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Abstract

Surface modification of polymers and paints is a popular and effective way to enhance the

properties of these materials. This can be achieved by introducing a thin coating that pre-

serves the bulk properties of the material, while protecting it from environmental exposure.

Suitable materials for such coating technologies are inorganic oxides, such as alumina, tita-

nia and silica; however, the fate of these materials during long-term environmental exposure

is an open question. In this study, polymer coatings that had been enhanced with the addi-

tion of silica nanoparticles (SiO2NPs) and subsequently subjected to environmental expo-

sure, were characterized both before and after the exposure to determine any structural

changes resulting from the exposure. High-resolution synchrotron macro ATR-FTIR micro-

spectroscopy and surface topographic techniques, including optical profilometry and atomic

force microscopy (AFM), were used to determine the long-term effect of the environment on

these dual protection layers after 3 years of exposure to tropical and sub-tropical climates in

Singapore and Queensland (Australia). Principal component analysis (PCA) based on the

synchrotron macro ATR-FTIR spectral data revealed that, for the 9% (w/w) SiO2NP/polymer

coating, a clear discrimination was observed between the control group (no environmental

exposure) and those samples subjected to three years of environmental exposure in both

Singapore and Queensland. The PCA loading plots indicated that, over the three year expo-

sure period, a major change occurred in the triazine ring vibration in the melamine resins.

This can be attributed to the triazine ring being very sensitive to hydrolysis under the high

humidity conditions in tropical/sub-tropical environments. This work provides the first direct

molecular evidence, acquired using a high-resolution mapping technique, of the climate-

induced chemical evolution of a polyester coating. The observed changes in the surface

topography of the coating are consistent with the changes in chemical composition.
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Introduction

The surface modification of polymers and paints used to coat substrate surfaces is an attractive

method for enhancing the properties of these materials [1–4]. A thin overcoat can preserve the

desirable properties associated with the bulk material, such as mechanical strength and appear-

ance, but can change the way in which the surface interacts with the environment. One exam-

ple is the application of titania films to substrates for the purposes of imparting photocatalytic,

self-cleaning functionality to the surface [2]. Materials typically used for these applications are

inorganic oxides, such as alumina, titania and silica [2–4]. These materials are often combined

or derivatized in various ways; one example is via the absorption of functional agents through-

out mesoporous networks. These coatings may be applied through solution based processes or

via vapor deposition technologies. Typically, the thickness of the layers applied is less than one

micron. Given that the substrate surfaces being coated may be unstable in the environment,

the fate of the coating materials and their ability to retain their protective and mechanical

properties during long-term environmental exposure is of paramount importance. Recent

advances in surface engineering have seen the use of silica nanoparticles (SiO2NPs) in the

development of innovative, highly functional and durable surface coatings that exhibit

enhanced abilities to resist corrosion [5]. The long-term effect of environmental exposure

upon these dual protection layers on steel surfaces has, however, not been studied.

The highly collimated synchrotron infrared (IR) beam essentially provides 100–1000 times

greater brightness than those obtained using conventional thermal Globar™ IR sources in most

laboratory-based FTIR instruments. This highly intense beam enables the acquisition of high-

quality FTIR spectra at diffraction-limited spatial resolutions [6,7]. As such, the synchrotron

FTIR technique represents an excellent analytical platform for acquiring spatially-resolved

chemical mapping of materials at a lateral resolution between 3–10 μm (depending on the

wavelength used). At the Australian Synchrotron IR beamline, a technique based on macro-

scopic (macro) attenuated total reflection (ATR)-FTIR microspectroscopy was recently devel-

oped to enable the coupling of the synchrotron IR beam to a germanium (Ge) ATR element

[8]. The high refractive index of Ge (nGe = 4) allows an ATR-FTIR mapping measurement to

be used to probe surface-specific molecular information pertaining to materials at four times

greater resolution than that able to be achieved in comparable transmission and reflectance

modes [8]. Unlike the traditional microscopic (micro) ATR-FTIR approach, the macro

ATR-FTIR technique only requires a single contact to be made between the sample and the

ATR crystal for the entire mapping measurement, which not only results in a greater scanning

speed, but also reduces the possibility of sample damage and cross-contamination between

measurement positions.

