH), -121.85(b, CF2CF2CONH),

-122.14(b, 2F, CF2), -122.61(b, 2F, CF2), -122.79(b, 2F, CF2), -126.06ppm (b, 2F,

CF2).

N -f 3-N -(1,3-diaceto xy-2-meth ylprop-2-yl)carb onyl- N -meth yl]aminoprop-

1-yl g per°uoro octane amide (F-diaceto xy):

2.78 ml TEA (2.02 g; 20 mmol) and DMAP (0.122

C7F15 N

O

H

N

O

O

O

O

O
a

b

c

d

e

f

g
hg; 1 mmol) were added to the suspension of 7F3H-

aminohydrochloride (5.19g;10mmol) in 30ml dichloromethane

in a 100ml round bottom °ask which was cooled with

an ice batch. The mixture was stirred at 0 ±C for 1 hr

and at r.t. for 3 hr. After that, 2,2-bis(acetoxymethyl)

proponic acid chloride (2.59 g; 11 mmol) was added to the solution dropwise under
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N2 stream at 0 ±C, and stirred at 0 ±C for 1 hr and at r.t. overnight. The solvent

was evaporated, and diethyl ether was added to dissolve the residual. The solid was

removed by ¯ltration and the organicphasewasconcentrated to give a light yellow oil.

This light yellow oil was further puri¯ed by short column chromatography, the eluent

was changedfrom CH2Cl2 to the mixture of CH2Cl2 and ethyl acetate(4: 1 vol ratio)

step by step, to yield 6.26g (91.5%) of a wax.

1H NMR (DMSO-d6): ± = 9.44 (t, 1H, a), 4.20 (q, 4H, g), 3.31 (t, 2H, b), 3.18 (t,

2H, d), 3.01(s, 3H, e), 1.97(s, 6H, h), 1.68(m, 2H, c), and 1.23ppm (s, 3H, f).
13C NMR (DMSO-d6): ±= 171.26(CON(CH3)CH2), 170.40(t, OOCCH3), 156.82

(t, Rf CONH), 65.80(CH2OOC), 47.18(CH2N(CH3)COC), 45.92(NCOC(CH3)), 37.46

(Rf CONHCH2), 35.64 (NCH3), 26.34 (Rf CONHCH2CH2), 20.80 (OOCCH3), and

17.56ppm (CCH3).
19F NMR (DMSO-d6): ± = -80.54 (t, 3F, CF3), -120.99(t, 2F, CF2CONH), -

122.68(b, 2F, CF2CF2CONH), -123.08(b, 2F, CF2), -123.79(m, 4F, CF2), -127.24

ppm (m, 2F, CF2).

N -f 3-[N -(1,3-dih ydro xy-2-meth yl-prop-2-yl)carb onyl- N -meth yl]aminoprop-

1-yl g per°uoro octane amide (F-diol):

F-diacetoxy (8.17 g; 11.9 mmol) was dissolved in

C7F15 N

O

H

N

O

OH

OH

a

b

c

d

e

f

g
h50 ml 1 M NaOH solution (solvent is 1:1 mixture of

methanol and water) in a 100 ml round-bottom °ask

cooled with an ice bath. The reactants were stirred

at 0 ±C for 2 hr and at r.t. for 1 hr, then the solu-

tion was transferred to a 250ml separatingfunnel, and extracted 3 times with 150ml

dichloromethane.The combined organicphasewasdried over MgSO4, then the solvent

was evaporated under vacuum and the crude product was dried in vacuum oven at 40
±C overnight to yield 6.59g (92.3%) of a white solid. M. p. is 76.0-77.2±C.

1H NMR (DMSO-d6): ± = 9.43 (t, 1H, a), 4.50 (t, 2H, h), 3.53 (m, 4H, g), 3.31 (t,

2H, b), 3.18(t, 2H, d), 2.99(s, 3H, e), 1.68(m, 2H, c), and 1.08ppm (s, 3H, f).
13C NMR (DMSO-d6): ± = 174.97 (CON(CH3)CH2), 156.79 (t, Rf CONH),

64.80(CH2OH), 49.58(CH2NOCC), 46.86(NCOC(CH3)), 37.43(Rf CONHCH2), 35.43

(NCH3), 26.54(Rf CONHCH2CH2), and 17.66ppm (CCH3).
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19F NMR (DMSO-d6): ± = -80.78 (t, 3F, CF3), -119.15(t, 2F, CF2CONH), -

121.95(b, 2F, CF2CF2CONH), -122.34(b, 2F, CF2), -122.89(b, 4F, CF2), -123.02(b,

2F, CF2), -126.28ppm (m, 2F, CF2).

N -(3-h ydro xylcarb oxylprop-1-yl) per°uoro octane amide (F-acid):

4-aminobutyric acid (1.8156g; 17.61mmol) and sodium

C7F15 N
OH

O

H O
a

b

c

d
methoxide (water free,0.8998g; 16.65mmol) weredissolved

in 30 ml methanol in a 100 ml round-bottom °ask under

nitrogen stream,4.39ml methyl per°uorooctanoate(7.8405

g; 18.31mmol) was addedto the solution dropwisevia ad-

dition funnel under nitrogen stream. The mixture was stirred and heated at 70 ±C

for 20 hr, then the solvent was distilled o®under reducepressure.The resultant was

dissolved in 20 ml water, and acidi¯ed with concentrated HCl until pH = 5. The water

phasewasextracted 3 times with 30ml diethyl ether. The combined organicphasewas

washedwith water until water wasneutral. The organicphasewasdried over MgSO4,

then the solvent wasevaporated, the resultedsolid wasdried in vacuumoven at 30 ±C

overnight to give 6.2230g (69.5%) of a white powder. M. p. = 112.7-115.6±C.

