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Abstract

Polymer surfaces typically have low surface tension and high chemical inertness and so they usually have poor wet-

ting and adhesion properties. The surface properties can be altered by modifying the molecular structure using plasma

immersion ion implantation (PIII). In this work, Nylon-6 was treated using oxygen/nitrogen PIII. The observed

improvement in the wettability is due to the oxygenated and nitrogen (amine) functional groups created on the polymer

surface by the plasma treatment. X-ray photoelectron spectroscopy (XPS) results show that nitrogen and oxygen

plasma implantation result in C–C bond breaking to form the imine and amine groups as well as alcohol and/or car-

bonyl groups on the surface. The water contact angle results reveal that the surface wetting properties depend on the

functional groups, which can be adjusted by the ratio of oxygen–nitrogen mixtures.
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1. Introduction

Polymeric materials have unique properties

such as low density, light weight, and high flexib-

ility and are widely used in various industrial

sectors. However, the inert nature of most
polymeric materials creates challenges in many
ed.
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Table 1

Plasma implantation instrumental conditions

Sample

number

Gas

mixture

Flow rate

(sccm)

Implantation

voltage (kV)

Treatment

time (h)

#1 Control – – –

#2 N2 20 �40 1

#3 N2 + O2 10:10 �40 0.5

#4 N2 + O2 5:15 �40 0.5
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applications that demand specific surface charac-

teristics such as those required by inking and print-

ing processes, wetting and adhesion for coatings,

biomaterials, and certain types of composite mate-

rials. Hence, surface modification of polymeric
materials plays an important role in that selected

surface properties can be optimized while the

favorable bulk attributes of the materials can be

retained. Therefore, various surface modification

techniques such as chemical oxidation [1], flame

[2], grafting [3,4], laser [5], UV irradiation [6] and

plasma treatments [7–9] have attracted much

attention. In particular, the surface wetting and
adhesion properties of modified polymers are the

subject of many studies and much work has been

devoted to the enhancement of the metal–polymer

and polymer–polymer adhesion as well as dyeing

and printing on polymers. Examples of specific

applications include aluminum–polycarbonate

adhesion [10], copper–polyimide adhesion in

microelectronics [11], polyethylene and polyester
substrates used in photographic films [12], and

polyolefins for printing and painting [13].

The use of energetic ions and activated species

in the plasma immersion ion implantation (PIII)

process introduces deeper ion penetration than

conventional surface treatments and can give rise

to special functional groups on the polymeric

surfaces. This may help reducing the aging effects
and degradation of the functional groups or chains

as compared to low-energy surface treatment. The

degree of improvement depends on the polymers

as well as the nature of the plasma and the

treatment conditions. In this study, we investigate

the effects of nitrogen and oxygen plasma

immersion ion implantation on the chemical and

physical changes on the surface of Nylon-6. The
surface chemical changes are examined by X-ray

photoelectron spectroscopy (XPS) and the surface

wetting properties are evaluated by measuring the

water contact angle using the sessile drop

method.
2. Experimental

Nylon-6 disks with a diameter of 32 mm and

thickness of 3 mm were first polished to a shiny
finish and then washed with distilled water before

loading into our plasma immersion ion implanter

[14–16]. Nitrogen or a nitrogen–oxygen mixture

was fed into the vacuum chamber to a working

pressure of 8 · 10�2 Pa. The plasma was ignited

by a 13.56 MHz radio frequency inductively-cou-
pled plasma source (RF-ICP) using an input

power of 1000 W. The samples were pulse-biased

to �40 kV with a pulse width of 15 ls and repeti-

tion rate of 100 Hz. The implantation current was

about 1 A per pulse and according to previous

experiments conducted under similar conditions,

the sample temperature was below 150 �C under

the conditions short pulse width and low repetition
rate. The experimental conditions are listed in

Table 1.

X-ray photoelectron spectroscopy (XPS) was

performed on the Physical Electronics PHI-5600

using the monochromatic AlKa radiation oper-

ated at 14 kV and 350 W. The photoelectron

takeoff angle was 45�. To compensate for surface

charging, all binding energies were referenced to
the aliphatic C 1s neutral carbon peak at

284.6 eV. To investigate the implantation induced

surface chemical changes, the C 1s, N 1s and O

1s core level spectra were recorded. The

XPSPEAK version 4.1 software (developed by

R.W.M. Kwok, Chinese University of Hong

Kong) was used for peak fitting. This program em-

ploys Newton�s method for optimization as well as
Shirley background subtraction and Gaussian–

Lorentzian function for peak fitting. Static contact

angle measurements were performed by the sessile

drop method on a JY-82 contact angle goniometer

at ambient humidity and temperature. The test li-

quid was doubly distilled water and five drop mea-

surements were taken on each specimen to yield a

statistical average.



