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ABSTRACT: Surface modification of poly(p -phenylene terephthalamide) (PPTA) film by
a remote oxygen plasma treatment has been investigated from a viewpoint of compari-
son with a direct oxygen plasma treatment. We call the modification procedure in a
space far away from the oxygen plasma zone ‘‘the remote oxygen plasma treatment,’’
and the modification procedure in a space just in the oxygen plasma zone (a conven-
tional oxygen plasma treatment) ‘‘the direct oxygen plasma treatment.’’ In a space far
away from the plasma zone, oxygen radicals rather than electrons and oxygen ions are
predominant, and the PPTA film can be modified by the remote oxygen plasma treatment
into a hydrophilic surface without heavy degradation of the PPTA film. The PPTA film
surfaces modified by the remote oxygen plasma treatment were analyzed with contact
angle measurement, scanning microscopy, atomic force microscopy, and X-ray photoelec-
tron spectroscopy. q 1997 John Wiley & Sons, Inc. J Appl Polym Sci 64: 831–840, 1997
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INTRODUCTION interact with surfaces of polymeric materials to
initiate chemical reactions such as hydrogen ab-

Poly(p -phenylene terephthalamide) (PPTA) is straction, bond scission, and radical formation. As
one of the most effective materials used as rein- a result, the surfaces are modified, e.g., from hy-
forcements for composites. Poor adhesion between drophobic to hydrophilic. This is an essential
the PPTA fiber and polymer matrices such as ep- mechanism of the plasma treatment. Hydrophilic
oxy resins impedes application of the PPTA fiber surface modification by oxygen plasma is due to
as a reinforcement to polymer composites. Adhe- oxidation reactions with oxygen radicals. Oxygen
sion of the PPTA fiber has been improved by sev- ions and electrons in oxygen plasma are trouble-
eral methods.1–9 Plasma treatment is one of the some species for hydrophilic surface modification
effective surface modifications of polymeric mate- because their heavy collision with the polymer
rials for adhesion improvement. The plasma surface leads to the bond scission of the polymer
treatment is not effective for the PPTA fiber, but chains. As a result, degradation products (oligo-
is effective for polyolefins and poly(ethylene ter- mers) are formed at the surface and act as a weak
ephthalate).2,8 The ineffectiveness is considered boundary layer deteriorating the adhesion. Both
to be due to bond scission of the PPTA fiber oc- oxidation and degradation reactions always occur
curring by the plasma treatment.10

in oxygen plasma treatment.11 Although an extent
Plasma contains electrons, ions, and radicals of the degradation depends on the plasma op-

(atoms) in a gas phase. These species are able to erating conditions, such as rf input power and
kind of plasma gasses, the plasma treatment
never escapes from the degradation occurring atCorrespondence to: N. Inagaki.

q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/050831-10 the surface. The hydrophilic surface modification
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oxygen plasma treatment is able to modify PPTA
surface without electron and ion attack or not.

THEORETICAL BACKGROUND OF REMOTE
PLASMA TREATMENT

Activated species in oxygen plasma (that is, oxygen
radicals, oxygen ions, and electrons) decay in man-
ners of radioactive decay, recombination between
electron and ion, and recombination between radi-
cals. Essential reactions in the oxygen plasma are
shown in Figure 1.13–17 When the recombination re-
actions between electrons and ions are faster than
those between radicals, the oxygen radicals will have
a longer lifetime than electrons and ions. Is this ex-
pectation true? We simulated the kinetics of oxygen
plasma. A model shown in Figure 2 was applied for
simulating the kinetics of oxygen plasma. A cylindri-
cal tube is connected at one end to the oxygen plasma
zone. Oxygen gas flows at a constant velocity of V
cm/s from the plasma zone to the other end of the
tube. The concentrations of oxygen radicals (Cr), oxy-

Figure 1 Elemental reaction in oxygen plasma. gen ions (Ci ), and electrons (Ce) at a distance of z
cm from the edge of the plasma zone are simulated
from the model. We consider the one-dimensional

by oxygen plasma is a key to how oxygen radicals mass balance between positions of z and z/ dz. The
in oxygen plasma interacts effectively with the mass balance of the oxygen radicals is represented by
polymeric materials without heavy attacks of oxy- two basic equations, eqs. (1) and (2). The differential
gen ions and electrons. coefficient (dJr/dz) of the oxygen radical flux (Jr) at