Our preliminary observation using the synchrotron ATR-FTIR microspectroscopic tech-

nique, performed at low resolution in the early stage of the development, indicated a decrease

in the carbonyl (C = O) band intensity in the pure polyester coating with no SiO2NPs present

after three years of exposure to the sub-tropical climate in Queensland (Australia) [9]. In this

study, the chemical evolution occurring in SiO2NPs-embedded polyester composite coatings

on steel substrata as a result of environmental factors was observed over time and analyzed at

the molecular level using the synchrotron macro ATR-FTIR technique previously described.

High-resolution chemical maps were acquired for the surfaces of polyester composite coatings

containing different amounts of SiO2NPs. These samples were exposed to tropical and sub-

tropical environments for a period of 3 years. A chemometric approach, specifically principal

component analysis (PCA), was subsequently applied to the synchrotron macro ATR-FTIR

spectral data, in order to determine specific changes in the molecular structure of the surface.

These results were then compared to those samples that had not been environmentally
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exposed. The changes in the molecular structure, along with the corresponding surface topo-

graphic data obtained from optical profilometry and atomic force microscopy (AFM), pro-

vided an insight into changes taking place in the surface properties of the coating materials

resulting from the environmental exposure. This information is critical in developing methods

by which the durability of the polymer composite coatings can be improved. It should be

noted that this work represents the first time that direct molecular evidence, performed using

high-resolution synchrotron FTIR mapping technology, has been reported to highlight the

chemical evolution of polyester composite coatings on steel surfaces as a result of environmen-

tal exposure.

Materials and methods

Materials

Steel disc samples with a pure polyester coating (0% SiO2NPs) and SiO2NPs-embedded polyes-

ter coatings (4.5% and 9% SiO2NPs) were supplied by Bluescope Steel Australia (New South

Wales, Australia). The samples were subsequently exposed to both tropical (Singapore) and

sub-tropical (Rockhampton, Australia) for 3 years. The relevant climate data were obtained

from Meteorological Service Singapore and Bureau of Meteorology, Australian Government,

respectively. The climate data is shown in S1 Fig. Prior to analysis, the steel disc samples were

rinsed with double-distilled water and dried using nitrogen gas (99.99%). After drying, sam-

ples were kept in airtight containers to prevent any contamination of the surface.

Atomic force microscopy

Atomic force microscopy (AFM) was performed using an Innova1 atomic force microscope

(Bruker Corporation) in tapping mode using a phosphorus doped silicon probe with a spring

constant of 0.9 N/m, tip curvature with a radius of 8 nm and a resonance frequency of 20 kHz

[10]. As was the case with the optical profilometry studies, measurements were performed in

triplicate on 3 individual coated steel discs per coating condition and on 3–4 different loca-

tions on each disc. The statistical parameters relating to surface roughness were then quantita-

tively determined over the nano-scale range using the standard instrument software. The

results were expressed in terms of mean roughness together with the corresponding standard

deviation, following commonly used protocols. Statistical data processing was performed

using a paired Student’s two-tailed t-tests in order to evaluate the consistency of the results.

Surface wettability measurement

Surface wettability measurements were conducted using a contact angle goniometer (FTA1000

C Class, First Ten Ångstroms Inc., VA, USA) equipped with a nanodispenser. The measure-

ment was performed in triplicate on 3 individual coated steel discs for each coating condition

and at 9–10 locations on each disc. Water contact angles were analyzed using the FTA1000C

version 2.0 software [9,11]. An average value of the contact angle was obtained from at least

five measurements, and expressed as a mean ± standard deviation.

Synchrotron macro ATR-FTIR mapping microspectroscopy

Synchrotron macro ATR-FTIR microspectroscopy measurements were performed at Infrared

Microspectroscopy (IRM) beamline (Australian Synchrotron), using a Bruker Vertex V80 v

spectrometer coupled with a Hyperion 2000 FTIR microscope and a liquid nitrogen-cooled

narrow-band mercury cadmium telluride (MCT) detector. An in-house developed macro

ATR-FTIR microspectroscopic analysis of silica nanoparticle-embedded polyester coated steel surfaces
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ATR-FTIR device, equipped with a 250-μm-diameter facet Ge ATR crystal, was used to

acquire the spectral maps of the polymer composite coating surfaces in the mapping mode.