1H NMR (DMSO-d6): ± = 12.08(b, 1H, COOH), 9.51 (b, 1H, a), 3.24 (q, 2H, b),

2.23(m, 2H, d), and 1.70ppm (m, 2H, c).
13C NMR (DMSO-d6): ±= 173.91(COOH), 156.67(R f CONH), 38.39(CONHCH2),

30.65(CH2COOH), and 23.67ppm (CONHCH2CH2).
19F NMR (DMSO-d6): ± = -80.57 (t, 3F, CF3), -118.92(t, 2F, CF2CONH), -

121.75(b, 2F CF2CF2CONH), -122.14(b, 2F, CF2), -122.73(db, 4F, CF2), -126.07

ppm (m, 2F, CF2).

N -(4-aminobut-1-yl) per°uoro octane amide hydro chloride (7F4H-amino):

1,4-diaminobutane(4.2430g; 48.13mmol) wasdis-

C7H15 N
NH2*HCl

O

Ha

b

c

d

e

f

solved in 50 ml dichloromethanein a 100 ml round-

bottom °ask under nitrogen stream and cooled with

an icebath. 5.77ml methyl per°uorooctanoate(10.305

g, 24.07mmol) was added to the solution drop by drop. The reaction °ask was kept

in ice bath for another 1 hr after the adding of methyl per°uorooctanoate. Then the
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reaction mixture was stirred at r.t. for 2 days. After that the solvent was distilled

o®under vacuum, then residual was suspendedin diethyl ether and neutralized with

HCl. The resultedsolid wasisolatedby ¯ltration, washedwith diethyl ether and water

sequentially . The solid was dried in vacuum oven at 40 ±C for 2 days to yield 10.29g

(82.1%) of a white solid. M. p. = 197-199±C.

1H NMR (DMSO-d6): ± = 9.55 (b, 1H, a), 7.82 (b, 3H, f), 3.22 (b, 2H, b), 2.78 (b,

2H, e), and 1.53ppm (b, 4H, c+d).
13C NMR (DMSO-d6): ± = 156.63 (Rf CONH), 38.92 (Rf CONHCH2), 38.30

(CH2N+ H3Cl¡ ), 25.36(Rf CONHCH2CH2), and 24.25ppm (CH2CH2N+ H3Cl¡ ).
19F NMR (DMSO-d6): ± = -80.58(b, 3F, CF3), -118.78(b, 2F, CF2CO), -121.77

(b, 2F, CF2), -122.15(b, 2F, CF2), -122.57(b, 2F, CF2), -122.82(b, 2F, CF2), and

-126.19ppm (b, 2F, CF2).

N -(4-aminobut-1-yl) per°uoro decane amide hydro chloride (9F4H-amino):

1,4-diaminobutane(0.3486g; 3 mmol) was dis-

C9F19 N
NH2*HCl

O

H
a

b

c

d

e

f
solved in 15 ml methanol in a 25 ml round-bottom

°ask, 0.706ml methyl per°uorodecanoate(1.0563

g; 2 mmol) wasaddedto the solution drop by drop

via addition funnel. The mixture was stirred at r.t. for 1 hr and at 40 ±C for 20 hr.

The work up procedureis similar to that of other amino-functionalizedmonomers.It

yielded 1.1147g (89.8%) of a white powder. M. p. = 207-212±C.

1H NMR (DMSO-d6: CDCl3 = 1:1): ± = 9.31(b, 1H, a), 7.91(s, 3H, f), 3.22(q, 2H,

b), 2.78(t, 2H, e), 1.58(m, 2H, d), and 1.57ppm (m, 2H, c).
13C NMR (DMSO-d6: CDCl3 = 1:1): ±= 156.74(Rf CONH), 38.65(Rf CONHCH2),

38.43(CH2N+ H3Cl¡ ), 25.21(Rf CONHCH2CH2), and 24.08ppm (CH2CH2N+ H3Cl¡ ).
19F (DMSO-d6: CDCl3 = 1:1): ± = -81.29 (t, 3F, CF3), -119.62 (t, 2F,

CF2CONH), -122.42(m, 8F, CF2), -123.11(b, 2F, CF2), -123.33(b, 2F, CF2), and

-126.69ppm (b, 2F, CF2).

N -(6-aminohex-1-yl) per°uoro decane amide hydro chloride (9F6H-amino):

1,6-diaminohexane(0.1743 g; 1.5 mmol) was dissolved in 8 ml methanol in a 25
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ml round-bottom °ask, then 0.353ml methyl per°uorodecanoate(0.5281g; 1 mmol)

wasaddedto the solution drop by drop via addition funnel. The reaction and work-up

procedureis similar to thoseof other amino-functionalizedmonomers.During the reac-

tion phaseseparationoccured. 0.5851g (90.2%)N -(6-aminohex-1-yl)per°uorodecane

amide hydrochloride as a white powder was obtained. M. p. = 188-191±C.

1H NMR (DMSO-d6: CDCl3 = 1:1): ± = 9.20(t,

C9F19 N

O

H

NH2*HCl

a

b

c

d

e

f

g

h
1H, a), 7.88(b, 3H, h), 3.19(q, 2H, b), 2.74(t, 2H,

g), 1.57 (m, 2H, f), 1.49 (m, 2H, c), 1.32 (m, 2H,

e), and 1.28ppm (m, 2H, d).

13C NMR (DMSO-d6: CDCl3 = 1:1): ± = 156.62(Rf CONH), 39.12(Rf CONHCH2),

38.83 (CH2N+ H3Cl¡ ), 27.89 (Rf CONHCH2CH2), 26.77 ppm (CH2CH2N+ H3Cl¡ ),

25.45(Rf CONHCH2CH2), and 25.31ppm (CH2CH2CH2N+ H3Cl¡ ).
19F NMR (DMSO-d6: CDCl3 = 1:1): ± = -81.30(t, 3F, CF3), -119.62(t, 2F,

CF2CONH), -122.42(m, 8F, CF2), -123.11(b, 2F, CF2), -123.33(b, 2F, CF2), and

-126.69ppm (b, 2F, CF2).

