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tion of PEN and PET substrates by
plasma treatment and layer-by-layer assembly of
polyelectrolyte multilayer thin films and their
application in electroless deposition

T. Tamai, *a M. Watanabe,a Y. Kobayashi,a Y. Nakaharab and S. Yajimab

The surfaces of the polyethylene naphthalate (PEN) and polyethylene terephthalate (PET) substrates were

modified by plasma treatment and then layer-by-layer (LbL) assembly of polyelectrolyte multilayer thin

films from two oppositely charged polyelectrolytes. Negatively or positively charged palladium complex

ions bound to oppositely charged multilayer surfaces and were reduced to form palladium nanoparticles

and then a nickel film was electrolessly deposited on the substrate surfaces. The multilayers on PEN and

PET substrate surfaces are suitable for supporting palladium nanoparticle catalysts and their properties

can be controlled by the conditions of LbL assembly.
Introduction

Modication of polymer surfaces is highly important for
controlling surface properties towards the required applications
such as coating and adhesion. A large variety of methods of
modifying polymer surfaces have been developed, and they are
used to functionalize surfaces to alter their properties. For
example, plasma treatment and ultraviolet (UV) light irradiation
are suitable for modifying surfaces because they can raise the
surface energy and increase adhesion.1–12 The surface modi-
cation by plasma treatment and UV irradiation proceeds via the
chemical reactions of the polymers themselves, resulting in the
formation of functional groups that govern surface properties.
Functional groups can also be introduced by forming thin layers
on polymer surfaces. For example, graing a polymer to a solid
surface,8 forming self-assembled monolayers (SAMs)4,9 and
coating with thin polymer layers13,14 immobilize functional
groups derived from the polymer chain or the monolayer. The
functional groups can be derivatized to a variety of chemical
structures to form chemically well-dened surfaces that corre-
spond to the required applications. It has been reported that on
chemically well-dened polymer surfaces, electroless metal
deposition8 and control of biocompatibility are achievable.15

Electroless plating is a simple and cost-effective method not
only for metallization of polymer substrates but also for fabri-
cation of metallic patterns on polymer surface.16,17 That is
applicable to printed circuit boards to form interconnects.
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Common electroless processes involve three main steps: (i)
surface preparation, (ii) surface activation or surface seeding
with a catalyst, and (iii) the electroless plating process itself.
While surface preparation, such as etching to increase the
surface roughness, is necessary to provide good adhesion, it can
affect the physical properties of the deposited metal lm and
damage the polymer substrate.

Polyelectrolyte multilayer (PEM) thin lms formed via layer-
by-layer (LbL) assembly from two oppositely charged poly-
electrolytes are utilized to modify organic and inorganic
substrates.18–23 They have cationic or anionic functional groups
on their surfaces, enabling interaction with oppositely charged
chemical species such as ions, macromolecules and particles.
This interaction is useful in the secondary surface modica-
tions for fabricating materials and devices. For example, Rub-
ner et al. and other research groups reported that multilayers
composed of poly(acrylic acid) and poly(allylamine hydrochlo-
ride) selectively bind palladium catalysts for electroless plating
and applicable to ink-jet printing of metallic circuits.24–26 The
LbL multilayer assembly and subsequent deposition of charged
compounds to their surfaces are performed using facile and
environmentally benign water-based processes.

Polyethylene terephthalate (PET) and polyethylene naph-
thalate (PEN) lms are used in a wide range of applications,
such as packaging materials and electronic components,
because of their excellent physical and chemical stability,
therefore, their surface modications such as electroless
plating and applications to manufacturing exible electronics
are desired. It has been reported that polymer thin lms with
functional groups were formed on PET lm surfaces for
subsequent graing of polymer brushes9 and electroless metal
deposition.14 Direct electroless metal deposition on a smooth
RSC Adv., 2017, 7, 33155–33161 | 33155
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polymer surface without affecting the bulk properties is ex-
pected to be applicable to simple and economical
manufacturing of metallic patterns for exible electronics. For
the electroless deposition, the polymer substrate surface should
contain palladium nanoparticle catalysts and be compatible
with the metal lm,27,28 although common polymer surfaces are
hydrophobic and not compatible with metals. Therefore, an
interlayer that is compatible both with the polymer and with the
metal and contains a catalyst is desired to be formed on the
polymer surface. The LbL multilayer assembly on polymer
surface is expected to form chemically well-dened surfaces via
simple process,29,30 and growth, structure, and properties of the
multilayers can be controlled by physicochemical parameters
such as pH,31,32 ionic strength and electrolyte species.33–41

