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Abstract

In order to combine the properties of polymers based on vinylidene chloride (VC2) (barrier properties towards many gases) and fluorinated

polymers (low surface energy, improvement of the chemical resistance), a diblock terpolymer poly(VC2-co-MA)-b-(PFDA) was synthesized

by RAFT process. The first block is a statistical copolymer of vinylidene chloride (VC2) and methyl acrylate (MA) (MnZ6800 g molK1 and

PDIZ1.4), the second block is a homopolymer of 1H,1H,2H,2H-perfluorodecyl acrylate (FDA). The diblock terpolymer, when used in a

coating formulation based on a poly(VC2-co-MA) matrix, migrates towards the surface of the coating and fluorinated moieties are located at

the surface. The migration of the additive was clearly shown by scanning electron microscopy EDX and by measurements of surface energy,

and the influence of the nature of the solvents used to prepare the coating was clearly established. These results indicate that the driving force

for the migration is the surface energy of the additive.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Additives for plastics and coatings are usually dispersed

homogeneously within the bulk of the material. Such a

distribution of the additives is interesting for plasticizers and

various stabilizers (UV stabilizers, radical quenchers,

etc.). However, in some other cases, it would be more

interesting to get a preferential partitioning of the additives

either at the surface (towards the air) or at the interface

(towards the substrate of the coating). Preparation of this

type of structure in only one step thanks to the use of smart

additives which could migrate at the right place would

represent an important technological progress. Several

papers have studied the phenomenon of phase separation

during the drying of the coatings, i.e. the so-called ‘self-
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stratifying coatings’. The concept of ‘self-stratification’ has

been introduced by Funke in 1976 [1]. His work deals with a

powder mixture of two polymers deposited on a metallic

surface. The polymers were separated into two layers upon

heating. The self-stratification behavior was discussed in

terms of solubility parameters and was related to capillarity

phenomenon which depends on surface energy and viscosity

[2]. These parameters were examined by several authors, all

works being based on the study of a mixture of two

incompatible polymers. Toussaint [3] has investigated the

influence of the surface energy of several compounds and

has shown that it is the compound with the lower surface

energy which migrates towards the surface (air/coating

interface). Vink [4] has estimated the degree of incompat-

ibility between the phases by extension of the overlapping

of spheres of solubility in the concept of Hansen’s solubility

parameters [5]. Vink [4] has also used a mixture of two

solvents (principle of preferential evaporation), one being a

good solvent for the two resins and rapidly evaporating, the

other being a good solvent for only one of the two resins and

slowly evaporating. The first insoluble polymer comes into

contact with the metal (coating/substrate interface). So, the

mechanisms for self-stratifying coatings may be described

in terms of solubility of blends, degree of incompatibility
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between the two phases, surface energy, and kinetics of

evaporation of the solvents [6–8].

Fluorinated polymers have attracted interest as surface

modifying agents because of their low surface energy [9,

10]. Works have shown that block copolymers containing a

fluorinated block can efficiently partition towards the

surface to form a surface separated domain [11,12]. Many

kinds of block copolymers have been synthesized and the

relation between the orientation of the fluorinated block and

the surface properties has been studied [13]. The surface of

the film can be characterized by atomic force microscopy

(AFM) [13,14], surface energy measurement [14–16], X-ray

photoelectron spectroscopy (XPS) [17,18]. Thus, fluoromo-

nomers, fluorinated oligomers and copolymers have been

used to form thin films of fluorine-rich surface. The

preparation and characterization of fluorine modified resin

films have also been reported in many studies [18].

Furthermore, fluorinated surface modifying macromol-

ecules (SMMs) were developed [16,19] and shown to

reduce the hydrolytic degradation of base polyurethane. Mc

Closkey et al. [16] have shown that fluorinated SMMs

migrate to the surface of the SMM-poly(urethane urea)

blends. Waltz et al. [20] have studied depth profiling of latex

blend of fluorinated and fluorine-free acrylate with laser

induced secondary mass spectrometry and showed a

significant accumulation of fluorinated segments at the

surface.

The aim of this study is to increase the surface properties

of the coating with a small quantity of additive. Several

parameters were important to induce a migration, like the

molecular weight of the additive and its architecture.

