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Abstract

The facile technology of hyperthermal hydrogen-induced cross-linking (HHIC)

has recently been employed to efficiently cross-link the typical surface modifi-

cation material of poly acrylic acid (PAA) on polymer substrates, such as poly-

lactic acid substrates, parylene C substrates and hydrophobic polypropylene

substrates. This paper systematically studied the HHIC induced self-cross-

linking of PAA without polymer substrates. It was found that the H was

cleaved not only from the C H, but also from the surface functional group

COOH, evidenced by both X-ray photoelectron spectroscopy (XPS) mea-

surement and the water contact angle test. We explained the self-cross-

linking process as a result of both C C bonding and COOC bonding.

Meanwhile, it was also found that PAA on different substrates can also be

cross-linked by secondary electron generated by X-ray radiation during XPS

analysis, which could be the main reason for wide variations of different

reported XPS results.
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functionalization of polymers, self-assembly, synthesis and processing techniques

1 | INTRODUCTION

Ultra-thin polymer films can be used as effective modi-
fiers to control the surface properties of different mate-
rials. The development of various hybridization and
polymerization processes has made it possible to prepare
such polymer-based films with a novel structure and special
performance. The terminal grafting of polymer chains on
various surface has aroused widespread attention because
of the formation of different polymer brushes.1–3 In the past
few years, most studies are focused on the preparation of

polymer films by grafting of the polymer on substrates.
However the strong inter-molecular interactions and con-
trolled polymer chains in the cross-linking structure intro-
duce modified properties that are distinguished from those
of the bare substrat.4–6 The main significance for the appli-
cation of cross-linking polymer coatings is to adjust the
interaction behavior between the surface and external
environment.

Poly acrylic acid (PAA) is one of the best candidates
for biocompatible materials due to its high concentration
of carbocylic acid ( COOH) functional group and hence
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excellent hydrophillic properties. So, PAA have been well
investigated due to its potential application in vascular
graft,7 regenerative medicines,8 catheters9 and nanogen-
erator.10,11 Recently，polymer bulk bending and surface
modification methods have been used to construct a
dense barrier structure in the matrix in order to improve
the surface properties (such as hydrophilia and adhesion)
of PAA.

Previous works have grafted PAA onto substrates
using various methods.12–23 However, the treatments
adopted by most of these reports are not pollution-free.
Moreover, pulse microwave plasma CVD, which has been
widely employed to deposit PAA layer,15–18 may lead to a
low COOH group concentration when acrylic acid is used
during deposition in the grafting. The cross-linking of
PAA thin film can also be obtained by annealing via a
photo initiator15 (e.g., 2,2-dimethoxy-2-phenyl aceto-
phene [DPA]) or electron beam radiation.19 However, a
complex focusing electron beam in a high vacuum system
as a photo initiator for photo-induced cross-linking limits
the cross-linking area due to a small electron beam size.
Hyperthermal hydrogen-induced cross-linking (HHIC), a
relatively new technology with several advantages such
as low temperature treatment, both large area and local
treatment, without requirement of crosslinking agent and
without contamination, can cross-link PAA efficiently
and firmly with the polymer substrates, such as PLA
substrate,20 PPXC substrate,21 and hydrophobic polypro-
pylene substrate.22 Although previous studies focused on
cross-linking PAA and polymer substrates, it's worth not-
ing that HHIC can also cause PAA to cross-link by itself.

Additionally, we found that, although x-ray photo-
electron spectroscopy (XPS) has been applied to charac-
terize both PAA film and the interface between PAA and
substrate, the resulting XPS data were conflicting and
inconsistent.23 Among the most-used four components
for C1s peak, for carbon atom in different locations in the
PAA molecule, the major inconsistence is C4 component
in C1s, 1.7 eV away from the main aliphatic C1s peak
due to structurally degradated PAA molecule induced by
photoelectrons from the substrate.20,24

Herein, we focused on the growth of ultra-thin PAA
layer on Si wafer by spin-coating and the self-crosslinking
behavior of as-prepared films by using HHIC method.21

The H is cleaved not only from C H, but also from
functional group COOH. The self-cross-linking of PAA
are then demonstrated by C C and the COOC
bonding, which was evidenced by both XPS results and
the water contact angle test. For the first time, we also
found that the cross-linking of PAA can result from sec-
ondary electron induced by X-ray radiation during XPS
analysis, which are likely the main reason for a wide vari-
ation of reported XPS data of PAA.