N -(4-aminobut-1-yl) hepta°uorobut yramide hydro chloride (3F4H-amino):

1,4-diaminobutane(1.04g; 11.80mmol) wasdis-

C3F7 N
NH2*HCl

O

H
a

b

c

d

e

f
solved in 25 ml methanol in a 50 ml round-bottom

°ask cooled with an ice bath. 1.30ml methyl hep-

ta°uorobutyrate (1.9136g; 8.39mmol) was added

to the solution drop by drop under nitrogen stream, then the mixture was stirred at

r. t for 20 hr. The work-up procedurewas similar to that of other monomers.It gave

2.4562g (80.1%) of a white powder. M. p. = 184-186±C.

1H NMR (DMSO-d6): ± = 9.58 (b, 1H, a), 8.01 (b, 3H, f), 3.21 (q, 2H, b), 2.77 (t,

2H, e), 1.54ppm (m, 4H, c+d).
13C NMR (DMSO-d6): ± = 156.91 (Rf CONH), 39.25 (Rf CONHCH2), 38.63

(CH2N+ ), 25.65(Rf CONHCH2CH2), and 24.58ppm (CH2CH2N+ ).

N -hex-1-yl per°uoro octane amide

1 ml methyl per°uorooctanoate(1.786g; 4.17mmol) wasdropwiseaddedto the
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solution of 0.5 ml hexylamine (0.3795g; 3.75 mmol) in 10 ml methanol (anhydrous),

the mixture was stirred at r.t. for 4.5 days. Then the solvent and excessmethyl

per°uorooctanoate were evaporated under vacuum. The resulting solid was dried in

vacuum oven at 40 ±C for several days to yield 1.80g of a powder.
1H NMR (DMSO-d6): ± = 9.44 (b, 1H, Rf CONH), 3.19 (q, 2H, Rf CONHCH2),

1.47(qui, 2H, Rf CONHCH2CH2), 1.26(m, 6H, CH2), and 0.84ppm (t, 3H, CH3).

N -[3-N -(2-h ydro xy eth yl)aminoprop-1-yl] per°uoro octane amide (F-NHOH):

12 ml methyl per°uorooctanoate (21.44 g; 50.08

C7F15 N N OH
O

H Ha

b

c

d e

f
g

h

mmol) was added to the solution of 5.596 ml N -

(2-hydroxyethyl)-1,3-diaminopropane(5.628g; 47.68

mmol) in 90 ml methanol (anhydrous) dropwise,the

mixture was stirred at r.t. for 4.5 days. Then the

solvent and excessmethyl per°uorooctanoate were evaporated under vacuum. The

resulting solid was dried in vacuum oven at 40 ±C for several days to yield 25.06g of

a light yellow powder. M. p. = 63.9-68.9±C.

1H NMR (DMSO-d6): ± = 4.42(t, 1H, h), 3.42(m, 2H, f), 3.26(m, 2H, b), 2.54(m,

2H, e), 2.53(m, 2H, d), and 1.64ppm (qui, 2H, c).
13C NMR (DMSO-d6): ± = 156.35(t), 60.24,51.52,46.58,38.15,and 28.29ppm.
19F NMR (DMSO-d6): ± = -80.59 (b, 3F, CF3), -118.93(t, 2F, CF2CF2CO),

-121.84(b, 2F, CF2), -122.24(b, 2F, CF2), -122.77(qui, 4F, CF2), and -126.07ppm

(qui, 2F, CF2).

Bis-1,6-( N -( N -(2-h ydro xy eth yl)- N -(3- N -(p er°uorohept ylcarb onyl)aminoprop-

1-yl)amino carb onyl)) hexane (F-HDI-diol):

F-NHOH (5.2708g; 10.25mmol) was dis-

C7F15

N
O

H

C7F15

N
O

H

HO
N N

N N
OH

O

OH

H

a
b

c
d

e

fg

h

i

j

k
solved in 50 ml acetonein a 100 ml round-

bottom °ask. Then 0.809ml HDI (0.8409g;

5 mmol) wasaddedto this solution dropwise.

The solution was stirred at r.t. or 40 ±C for

24 hr. Then the solvent was distilled o®un-

der vacuum and the resulting solid was dried in vacuum oven at 30 ±C for 2 days to
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yield 6.11g F-HDI-diol as a light yellow solid, quantitativ ely converted.

1H NMR (DMSO-d6): ± = 9.48 (t, 2H, a), 6.25 (t, 2H, g), 4.83 (b, 2H, f), 3.46 (t,

4H, b), 3.19 (m, 8H, e+d), 2.98(q, 4H, i), 1.64 (qui, 4H, c), 1.37 (m, 4H, j), and 1.22

ppm (b, 4H, k).
13C NMR (DMSO-d6): ± = 158.22,156.43(t), 60.01,48.97,44.32,40.00,37.12,

29.81,27.27,and 26.09ppm.
19F NMR (DMSO-d6): ± = -80.61» -80.97(m, 3F, CF3), -119.10(m, 2F, CF2),

-121.84(m, 2F, CF2), -122.24(m, 2F, CF2), -122.77(m, 2F, CF2), -122.93(m, 2F,

CF2), and -126.21ppm (m, 2F, CF2).

MALDI-TOF-MS m/ z theoretical 1196.66g/mol, observed (Li + ) 1205.3g/mol.