Plasma is a mixture of electrons, ions, and radi- a position of z is equal to the generation rate of oxy-
cals. These species disappear in the processes of gen radicals (Rr) in a space of dz.
electron–positive ion recombination, positive
ion–negative ion recombination, and radical– dJr

dz
Å Rr (1)radical recombination. The rate constant of these

reactions is in the order of 1007 cm3/sec, 1007 cm3/
sec, and 10033 cm6/s, respectively.12 Therefore, The Jr at z is given by two modes of the radical
radicals possess much longer lifetimes than elec- drifting (oxygen flux and diffusion):
trons and ions. We expect that a radical concen-
tration at a position far away from the plasma
zone will become predominantly higher than elec-
tron and radical concentrations because of the
lifetime difference. This is the concept of a remote
plasma treatment. The remote plasma treatment
is different from conventional plasma treatment
with respect to relative distance of the sample
position against the plasma zone: the sample in
the remote plasma treatment is positioned away
from the plasma zone, and the sample in the con-
ventional plasma treatment is positioned just in
the plasma zone. We call the usual plasma treat-
ment the ‘‘direct plasma treatment’’ to distinguish
it from the remote plasma treatment. In this Figure 2 Model used for simulating the kinetics of

oxygen plasma.study, we have investigated whether the remote
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Jr Å CrV 0 Dr
dCr

dz
(2)

where Cr, V, and Dr are the oxygen radical concentra-
tion, the velocity of the oxygen flow, and the diffusion
coefficient of the oxygen radicals, respectively. Since
the diffusion velocity is much faster than the oxygen
flux, eq. (2) is modified to become eq. (3):

Jr Å Dr
dCr

dz
(3)

Combination of eqs. (1) and (3) gives the oxygen
radical concentration as a function of the distance,
z . Details of the simulation procedure are not de-

Figure 3 Relative concentration of oxygen radicals,scribed here because the procedure has been re-
and electrons and oxygen ions as a function of distanceported elsewhere.18 Consequently, the oxygen
from the plasma zone.radical concentration (Cr ) is written in eq. (4) as

Cr Å C0
r expH0S k11

Dr
D0.5

zJ (4) we believe that the oxygen radicals become pre-
dominant species in spaces far away from the oxy-
gen plasma zone. We expect a possibility that pre-
dominant interactions between oxygen radicalswhere C0

r is the oxygen radical concentration at z
and the polymer surface will occur in a space farÅ 0, and (k11 /Dr )0.5 is 3.2 1 1002 cm01 .
away from the oxygen plasma zone. We call theOn the other hand, the electron and ion concen-
procedure in a space far away from the oxygentrations also are simulated in similar simulation
plasma zone a ‘‘remote oxygen plasma treatment,’’procedures using the model shown in Figure 2.
and the procedure in a space just in the oxygenThe electron (Ce ) and oxygen ion concentrations
plasma zone (a conventional oxygen plasma treat-(Ci ) are written as follows:
ment) a ‘‘direct oxygen plasma treatment.’’

Cc Å Ce Å Ci Å
C0

c

H1 / SC0
c k6

6Dc
D0.5

zJ2 (5)
EXPERIMENTAL

Materials

AramikaTM, kindly provided in the form of filmwhere C0
c is the electron and oxygen ion concentra-

500 mm wide and 25 mm thick by Asahi Chemicaltion at z Å 0, and (k6 /6Dc )0.5 is 1.3 1 1006 cm01 .
Ind. Co. Ltd., Japan, was used as the PPTA sam-Figure 3 shows the relative concentrations of
ple. The PPTA film was washed with acetone inoxygen radicals (Cr ) , oxygen ions, and electrons
an ultrasonic washer prior to the surface modifi-(Cc ) as a function of the distance, z , which are
cation experiments.calculated from eqs. (4) and (5). The oxygen ions