In practice, the Ge ATR crystal was initially brought to the focus of the synchrotron IR

beam, and a background spectrum was recorded in air using a spectral resolution of 4 cm-1

and 256 co-added scans. The coated steel disc was then mounted on an aluminum disc using

double-sided polyimide (Kapton1) tape. This was then brought into contact with the flat sens-

ing facet of the Ge ATR crystal. In order to locate areas on the surface that provided good con-

tact, a low-resolution overview spectral map was initially measured to cover a 150 × 100 μm2

area at a 5 μm step interval using 8 co-added scans. A high-resolution map was subsequently

acquired on the position where both strong FTIR signals were obtained according to the result

from the prior low-resolution chemical map, and where interesting features were observed on

the visible image. In all cases, the acquisition of a high-resolution map was obtained that cov-

ered a total area of 30 × 30 μm2 at a 1 μm step interval, using 16 co-added scans.

In this study, every spectrum was collected with a beam defining aperture that provided a

nominal measurement area of 3.1 μm in diameter per pixel. For each pixel, the synchrotron

macro ATR-FTIR spectrum was recorded within a spectral range of 3800–700 cm-1 using a

spectral resolution of 4 cm-1. Default acquisition parameters were used, including Blackman-

Harris 3-Term apodization, Power-Spectrum phase correction, and zero-filling factor of 2.

These parameters were set using the OPUS 7.2 software suite (Bruker).

Spectral pre-processing and multivariate data analysis

Atmospheric compensation was first performed on every synchrotron macro ATR-FTIR spec-

tral map, using the OPUS 7.2 software suite (Bruker), to remove the presence of atmospheric

water vapour and carbon dioxide from the spectra. The spectra embedded in each corrected

spectral map were then pre-processed using CytoSpec v. 1.4.02 (Cytospec Inc., Boston, MA,

USA) software, using noise reduction and 2nd derivatization with 13-point Savitzky-Golay

algorithms [12], in order to eliminate the broad baseline offset and curvature. Application of

the 2nd derivatization algorithm improves the performance of the subsequent multivariate data

analysis by removing any non-chemical aspects, such as the optical and scattering artifacts that

arise from the input spectra [13,14]. The 2nd derivative spectra were then vector-normalized

using only the spectral range that contain major bands relevant to the polyester coating com-

ponents (i.e. 1790–970 cm-1), in order to remove the scaling effects that arise as a result of dif-

ferences in sample thickness.

Finally, a multivariate pattern recognition method, based on a hierarchical cluster analysis

(HCA) [15], was performed to discriminate the pre-processed 2nd derivative spectra for each

spectral map into five clusters using the same spectral range that contain the major bands asso-

ciated to the polyester coatings (i.e. 1790–970 cm-1). It should be emphasized that in this study,

HCA was used for screening and extracting good quality spectra from each spectral map, in

order to ensure that the molecular characteristics of each coating group were appropriately

represented. Accordingly, spectra with strong FTIR signals and high signal-to-noise (S/N)

ratios were extracted from the selected HCA cluster(s) to be used for the subsequent PCA.

A principal component analysis (PCA) [16] was performed using The Unscrambler1 10.1

software package (CAMO Software AS., Oslo, Norway). To measure the changes in molecular

structure that resulted from subjecting the samples to environmental exposure, representative

absorbance spectra were extracted from the selected HCA clusters of the coating groups with

the same content of SiO2NPs before and after 3 years of exposure. These spectra were then

combined and converted to 2nd derivatives using a 13-point Savitzky-Golay algorithm. The

total number of spectra that were extracted from each coating group, varied within 500–900

ATR-FTIR microspectroscopic analysis of silica nanoparticle-embedded polyester coated steel surfaces
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spectra. The resultant 2nd derivative spectra were then corrected using an extended multiplica-

tive scatter correction (EMSC) method [17] over the same spectral range (1790–970 cm-1). In

principle, the EMSC pre-treatment is used in order to remove any light-scattering artefacts and

to normalize the spectra, accounting for path-length differences. As a result, the EMSC-cor-

rected 2nd derivative spectra corresponded, in a more linear fashion, to the analyte concentra-

tion compared to that obtained using untreated spectra, leading to greater interpretability and

an improved discriminatory accuracy of the multivariate data analysis approaches [14,17,18].