Mo del reaction of N -hex-1-yl per°uoro octane amide with phenyl isocyanate

N -hex-1-yl per°uoroocataneamide (0.4970g; 1 mmol) and 0.108ml phenyl iso-

cyanate (0.119 g; 1 mmol) were stirred in acetoneat 60 ±C for 21 hr with 1 wt-%

of catalyst-DBDTL. After that large excessmethanol was added into reaction °ask

to quench the unreacted phenyl isocyanate, then solvent and excessmethanol were

distilled o®under vacuum. The reaction mixture was dried in vacuum oven at 30 ±C

overnight.

Mo del reaction of F-NHOH with but yl isocyanate (a typical example de-

scrib ed) F-NHOH: But yl isocyanate = 1:1 (mol:mol)

F-NHOH (0.5142g; 1 mmol), 3 ml DBTDL solution (1.053£ 10¡ 3 g/ml, solvent

is acetone)and 10 ml acetonewere added to a 50 ml round-bottom °ask, then 0.114

ml butyl isocyanate (0.0991g;1 mmol) was added. The solution was stirred at r.t. for

1 hr and at 60 ±C for 6 hr. Then it was precipitated in 100 ml water. The solid was

isolated by ¯ltration and dried in vacuum oven at 30 ±C overnight.

Polymerization of F-NHOH with IPDI and 1, 4-butanediol (a typical ex-

ample describ ed)

F-NHOH (1.0 g; 1.94mmol), 25 ml DBTDL solution (1.053£ 10¡ 3 g/ml, solvent

is acetone),and 2.82 ml IPDI (2.96 g; 13.3 mmol) were added into a 100 ml round-

bottom °ask. The solution was stirred at r.t. for 1 hr, and at 60 ±C for 6 hr. Then a

solution of 1.03ml 1,4-butanediol(1.0378g; 11.51mmol) in 20 ml acetonewasadded.

The reaction mixture was stirred at 60 ±C overnight. After cooling down to r.t., the
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solution was poured into 300 ml water. The solid was isolated by ¯ltration and dried

in vacuumoven at 30 ±C overnight to yield 4.89g of the polyaddition product aswhite

solid.
1H NMR (DMSO-d6): ± = 9.53(b, Rf CONH-), 7.10(b, -OCONH-), 6.96-6.66(b,

-OCONH-), 6.25 (b, -NCONH), 5.94 (m, -NCONH), 4.45 (t, OH), 4.00 (b, -CH2O-),

3.63-3.07(b), 2.77(m), and 1.70-0.85ppm (b)

Polymerization of F-HDI-diol with IPDI and 1, 4butanediol (a typical ex-

ample describ ed)

F-HDI-diol (1.0 g; 0.87mmol), 2.76ml IPDI (2.89 g; 13.0mmol), 25 ml acetone

and 25 ml DBTDL solution (1.053£ 10¡ 3 g/ml, solvent is acetone)wereaddedto a 100

ml round-bottom °ask. The mixture was heated at 60 ±C for 6 hr. After that, 1.10

ml 1,4-butanediol (1.1087g; 12.30mmol) dissolved in 10 ml acetonewas added, and

the reaction solution was stirred at 60 ±C overnight. After cooling down to r.t. The

solution was poured into 300 ml water. The obtained solid was isolated by ¯ltration

and dried in vacuumovenat 30 ±C overnight to yield 4.93g of the polyaddition product

as white solid.
1H NMR (DMSO-d6): ± = 9.46(b, Rf CONH-), 7.04(b, -OCONH), 6.906.59(m,

-OCONH), 6.21 (b, -NCONH), 4.41 (t, OH), 3.97 (b), 3.59-3.02(b), 2.74 (m), and

1.66-0.82ppm (b)

Synthesis of methanol blo cked IPDI

0.636ml IPDI (0.6669g; 3 mmol) and 1 ml methanol were dissolved in 10 ml

acetonein a 25 ml 2-neck-round-bottom °ask, the mixture was stirred at r.t. for 2

days. Then the solvent and excessmethanol were distilled o® to yield the blocked

IPDI as pure liquid, yield is 99%.
1H NMR (DMSO-d6): ± = 6.65» 7.08 (m, 2H, OCONH), 3.50» 3.57 (m, 7H,

CH3OCONH + CHNHCOO), 3.00» 3.11 (s+s, 0.4H, CH2NHCOO), 2.70 (m, 1.6H,

CH2NHCOO), and 0.80» 1.64ppm (m, 19H).

Synthesis of 2-butanone oxime blo cked IPDI

0.424 ml IPDI (0.4446 g; 2 mmol) and 0.377 ml 2-butanone oxime (0.3485 g;

4 mmol) were dissolved in 10 ml acetonein a 25 ml 2-neck-round-bottom °ask, the

mixture wasstirred at 30 ±C for 2 days. The solvent wasdistilled o®to yield glasslike

colorlesssolid. Yield is 99%.
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1H NMR (DMSO-d6): ±= 6.84» 7.16(m, 2H, OCONH), 3.70(t, 1H, CHNHCOO),

3.06(d, 0.4H,CH2NHCO), 2.84(d, 1.6H,CH2NHCOO), 2.27» 2.36(p+p, 4H, CH2C=NO),

1.92(qui, 6H, CH3C=NO), and 0.70» 1.80ppm (m, 21H).

Synthesis of blo cked IPDI based on IPDI, methanol and F-NHOH (a typical

example describ ed)

F-NHOH (0.5142g; 1 mmol), 0.424ml IPDI (0.4446g, 2 mmol), 5 ml DBDTL

solution (1.0£ 10¡ 3 g/ml), and 7 ml acetonewere added to a 50 ml two-neck-round-

bottom °ask. This solution was stirred at r.t. for 2 hr and at 60 ±C for 6 hr. Then

excessmethanol was addedto the solution, which was stirred at r.t. overnight. After

that, the solution was poured into 100 ml water, the resulted solid was isolated by

¯ltration and dried in vacuumoven at 30 ±C overnight to yield 1.00g of a white solid.