and electrons decrease faster than the oxygen rad-
ical: for example, the relative concentration of the Plasma Reactor for Remote Oxygen
oxygen ions and electrons at a distance of 20 cm Plasma Treatment
against the original concentrations in the plasma
zone is only 1.2%, while that of the oxygen radi- A special reactor was used for the remote oxygen

plasma treatment. The reactor consists of a cylin-cals is 53%. At a distance of 60 cm, the relative
concentration of the oxygen ions and electrons is drical Pyrex glass tube (45 mm diameter, 1000

mm length) and a columnar stainless-steel cham-0.15% and that of the oxygen radicals is 15%. The
oxygen radical concentration (C0

r ) at a distance of ber (300 mm diameter, 300 mm height). One end
of the Pyrex glass tube was jointed with the cham-zero (z Å 0) is 105 to 106 times higher than the

charged species concentration (C0
r ) .19 Therefore, ber by a Viton O-ring flange; at the other end of
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G-1). A drop (1ml) of water pushed out of a microsyr-
inge was transferred to the surface of the PPTA spec-
imens, and the height (h) and width (w) of the drop
on the PPTA surface were measured using a tele-
scope with a scale. A contact angle (u) of the drop
was estimated from the equation, u/2 Å tan01 (2h/
w). The contact angle was determined from an aver-
age of ten measurements with a standard deviation
of 1 degree. The contact angle determined by the
sessile drop method is static, and is distinguished
from dynamic contact angles such as advancing and
receding contact angles.

X-ray Photoelectron Spectra (XPS)

XPS spectra of the surface of the PPTA films wereFigure 4 Schematic representation of remote plasma
obtained on a Shimadzu ESCA K1 (Japan) usingreactor.
a non-monochromatic MgKa photon source. The
anode voltage was 10 kV, the anode current was
30 mA, and the background pressure in the ana-the tube were two gas inlets for the injection of

oxygen and argon gases and a copper coil of nine lytical chamber was 1.51 1006 Pa. The X-ray spot
was 2 mm in diameter, and take-off angle of pho-turns for the energy input of rf power (13.56 MHz

frequency). In the stainless-steel chamber were a toelectrons was 90 degrees with respect to the
sample surface. The XPS spectra were referencedsample stage positioned at 80 cm from the copper

coil for the rf power input; a Barocel pressure sen- with respect to the 285.0 eV carbon 1s level ob-
served for hydrocarbon to eliminate charge ef-sor (type 622, Edwards, England); and a vacuum

system with a combination of a rotary pump (320 fects. The smoothing procedure of the spectra was
not done. The C1s, and O1s spectra were decom-L/min) and a diffusion pump (550 L/s). The vac-

uum system can depress a pressure in the reac- posed by fitting a Gaussian-Lorentzian mixture
function (mixture ratio, 80:20) to an experimentaltion chamber to an order of 1003 Pa. A schematic

diagram of the plasma reactor for the remote oxy- curve using a nonlinear, least-squares curve-fit-
ting program, ESCAPAC, supplied by Shimadzu.gen plasma treatment is shown in Figure 4.
Sensitivity factors (S ) for the core levels were
S (C1s) Å 1.00, S (N1s) Å 1.77, and S (O1s) Å 2.85.

Remote Oxygen Plasma Treatment O/C and N/C atomic ratios at the PPTA film sur-
face were estimated from the relative intensity ofThe PPTA films were mounted on the sample

stage in the reaction chamber. Air in the reaction the O1s or N1s) core level against the C1s core level
within an experimental error of {0.01.chamber was displaced with argon, and the reac-

tion chamber was evacuated to approximately
0.13 Pa. Afterwards, oxygen gas whose flow rate

Atomic Force Microscopywas adjusted to 10 cm3 (STP)/min by a mass flow
controller (model SEC-400 MARK3; Estec Co., Ja- The oxygen plasma-treated PPTA film surfaces

were scanned with atomic force microscopy (AFM;pan) was introduced into the reaction chamber.
The remote oxygen plasma treatment was per- Seiko Instrument, Japan, SFA-300) to observe

their surface morphology. A triangular-pyramidalformed at a system pressure of 13.3 Pa at an rf
power of 50 W for 1 to 20 min. silicon nitride tip was used as a probe, and an

area of 2 1 2 mm square was scanned under a
probe pressure of 8.71 10011 N/m2. An arithmetic