Binding palladium catalysts and following electroless plating
on multilayers, of which surface structure is tuned by the
condition of the LbL assembly, were reported.24–26 The multi-
layers, which are gel-like and have ionic groups, are expected to
be applicable to the interlayer between the polymer substrate
and the metal lm. The stratied structure, polymer substrate/
multilayer/metal lm will be formed as a result of the LbL
multilayer assembly and electroless metal deposition on the
polymer substrate surface. The polymer surface/multilayer
interface and the multilayer/nickel lm interface in the strati-
ed structure should be optimized for forming the multilayer
compatible both with the polymer substrate and with the metal.
Details on the bulk and surface structure of multilayers were
reported, although little is known about the interfaces.

In this paper, we report on electroless metal deposition on
a polymer substrate whose surface is coated with a poly-
electrolyte multilayer thin lm (Fig. 1). The surfaces of PEN and
PET substrates were modied by plasma treatment and LbL
assembly of multilayers, and then a nickel lm was electrolessly
deposited on the substrate surfaces. The multilayers formed
with polycation poly(diallyldimethylammonium chloride)
Fig. 1 Surface modification of PEN and PET substrates by plasma
treatment and LbL assembly of polyelectrolytemultilayer thin films and
following electroless nickel deposition.

33156 | RSC Adv., 2017, 7, 33155–33161
(PDDA) and polyanion poly(sodium-p-styrenesulfonate) (PSS)
were compatible with the plasma-treated polymer surfaces.42

Aerwards, palladium complex ions, [PdCl4]
2� and [Pd(NH3)4]

2+

bound to the multilayers by ion exchange and were reduced to
form palladium nanoparticles, which function as a catalyst for
the electroless nickel deposition.24,25 We discuss the chemical
and physical structures of the plasma-treated polymer surfaces
and the multilayers and also their effect to the nickel deposi-
tion. The polymer surface/multilayer interface and the
multilayer/nickel lm interface may play an important role in
the adhesion between the polymer and the nickel. Therefore,
the structure of the interfaces is also discussed.
Experimental
Plasma treatment and UV irradiation

A typical surface modication was performed as follows (Fig. 2-
i). PEN lms (Teijin DuPont, Teonex Q51 250 mm) and PET lms
(Toray, Lumirror S10 250 mm) were cleaned by sonication in
acetone for 60 s and in deionized (DI) water for 60 s prior to use.
PEN and PET lms (25 mm � 25 mm) were treated with
a Sakigake-Semiconductor desktop vacuum plasma YHS-R (45
W) for 1 min. For UV irradiation, PEN and PET lms were
treated with a SEN Lights low pressure Hg arc lamp SUV110GS-
36L (250 W, 254 and 185 nm) at a lamp-sample distance of 7
mm for 20 min under air.
Fig. 2 Schematic illustration for LbL assembly of polyelectrolyte
multilayer thin films on plasma-treated substrate surfaces and
following electroless nickel deposition.

This journal is © The Royal Society of Chemistry 2017
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LbL assembly of polyelectrolyte multilayers

The plasma-treated substrates were immersed in a 0.3 wt%
solution of poly(diallyldimethylammonium chloride) [PDDA;
Aldrich; MW 200 000–350 000; Fig. 1] containing 1 M NaCl in DI
water for 5 min, and washed with DI water. The substrates were
then immersed in a 0.2 wt% solution of poly(sodium-p-styr-
enesulfonate) [PSSNa; Scientic Polymer Products Inc.; MW
500 000] containing 1 M NaCl in deionized water for 5 min, and
washed with DI water. This immersion cycle was repeated
several times (Fig. 2-ii).