Synthesis of blo cked IPDI based on IPDI, 2-butanone oxime and F-NHOH

(a typical example describ ed)

F-NHOH (0.5142g; 1 mmol), 0.424ml (0.4446g, 2 mmol) IPDI, 5 ml DBDTL

solution (1.0£ 10¡ 3 g/ml), and 7 ml acetonewereaddedinto a 50 ml two-neck-round-

bottom °ask. The solution was stirred at r.t. for 2 hr and at 60 ±C for 6 hr. Then

0.207ml 2-butanoneoxime (0.1916g; 2.2 mmol) was added to the solution and was

stirred at 60 ±C overnight. The work up procedureis similar to former one to yield

1.05g of a white solid.

Synthesis of blo cked IPDI based on IPDI, methanol and F-HDI-diol (a

typical example describ ed)

F-HDI-diol (1.1967g; 1 mmol), 0.424ml IPDI (0.4446g, 2 mmol), 8.2ml DBDTL

solution (1.0£ 10¡ 3 g/ml), and 12 ml acetonewere added into 50 ml two-neck-round-

bottom °ask. The solution was stirred at 55 ±C for 8 hr. Then excessmethanol

was added to the solution. The solution was stirred at r.t. overnight. The work up

procedureis similar to former one to yield 1.65g of a white solid.

Synthesis of blo cked IPDI based on IPDI, 2-butanone oxime and F-HDI-diol

(a typical example describ ed)

F-HDI-diol (1.1967g; 1 mmol), 0.424ml IPDI (0.4446g; 2 mmol), 8.2ml DBDTL

solution (1.0£ 10¡ 3 g/ml), and 12 ml acetonewere added to a 50 ml two-neck-round-

bottom °ask. The solution was stirred at 55 ±C for 8 hr. Then 0.207ml 2-butanone
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oxime (0.1916g; 2.2 mmol) was addedto the solution. The solution was stirred at 60
±C overnight. The work up procedureis similar to former oneto yield 1.73g of a white

solid.

Mo del reaction of F-diol with meth yl undecanoate

F-diol (0.6003g; 1 mmol) and 0.460ml methyl undeanoate(0.4006g; 2 mmol)

were added to a 25 ml Schlenk °ask under nitrogen stream. The mixture was stirred

at 130±C for 30 min. Then 5 mg dibutyltinoxide (0.5 wt-% to total weight) wasadded

and the mixture was stirred at 150 ±C for 1 hr and at 170 ±C for 2 hr. After cooling

down to r.t., 10ml chloroform wasaddedto dissolve the residual. Then the solvent was

evaporated by rotary evaporator, the residual reaction product was dried in vacuum

oven at 30 ±C overnight to yield a light yellow slurry.

T ypical polycondensation pro cedure of F-diol, DMA and 1,4-BD

F-diol (1 g; 1.67 mmol), 5.75 ml DMA (6.110g; 35.08mmol), and 2.69 ml 1,4-

butanediol (3.0109g; 33.41mmol) wereaddedto a 50 ml two-neck-round-bottom °ask

under nitrogen stream. The mixture was stirred at 130 ±C for 30 min, then 10 mg

dibutyltinoxide (0.1 wt-% to total weight) was added. The mixture was continuously

stirred at 150±C for 1 hr, at 170±C for 6 hr, and at 170±C for 1 hr undervacuum. After

cooling down to r.t., 30 ml chloroform wasaddedto dissolve the residual. The solvent

wasevaporated by rotary evaporator and the resulting solid wasdried in vacuumoven

at 30 ±C overnight to yield a light yellow solid.

T ypical polycondensation pro cedure of F-diol, DMT and NPG

F-diol (1 g; 1.67mmol), DMT (5.9286g; 30.53mmol), and NPG (3.0714g; 29.49

mmol) wereaddedto a 50ml two-neck-round-bottom °ask under nitrogen stream. The

mixture wasstirred at 150±C for 30min, then 10mg dibutyltinoxide (0.1 wt-% to total

weight) was added. The mixture was continuously stirred at 180 ±C for 1 hr, at 200
±C for 3 hr, and at 200 ±C for 1 hr under vacuum. The work up procedureis similar

to former one to yield a little yellow solid.

T ypical polycondensation pro cedure of F-diacid, DMT, and NPG

F-diacid (0.50 g; 0.74 mmol), DMT (5.7177g; 29.45mmol), and NPG (3.4921

g; 33.54 mmol) were added to a 50 ml two-neck-round-bottom °ask under nitrogen

stream. The mixture was stirred at 150 ±C for 30 min, then 10 mg dibutyltinoxide
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(0.1 wt-% to total weight) wasadded. The mixture wascontinuously stirred at 180 ±C

for 1 hr, at 200 ±C for 4 hr, and at 200 ±C for 30 min under vacuum. The work up

procedureis similar to former one to yield a yellow solid.

T ypical polycondensation pro cedure of F-diacid, DMA, and 1,4{BD

F-diacid (0.50 g; 0.74mmol), 3.41ml DMA (3.6286g; 20.83mmol), and 2.43ml

1,4{BD (2.4594g; 27.29mmol) were added to a 50 ml two-neck-round-bottom °ask

under nitrogen stream. The mixture was stirred at 130 ±C for 30 min, then 5 mg

dibutyltinoxide (0.1 wt-% to total weight) was added. The mixture was continuously

stirred at 150 ±C for 1 hr, at 170 ±C for 4 hr, and at 170 ±C for 1 hr under vacuum.

The work up procedureis similar to former one to yield a little yellow solid.