Indeed, the use of low molecular weight organic molecules

as additives has shown some limitations. Low molecular

weight additives can be leached off, as in the case of

phthalates in poly(vinyl chloride), and high molecular

weight additives can lead to a phase segregation and

delaminating. The molecular weight of the additive should

be tuned to permit its diffusion within the matrix while

keeping a sufficient interaction with the matrix. Further-

more, an additive with a diblock structure appears to be

attractive, one block ensuring the compatibility with the

matrix while the other block brings the functionality and the

driving force for the migration. A convenient method to

control the molecular weight and the architecture of

polymers is controlled/living radical polymerization

(CRP) [21,22]. In this work, a matrix based on poly-

(vinylidene chloride) PVDC was prepared because this

polymer is well-known for its barrier properties

towards many gases [23,24]. Then, the fluorinated

additive poly(vinylidene chloride-co-methyl acrylate)-b-

poly(1H,1H,2H,2H-perfluorodecyl acrylate) was syn-

thesized. It is a diblock copolymer containing two parts:

one with the same composition as the matrix and the other

one, which is fluorinated. The fluorinated block will

generate the driving force for the migration of the additive.

Finally, the additive was dispersed into the coating and its
migration was studied by two methods: surface energy

measurements and scanning electronic microscopy.
2. Experimental part

2.1. Materials

Vinylidene chloride (VC2, Aldrich, 99%), methyl

acrylate (MA, Aldrich, 99%) 1H,1H,2H,2H-perfluorodecyl

acrylate (FDA, Aldrich) were purified by distillation under

reduced pressure over CaH2. Benzene (SDS, 99.9%),

methanol (SDS, 99.9%), dichloromethane (SDS, 99.9%),

were used as received. Azobisisobutyronitrile (AIBN,

Fluka, 98%) was recristallized from methanol before use.

2.2. Equipment

Copolymerization was performed in a 300 mL stainless

steel autoclave (Parr instrument) equipped with a pressure

transducer, a temperature controller connected to an internal

thermocouple inside the reactor, and with a tube to withdraw

samples during the polymerization.

Suspension polymerization was performed in a 3 L

vitrified autoclave with mechanical stirring, equipped with

a temperature regulation and a pressure transducer.

2.3. Characterizations

Size exclusion chromatography (SEC) analyses were

performed on crude samples with a Spectra Physics

Instruments SP8810 pump equipped with two 300 mm

columns PL-Gel 5 mm mixed-C (polymer laboratories) and

a Shodex Rise-61 refractometer detector. Tetrahydrofuran

was used as eluent (1.0 mL mnK1) at 30 8C. Molecular

weights refer to a polystyrene calibration (polystyrene

standards from polymer laboratories).
1H analyses were performed on a 200 MHz Bruker

apparatus in CDCl3 or THF D8. Tetramethylsilane (TMS) is

used as an internal reference for 1H NMR. Chemical shifts

are given in ppm and assignations d, t, q, m stand for

doublet, triplet, quadruplet and multiplet, respectively.

Thermal gravimetric analyses (TGA) were performed in

nitrogen on a TGA 51 from TA instruments (Guyancourt,

France) at a heating rate of 10 8C/min from 50 to 700 8C.

Differential scanning calorimetry (DSC) measurements

were carried out using a Perkin–Elmer DSC Pyris 1

calibrated with indium. Each sample was scanned with a

heating rate of 10 8C minK1. Four scans were performed on

each sample. The measured DSC data are averaged on the

three last subsequent scans.

Contact angles were determined with a Kruss G23

goniometer. The results are the average values of 15

measurements. Water (liquid surface energy gLVZ
72.5 mN mK1, gD

LVZ21:7 mN mK1; gP
LVZ50:8 mN mK1),

hexadecane ðgLVZgD
LVZ27:6 mN mK1Þ and methylene
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iodide (gLVZ49.4 mN mK1, gD
LVZ48:1 mN mK1; gP

LVZ
1:3 mN mK1) were used as wetting liquids. Metallic

substrates were cleaned with acetone and dried. A polymer

solution (concentration 100 g LK1) was spun-cast on the

metallic plates (duration 30 s, acceleration 2000 rpm/s, spin

rate 1000 rpm). Contact angle measurements were deter-

mined before and after annealing at 110 8C during 7 h

(temperature above the melting point of PFDA but below

the degradation temperature of poly(VC2-co-MA)).