The PCA was performed using the combined EMSC-corrected 2nd derivative spectral dataset

containing the control group (no exposure) and those after 3 years of exposure. In both cases,

samples contained the same SiO2NPs composition, and were subjected to the cross-validation

method using 7 principal components (PCs). The PCA results, which were presented in forms

of scores and loading plots, provide an insight into the similarities and differences in chemical

composition between the two coating groups both before and after environmental exposure.

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopic (XPS) analysis was performed using a Thermo Scientific

K-alpha X-ray photoelectron spectrometer (Thermo Fisher Scientific, Victoria, Australia),

equipped with a monochromatic X-ray source (Al Ka, hν = 1486.6 eV) operating at 150 W.

The spectrometer energy scale was calibrated using the Au 4f7/2 photoelectron peak at a bind-

ing energy (BE) of 83.98 eV. During analysis, the samples were flooded with low-energy elec-

trons to counteract any surface charging that may occur. The hydrocarbon component of the

C 1s peak (BE = 284.8 eV) was used as a reference for charge correction. Photoelectrons emit-

ted at an angle of 90˚ to the surface from an area of 700 × 300 μm2 were analyzed with 160 eV

for survey spectra and then with 20 eV for region spectra. Survey spectra were recorded at

intervals of 1.0 eV/step, while the region spectra were taken at intervals of 0.1 eV/step. The

Shirley algorithm was used to measure the background core level spectra, and chemically dis-

tinct species in the high-resolution regions of the spectra were resolved using synthetic Gauss-

ian–Lorentzian components after the background was removed (using the Thermo Scientific

Avantage Data System). High-resolution scans were performed across each of the C 1s peak.

Raman microspectroscopy

The pure polyester and polyester composites were measured using a Raman micro-spectrome-

ter (WITec, Ulm, Germany) with a laser excitation wavelength of 532 nm (hν = 2.33 eV). A

40× magnification objective (NA = 0.4) was used to characterize the polymer degradation. A

grid of 100 × 100 spectra was acquired for a scanning area of 50 × 50 μm2. The integration

time used for each spectrum was 0.15 s. For each polymer coating sample, Raman mapping

measurement was performed in duplicate on two independent samples.

Results and discussion

Characterization of surface topography and surface wettability

The surface topography of each substrate coatings was analyzed using AFM over an area of

1 × 1 μm2 (Fig 1). The corresponding surface roughness profiles of both pure polyester and

polyester composite coatings, containing 4.5% and 9% SiO2NPs, are also included in S2 Fig as

a function of environmental exposure time (year 0, year 1, year 3 and year 5). As shown in Fig

2, the average roughness of both the pure polyester and polyester composite coatings gradually

increased over the 5-year observation period when exposed to the tropical (Singapore) and

sub-tropical (Rockhampton, Australia) climate conditions. In particular, the most significant

ATR-FTIR microspectroscopic analysis of silica nanoparticle-embedded polyester coated steel surfaces
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change in the surface roughness was found in 4.5% SiO2NPs-embedded polyester composite

coatings exposed to the sub-tropical climate (Australia).

Contact angle measurement is commonly used for determining the degree of wettability of

a surface [11]. Increases in contact angle indicate that changes in surface chemistry take place

making the surface become more hydrophobic, whereas a reduction in contact angle signals

the surface becoming more hydrophilic. The mean water contact angles for each of the sub-

strate coatings are presented as a function of time in Fig 3. The water contact angles were

found to be slightly lower than 90˚ for all of the substrate coatings prior to exposure, indicating

that they were exhibiting marginally hydrophobic behavior, as would be expected for a surface

comprised of polyester.

After exposure to the tropical climate (Singapore), both the pure polyester and polyester

composite coatings exhibited reducing contact angles as a function of time, indicating that the

surface became more hydrophilic. In contrast, under the sub-tropical climate (Australia), the

pure polyester coating showed marginal changes in contact angle over the 5-year period. The

polymer composite coatings, however, exhibited little if any change in contact angle for three

years, after which time a slight reduction in contact angle was observed, indicating that the sur-

face had become more hydrophilic.

