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As demonstrated in Part 1" of this series of studies, the hydrophobic character of CF4
plasma-treated Nylon 6 and poly(ethylene terephthalate) (PET) decay with timie of water
immersion, and the rate of decay can be used as a measure for the surface mobility of
(substrate) polymers. The same method of using fluorine-containing moieties introduced by
CF4 plasma treatment as surface labeling is applied to investigate the influence of a thin
layer of plasma polymer of methane applied onto the surface of those polymers. An ultrathin
layer of plasma polymer provides a barrier to the rotational and diffusional migiation of the
introduced chemical moieties from the surface into the bulk of the film. The influence of
operational parameters of plasma polymerization on the surface dynamic stability are
examined by measuring the decay rate constants for (subsequently) CF4 plsma-treated
samples. The rate constant was found to decrease sharply with increasing value of plasma
energy input manifested by J kg monomer, and no decay was observed as the energy input
reached a threshold value (about 6.5 GJ, kg for PET, about 7.0 GJ kg for Nylon 6),

indicating that unperturbable surfaces can be created by means of plasma polymerization.
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Table. 1 Conditions of plasma polymerization of CHs applied on Nylon 6 films
W Flow rate Po Pg  Thickness W/FM
Sample (on T.M)) 10
(Wattage) (SCCM) (mtorr) {(mtorr)  (nm) (%107} /ke)
Nylon 6/M-1 75 6.30 56.1  65.1 60 0.10
Nylon 6/M-2 5 2.52 31.0 347 60 0.25
Nylon 6/M-3 75 1.58 24.0 29.6 60 0.40
Nylon 6/M-4 75 1.15 18.5  23.5 60 0.55
Nylon 6/M-5 75 0.90 5.4 20.2 60 0.70

Table. 2 Conditions of plasma polymerization of CHs applied on PET films

W Flow rate Po Pg  Thickness W/FM

Sample (on T.M.) 0
(Wattage) (SCCM) (mtorr) (mtorr) (nm) (x107] /kg)

PET/M-1 85.17 4.36 43.6  46.3 120 0.164
PET/M-2 85.74 1.47 20,4 18.7 120 0.494
PET/M-3 84.15 0.48 9.22 1.2 120 1.473
PET/M-4 85.16 4.43 43.3  45.8 60 0.161
PET/M-5 85.78 1.42 20.2  18.0 60 0.508
PET/M-6 84.15 0.48 9.63 7.5 60 1.473
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Table 3 Effects of CHs plasma polymerization on contact angle of water on CF, plasma treated

Nylon 6 films immersed in water

Contact angle(")

Submerged time Nylon 6 Nylon 6/ Nylon 6/ Nylon 6/  Nylon 6/ Nylon 6/
(min) no pretreatment M-1 M-2 M-3 M-4 M-5
0 115.0 115.0 114.9 113.0 112.0 111.5
5 102.0 100.5 102.5 104.5 107.0 115.5
(10min 118.3)
(15mni 116.5)
30 95.0 97.9 98.5 100.1 102.5 114.3
60 92.0 93.1 94.7 95.5 100.3 111.3
90 91.5 92.6 95.1 64.4 96.0 109.3
120 89.6 90.8 93.6 93.0 94.0 111.3
(No CF4 treatment 63.5 72.8 71.5 71.4 69.6 68.0 )

Table 4 Intensities of ESCA Fis peaks of CF4 plasma treated Nylon 6 films immersed in water

ESCA Fis intensity (cpsx 10

Submerged  Nylon 6 Nylon 6/ Nylon 6/ Nylon 6/ Nylon 6/ Nylon 6/

time (min) no pretreatment M-1 M-2 M-3 M-4 M-5

0 8.16 8.08 8.01 7.96 7.75 6.53

5 7.09 6.96 7.24 7.42 7.33 6.90
(10min 6.93)
(15min 6.92)

30 6.47 6.50 6.83 7.10 6.88 6.68

60 6.20 6.37 6.72 7.01 6.42 6.65

90 6.59 6.19 6.25 7.01 7.23 6.69

120 6.05 6.27 6.57 6.95 7.20 6.57
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Fig. 2 Change of contact angle of water on CF,
plasma treated Nylon 6 films as functions of
water immersion time.
-O— no treatment, - CH, pretreatment
(M-4: W/FM 0.55x10"° J/kg),
—— CH, pretreatment
(M-5: W/FM 0.70 X 10"J /kg)
O CF, treatment, © CH, pretreatment
(M-4: W/FM 0.55x 10" J/kg) & CF, treatment,
~-— CH, pretreatment (M-5: W/FM 0.70x 10" J/
kg) & CF, treatment.
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Fig. 3 Contact angles of water on unimmersed
and water immersed samples of CF, plasma
treated Nylon 6 films as functions of W/FM
values of CH, plasma pretreatment.