Two types of scanning electron microscopy (SEM)

were used to determine the morphology of the coatings

and the repartition of fluorine. Analyses were realized at

the surface, at the interface, and in the bulk (cross

section) of the coating material. Prior to analyses,

samples were metallized with platinum, which is the

more common method described.

SEM analyses were performed on a HITACHI apparatus

(resolution, 5 nm) in order to study the morphology of the

coating. The contrast of pictures depends on the molecular

weight of each atom, low molecular weight elements

appearing darker.

Scanning electronic microscopy coupled with X-ray

SEM-EDX analyses were performed on a LEICA apparatus

(resolution: 50 nm), in order to characterize the elements

present in the sample. Characterization of every element

(except hydrogen) was obtained by X-ray spectroscopy

under electron flux. For this purpose, an electron beam is

directed to the surface to be analyzed, and emitted X

photons are detected. Thanks to the energy emitted by the

elements, one can obtain an X-ray spectrum. Two types of

analysis were performed. A whole analysis of the picture

seen on the screen can be achieved, giving an average

composition of the sample. Alternatively, a probe can be

used to inspect surfaces within a 1 mm3 scale, allowing

studying the distribution of the different chemical elements

in the cross section of the coating material by analyzing at

different places.

EDX analyses were performed at the surface, at the

interface and in the cross section of the coating. To

compare the heights of the peaks, analyses were

performed at the same magnification, the same electron

beam tension (7 kV) and the same number of counts. To

analyze the cross section of the coating, the sample was

frozen in liquid nitrogen, then the coating was

cryofractured and recovered with a scalpel.
2.4. Synthesis of 1-(ethoxycarbonyl)eth-1-yl dithiobenzoate

The reversible chain transfer agent (CTA) was syn-

thesized as already described [25,26]. The structure of this

CTA is PhC(S)SCH(CH3)C(O)OEt.
1H NMR in CDCl3 d:

8.0 (d, 2H, Ph), 7.4 (m, 3H, Ph), 4.7 (q, 1H, SCH, 3JHHZ
7.46 Hz), 4.3 (q, 2H, OCH2,

3JHHZ7.24 Hz), 1.7 (d, 3H,

SCH(CH3),
3JHHZ7.46 Hz), 1.3 (t, 3H, OCH2CH3,

3JHHZ
7.24 Hz).
2.5. Preparation of the matrix component

Water (1400 g) were introduced in a 3 L autoclave. One

hundred and ninety-two millilitres of a 10 g LK1 aqueous

solution of a cellulosic dispersant were introduced in the

autoclave under stirring at 350 rpm. AIBN (1.85 g, 1.13!
10K2 mol) was then added. Oxygen was removed from the

reactor by several vacuum/nitrogen cycles. Then, a mixture

of vinylidene chloride (818 g, 8.44 mol) and methyl acrylate

(181 g, 2.10 mol) was added. The autoclave was heated at

70 8C for 18 h. Before opening the reactor, residual

monomers were removed under vacuum for 1 h. A

copolymer with molecular weight of MnZ63,300 g molK1

and polydispersity index of PDIZ1.99 was obtained with

92% yield (determined by gravimetry). Glass transition

temperature Tg of this copolymer is 32 8C.
2.6. Synthesis of poly (VC2-co-MA) by RAFT

The 300 mL autoclave was placed under vacuum. A

solution of vinylidene chloride (65.8 g, 6.79!10K1 mol),

methyl acrylate (15.13 g, 1.76!10K1 mol), AIBN (0.145 g,

8.84!10K4 mol) and CTA (1.35 g, 5.33!10K3 mol) in

benzene (96.7 g, 1.24 mol) was introduced in the reactor

under reduce pressure. Then, the autoclave was pressurized

with 5 bars of nitrogen to allow withdrawing some samples

during the polymerization. The reaction mixture was heated

at 70 8C and stirred at 400 rpm for 18 h. The conversion was

determined by gravimetry as following: samples of about

2 g of the reaction mixture were withdrawn from the reactor

tube and frozen in liquid nitrogen to stop the polymeriz-

ation. Volatiles were evaporated under vacuum at 35 8C

(with hydroquinone to prevent polymerization). The global

conversion in weight was calculated by (mdry!
100)/(msample!SC) where mdry is the weight of the sample