T ypical reaction pro cess of F-acid with epoxides

Melting reaction: F-diacid (0.6764g; 1 mmol) and 0.54ml glycidyl phenyl ether

(0.6007g; 4 mmol) were heatedat 140 ±C for 10 min in a 25 ml Schlenk °ask under

nitrogen stream.

Solution reaction: F-diacid (0.6764g; 1 mmol) and 0.270ml glycidyl phenyl ether

(0.3004g; 2 mmol) and TBAB (0.0161g; 0.24mmol) weredissolved in 1 ml 1,4-dioxane

in a 25 ml round-bottom °ask. Then the solution was heatedat 80 ±C for 24 hr. The

solvent was evaporated to yield a light yellow solid.

T ypical reaction pro cess of F-acid with epoxides

Melting reaction: F-acid (0.4992g; 1 mmol) and 0.066ml gylcidol (0.0741g; 1

mmol) wereheatedat 140±C for 30min in a 25ml Schlenk °ask under nitrogen stream.

Solution reaction: F-acid (0.4992g; 1 mmol) and 0.135ml gylcidyl phenyl ether

(0.1502g; 1 mmol) and TBAB (0.0168g; 0.25mmol) weredissolved in 4 ml DMF in a

25 ml round-bottom °ask, then the solution washeatedat 90 ±C for 24 hr. After that

the solvent was evaporated under reducepressureto yield a light yellow solid.

Synthesis of °uorinated MI copolymers

1 mol of poly(ethene-alt -maleic anhydride), poly(styrene-alt -maleic anhydride)

or poly(octadecene-alt -maleic anhydride), 1.0 mol of amino compound (3F4H-amino,

7F4H-amino,9F4H-amino,9F6H-amino), and 1.0 mol of TEA were dissolved in THF

and stirred at 160±C for 24h in an autoclave. The cooledreactionsolution waspoured

into acidic water solution. The resulting MI copolymerswerewashedintensively with
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water and then dried in vacuum at 40 ±C. The copolymers were characterizedby IR

spectroscopy con¯rmed the conversionof the maleicanhydride ring into the maleimide

ring. Fluorine analyseswere done for MI copolymers with longer per°uoroalkyl seg-

ments to calculate the degreeof attached Rf -sidechains in MI copolymers.

7.3 Characterization and metho ds

7.3.1 Nuclear Magnetic Resonance (NMR)

The NMR spectra were collected in 5 mm o.d. sample tubes with a Br uker

DRX 500NMR spectrometerat 500.13MHz for 1H NMR spectra, at 470.59MHz for
19F NMR spectra and 125.75MHz for 13C NMR spectra. The signal assignment was

done by 1H-1H COSY and 1H-13C HMQC 2D NMR experiments using the standard

pulse sequencesprovided by Br uker . For internal calibration the solvent peaksof

DMSO-d6 wereused: ± (13C) = 39.60ppm; ± (1H) = 2.50ppm. The 19F NMR spectra

were referencedto internal C6F6 ± (19F) = -163ppm.

7.3.2 Fluorine Elemen tal Analysis

Fluorine elemental analysis were carried out by the Mikroanalytisches Labor

Beller (GÄottingen, Germany).

7.3.3 MALDI-TOF-MS

MALDI-TOF-MS measurements were performed on a HP G2025A (Hewlett-

Packard). Positive-ion spectra were acquired in re°ectron mode. Dihydroxybenzoic

acid wasusedasmatrix. Samplesweredissolved in THF at 2 mg/ml and the matrix at

20 mg/ml; matrix and samplessolutions were mixed afterward. The MALDI system

was calibrated with polythiophene oligomer standardswith known molecular weight.

The massaccuracyis within § 0.05%.

7.3.4 A tomic Force Microscop y-T apping Mo de (AFM)

AFM tapping modemeasurements werecarriedout usingatomic forcemicroscopy

of Nanoscope II I (Digital Instruments, Santa Barbara) at r.t.. A commercialsilicon

cantilever with a spring constant of 35 N/m and resonancefrequencyaround 285kHz

was used. Unlessstated otherwise,moderate force tapping mode with set point ratio

° sp at 0.5 » 0.8 was employed to achieve good contrast in both height and phase
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images.Data analysiswerecarried out using speci¯cally designedDigital Instruments

software (version5.12Nanoscope software). The valuesof root-mean-squareroughness

(Rms) werecalculatedover the whole captured ¯lm area(5 x 5 ¹ m2).

7.3.5 TGA and DSC

Di®erential scanning calorimeter (DSC) measurements were performed on a

Perkin-Elmer DSC7 (Pyris-software version4.01). Samplesof 2-10mg weremeasured

with a heating rate and cooling rate of 20 K/min. Glass transition temperature was

determinedby the point of in°ection from the secondheating runs. Nitrogen wasused

as purge gas. Thermogravimetry analysis (TGA) measurements were performed on

Perkin Elmer TGA v. (Pyris-Software version 4.01), the temperature were ranging

from 30 to 700 ±C with a heating rate of 10 K/min, nitrogen was usedat purge gas.

7.3.6 Fourier Transform Infrared Spectroscop y (FTIR)

The IR investigationswerecarried out in a Bruker IFS66 spectrometerequipped

with a heatableGoldenGate Diamante ATR-Unit (SPECAC). 100scansfor onespec-

trum wereco-addedat a spectral resolutionof 4 cm¡ 1. The corresponding temperature

for the desiredmeasurement wascontrolled manually and set by 5 ±C intervals for the

annealingand cooling process.All spectra were base-linecorrected. As expected, all

bandsshowed lowered intensities after the annealingand cooling process.