Surface characterization

Surface composition of the substrates was analyzed by
measuring atomic ratios with a KRATOS AXIS Ultra DLD X-ray
photoelectron spectrometer. A JEOL eld-emission scanning
electron microscope (FE-SEM) JSM-6700F was used for the
observation of structural morphologies of the substrate
surfaces. Contact angles of the substrate surfaces with water
droplets were measured with a Kyowa Kaimen CA-X contact
angle meter to estimate surface hydrophilicity.

Electroless nickel deposition

Two solutions of palladium complex ion were prepared using
Pd(NH3)4Cl2 (10 mM) and PdCl2 (10 mM)–HCl (20 mM) in DI
water. The PEN and PET substrates modied with the multi-
layers were immersed in the freshly prepared palladium
complex ion solution for 1 h at room temperature and then in
a solution of NaH2PO2 (0.27 M) at 60 �C for 3 min (Fig. 2-iii and
iv). The substrates were dipped into an electroless nickel bath at
80 �C for 2–5 min (Fig. 2-v). The electroless nickel bath con-
tained NiCl2 (16 g dm

�3), disodium succinate (16 g dm�3), malic
acid (18 g dm�3), and NaH2PO2 (24 g dm�3). The pH of the
electroless nickel bath was adjusted to 5.6 � 0.1 using NaOH.
The adhesion between the nickel lm and the PEN and PET
substrates was evaluated through a peel adhesion test using 3M
tape. In the test, copper lm (20 mm � 10 mm) was scored into
1 mm � 1 mm squares, aer which tape was applied to the cut
surface and then peeled off.

Results and discussion

The PEN and PET substrates were treated with vacuum plasma
for 1 min. The contact angles of each substrate with a water
droplet decreased (<10�, Table 1), indicating that the surfaces
became hydrophilic. The surfaces of the substrates were
analyzed by X-ray photoelectron spectroscopy (XPS) as shown in
Table 1. The C to O atomic ratio decreased aer plasma treat-
ment, suggesting the formation of C–O and C]O bonds at the
plasma-treated substrate surfaces resulting from oxygenation of
PEN and PET as reported in the literature.4,5,7,43We reported that
the FE-SEM image of surfaces of the PEN and PET substrates
before and aer plasma treatment for 5 min shows the forma-
tion of brillar patterns (nanobrils) consists of relatively polar
low-molecular-weight fragments resulting from the scission of
the polymer chain by plasma treatment.2,6,10,42 These results
show that the surfaces of PEN and PET substrates are etched by
This journal is © The Royal Society of Chemistry 2017
the oxygen plasma leading to the formation of polymer chains
containing hydrophilic groups such as hydroxyls and carboxyls.
The substrates were also irradiated with a low-pressure Hg
lamp. The UV-irradiated PEN and PET substrate surfaces
became hydrophilic, whereas contact angles decreased up to
19� and 33� respectively, even aer prolonged irradiation (Table
1). In the UV-irradiation, active oxygen species such as ozone
would oxidize the surface of PEN and PET substrates and
enhanced surface hydrophilicity, though not to the degree of
the plasma treated substrates.10,40