Contact Angle of Water on the Remote Oxygen mean of the surface roughness (Ra ) and a root
Plasma-Treated PPTA Films mean square of the surface roughness (Rms) were

calculated from the roughness profile determinedUsing the sessile drop method,20 contact angles of
water on the oxygen plasma-treated PPTA film sur- by AFM. When a roughness profile is written as

a function of Z ( x ) , Ra and Rms are defined by thefaces were measured at 207C using a contact-angle
meter with a goniometer (Erma Co, Japan, model following equations:
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tor and under the same plasma operating condi-
tions as those in the remote oxygen plasma treat-
ment, the contact angle of water is 11 degrees at
a plasma treatment time of 1 min, 10 degrees at
3 min, and 7 degrees at 20 min (Fig. 5). There is
no large difference in contact angle between the
PPTA films treated with the remote and the direct
oxygen plasmas. Therefore, we conclude that (1)
the remote oxygen plasma can modify the PPTA
film into a hydrophilic surface as powerfully as
the direct oxygen plasma, and (2) a great part of
the hydrophilic surface modification process by
the remote oxygen plasma is accomplished within
a treatment time as short as 1 min.

Surface Morphology of Remote Plasma-Treated
PPTA Film Surface

Figure 5 Contact angle of water against PPTA film
surface treated with the remote and the direct oxygen The contact angle measurement shows that the
plasma at 50 W as a function of plasma treatment time; remote oxygen plasma is able to modify the PPTA
(s) treated with the remote oxygen plasma; (n) treated film surface into hydrophilic. A main difference
with the direct oxygen plasma. between the remote and direct oxygen plasmas, as

described in the theoretical background section, is
a relative concentration between oxygen radicals

Ra Å
1
L *

L

0
ÉZ ( x )Édx (6) and charged species such as oxygen ions and elec-

trons. The oxygen radicals in the remote oxygen
plasma zone are in higher concentration than the

Rms Å
√

1
L *

L

0
Z ( x )2dx (7) charged species. On the other hand, both charged

species and oxygen radicals in the direct oxygen
plasma zone are in high concentration. Therefore,where L is the scanning distance (2 mm).
we expect that the surface modification with the
remote oxygen plasma will escape from degrada-
tion of the PPTA film surface initiated by heavyRESULTS AND DISCUSSION
collision of the charged species.

Surface morphology of the PPTA film treatedContact Angle of Water Against Remote Oxygen
with the remote oxygen plasma was examinedPlasma-Treated PPTA Films
with scanning electron microscopy (SEM) and
AFM in order to investigate how the PPTA filmWhen the PPTA films were mounted at the sam-

ple stage (80 cm away from the rf input zone) surface was damaged by the plasma treatment.
The PPTA films which were treated with the re-and treated with the remote oxygen plasma, their

surface property changed from hydrophobic to hy- mote and direct oxygen plasmas at 50 W for 1
min and then rinsed with ethanol to eliminatedrophilic. Figure 5 shows typical results for the

contact angle of water against the PPTA film sur- degradation products from the film surfaces were
used as specimens for SEM and AFM measure-face treated with the remote oxygen plasma at

an rf power of 50 W as a function of the plasma ments. Figure 6 shows SEM pictures of the PPTA
film surfaces treated with the remote and directtreatment time. A short time treatment of 1 min,

as shown in Figure 5, shows a large decrease in oxygen plasmas. The remote oxygen plasma-
treated PPTA film surface is as smooth as thecontact angle from 74 to 16 degrees. After this

initial large decrease, the contact angle continues original PPTA film, but the direct oxygen plasma-
treated PPTA film shows a rougher surface. Thereto decrease but the decrease is small: the contact

angle at a plasma treatment time of 3 min is 15 are numerous lumps (less than 0.1 mm diameter)
all over the surface of the direct oxygen plasma-degrees, and that at 20 min is 12 degrees.