after evaporation, msample is the mass of the crude sample,

and SC is the theoretical dry solid content at 100%

conversion. The copolymer was dissolved in THF and

purified by precipitation twice in pentane. The molecular

weight was determined by SEC: MnZ6800 g molK1,

PDIZ1.4.
2.7. Synthesis of poly(VC2-co-MA)-b-PFDA

Chain extension of the previous copolymer syn-

thesized by RAFT was carried out as follows poly(VC2-

co-MA) (1.133 g, 1.67!10K4 mol), FDA (5.00 g,

9.65!10K3 mol), AIBN (0.0111 g, 6.75!10K5 mol)

and benzene (24.57 g, 3.15!10K1 mol) were introduced

in a schlenk. The mixture was deoxygenated by freeze

thaw pump followed by a stream of argon. The mixture

was heated at 70 8C for 22 h. Then, the polymer was

purified by precipitation twice in pentane and dried

under vacuum.
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2.8. Formulations and coating

Several formulations were prepared (Table 1) and

coatings were realized by spin coating. The temperature

chosen for annealing was 110 8C during 7 h (above Tm and

Tg, 7 h to avoid degradation of the formulations).
Fig. 1. Copolymerisation of VC2 with MA by RAFT at 70 8C. (a) Evolution

of molecular weight Mn (black symbols) and polydispersity index PDI

(open symbols) versus conversion. (b) Evolution of Ln([M0]/[M]) versus

time.
3. Results and discussion

3.1. Diblock characterization

The diblock terpolymer was synthesized in two steps:

first block synthesis of poly(VC2-co-MA) and then chain

extension to produce poly(VC2-co-MA)-b-(PFDA). The

first block was prepared by RAFT [27] polymerization

(reversible addition–fragmentation chain transfer) in order

to control the molecular weight of the copolymer. The

incorporation of MA in the copolymer not only permits to

make the polymer soluble in conventional solvents at room

temperature but also increases its thermal stability [28]. The

reactivity ratios of the monomers are close to 1 (r1Z0.90;

r2Z0.95), it can be concluded that VC2 gives an almost

ideal statistical copolymer with MA [28]. The kinetic study

shows that the molecular weight increases with conversion

and the polydispersity index remains fairly narrow (Fig.

1(a)). Furthermore, the plot Ln([M0]/[M]) versus time is

linear (Fig. 1(b)). These results are consistent with a good

control of the polymerization.

After purification by precipitation, the isolated polymer

(MnZ6800 g molK1, PDIZ1.4) has been reactivated for

chain extension with 1H,1H,2H,2H-perfluorodecyl acrylate

(FDA) by RAFT polymerization. PFDA has a very low

solubility in usual organic solvents because of its high

crystalline nature and its high fluorine content. Thus, the

structural analyses of the fluorinated diblock terpolymer

were difficult. Indeed, no common solvents were found for

the two blocks. A first evidence of the diblock structure is

the presence of foam both in THF (good solvent of

poly(VC2-co-MA) but poor solvent of PFDA), and in

trifluorotoluene (TFT) (good solvent of PFDA but poor

solvent of Poly(VC2-co-MA)). This behavior can be

attributed to the formation of micelles in THF (PFDA in

the core of the micelles) and reverse micelles in TFT

(poly(VC2-co-MA) in the core of the micelles) (Fig. 2). 1H

and 19F NMR spectra in THF D8 show the presence of
Table 1

Weight composition of formulations for coatings

Formulation Solvent Matrix of poly(VC2-co-M

(MnZ63,300 g molK1, P

a THF 100%

b THF –

c TFT –

d THF 84%

e THF/TFT(75/25 v/v) 91%
fluorinated units, but the length of the second block cannot

be determined by 1H NMR as this kind of analysis is not

quantitative for micellar systems or aggregates.