O CH; pretreatment & CF, treatment

e CH, pretreatment & CF, treatment & subme-

rged time 120 min
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Fig. 4 The ratio of contact angle of water
immersed surface/that for unimmérsed surface
(both CF, plasma treated under the identical
conditions) as a function of W/FM in the

pretreatment with CH, plasma
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Fig. 5 Log-log plots for contact angle of water

on CF, plasma treated Nylon 6 films and immer-

sion time in water.

0 no CH, pretreatment & CF, treatment

a CH, pretreatment (M-1:W/FM 0.10x10* J/
kg) & CF, treatment

o CH, pretreatment (M-2:W/FM 0.25x10°]/
kg) & CF; treatment

e CH, pretreatment (M-3:W/FM 0.40%x10* J/
kg) & CF;4 treatment

a CH, 'pretreatment (M-4:W/FM 0.55x10" J/
kg) & CF, treatment

a  CH; pretreatment (M-5:W/FM 0.70x 10" J/
kg) & CF, treatment
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Fig. 8 Change of ESCA Fis peak intensities on

CF, plasma treated Nylon 6 films as functions of

water immersion time.

o0 CF, treatment

® CH, pretreatment (M-4:W/FM 0.55x10* J/
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—-— CH, pretreatment (M-5:W/FM 0.70x10® J/
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Fig. 8 The ratio of ESCA Fis peak intensity of

water immersed surface that for unimmersed
surface of CF, plasma treated Nylon 6 films as a
function of W/FM in the pretreatment with CH,
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Fig. 7 ESCA F1s peak intensity on unimmersed

and water immersed samples of CF, plasma
treated Nylon 6 films as functions of W/FM
values of CH, plasma freatment.
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Fig. 9 Changes in ESCA signals of Nylon 6 film
on CF, plasma treatment and subsequent water
immersion.

A :no CF, treatment

B : CF, treatment

C: CF, treatment & submerged 120min
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Fig. 10 Changes in ESCA signals of Nylon 6 film

on CH, plasma pretreatment, CF, plasma treat-

ment, water immersion, and the subsequent heat

treatment (W/FM for the pretreatment=0.55X

10" J/kg)

A :no treatment

A’ : CH; pretreatment (M-4:W/FM 0.55x10"° J/
kg)

B :CH, pretreatment (M-4:W/FM 0.55x10" J/
kg) & CF, treatment

C :CH, pretreatment (M-4: W/FM 0.55x10"° J/
kg) & CF, treatment & submerged 120min
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Table 5 Effects of CH, plasma polymerization on contact angle of water on CF4 plasma treated PET

films immersed in water

Contact angle (*)

Submerged time PET

Thickness 120nm

Thickness 60nm

(min) no pretreatment  PET/M:1 PET/M-2 PET/M-3 PET/M-4 PET/M~5 PET/M-6
0 97.0 98.5 94.3 54.5 97.2 102.7 87.0
5 76.0 81.0 89.5 82.0 80.5 98.3 103.5
15 - 77.0 88.5 84.0 78.5 97.5 105.0
30 72.3 79.5 89.5 80.5 76.5 99.0 94.0
60 72.0 78.0 88.0 80.0 74.5 96.3 86.0
90 71.5 76.5 89.0 80.5 75.5 98.5 89.0
120 71.5 75.8 87.8 80.0 73.8 98.0 90.0
(No CF4 treatment 69.0 69.5 74.0 75.0 72.5 73.8 74.5 )
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Fig. 12 Change of contact angles of water on
CF, plasma. treated PET films as functions of
water immersion time (thickness of plasma
polymer of methane=120nm)
—O— no treatment, - CH, pretreatment

(M-2: W/FM 0.494x 10" J/kg),

—s— CH, pretreatment (M-3: W/FM 1.473x 10" J/

kg)

O CH, pretreatment, e  CH, pretreatment
(M-2: W/FM 0.494x 10" J/kg) & CF, treat-
ment’