7.3.7 Film Preparation Metho ds

Silicon wafers (2£ 2 cm2) with a round hole of 1 mm in diameter (Sico Wafer

GmbH, Jena, Germany) were usedas substratesfor the formation of polymer layers

for ADSA investigation, while silicon wafers (0.5£ 1 cm2) were used for the DSA in-

vestigation. Beforeusing, the silicon waferswere cleanedwith a piranha solution (4:1

mixture of H2SO4 and H2O2) at 80 ±C for 1 hr, then the waferswererinsedwith deion-

izedwater for 30 min, and blown dry with nitrogen stream. For somecases,after dried

with nitrogen stream, the silicon wafers were heated with bis-(hexamethylsilyl)azane

vapor for 2 hr. The resultedsilicon wafershave a native SiO2 layer of approximately 2

nm.
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7.3.7.1 Spin-coating

The polymer solutions of 2 wt-% concentration in CHCl3 were ¯ltrated through

a 0.25¹ m poly(tetra°uoro ethylene) (PTFE) ¯lter to remove particles just prior to its

spin coating. The spin time was 30 S at spin speed of 2000 r/min. The ¯lms were

transferred into a vacuum oven, and dried at 40 ±C and 10 mbar for 25 hr. Annealing

experiments for the ¯lms wereperformedat 10 mbar and 20 ±C above Tg for 24 hr.

7.3.7.2 Solution-casting

The polymer solutions of 8» 20 wt-% concentration in CHCl3 weredeposited on

silicon wafers after ¯ltrated through a 0.25 ¹ m PTFE ¯lter. Wafers were kept in a

desiccatorchargedwith chloroform vapor for 24 hr, then dried in vacuum oven at r.t.

for 24 hr to remove the residualchloroform. Annealing experiments wereperformedat

9.3 mbar and 20 ±C above Tg for 24 hr.

7.3.8 Con tact Angle Measuremen t

For the conventional determination of contact angles using the sessiledrop

method, the gominometerKr Äuss G40 was used. The liquid drop is deposited on the

given solid surfaceand a tangent is drawn at the three contact line of the drop at

its base. The contact angle is calculated by using a computer program. To produce

advancing contact anglesa manually controlled micrometer syringe was usedto push

the liquid into the drop from above. The syringewas always kept in contact with the

drop. The advancing contact angleswere measureddynamically as the increasingof

the radius to the three-phasecontact line, for each solid/liquid combination the contact

anglesdata presented are averageof 3 drops placedon 3 new surfaces.The standard

deviations calculated from theseexperiments were § 3.0±. The recedingcontact angle

were measuredafter the decreasingof the radius of the three-phasecontact line. The

standard deviations calculatedfrom recedingcontact angleswere§ 5.0±.

The water advancing and recedingcontact angleswere also measuredusing an

ADSA-P apparatusat (24.5§ 0.5) ±C. The water wassuppliedto the sessiledrop from

below the wafer surfacethrough the hole in the middle by a motorized syringedevice.

By pumping the water and withdrawing the water slowly from water drop (0.1 - 0.2

mm/min), a sequenceof imagesare recorded. A least squarealgorithm with surface

tension as one of the adjustable parameters is applied to ¯t the experimental drop

pro¯le to the theoretical drop pro¯le accordingto the Laplaceequation. The accuracy
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of advancing and recedingcontact anglesobtained in this method are within § 0.3±.

The contact angle measurements were carried out on three di®erent samplesand the

results wereaveraged.

7.3.9 Size Exclusion Chromatograph y (SEC)

These measurements have been performed on di®erent types of columns: for

small molar masssamples,a combination of Zorbax PSM 60 and Zorbax PSM 300

was able to give the results, whereashigh molar masssampleshave been measured

on Lichrogel PS4/40 or ZPLMIXED.C columns. The sampleshave been dissolved

in suitable solvents and passedthrough the columns at a °ow rate of 0.5 ml/min,

using a pump model 510 from Waters. IR-detector, Knauer refractometer, has been

employed to measurethe changesin the refractive index and to detect the quantit y

of each fraction as well as the di®erencesin the chemical structures. Linear narrow

polydispersity poly(styrene)swereusedas standard.

7.3.10 Viscosit y Testing

Measurements have been performed in a Ubbelohde viscosimeterfrom Schott,

with a capillary of thickness"I" and a correction constant k = 0.01007.The samples

of 25 mg have beendissolved in 10 ml chloroform and ¯ltrated through G2 porosity

¯lter into the viscosimeterprior to immersing it in a thermostatic water bath model

CT 1450 from Schott at 25 ±C. Each solution is annealedfor 10 minutes at 25 ±C

before5 times measurements with a Schott AVS 310 instrument. The pump usedfor

the measurements is a CK 100model from Schott.

7.3.11 Ellipsometry

The polymer ¯lm thicknessmeasurements wereperformedat r.t. on a computer

controlled single-wavelengthellipsometer(SE 402,Sentech GmbH, Germany). A He-Ne

laser(¸ = 632.8nm) wasusedasa light source.The angleof incidence(©) was¯xed at

70.0±. For each sample,the measurements wereperformedon four di®erent places,and

the resultswereaveraged.The thickness(d) and refractive index (n) of a nonabsorbing

singlepolymer ¯lm (k=0) in air (n0=1) were calculated from the ellipsometric angles

¢ and ª accordingto the basicequation of ellipsometry:221

tanª ei¢ = f(Ns,Nj ,dj ,n0,¸ ,©)
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whereN = n - ik as complexrefractive index of substrate (s) or layers (j), n is the

refractive index, k is the extinction coe±cient, j is the number of layers,and n0 is the

refractive index of the ambient medium.