Elemental analysis of poly(VC2-co-MA)-b-PFDA gives

30.37% C, 39.47% F, and 19.53% Cl. Thus the molar

composition can be calculated 59% VC2, 15% MA, 26%

FDA and a weight composition 28% VC2, 6.3% MA, 65.7%

FDA (with MVC2
Z96:9, MMAZ86.1 and MFDAZ

518 g molK1). Assuming that all the FDA units are in the

diblock structure, the Mn of the terpolymer can be calculated

by MnZ(100!6800)/(28C6.3)Z19,800 g molK1. With

the yield of polymerization (36%), the theoretical Mn

calculated by Mn,thZmFDA/nCTA!conversionCMCTA is

17,700 g molK1. The good correlation between these two

Mn indicates that the average composition of the diblock

terpolymer, according to the yield of polymerization, is

poly(VC2-co-MA)57/15-b-(PFDA)21.
A)

DIZ1.99)

Additive poly(VC2-co-MA)-b-(PFDA)

–

100%

100%

16%

9%



Fig. 2. Different structures of aggregates depending on the solvent: PFDA in the core in THF (left) or PFDA in the shell in TFT (right).
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Poly(VC2-co-MA) copolymer, PFDA homopolymer and

poly(VC2-co-MA)-b-PFDA diblock terpolymer were ana-

lyzed by thermogravimetric analysis (TGA) in order to

check the presence of PFDA in the copolymer and to

determine the temperature at which the diblock can be

annealed without degradation (Fig. 3). Thermogravimetic

analysis of the matrix shows a beginning of significant

degradation at 200 8C, and two inflection points: one at

250 8C (HCl elimination) and the other at 510 8C. Analysis

of the additive shows that it is stable below 200 8C. Two

losses of weight were observed: the first one at 250 8C

(degradation of the chlorinated block), the second one at

350 8C (degradation of the fluorinated block). Thermogravi-

metric analysis of PFDA homopolymer confirms the second

weight loss (350 8C) corresponding to the fluorinated block.

DSC analysis of the fluorinated additive shows a Tg at

30 8C corresponding to poly(VC2-co-MA) and a melting

point at 71 8C due to PFDA.

Solvent effect on the structure of the coating was studied.

Two formulations (b and c) prepared with the block

copolymer were analyzed (Table 1): one in THF (solvent

of poly(VC2-co-MA) block), one in TFT (solvent of PFDA

block). The coating obtained had a very low thickness

(consequence of foam formation), thus only surface analysis

were realized by microscopy after annealing at 110 8C. EDX

spectra of the formulations b and c depict the presence of

four elements of the terpolymers (C, F, O, Cl) and platinum

used for metallization. The different peaks were attributed to

carbon at 0.2 keV (Ka), oxygen at 0.05 keV (Ka), fluorine at

0.7 keV, the two peaks of chlorine at 2.6 (Ka) and 2.8 keV

(Kb), and the platinum peak at 2.1 keV (used for the

metallization of the sample) (Fig. 4). The height of the

fluorine peak implies that the additive contains a lot of
Fig. 3. Thermogravimetric analyses of polymers (a) poly(VC2-co-MA) matr
fluorine but it is not related to the molar ratio calculated by

elemental analysis (39.47% F, and 19.53% Cl by elemental

analysis, with MFZ18.99 and MClZ35.45 g molK1, leading

to a molar ratio F/ClZ3.7). Moreover, the peak of fluorine is

more important in TFT than in THF. This phenomenon can

be explained by a different organization of the block

copolymer depending on the solvent (Fig. 2). The results

shown in Fig. 4 indicate that the thermodynamic equili-

brium is not achieved for the coating. Nevertheless, our goal

is not to use the additive alone but to put it in a formulation

with the matrix. Furthermore, in practical applications, the

thermodynamic equilibrium is not necessarily reached to

obtain a migration of the additive during the curing of the

coating.
3.2. Study of migration

The phenomenon of migration was studied by two

techniques: contact angle measurements and microscopy

(SEM and SEM-EDX).
3.2.1. Surface energy measurement

Contact angle of a liquid on a film surface depends on the

hydrophilicity/hydrophobicity of the surface. Polyacrylates

such as PFDA are known to give low surface energy

materials [29]. It was interesting to study the effect of the

addition in various amounts of a PFDA block containing

additive in a matrix of poly(VC2-co-MA) on the surface

properties of dried films made from these mixtures, and in

particular on their surface energy.

To determine the surface energy of the films, we used the

technique based on the measurement of the contact angles q
ix, (b) poly(VC2-co-MA)-b-PFDA additive, (c) homopolymer PFDA.



Fig. 4. Surface EDX analyses of coatings prepared from poly(VC2-co-MA)-b-PFDA in TFT (formulation c, left), and in THF (formulation b, right). (15 kV,!

700).
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of very small drops of test liquids deposited onto a flat and

smooth solid surface, here being the films.