When the PPTA films are treated with the di- treated PPTA film. In order to evaluate the sur-
face roughness, roughness profiles of the oxygenrect oxygen plasma using the same plasma reac-
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Figure 6 SEM pictures of PPTA film surfaces treated with the remote and the direct
oxygen plasma at 50 W for 1 min.

plasma-treated PPTA film surfaces were mea- the XPS measurement were the PPTA films which
were treated with the remote and direct oxygensured by AFM (Fig. 7). From the AFM pictures,

an arithmetic mean of the surface roughness (Ra ) plasma at an rf power of 50 W for 1 min. Table II
shows the O/C and N/C atomic ratios for the re-and a root mean square of the surface roughness

(Rms) are calculated in Table I. Ra and Rms values mote and direct oxygen plasma-treated PPTA
films. The O/C and N/C atomic ratios for the orig-for the remote oxygen plasma-treated PPTA film

surface are 1.2 and 1.7 nm, respectively, which inal PPTA film, as shown in Table II, are 0.14
and 0.13, respectively, which correspond with theare comparable to those of the original PPTA film

surface, 1.0 and 1.4 nm, respectively. On the other ratios (0.143) calculated from the repeating unit
of the PPTA film, C14H10N2O2, within an experi-hand, Ra and Rms values for the direct oxygen

plasma-treated PPTA film surface are 9.7 and mental error of {0.01. This good correspondence
indicates that the XPS analytical procedure was12.5 nm, respectively, which are greatly larger

than those of the remote oxygen plasma-treated performed appropriately. The remote oxygen
plasma treatment, as shown in Table II, leads toPPTA film. This comparison shows that the re-

mote oxygen plasma treatment caused no change a large increase in O/C atomic ratio (0.23) and a
small increase in N/C atomic ratio (0.16). Ofin surface morphology, but the direct oxygen

plasma treatment led to a large change in surface course, the direct oxygen plasma treatment also
leads to a large increase in O/C atomic ratiomorphology. Therefore, we conclude that the re-

mote oxygen plasma does not initiate remarkable (0.29) and a small increase in N/C atomic ratio
(0.15). Large increases in the O/C atomic ratiodegradation on the PPTA film surface with hydro-

philic modification. On the other hand, the direct indicate that some oxygen functionalities were
formed by the remote oxygen plasma treatmentoxygen plasma initiates heavy degradation on the

PPTA film surface with hydrophilic modification. as well as by the direct oxygen plasma treatment.
The remote and direct oxygen plasma-treated

PPTA film surfaces were rinsed with ethanol to
Chemical Composition of Remote Oxygen eliminate low-molecular-weight degradation prod-
Plasma-Treated PPTA Film Surface ucts, and their surface compositions before and

after the rinsing were analyzed with XPS (TableAtomic composition of the PPTA films treated
with the remote oxygen plasma was determined II) . If there is a large difference in atomic ratios,

especially in the O/C atomic ratio, between theby XPS in order to investigate what oxygen func-
tionalities were formed on the PPTA film surface oxygen plasma-treated PPTA films before and

after the rinsing, low-molecular-weight degrada-by the remote oxygen plasma. Specimens used for
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Figure 7 AFM pictures of PPTA film surfaces treated with the remote and the direct
oxygen plasma at 50 W for 1 min.

tion products may have been formed on the sur- the N/C atomic ratios: the O/C and N/C atomic
ratios before the rinsing are 0.29 and 0.15, respec-face of the PPTA film by the oxygen plasma treat-

ment. Table II compares O/C and N/C atomic ra- tively, and those after the rinsing are 0.18 and
0.14, respectively. A large decrease in O/C atomictios before and after the rinsing. For the remote

oxygen plasma-treated PPTA films, there is less ratio indicates that the direct oxygen plasma
treatment formed low-molecular-weight productsdifference in O/C and N/C atomic ratios before

and after the rinsing the PPTA films: the O/C and (degradation products) as well as oxygen func-
tionalities on the PPTA film surface. From theN/C atomic ratios before the rinsing are 0.23 and