Table 2

Relative peak area ratios of various functional groups to

carbon-to-carbon bonding as acquired from the C 1s core level

of XPS spectrum

Functional group Relative ratio

#1 #2 #3 #4

C–N/C–C 0.26 0.43 0.35 0.16

C–O, C–OH/C–C 0.15 0.20 0.31 0.50

CONH/C–C 0.15 0.14 0.12 0.11
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3. Results and discussion

Plasma immersion ion implantation is an effec-

tive method to enhance the surface wetting prop-

erty of polymers and the surface properties of
the treated Nylon-6 are highly dependent on the

treatment conditions and the plasma species. Ny-

lon-6 is a thermoplastic with characteristic amide

groups in the backbone carbon chain that is six

carbons long. When it is subjected to high energy

ion bombardment, reactive defects are created

on the surface resulting in hydrogen abstraction,

C–C bond breaking, and incorporation of reactive
nitrogen and oxygen species to form amine

[>C–NH2], alcohol [R–CH2–OH], and/or carbonyl

[C=O] groups. Bond breaking in the chain leads to

two fragments that can form various functional

groups on the surface according to the following

sequences:

R–CH2–CO–NH–CH2–R
0 ! R–CH�

2

þR0–CH2–NH–CO�;

R–CH�
2 !

N
R–CH ¼ N–H or R ¼ CH–NH2;

R–CH�
2 !

O
R–CH2–OH;

and/or

R–CH�
2 !

O
R–CH ¼ O.

It should be noted that the formation of the

imine group [–CH=N–H] and amine terminal

group [=CH–NH2] can be explained by hydrogen

abstraction from the polymer chains.

To evaluate plasma implantation induced sur-

face chemical changes on Nylon-6, XPS meas-

urements were performed. The C 1s core level

spectra can be deconvoluted into four compo-
nents: C–C at BE = 284.6 eV, C–N at BE =

285.4 eV, C–O or C–OH at BE = 286.1 eV, and

CONH at BE = 287.7 eV. After PIII, the asym-

metric C 1s peak shifts toward a high binding

energy in all the treated samples. It implies that

the polymer chains have been broken and the

functional groups on the surface have been rear-

ranged and re-established. In the nitrogen plasma-
implanted sample, the intensity of C–N peak is

higher than that of the control, whereas the

intensity of the C–O and C–OH peaks measured
from the nitrogen and oxygen co-implanted

samples increases gradually according to the gas

mixture.
The deconvoluted peak areas of the functional

groups are compared to the peak area of carbon-

to-carbon (C–C) bonding and the calculated

results are displayed in Table 2. As expected, the

relative ratio of C–N to C–C group dramatically

increases from 0.26 to 0.43 in the nitrogen-im-

planted sample. On the other hand, by adjusting

the relative ratio of oxygen to nitrogen in the
mixed gas PIII experiments, change of C–N to

C–C and considerable increase of C–O, C–OH to

C–C ratios with respect to those of the control

can be observed. These results suggest that differ-

ent plasma species preferentially generate different

functional groups on the polymer surface. Fig. 1

shows the N 1s core level spectra acquired from

the control and plasma-implanted samples. The
N 1s peak can be decomposed into three compo-

nents. The first component at BE = 399.1 eV can

be assigned to the amine group [R–NH2], the

second component at BE = 400.0 eV to the imine

group [C=NH], and the third component at

BE = 401.3 eV to the amide group [R–CO–NH2].

After ion bombardment, the binding energy of

the nitrogen peaks shifts slightly toward lower en-
ergy, indicating that more amine and imine groups

are formed on the polymer surface.

The wetting properties of the control and

plasma-implanted samples are determined using

the sessile water drop method by measuring the

contact angle between the sample surface and

water surface and the results are listed in Table

3. In contrast to the contact angle of 66.08� ob-
served on the control sample, the contact angles

markedly diminish after plasma implantation.

Sample # 4 implanted using a high ratio of oxygen
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Fig. 1. XPS N 1s core level spectra acquired from the control

and plasma-implanted samples.

Table 3

Water contact angles measured from the control and plasma-

implanted samples

Sample number Water contact angle (�)

#1 66.1

#2 58.9

#3 52.6

#4 26.1
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mixture exhibits the greatest improvement in the

hydrophilicity. The enhancement of the wetting
properties can be explained by the formation of

polar functional groups thereby increasing the sur-

face free energy of the polymer surface and leading

to enhanced adhesion and wetting due to better

interaction with water molecules. Comparing the

roles of the various newly-formed surface func-

tional groups, the amide group is relatively not

reactive and therefore may not contribute much
to the adhesion and wetting improvement. The in-
crease of the imine, amine, alcohol, and carbonyl

groups on the plasma-implanted surface appears

to be the main reason for the wetting enhance-

ment. Our results also indicate that nitrogen

implantation produces mainly imine and amine
groups on the Nylon surface while a gas mixture

of nitrogen and oxygen in the plasma creates pref-

erentially more alcohol and/or carbonyl groups.

Since alcohol and carbonyl groups are more polar

that the imine and amine groups, better wetting

properties can be achieved in the mixed-gas plas-

ma treatment. Overall, it is clear that plasma

immersion ion implantation can result in dramatic
change in the surface chemistry of polymers by

introducing favorable functional groups. Coupled

with high-energy ion bombardment, sufficient

bond breaking and desorption of low molecular

weight species occur thereby producing a different

chemical structure that gives rise to the enhanced

surface properties.
4. Conclusion

Plasma immersion ion implantation has been

performed on Nylon-6 to change the surface

chemistry and enhance the wetting properties.

XPS results show that the amounts of the polar

functional groups such as imine, amine, alcohol
and carbonyl groups increase after high-energy

ion bombardment. The dominant functional

groups can be adjusted by choosing the appropri-

ate gas species in the plasma generation. The water

contact angle results reveal that the more polar

groups (alcohol > amine > amide) give rise to bet-

ter wetting properties.
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