The contact angle is related to the liquid used and the

solid film surface energies, respectively noted gLV and gSV,
through the well known Young’s equation [30] (1):

gSV ZgSL CgLVcos w (1)

where gSL is the surface interfacial (solid/liquid) energy.

According to the Fowkes’ formalism [31], the surface

energy (g) of a material can be decomposed in a (arithmetic)

sum of two components, a dispersive and a polar one,

respectively noted (gd) and (gp) such that:

gLV Zgd
LV Cg

p
LV (2)

gSV Zgd
SV Cg

p
SV (3)

Furthermore and among the various expressions for the

interfacial surface energy which can be found in the

literature (Kaelble [32], Owens and Wendt [33], Wu [34],

van Oss [35]), we choose that one of Owens and Wendt for

its simplicity [36]:

gSL ZgLV CgSV K2ðgd
SVg

d
LVÞ

1=2 K2ðg
p
SVg

p
LVÞ

1=2 (4)

Combining (1) and (4), the Owens-Wendt/Young’s

equation [33] was obtained:

gLV

2ðgd
LVÞ

1=2
ð1Ccos wÞ

Z ðg
p
SVÞ

1=2 g
p
LV

gd
LV

� �1=2

C ðgd
SVÞ

1=2haxCb (5)

which is the analytical expression for a straight line of slope

aZ ðg
p
SVÞ

1=2 and y-axis intercept bZ ðgd
SVÞ

1=2.

Using different test liquids of known surface energies and

for which their dispersive and polar components are also

known, a set of different contact angle values are experimen-

tally obtained. Plotting the values of ðgLV=2ðg
d
LVÞ

1=2Þ

ð1Ccos wÞ versus ðg
p
LV=g

d
LVÞ

1=2 for each test liquids on a x, y

diagramme allows the graphical determination of the slope

ðg
p
SVÞ

1=2 and the y-axis intercept ðgd
SVÞ

1=2 and hence the

calculation of gSV through (3). The slope and the y-axis
intercept can also be determined more simply by the linear

regression technique.

The experimental contact angles for the test liquids used

in this study and the resultant surface energies of films we

made from different mixtures polymer/additive are sum-

marized in Table 2. Vink [4] has used a mixture of two

solvents (principle of preferential evaporation) to induce the

‘self stratification’ in a blend of two polymers. Herein, a

mixture of two solvents was also studied. THF is a good

solvent for the matrix and for the block poly(VC2-co-MA)

of the additive while TFT is a good solvent of the fluorinated

block. Moreover, the boiling point of THF (65 8C) is below

the one of TFT (100 8C) and should make the migration

easier.

Results (Table 2) show the effect of the additive on the

surface properties of the coating. The surface energy of the

matrix agrees well with values reported for PVDC

(40.0 mN/m), and contact angle with water of 808 and

with methylene iodide of 298 [37]. The value for PFDA is

the same as that reported in the literature (10.9 mN/m) [38].

The low surface energy of additive/matrix mixture shows

that the fluorinated additive is present at the surface of the

coating. Formulation e with two solvents (TFT and THF)

gives a lower g than formulation d, indicating a higher

efficiency of the migration of the additive when two solvents

are used. These results are in agreement with Vink theory.

Thus, the decrease of the surface energy proves that the

surface is enriched in the fluorinated additive. The following

section on analyses by microscopy permits to prove the

migration of the additive towards the surface.
3.2.2. Analysis by scanning electronic microscopy

Two types of SEM were used to visualize the

morphology of the coatings and the repartition of the

fluorinated additive: Scanning electron microscopy (SEM)

and scanning electron microscopy coupled with X-ray

(SEM-EDX). To compare the heights of the peaks, the

analyses were performed at the same magnification, the

same tension for the electron beam (7 kV) and the same

number of counts. To analyze the cross section of the

coating, the sample was frozen in liquid nitrogen, then the



Table 2

Contact angles in degree after annealing (110 8C, 7 h) and corresponding surface energy

Solvent Metallic substrate Matrix

(formulation a)

Additive

(formulation b)

Mixture

(formulation d)

Mixture

(formulation e)

Water 58.0 77.0 122.5 105.2 119.4

Hexadecane 13.0 17.2 76.0 68.8 78.8

Methylene iodide 39.8 31.5 93.3 80.7 83.8

gsv (mN/m) 47.1 38.1 10.9 15.7 12.3
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coating was cryofractured. First, the sample was character-

ized at the surface (top view), then at the interface (bottom

view), and finally the cross section was characterized by

successive analyses with the probe of the microscope.