-~ CH, pretreatment (M-3: W/FM 1.473x 10" J/
kg) & CF, treatment
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Fig. 13 Contact angles of water on unimmersed

and water immersed samples of CF, plasma

treated PET films as functions of W/FM values

of CH, plasma pretreatment (thickness of plasma

polymer of methane=120nm)

O CH, pretreatment (thickness: 120nm) & CF,
treatment

e CH, pretreatment (thickness: 120nm) & CF,
treatment & submerged 120 min
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Fig. 14 Log-log plots for contact angle of water

on CF, plasma treated PET films and immersion

time in water (thickness of plasma polymer of

methane=120nm)

o0 no CH, pretreatment & CF, treatment

a  CH, pretreatment (M-1: W/FM 0.164%x 10" J/
kg) & CF, treatment

o CH, pretreatment (M-2: W/FM 0.494x10" J/
kg) & CF, treatment
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Fig. 15 Change of contact angles of water on

CF, plasma treated PET films as functions of

water immersion time (thickness of plasma

polymer of methane=60nm)

~-O0—- no treatment, -~ CH,; pretreatment
(M-5: W/FM 0.506 x 10" J/kg),

—a— CH, pretreatment (M-6:W/FM 1.473x 16" J/
kg)

0 CH; treatment, © CH, pretreatment
(M-5: W/FM 0.506x10"° J/kg) & CF, treat-
ment

—-~CH, pretreatment (M-6 : W/FM 1.473x 10" J/
kg) & CF, treatment
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Table 6 Intensities of ESCA Fis peaks of CF4 plasma treated PET films immersed in water

ESCA Fis Intensity (cas X 10%)

Submerged time PET Thickness 120nm Thickness 60nm
(min) no pretreatment  PET/M-1 PET/M-2 PET/M-3 PET/M-4 PET/M-5 PET/M-6
0 9.31 9.13 8.24 3.45 9.17 8.09 5.31
5 6.98 6.88 6.97 6.87 7.42 6.64 6.22
15 — 7.11 7.16 6.73 7.01 7.04 5.91
30 5.24 6.81 6.00 6.13 6.47 6.06 6.07
60 6.00 6.09 6.07 5.03 6.12 5.80 5.80
90 5.32 6.00 6.04 5.14 6.58 5.71 5.76
120 5.76 5.82 6.06 5.16 6.47 5.77 5.49
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Fig. 16 Contact angles of water on unimmersed
and water immersed samples of CF, plasma R ,
treated PET films as functions of W/FM values ° 1.0 2.0
LOG t (min)

of CH, plasma pretreatment (thickness of plasma

polymer of methane==60nm)

O CH, pretreatment (thickness:60nm) & CF,
treatment

@ CH, pretreatment (thickness:60nm) & CF,

treatment & submerged 120min
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Fig. 17 Log-log plots for contact angle of water

on CF, plasma treated PET films and immersion

time in water (thickness of plasma polymer of

methane=60nm)

0 no CH; pretreatment & CF, treatment

a  CH, pretreatment (M-4: W/FM 0.161x 10" J/
kg) & CF; treatment

= CH, pretreatment (M-5: W/FM 0.506x 10" J/
kg) & CF, treatment
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Fig. 18 Change of ESCA Fis peak intensity on
CF, plasma treated PET films as functions of
water immersion time (thickness of plasma
polymer of methane=120nm)

o CF, treatment

© CH, pretreatment (M-2 : W/FM 0.494x 10" J/

kg) & CF; treatment
-~ CH, pretreatment (M-3 : W/FM 1.473x 10" J/

kg) & CF, treatment
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Fig. 19 ESCA Fis peak intensities on unimmersed
and water immersed samples of CF, plasma
treated PET films as functions of W/FM values
of CH, plasma pretreatment (thickness of plasma
polymer of methane=120um)

0 CH;, pretreatment (thickness : 120nm) & CF,
treatment

120nm) & CF,

treatment & submerged 120min

© CH, pretreatment (thickness :
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Fig. 20 Changes in ESCA signals of PET films
due to the treatments (without pretreatment)

A : no CF, treatment

B : CF, treatment

C : CF, treatment & submerged 120min
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Fig. 21 Changes in ESCA signals of PET films

due to the treatments (pretreatment conditions :

W/FM=0.494 X 10* J/kg, thickness=120nm)