On the surface of the plasma-treated substrates, poly-
electrolyte multilayer thin lms were acquired via LbL assembly
of PDDA and PSS, which are the most commonly used and
permanently charged polyelectrolytes (Fig. 1). The multilayers
were formed with four layers of polycation PDDA and alter-
nating four or three layers of polyanion PSS (i.e. 4 or 3.5 bilayers
of PDDA/PSS). Bilayers containing four layers of both PDDA and
PSS, referred to as (PDDA/PSS)4, had a PSS outermost layer, and
(PDDA/PSS)3.5, with four layers of PDDA and three of PSS, had
a PDDA outermost layer. It is expected that (PDDA/PSS)4 has
a negatively charged surface for the PSS outermost layer, and
(PDDA/PSS)3.5 has a positively charged surface for the PDDA
outermost layer. It was reported that surface charge of multi-
layers alternates when passing from a multilayer ending with
a polyanion to a multilayer ending with a polycation. Decher
et al. studied alternating change of the surface charge by z

potential measurements in detail.33,36 It is reasonable to assume
that the charge brought by each polyelectrolyte serves to
compensate the excess charge of the multilayers leading to
growth of the multilayer accompanied by a new excess charge of
opposite sign. Recently, model of charge overcompensation for
each layer has been discussed in detail.34,36,38 It was also re-
ported that thickness and morphology of a multilayer depend
on ionic strength and electrolyte species.35,39 Multilayers
prepared in a high concentration NaCl solution are thicker and
have a higher surface roughness. We prepared multilayers
(PDDA/PSS)3.5 and (PDDA/PSS)4 from the solution of each
polyelectrolyte containing NaCl (1 M) to form thicker layers that
ensure complete coverage and eliminate any substrate surface
effects and then enhance the reproducibility of the properties of
the multilayers.

The PEN and PET substrates modied with the multilayers
were activated by forming palladium nanoparticles for electro-
less nickel deposition. The PEN substrate with the multilayer
(PDDA/PSS)3.5 was immersed in a negatively charged palladium
complex ion, [PdCl4]

2� solution and then in NaH2PO2 solution.
Thus, just aer immersing the substrate into an electroless
deposition bath, a nickel lm started to be deposited on the
substrate surfaces. Aer immersing for 2 min, the nickel lm
(thickness ca. 0.5 mm) was free of cracks and defects as shown in
Fig. 3a. A peel adhesion test showed that the nickel lm was
adhesive to the PEN substrate. In contrast, nickel lms were not
deposited on (PDDA/PSS)3.5 with a positive palladium complex
ion [Pd(NH3)4]

2+ (Fig. 3b). On the surface of (PDDA/PSS)4 with
a positively charged catalyst [Pd(NH3)4]

2+, it took several ten
seconds to start the deposition of nickel lms and uniform
nickel lms were formed aer immersing for 5 min (Fig. 3d),
RSC Adv., 2017, 7, 33155–33161 | 33157
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Table 1 Contact angles and surface composition of substrates as-received, plasma-treated, and modified with the multilayers

Substrate (treatment)
Contact anglea

(deg)

Fraction of total elementsb (%)

C/O N/SC O N S Cl Na Pd

PEN (as-received) 80 78.7 21.3 0 0 0 0 0 3.7
PEN (plasma, for 1 min) <10 73.0 25.8 1.0 0 0 0 0 2.8
PEN (UV, for 20 min) 19
PEN (PDDA/PSS)3.5 77.5 12.0 5.9 3.2 1.4 0 0 1.8
PEN (PDDA/PSS)3.5-[PdCl4]

2� c 71.0 19 5.4 2.5 0.1 0 1.6
PEN (PDDA/PSS)3.5-[Pd(NH3)4]

2+ c 75.6 15.8 5.6 2.8 0.1 0 0
PEN (PDDA/PSS)4 71.1 17.8 3.5 4.8 0 2.8 0 0.73
PEN (PDDA/PSS)4-[PdCl4]

2� c 76.3 14.6 4.5 4.2 0 0.2 0.2
PEN (PDDA/PSS)4-[Pd(NH3)4]

2+ c 74.4 15.9 3.9 4.4 0 1.3 0.1
PEN (PDDA/PSS)4-[Pd(NH3)4]

2+ (before
reduction)d

73.7 15.6 5.4 4.6 0 0 0.6

PET (as-received) 80 72.7 27.3 0 0 0 0 0 2.7
PET (plasma, for 1 min) <10 67.3 31.6 1.1 0 0 0 0 2.1
PET (UV, for 20 min) 33

a Contact angles against water droplet. b Determined by XPS analysis. c Substrates modied with multilayers were immersed in palladium complex
ion solutions and then in NaH2PO2 solution.

d Substrates modied with multilayers were immersed in palladium complex ion solutions.