Like for formulations b and c, EDX spectra of the

formulation d, (formulation in THF, annealed at 110 8C)

shows the presence of different elements (Fig. 5). The peaks

of carbon at 0.2 keV (Ka), oxygen at 0.5 keV (Ka), fluorine

at 0.7 keV (Ka), and the two peaks of chlorine at 2.6 (Ka)

and 2.8 keV (Kb) can be distinguished. The peak of

platinum, used for metallization, is also observed at

2.1 keV. The analysis of the surface of the coating shows

the presence of fluorine. But the surface is not homo-

geneous: aggregates or nodules are observed on the

photograph. EDX analyses show that the content of fluorine

increases when pointing the nodules. These results indicate

that the additive is incompatible with the matrix, probably

due to the poor solubility of the additive in THF.

Then the cross section of formulation d was studied (Fig.

6). EDX analyses show the repartition of the additive.

Indeed the presence of fluorine is only observed at the

surface (air/coating) and in the bulk but not at the interface

(coating/metal). Nevertheless, the amount of fluorine at the

surface is lower than in the bulk (middle of the cross

section).

These analyses do not prove the migration of the additive

towards the surface of the coating but they show the

presence of the additive near the surface and not at the

interface. Moreover, these results are in agreement with

the surface energy measurements. Indeed the presence of

fluorine at the surface leads to a decrease of the surface

energy g. Lastly, the cross section is not homogeneous:

small nodules are observed.
Fig. 5. EDX spectra of the surface (left), of a nodule (right) and ph
3.2.3. Influence of a mixture of two solvents

The photographs of formulation e (with solvent mixture)

show that the surface is smoother than for formulation d,

and the cross section seems free of nodules. Thus, two

solvents improve the solubility of the additive in the matrix.

Moreover, EDX analysis shows the presence of fluorine at

the surface of the coating. Cross section of the coating has

also been characterized. The migration of the additive is

proved by EDX spectra (Fig. 7). Indeed, a fluorine gradient

in the cross section is observed: a higher peak of fluorine at

the surface (air/coating) and no peak of fluorine at the

interface (coating/metal). This result shows that the

migration occurs favorably if a selective solvent of

the PFDA block is used in conjunction with a solvent of

the matrix.
4. Conclusion

A diblock terpolymer poly(VC2-co-MA)-b-PFDA was

prepared by RAFT process and was used as a fluorinated

additive in coating formulations based on a poly(VC2-co-

MA) matrix. The additive has a low surface energy as

shown by contact angle measurement. It contains two parts:

one is compatible with the matrix (same composition) while

the other one is fluorinated (incompatible with the matrix)

and affords a driving force for the migration. EDX analyses

have shown that the additive migrates towards the surface of

the coating. Thus, the presence of the additive into the

coating efficiently increases the hydrophobicity of the

surface, enhancing the surface properties of the coating.

The results of this study are in agreement with those of

Toussaint and Funke on incompatible polymer blends.
otograph of the surface (middle), for formulation d in THF.



Fig. 6. EDX spectra of formulation d (after annealing at 110 8C) on the surface (left), in the middle of the cross section (center), interface (right), and SEM

photograph of cross section of formulation d (after annealing at 110 8C).

Fig. 7. EDX spectra of formulation e (after annealing at 110 8C): surface (left), middle of the cross section (middle), interface (right), and SEM photograph of

cross section of formulation e (after annealing at 110 8C).
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These authors showed that one of the driving forces for the

‘self-stratification’ of a polymer coating on metals is the

surface energy. The additive studied herein has a rather low

molecular weight so that its diffusion within the matrix is

facilitated. Indeed, if the interactions between the additive

and the matrix were important, leading to a complete

compatibility additive/matrix, the additive would not

migrate. Moreover, the incompatible moiety must contain

a functionality bringing the driving force for migration.

Concerning the fluorinated additive, the driving force is the

difference of surface energy. This study also shows the

influence of the solvent choice in order to enhance

the migration: a mixture of THF and TFT permits to obtain

a coating with a very low surface energy.
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