2 | EXPERIMENTAL SECTION

2.1 | Spin casting deposition of PAA
films

The substrates including the Si wafer (about 10 � 10 mm2)
and the 10 nm Ti foil were firstly sputtered, and then a
100 nm Pt was coated by e-beam evaporation under the
working pressure of 2 � 10�7 Torr. Thin films were pre-
pared by spin-coating using a 0.1 to 0.7 wt% PAA solution
(MW = 450,000, from Sigma-Aldrich as received) dis-
solved in ethanol. The thickness of thin films was mea-
sured using a Beer–Lambert approach based on the
attenuation of signal ratio of C1s of PAA to substrates
(e.g., Si 2p or Pt 4f).

2.2 | Cross-linking PAA by using HHIC

Cross-linking experiments were conducted on a home-
made electron cyclotron resonance (ECR) enhanced
microwave plasma reactor, by using extraction ions to fill
a space full with H2 gas to collide and exchange its
kinetic energy to hydrogen. This process may produce H
with some certain kinetic energy and/or H2 with more
kinetic energy. The energetic hydrogen breaks bonds in
the organic molecular and then some C radicals may
cross-link with each other. The bombardment influence
of hyperthermal hydrogen on the samples was estimated
by the extraction voltage (as primary H+ kinetic energy)
and collision numbers, which depend on the distance
between extraction grids, sample surface, and the pres-
sure, for a given extraction voltage. Some of the bom-
barded PAA samples were soaked and washed by
ethanol, and then dried with compressed N2. Direct evi-
dence of the cross-linking was to be identified if there
was any PAA film remaining in the surface after washing
by ethanol.

2.3 | Characterization

X-ray photoelectron spectroscopy (XPS) were carried out
a with a Kratos Axis Ultra spectrometer using a monochro-
matic Al Kα source (8 mA, 14 kV). High resolution spectra
of core-level were recorded using a 0.05 eV step and 20 eV
pass energy and an analysis area of 300 � 700 μm2, while
survey spectra were recorded at 0.7 eV step and 160 eV
pass energy and an analysis area of 300 � 700 μm2. AFM
measurement was performed with a Park System (Model:
XE-100) operating at tapping mode with which one can
capture topography and phase image simultaneously. We
used a tapping cantilever with a nominal spring constant
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of 40 N/m and the tip was pyramidal in shape with a
radius of curvature about 20 nm.

3 | RESULTS AND DISCUSSION

3.1 | XPS analysis of PAA thin films

X-ray photoelectron spectroscopy (XPS) has been applied
to characterize both PAA film and the interface between
PAA and substrate. The XPS survey spectra show that
there are only C, O, and Si signals. Typical high-
resolution spectra of XPS C1s of the as-deposited PAA on
Si wafer (Figure 1a) can be fitted into four components.
C1, associated with C-C/C-H bond, is located at 285 eV;
C2 is 0.4 eV higher than C1; C3 is 4.2 eV higher than C1;
and C4 is 1.7 eV higher than C1, likely coming from the
structural degradation of PAA molecule induced by pho-
toelectrons from the substrate.20,24 Table 1 summarized
the published XPS data about PAA.

The thickness of PAA thin films derived from XPS
results as a function of spin-coating speed can be found
in Figure 1b. The thickness of the thin film can be

approximately estimated by the C1s to Si2p peak area,
using the following equation:

IC1s
ISi2p

¼ I0C1s
I0Si2p

1� e�d=λSi2p

e�d=λC1s
ð1Þ

where I present the peak intensity (peak area) of photo-
electron emission, d is thickness of the thin films, and λ
is the photoelectron mean free path in the thin films. The
method was assumed as one of the best methods to esti-
mate the thickness of organic molecular layers.25–27

It seems to fit linear relationship in log–log coordina-
tion under the spin coating speed below 4500 rpm, con-
sistent with theoretical model28,29:

h¼KC0 ν0D0ð Þ1=4=ϖ ð2Þ

Where, K is a number of order unity, C, ν, D, and ω are
the initial PAA concentration, the kinematic viscosity,
the solute diffusivity, and the spin speed, respectively.
The dependence of the thin film thickness of PAA on the

FIGURE 1 (a) Typical high-resolution spectra of X-ray photoelectron spectroscopy (XPS) C1s of the as-deposited poly acrylic acid (PAA)

on Si wafer; the inset shows the PAA molecular structure with the indication of C 1 s component. (b) PAA film thickness as a function of

spin-coating speed for different PAA concentration; (c) C1s components relative concentration in PAA thin film; (d) variation of C1s

components peak full width at half maximum (FWHM) on the film thickness [Color figure can be viewed at wileyonlinelibrary.com]
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concentration is shown in Figure 1b, which is also well
consistent with the Equation (2) and reference 30.