Fig. 3 Nickel deposited PEN substrates modified with the multilayers:
(a) (PDDA/PSS)3.5 with [PdCl4]

2�; (b) (PDDA/PSS)3.5 with [Pd(NH3)4]
2+;

(c) (PDDA/PSS)4 with [PdCl4]
2�; (d) (PDDA/PSS)4 with [Pd(NH3)4]

2+.
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showing that catalytic activity of the surface of (PDDA/PSS)4 with
[Pd(NH3)4]

2+ is lower than that of (PDDA/PSS)3.5 with [PdCl4]
2�.

Some nickel lms that contain cracks and defects were depos-
ited on the surface of (PDDA/PSS)4 with [PdCl4]

2� (Fig. 3c).
Electroless nickel deposition of the PET substrates modied
with the multilayers also gave similar results. These results
show that multilayer surfaces selectively bind oppositely
charged palladium complex ions,24,25 which are reduced by
NaH2PO2 to form palladium-nanoparticles and to function as
the catalyst for starting nickel deposition (Fig. 2). Binding
selectivity of [PdCl4]

2� is lower than that of [Pd(NH3)4]
2+,

possibly due to nonselective binding of [PdCl4]
2� to charged

polymer surface as reported in previous papers.24,44 Similar
results in the PEN and PET substrates show that the binding
33158 | RSC Adv., 2017, 7, 33155–33161
selectivity of Pd ion complex depends on the properties of the
multilayers, but not on those of the substrates.

The structure of the multilayers and the polymer surfaces
affected the nickel deposition as shown below. In multilayers
assembled without NaCl, nickel lms were deposited on the
substrate surface, though the reproducibility of the uniformity
of deposited nickel lms was lower, in contrast to that of the
multilayers assembled in the presence of NaCl. The multilayers
assembled without NaCl could not cover the substrate surface
completely.

Nickel lms were deposited also on the multilayers (PDDA/
PSS)3.5 with [PdCl4]

2� assembled on UV-irradiated PEN and PET
substrate surfaces, although the nickel lms contained defects
and were not adhesive to the substrates. These results are in
contrast to those on the multilayers assembled on the plasma-
treated PEN and PET substrates. The plasma-treated PEN
substrate was immersed in [Pd(NH3)4]

2+ solution and then in
NaH2PO2 solution. Nickel lms were deposited much more
slowly and incompletely on the plasma-treated PEN surface
than on the PEN surface with multilayers. The plasma-treated
PEN surface, which has a negative charge due to carboxylic
acid group, is relatively ineffective at binding the [Pd(NH3)4]

2+

catalyst. All these results show that the multilayers on plasma-
treated PEN and PET surface are suitable for supporting palla-
dium nanoparticle catalysts and their properties are changed by
the condition of LbL assembly.

The surfaces of the PEN substrate modied with the multi-
layers before and aer forming palladium nanoparticles were
observed by FE-SEM (Fig. 4). Before forming palladium nano-
particles, granular patterns were observed both on (PDDA/
PSS)3.5 and on (PDDA/PSS)4 (Fig. 4b and e). The surface of
(PDDA/PSS)4 was rougher than that of (PDDA/PSS)3.5. This will
be for difference of an outermost layer. It was reported that
roughness generated by anisotropic swelling due to water is
preserved by PSS layer.39 Aer binding palladium complex ions
and their reduction by NaH2PO2, particles that are considered
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra04880g


Fig. 4 FE-SEM images of the surface of PEN substrates modified with
the multilayers: (a) (PDDA/PSS)3.5 (�20k); (b) (PDDA/PSS)3.5 (�50k); (c)
(PDDA/PSS)3.5 with [PdCl4]