0.16, respectively, and those after the rinsing are comparison, we can conclude that (1) not only the
direct oxygen plasma treatment but also the re-0.25 and 0.16, respectively. On the other hand,

for the direct oxygen plasma-treated PPTA films, mote oxygen plasma treatment are able to form
oxygen functionalities on the PPTA film surface;there are large differences in O/C atomic ratios

before and after the rinsing but less difference in and (2) the remote oxygen plasma treatment
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Table I Surface Roughness of PPTA Films nents calculated from the repeating unit of the
Treated with the Remote and the PPTA (71.4% for CH groups, 14.3% for C{N
Direct Oxygen Plasmas groups in amides, 14.3% for C|O groups in am-

ides). The presence of the C(O)O groups in the
Surface C1s spectrum indicates that a part of the amide

Roughness groups in the original PPTA film has already been(nm)
hydrolyzed before the oxygen plasma treatment.
This supposition is supported by the O1s spectrum.PPTA Film Ra Rms
The O1s spectrum for the original PPTA film in
Figure 9 shows two oxygen functionalities due toOriginal PPTA film 1.0 1.4

Remote oxygen plasma-treated O|C groups in amides and carboxylates at 531.8
PPTA film 1.2 1.7 eV and O{C(O) groups in carboxylates at 533.6

Direct oxygen plasma-treated eV.21 The relative concentrations of the two func-
PPTA film 9.7 12.5 tionalities are 81 and 19%, respectively. This indi-

cates that an amide group of 24% (19/[62 / 19]
Treated at 50 W for 1 min. Å 0.24) in the PPTA film has been hydrolyzed into

carboxylate groups, because the C|O group in
the amides is 81 0 19 Å 62, and the C|O groupsforms little degradation product on the PPTA film

surface, but the direct oxygen plasma treatment in the carboxylates is 19.
The remote and direct oxygen plasma-treatedforms some low-molecular-weight degradation

products. This conclusion is supported by the ex- PPTA films show some changes in C1s and O1s

spectra, but no change in the N1s spectrum (Figs.perimental evidence obtained from the contact
angle and AFM measurements. 8 and 9). No change in N1s spectrum indicates

that oxidation reactions by the remote and directWhat oxygen functionalities were formed by
the remote oxygen plasma treatment is investi- oxygen plasma treatments did not occur at nitro-

gen atoms in the PPTA film but occurred at carbongated from XPS spectra. The PPTA films treated
with the remote and the direct oxygen plasmas at atoms because if nitrogen atoms were oxidized

into nitroso (NO), nitoro (NO2), or nitrate50 W for 1 min and rinsed with ethanol were used
as specimens for the XPS measurement. C1s , O1s , (ONO2), a large chemical shift (5–8 eV) would

be observed in the N1s spectrum.21 The C1s spectraand N1s spectra for the specimens are shown in
Figures 8 and 9. The original PPTA film, as shown for the remote and direct oxygen plasma-treated

PPTA films, as shown in Figure 8, are deconvo-in Figure 8, shows a complex C1s spectrum which
is deconvoluted into five components: CH groups luted into five components: CH groups at 285.0

eV; C{N and C{O groups at 286.0–286.2 eV;at 285.0 eV; C{N groups in amides at 286.2 eV;
C|O groups in amides at 288.0 eV; C(O)O C|O groups at 288.0–288.3 eV; C(O)O groups

at 289.0–289.5 eV; and p– p* shake-up satellitegroups at 289.0 eV; and p– p* shake-up satellite
at 291.0 eV.21 The relative concentrations of the at 291.0–291.9 eV.21 The relative concentrations

of the four components other than the p– p*four components other than the p– p* shake-up
satellite are 73, 13, 11, and 3%, respectively, shake-up satellite are summarized in Table III.

The remote and direct oxygen plasma-treatedwhich corresponds with three of the four compo-

Table II Atomic Composition of PPTA Film Surfaces Treated with the Remote and the Direct
Oxygen Plasmas

Atomic Composition

Plasma Treatment Conditions Before EtOH After EtOH
Washing Washing

Radio Frequency Power Exposure Time
Kind of Plasma (W) (min) O/C N/C O/C N/C

No — — 0.14 0.13 0.14 0.13
Remote 50 1 0.23 0.16 0.25 0.16
Direct 50 1 0.29 0.15 0.18 0.14
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in Table III. The remote and direct oxygen plasma
treatments lead to distribution of oxygen functional-
ities, decrease in O|C groups, and increase in
O{C groups. This indicates that a predominant
oxygen functionality formed by the remote and di-
rect plasma treatments may be O{C groups.