A :no treatment

A’ : CH, pretreatment (M-2 : W/FM 0.494x 10" J/
kg)

B :CH, pretreatment (M-2 W/FM 0.494 10" J/
kg) & CF, treatment

C : CH, pretreatment (M-2 : W/FM 0.494X 10" J/
kg) & CF, treatment & submerged 120min
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Fig. 22 Changes in ESCA signals of PET films

due to the treatments (pretreatment conditions :

W/FM=1.473 X 10" J/kg, thickness=120nm)

A :no treatment

A’ : CH, pretreatment (M-3 : W/FM 1.473x 10" J/
kg)

B : CH, pretreatment (M-3 : W/FM 1.473x10" J/
kg) & CF, treatment

C :CH, pretreatment (M-3 : W/FM 1.473><10m J/
kg) & CF, treatment & submerged 30min
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Fig. 23 Change of ESCA Fis peak intensity of
CF, plasma treated PET films as functions of
water immersion time (thickness of plasma
polymer of methane=60nm)
o CF, treatment
e CH, pretreatment (M-5 : W/FM 0.506 x 10" J/
kg) & CF; treatment
—-- CH, pretreatment (M-6 : W/FM 1.473 X 10,, J/
kg) & CF, treatment
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Fig. 24 ESCA Fis peak intenaities on unimmer-
sed and water immersed samples of CF, plasma
treated PET films as functions of W/FM values
of CH, plasma pretreatment (thickness of plasma
polymer of methane=60nm)

O CH, pretreatment (thickness : 60nm) & CF,

treatment
@ CH, pretreatment (thickness : 60nm) & CF,

treatment & submerged 120min
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Fig. 25 Changes in ESCA signals of PET films

due to the treatments (pretreatment conditions :

W/FM 0.506x 10" J/kg, thickness=60nm)

A :no treatment

A’ : CH, pretreatment (M-5 : W/FM 0.506 X 10" J/
kg)

B : CH, pretreatment (M-5 : W/FM 0.506x 10" J/
kg) & CF, treatment

C : CH, pretreatment (M~5 : W/FM 0.506 X 10™ J/
kg) & CF, treatment & submerged 120min)
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Fig. 26 Changes in ESCA signals of PET films

due to treatments (pretreatment conditions : W/

FM=1.473 x 10" J/kg, thickness=60nm)

A :no treatment

A’ : CH, pretreatment (M-6 : W/FM 1.473x 10" J/
kg)

B : CH, pretreatment (M-6 : W/FM 1.473x10" J/
kg) & CF, treatment

C : CH, pretreatment (M-6 : W/FM 1.473x 10" 1/
kg) & CF; treatment & submerged 90min
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Fig. 27 ESCA Fis signals of CF, plasma treated
PET without pretreatment

A : CF, treatment

B : CF, treatment & submerged 5min

C : CFy treatment & submerged 120min
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Fig. 28 ESCA Fis signals of CF, plasma treated

PET with methane plasma pretreatment (plasma

polymorization of methane : W/FM=1.473x 10"

J/kg, thickness =60nm)

A : CH, pretreatment (M-6 : W/FM 1.473x 10" J/
kg) & CF, treatment

B : CH, pretreatment (M-6 : W/FM 1.473x 10" J/
kg) & CF, treatment & submerged 5min

C : CH, pretreatment (M-6 : W/FM 1.473x10" J/

kg) & CF, treatment & submerged 90min
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Fig. 29 ESCA Fis signals of CF, plasma treated

PET with methane plasma pretreatment (plasma

polymerization of methane : W/FM=1.473x 10"

J/kg, thickness=120nm)

A : CH, pretreatment (M-3 : W/FM 1.473 X 10" J/
kg) & CF, treatment

B : CH, pretreatment (M-3 : W/FM 1.473x 10" J/
kg) & CF, treatment & submerged 5min

C : CH, pretreatment (M-3 : W/FM 1.473x 10" J/
kg) & CF, treatment & submerged 90min
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Fig. 30 The ratio of'contact angles of water
(after water immersion ~before) as functions of

W/FM : in plasma polymerization of methane
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Fig. 31 The ratio of ESCA Fis peak intensity
(after water immersion, “before) as functions of
W/FM in plasma polymerization of mefhane
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Fig. 32 Effect of the pretreatment condition on
th decay rate constant, k, for Nylon 6 and PET
films subsequently treated by CF, plasma

O Nylon 6, 2 PET
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