2�; (d) (PDDA/PSS)3.5 with [Pd(NH3)4]
2+; (e)

(PDDA/PSS)4; (f) (PDDA/PSS)4 with [PdCl4]
2�; (g) (PDDA/PSS)4 with

[Pd(NH3)4]
2+.
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to be aggregated palladium nanoparticles (diameter of the
cluster > ca. 10 nm) were found on (PDDA/PSS)3.5 with [PdCl4]

2�

and (PDDA/PSS)4 with [Pd(NH3)4]
2+ (Fig. 4c and g), but neither

on (PDDA/PSS)3.5 with [Pd(NH3)4]
2+ nor on (PDDA/PSS)4 with

[PdCl4]
2� (Fig. 4d and f). This corresponds to the result of the

nickel deposition (Fig. 3). That is to say, palladium complex ions
bind to oppositely charged multilayer surfaces selectively and
are reduced to form palladium nanoparticles.

The surfaces of the PEN substrate modied with the multi-
layers were also analyzed by XPS (Table 1). Atomic ratio deter-
mined by XPS shows that the growth of the multilayer is
accompanied by charge overcompensation during alternating
adsorption of PDDA and PSS.38,40 The counterions of the –NR3

+

group, Cl� ions, are detected exclusively on the surface of
(PDDA/PSS)3.5, while the counterions of the –SO3

� groups, Na+
This journal is © The Royal Society of Chemistry 2017
ions, are exclusively detected on the surface of (PDDA/PSS)4. S
and N are unique to PSS and PDDA, respectively. The N to S
atomic ratio decreases from 1.8 for the (PDDA/PSS)3.5 surface to
0.73 for the (PDDA/PSS)4 surface, thus indicating that the
deposition of PSS to the (PDDA/PSS)3.5 surface, which consists
of PDDA predominantly and is positively charged, results in
charge overcompensation to form the (PDDA/PSS)4 surface,
which consists of PSS predominantly and is negatively charged.
The surface charge overcompensation forms uncompensated
–NR3

+Cl� groups on the PDDA-capped surface of (PDDA/PSS)3.5
and uncompensated –SO3

�Na+ groups on the PSS-capped
surface of (PDDA/PSS)4.

The XPS analysis of the PEN substrate activated by forming
palladium nanoparticles shows that Pd exists on the surface of
(PDDA/PSS)3.5 with [PdCl4]

2�, but not on (PDDA/PSS)3.5 with
[Pd(NH3)4]

2+ (Table 1). This corresponds to the result of the
nickel deposition (Fig. 3) and will be due to the binding selec-
tivity of palladium complex ions. In contrast, little palladium
exists on the surface of (PDDA/PSS)4 with [Pd(NH3)4]

2+, where
nickel lm could be electrolessly deposited. It is considered that
palladium complex ion or palladium nanoparticles leak off
from the (PDDA/PSS)4 during the reduction by NaH2PO2,
because Pd exists on (PDDA/PSS)4 with [Pd(NH3)4]

2+ before the
reduction (Table 1).45,46 The leakage of palladium species could
decrease the catalytic activity of the (PDDA/PSS)4 surface as
described above. Rough surface of (PDDA/PSS)4 due to a PSS
outermost layer might cause the leakage.

From all these results, it is considered that the multilayers
and then nickel lms are formed on the plasma-treated PEN
and PET surfaces as shown below. Hydroxyl (–OH) and carboxyl
(–CO2H) groups are uniformly produced on the substrate
surfaces as a result of the oxygenation of PEN and PET from
plasma treatment and grant hydrophilicity to the substrate
surfaces. The initial stage of LbL assembly is adsorption of
PDDA to the substrate surface. While adsorbed to the oxygen-
ated surface, an ammonium (–NR3