CONCLUSION

Surface modification of the PPTA film by the re-
mote oxygen plasma treatment has been investi-
gated from a viewpoint of comparison with the
direct oxygen plasma treatment. Results are sum-
marized as follows:

1. The remote oxygen plasma can modify the
PPTA film into a hydrophilic surface as
powerfully as the direct oxygen plasma.

2. The hydrophilic surface modification process
by remote oxygen plasma is accomplished
within a treatment time as short as 1 min.

3. The remote oxygen plasma does not give

Figure 8 C1s spectra of PPTA film surfaces treated
with the remote and the direct oxygen plasma at 50 W
for 1 min.

PPTA films, as shown in Table III, show a large
decrease in the CH groups and increases in the
C{N, C{O, and C|O groups. Although the
component at 286.0–286.2 eV involves a C{N
functionality due to amide groups and a C{O
functionality due to alcohols, ethers, and esters,20

the increase in the component may be due mainly
to C{O groups because the amide concentration
in the oxygen plasma-treated PPTA films is con-
sidered to be changeless from the almost-constant
N/C atomic ratio in Table II even after the remote
and direct oxygen plasma treatments.

The O1s spectra show oxygen functionalities
formed on PPTA film surfaces by the remote and
direct oxygen plasma treatments. The O1s spectra
are deconvoluted into two components: O|C groups
in amides, carbonyls, and carboxylates at 531.7–
531.9 eV; and O{C groups in alcohols, ethers, and Figure 9 C1s and N1s spectra of PPTA film surfaces
carboxylates at 533.3–533.6 eV.21 The relative con- treated with the remote and the direct oxygen plasma

at 50 W for 1 min.centrations of the two components are summarized
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Table III C1s and O1s Spectra of PPTA Films Treated with the Remote and
the Direct Oxygen Plasmas

Plasma Treatment Conditions C1s Components (%)

RF Power Treatment Time C{Na

Kind of Plasma (W) (min) CH C{O C|Ob C(O)Oc

No — — 73 13 11 3
Remote 50 1 60 17 18 5
Direct 50 1 61 20 13 5

O1s Components
(%)

O|Cd O{Ce

No — — 81 19
Remote 50 1 69 31
Direct 50 1 63 37

a CH groups at 285.0 eV.
b C{N and C{O groups at 286.0–286.4 eV.
c C|O groups at 288.2–288.3 eV, C(O)O groups at 289.8–290.1 eV.
d O|C groups at 531.7–531.9 eV.
e O{C groups at 533.3–533.6 eV.

9. E. G. Chatzi, S. L. Tidrick, and J. L. Koenig, J.remarkable degradation on the PPTA film
Polym. Sci., Polym. Phys. Ed., 26, 1585 (1988).surface with hydrophilic modification. On

10. N. Inagaki, S. Tasaka, and H. Kawai, J. Polym.the other hand, the direct oxygen plasma
Sci., Polym. Chem. Ed., 33, 2001 (1995).gives heavy degradation on the PPTA film

11. N. Inagaki, Plasma Surface Modification andsurface with hydrophilic modification.
Plasma Polymerization, Technomic Pub., Lancas-4. The remote oxygen plasma treatment as
ter, PA, 1996.well as the direct oxygen plasma treatment

12. A. Goldman and J. Amourouz, in Electrical Break-forms oxygen functionalities on the PPTA
down and Discharge in Gases, Macroscopic Processesfilm surface.
and Discharge, E. E. Kunhardt and L. H. Luessen,

5. Main oxygen functionalities formed by the Eds., Plenum Press, New York, 1983, p. 293.
remote oxygen plasma treatment are 13. M. J. Kushmer, J. Appl. Polym. Phys., 63, 2532
C{O and C|O groups. (1988).
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base, Wiley, New York, 1992.Technol., 5, 165 (1991).

3955/ 8E65$$3955 03-12-97 17:11:27 polaa W: Poly Applied