It is worthwhile noting that the relative content of C4
component is slightly decreased with the thickness of the
thin films, which may result from a decreased photoelec-
tron induced effect from the substrate as described below.
Although we noted that there is little change of C4 peak
position, its peak width (FWHM, full width at half maxi-
mum), as shown in Figure 1d, is significantly decreased
with the increasing of PAA film thickness, probably
owing to an increasingly ordered structure of PAA.

To further identify photoelectron induced effect, we
then compared two PAA samples with different substrates:
Si and Pt (100 nm with 10 nm Ti as interlayer between Pt
and Si wafer) coated on Si substrate. The XPS survey spec-
tra of the two samples can be found in Figure 2. A strong
background for PAA on Pt can be easily seen in Figure 2a.
In other words, there is stronger photoelectron cross-
section from Pt than that from Si. Our detailed XPS data
shows that the ratio of C4 to C2 (Figure 2b) increases with
both radiation time and higher photoelectron yield from
the substrates. Indeed, the ratios shows a quickly increas-
ing rate (slope) for the PAA on the Pt substrate, suggesting
the stronger damage for the PAA on the Pt substrate.
Obviously, the relative concentration of C4 component,
due to photoelectron induced cross-linking from COOH
cleavage of H to form COOC ,20 is associated with the
Si substrate and the thickness of PAA layer for a given X-
ray power density. Therefore, we can easily understand
the wide variation of those data of the Table 1, which may
come from the different PAA thicknesses, substrates and
x-ray power densities as well.

The C1s spectra of PAA film bombarded by HHIC
can be found in Figure 3a for an 8 nm PAA film on the Si

substrate. As compared with the untreated sample
(Figure 1a), the widen C1s line shape comes from the
increased disorder of the chemical bonds during HHIC
treatment. Figure 3b summarizes the evolution of C1s
component as a function of the treatment time. Clearly,
the intensities of C4 and C1 components increase with
the treatment time, while the intensities of C3 and C2
components decrease with the treatment time, indicating
that there is much more C C and COOC forma-
tion, and COOH group is decreased upon the treatment
time. These results indicate that H cleaves from C H
and O H, and then both COOC and C C bonds
form subsequently, finally leading to the cross-linking of
original PAA, as shown schematically in Figure 3d.

The PAA thickness estimated by XPS, as a function of
the treatment time before and after the washing can be
found in Figure 3c. One can see that the PAA thickness
keeps constant during the treatment, suggesting the
treatment is a very soft treatment and without any etch-
ing effects on the PAA film. However, the thickness of
PAA film becomes thinner after washing, indicating
that un-cross-linked PAA components are always pre-
sent even after the long treatment time. Also, the PAA
thickness (after washing) is increased as the treatment
time as shown in Figure 3c, indicating that more and
more PAA becomes crosslinked together with increasing
HHIC treating time.

3.2 | Surface morphology of PAA film

Atomic force microscopy (AFM) images of the PAA thin
film after hyperthermal hydrogen bombardment and eth-
anol washing are shown in Figure 4. It is demonstrated

TABLE 1 The collection of X-ray

photoelectron spectroscopy (XPS) C1s

components for poly acrylic acid (PAA)

from published data (at. %)

Samples C1 (285) C2, C3 (285.4, 289.2) C4 (286.7) Refs.