+) group of PDDA interacts
with a carboxylate (–CO2

�) group to form a (–CO2
�)(–NR3

+)
complex.29 The multilayers are formed by LbL assembly on the
oxygenated surface, and the adhesive strength depends on the
density of –OH and –CO2H groups because the electrostatic
interactions enhance the compatibility between the substrate
surfaces and the multilayers. The oxygenated layer and the
multilayers, whose thicknesses are estimated to be a several
tens nanometer,35 do not affect the bulk properties of the PEN
and PET substrates (Fig. 2). In addition, the plasma-etched
polymer surface consists of relatively polar low-molecular-
weight fragments.3 At the PEN/PDDA interface, electrostatic
interaction and entanglements of polymer chains are expected
to enhance their compatibility. In contrast, the UV-irradiated
PEN and PET surfaces, which have larger contact angles
(Table 1), could have a lower density of –OH and –CO2H
groups.42 Therefore, nickel lms formed on the UV-irradiated
surfaces modied with multilayers have defects and are not
adhesive to the substrates. Alternatively, the oxygenated-layer
formed by UV-irradiation is estimated to have a several
hundred nanometer thickness and lower mechanical strength.
For the thicker and fragile oxygenated-layer, adhesion strength
RSC Adv., 2017, 7, 33155–33161 | 33159

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra04880g


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
Ju

ne
 2

01
7.

 D
ow

nl
oa

de
d 

on
 3

/3
1/

20
26

 7
:5

6:
21

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
between metal lms and the UV-irradiated substrate surfaces is
considered to be low.

The surfaces of multilayers bind oppositely charged palla-
dium complex ions selectively by ion exchange. The surface of
(PDDA/PSS)3.5, which consists of PDDA predominantly, is posi-
tively charged as described above and binds [PdCl4]

2� selectively.
On the other hand, negatively charged surface of (PDDA/PSS)4
binds [Pd(NH3)4]

2+ selectively. Each palladium complex ion is
reduced by NaH2PO2 to form palladium nanoparticles, which
function as a catalyst for electroless deposition. In common
electroless processes, metals are deposited onto a polymer
substrate surface that has a micrometer-scale roughness formed
by chemical etching,16 which can affect the physical properties of
the metal lm and damage the polymer substrate. Our process
enables electroless deposition of a nickel lm adhesive to
a smooth polymer surface without affecting the bulk properties.
Possible source for improved adhesion is the decreased stress of
nickel lms at themultilayer/nickel lm interface as compared to
that at the bare polymer surface/nickel lm interface. The
multilayers behave like hydrogels and their plasticization imparts
a degree of mobility of the surface conformational accommoda-
tion during nickel deposition. Furthermore, the positively
charged (PDDA/PSS)3.5 surface is suitable for supporting nega-
tively charged chemical species such as [PdCl4]

2�, while the
negatively charged (PDDA/PSS)4 surface is suitable for supporting
positively charged ones. Therefore, the multilayers, whose prop-
erties can be controlled by the condition of LbL assembly, are
suitable for supporting a variety of charged chemical species. On
the other hand, plasma-treated polymer surfaces are negatively
charged due to –CO2H groups in general and suitable only for
supporting positively charged chemical species, while a uniform
nickel lm could not be electrolessly deposited on the plasma-
treated PEN substrates with [Pd(NH3)4]

2+.

Conclusions

Plasma treatment oxygenated the surfaces of PEN and PET
substrates to form hydrophilic surface. The plasma-treated
substrate surfaces were compatible with the polyelectrolyte
multilayer thin lms acquired via LbL assembly. Nickel lms
were electrolessly deposited on the substrate surfaces modied
by multilayers, which are suitable for supporting palladium
nanoparticle catalysts. The properties of the multilayers can be
controlled by condition of LbL assembly and play an important
role in adhesion between the substrates and nickel. This
process enables electroless metal deposition on a smooth
polymer substrate and could be applicable for manufacturing
printed circuits on a exible lm. In addition, this surface
modication process is simple, relatively fast, and environ-
mentally benign and should be applicable to the modications
of exible polymer lm surfaces by charged compounds for
fabricating devices and biomedical materials.19–23
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