7.3.12 Angle-Resolv ed XPS (AR-XPS)

AR-XPS measurements were performed employing an Axis Ultra (Kratos Ana-

lytical, Manchester,England), equipped with a monochromated Al K ® (h¢À = 1486.6

eV) X-ray light sourceof 300 W at 15 kV. The kinetic energyof the photoelectrons

was determined by an hemisphericanalyzer with a passenergy of 160 eV for wide

scanspectra and 20 eV for high-resolution spectra. The polymer ¯lms were mounted

on a sampleholder and introduced in a separatepreparation chamber which was di-

rectly connectedwith the spectrometer. The chamber wasquickly evacuatedto a base

pressureno higher than 2.7 £ 10¡ 8 mbar. Then the sampleswere transferred to the

analysis chamber of the spectrometer where the spectra were recorded. During all

measurements, electrostatic charging of the samplewas avoided by meansof a low-

energy electron sourceworking in combination with a magnetic immersion lens. All

the recordedpeakswereshifted by the samevalue which was necessaryto set the C1s

peak to 285.0eV.222

The polymer surfacewasinvestigatedby three di®erent take-o®anglesµ (0±, 60±,

and 75± corresponding to the information depths of 8 nm, 6 nm, and 2 nm), which

is de¯ned as the anglebetweenthe samplesurfacenormal and the optical axis of the

photoelectron spectrometer. The sampleinformation depth (d) can be approximated

accordingto the equationd = 5¸ cosµ, where¸ is the meanfreepath of photoelectron.

The resulting quantitativ e elemental compositions were determined from peak areas

using experimentally determinedsensitivity factors and the spectrometertransmission

function. Spectrum background was subtracted according to the Shirley method.223

The high-resolutionspectra weredissectedby meansof the spectra deconvolution soft-

ware. The parametersof the component peakswere their binding energy, height, full

width at half maximum and the Gaussian-Lorentzian ratio.

7.3.13 WAXS and SAXS

Wide angle X-ray scattering (WAXS) measurements were done by the X-ray

di®ractometerP4 (BRUKER axs Karlsruhe) with Cu K ® radiation (monochromati-

zation by primary graphite crystal) in transmission. The scattering ¯eld (2µ approxi-
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mately 1.8 to 40.5±) was acquired by integration of the 2-dimensionalscattering pat-

tern received with a HiStar area detector (GADDS). Small angle data were recorded

by meansof a 3-fold pinhole system (self-construction) equipped by a RIGAKU ro-

tating anode and applying Cu-K® radiation (monochromatization by primary OSMIC

confocal optic) in transmission. The scattering range (radial: 2µ = 0.09 ... 3.7±, cor-

responding to d ¼ 99 ... 2.4 nm) has been produced in similar manner to WAXS

by an area detection system HiStar / GADDS. On-line small angle X-ray scattering

(SAXS) experiments with heating and cooling furnaceprocedureswerecarried out on

the Polymer BeamlineA2 at HASYLAB (DESY Hamburg) for a d-value rangeof 1.8

- 33 nm

7.3.14 Molecular Mo deling

The molecular modeling was carried out by means of a Pentium II PC, 300

MHz with the operating system LINUX, SuSE distribution 7.3,224 Kernel vers. 2.4.

The geometry and the conformation of the monomerunits were optimized by means

of quantum mechanical ab initio calculationsusing the software packageGAMESS225

with the optional parametersof the restricted Hartree Fock selfconsistent ¯eld method

and the basisset 6-31G** (with di®useorbitals: for H as +2p and for C, N, O, and

F as +3s and +3p). Single polymer chain models were generatedby own written

softwarewhich is able to chain up di®erent kinds of monomerunits. Thus, it is possible

to realize linear, hyperbranched and perfectly branched polymers. The formation of

connectingmonomerunits of 100substituted ethylenesand maleimideswerecarried by

an alternating polymerization,basedon a randomly chosenrotation angleof +/- 20deg.

Therefore,polymer chain modelswith random conformationscould be performed.226
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8 Abbreviation

1,4-BD 1,4-Butanediol

1,8-OD 1,8-Octanediol

ADSA{P Axisymmetric Drop Shape Analysis{Pro¯le

ATRP Atom Transfer Radical Polymerization

Bis-MPA 2,2-Bis(hydroxymethyl) Propionic Acid

DBTDL Dibut yltin Dilaurate

DBTO Dibut yltin Oxide

DMA Dimethyl Adipate

DMAP 4-Dimethylamino-pyridine

DMT Dimethyl Terephthalate

DSC Di®erential ScanningCalorimetry

FTIR Fourier Transform Infrared

GTP Group Transfer Polymerization

HDI 1,6-Diisocyanatohexane

IPDI IsophoroneDiisocyanate

LB Langmuir-Blo dgett

MALDI{TOF{MS Matrix Assisted Laser Desorption/Ionization{Time of
Flight{Mass Spectroscopy

MDI Methylene Di-p-phenyl Diisocyanate

MI Maleimide

MMA Methyl Methacrylate

MW Molecular Weight

NMR Nuclear Magnetic Resonance

NPG Neopentyl Glycol; 2,2-Dimethyl-propanediol

PU Polyurethane

PTFE Poly(tetra°uoro ethylene)

ROMP Ring{Op ening Metathesis Polymerization

r.t. Room Temperature

SAXS Small Angle X{ra y Scattering

SCF Self{Consistent{Field Analysis

SF Semi-Fluorinated

TBAB Tetrabutylammonium Bromide

TEA Triethylamine

TEG Bis-[2-(2-hydroxyethoxy)-ethyl] ether

TEMPO 2,2,6,6-tetramethylpip eridine-1-oxyl

TGA Thermogravimetry
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TMP 2-Ethyl-2-(hydroxymethyl)-1,3-propanediol

UV Ultra Violet

VOC Volatile Organic Chemical

WAXS Wide Angle X{ra y Scattering

XFDM 1H,1H,2H,2H -Per°uorodecyl Methacrylate

XPS X{ra y Photoelectron Spectroscopy
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