Expecteda 40 30 30 0 This work

bulk 42 29 29 0 20

Thick layer 42 29 29 0 21

Thin layer on

Si 66 15 15 3 20

Ti 52 19 19 9

Fe 54 21 21 4

Al 48 23 23 6

Cu 54 18 18 10

Ni 50 18 19 13 21

glass 39 27 27 7 16

Thick layer 52.8 12.9 12.7 little 20

aEstimated by PAA molecule formula.
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that the surfaces of PAA are smooth in the nanometer
scale even if there are a few bulk particles on the surface
for both as-deposited PAA and those after 600 s

treatment time. Moreover, there is no observed change in
the AFM topography for the films that has been cross-
linked, indicating no decomposition and sputtering of

FIGURE 2 (a) X-ray photoelectron spectroscopy (XPS) survey of poly acrylic acid (PAA) films on Si wafer and Pt surface respectively,

(b) the ratio of C4 to C2 component as a function of X-ray radiation time (X-ray power is about 48 W, less than general power 140 W) [Color

figure can be viewed at wileyonlinelibrary.com]

FIGURE 3 (a) C1s X-ray photoelectron spectroscopy (XPS) spectra of poly acrylic acid (PAA) with different treated for 500 s; (b) C1s

components of PAA film as a function of the treatment time by HHIC; (c) the estimated PAA thickness as a function of the treatment time

before and after washing; (d) mechanism diagram of hyperthermal hydrogen-induced cross-linking (HHIC) [Color figure can be viewed at

wileyonlinelibrary.com]
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carbon occurring during the hyperthermal hydrogen bom-
bardment, consistent with the XPS measurement
(Figure 4). However, there are some clusters or particles
on the surface after bombardment and washing, indicat-
ing that the PAA without cross-linking has been washed
away while the cross-linked PAA will be well retained on
the Si wafer surface. Meanwhile, PAA with short treat-
ment time will only leave some PAA on the substrate
after washing by ethanol (Figure 4c). In contrast, there is
only Si substrate for untreated and washed PAA film in
the Si wafer in the AFM image (not shown here), indicat-
ing no cross-linking of PAA for untreated samples.

3.3 | Wettability of PAA film surface

One of the direct evidences of surface retained COOH
group can be demonstrated by water static contact angle
measurement. It is noted that the contact angle changes
with time for as-deposited PAA thin film, as shown by a
typical cases in Figure 5a. One can see that the contact

angle is increased upon time within the first 400 s, and
then slowly decreased with time. The change of water
contact angle for no-cross-linked PAA results from the
highly water soluble properties of the PAA. On the other
hand, the contact angle of the cross-linked PAA film by
HHIC is very stable due to the cross-linking of PAA
(Figure 5a). As shown in Figure 5b, the static contact
angle of the PAA is also varied with different treatment
time. Obviously, the PAA lost its wettability after the
cross-linking by HHIC, owing to the loss of the PAA
function group COOH. This is in agreement with XPS
results in Figures S1 and 3. The changes of water contact
angle, both for the washed and unwashed PAA, are stabi-
lized after 150 s treatment, well consistent with reports
from reference 24.

The COOH group content in the PAA film is sup-
posed to be associated with water contact angle, as shown
in Figure 5c. The rapid increasing of water contact angle
may be caused by loss of COOH due to excessive bom-
bardment of hyperthermal hydrogen. Obviously, HHIC
of PAA film can result in the breaking of both C H

FIGURE 4 Atomic force microscopy (AFM) images of poly acrylic acid (PAA) films on Si wafer with different hyperthermal hydrogen-

induced cross-linking (HHIC) treatment: (a) untreated; (b) 600 s + washed, and (c) 100 s + washed [Color figure can be viewed at

wileyonlinelibrary.com]

FIGURE 5 (a) Static water contact angle on as-prepared poly acrylic acid (PAA) film as function of water droplet time, (b) treatment

time effects on the water contact angle, (c) water contact angle as a function of C3( COOH) component concentration. All measured are

completed within 30 s after droplet on the surface. [Color figure can be viewed at wileyonlinelibrary.com]
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bonds and O H bonds, then form the cross-linking
(Figure 3d), although it seems that there are much more
broken C H bonds than broken O H bonds. Indeed, the
broken O H bonds decrease the number of COOH
groups, which is not expected for the cross-linking.

4 | CONCLUSION

The ultra-thin layer of PAA has been deposited by spin-
coating processes and the thickness can be controlled by
PAA concentration and the speed of spin-coating. Both
the XPS results and the water contact angle measure-
ment evidence the cross-linking of PAA. It is further
elucidated that the HHIC induced self-cross-linking of
PAA without polymer substrates are therefore via both
C C bonding and COOC bonding, and the H

atom in PAA molecular is cleaved by HHIC not only
from the C H, but also from the COOH functional
group. In addition, we also found that secondary elec-
tron induced by X-ray radiation during XPS analysis can
lead to the cross-linking of PAA, which are likely the
main reason for a wide variation of reported XPS data
of PAA.
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