Changes in surface chemistry by environmental exposure observed

using synchrotron macro ATR-FTIR and PCA analysis

1. Pure polyester coating. The microscopic images of the pure polyester coating on the

steel substrata are presented with the synchrotron macro ATR-FTIR chemical maps, acquired

in both low- and high-resolution modes, in Fig 4A. The synchrotron ATR-FTIR chemical

Fig 1. Surface nanotopography of pure polyester and 4.5% and 9% SiO2NPs polyester composite

coatings on steel substrata under sub-tropical and tropical climate from year 0 to year 5. Atomic force

micrographs, over a scanning areas of 1 × 1 μm2, showing the change in surface nanotopography of (A) 0%

SiO2NPs, (B) 4.5% SiO2NPs, and (C) 9% SiO2NPs after the 5-year exposure to subtropical and tropical

climates.

https://doi.org/10.1371/journal.pone.0188345.g001
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maps were produced from integrated area under the band at 1725 cm-1, which is attributable

to the ν(C = O) carbonyl stretching vibration [19], and thereby represent the distribution of

the polyester resin used as the second protection layer. In particular, the microscopic images

clearly showed distinct differences in the physical appearance of the surface coatings, in terms

of their color and surface topography, between the original control group and those exposed to

the tropical (Singapore) and sub-tropical (Queensland) climates for 3 years. This physical evi-

dence suggested the formation of a surface chemistry that prompted degradation of the coating

material, which appeared to be in an advanced stage for the tropical samples compared to the

sub-tropical environment. This difference in surface chemistry is also supported by a substan-

tial decrease in the ν(C = O) carbonyl stretching intensity over a much larger surface in the

tropical exposure samples compared to those of the sub-tropical climate, as seen via their cor-

responding low-resolution maps (Fig 4B). Therefore, the observed surface discoloration could

be indicative of chemical reaction(s) having taken place that directly affected the carbonyl

(C = O) bonds in the polyester coating layer.

In this study, the PCA results were obtained using the spectral window in the range of

1790–970 cm-1, which includes the regions covering the spectral features characteristic of poly-

ester and melamine resins, which are commonly used as cross-linkers [19,20]. Initially, the

PCA was performed to allow a differentiation to be made between the spectral patterns of the

exposed polyester coatings and their corresponding control group. The resultant score plots

Fig 2. Average nanoscale surface roughness of pure polyester and 4.5% and 9% SiO2NPs polyester

composite coatings on steel substrata as a function of exposure time from year 0 to year 5, under

tropical (left) and sub-tropical (right) conditions. Data is presented as mean ± standard deviation. Insets:

change in average roughness values as a function of time.

https://doi.org/10.1371/journal.pone.0188345.g002

Fig 3. Water contact angle (˚) as a function of time for pure polyester and 4.5% and 9% SiO2NPs

polyester composite coatings on steel surfaces, before and after exposure to tropical (left) and sub-

tropical (right) environments. Data represent mean ± standard deviation.

https://doi.org/10.1371/journal.pone.0188345.g003
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shown in Fig 5 clearly revealed the distinct separation of clusters of spectra according to the

samples exposed to different climate conditions, along the PC1 axis. Therefore, their corre-

sponding PC1 loadings plots were used to identify the key differences in chemical composition

that were responsible for the separation.

By comparing the respective PC1 loading features, it was found that the major changes

in molecular structure that were seen to have taken place in the pure polyester coatings

exposed to a tropical climate were distinctively different to those exposed to the sub-tropical

Fig 4. (A) Microscopic images of pure polyester coating surfaces both before and after 3 years of

environmental exposure in tropical (Singapore) and sub-tropical (Queensland) climates (from top to bottom).

(B) Low-resolution synchrotron macro ATR-FTIR chemical maps of the ν(C = O) band at 1725 cm-1, acquired

on the same area shown in the corresponding microscopic images. (C) High-resolution synchrotron macro

ATR-FTIR 3D chemical maps of the ν(C = O) band at 1725 cm-1, acquired on specific areas of interest as

indicated in (B).

https://doi.org/10.1371/journal.pone.0188345.g004

Fig 5. PCA score (left) and loading (right) plots, based on high-resolution synchrotron macro

ATR-FTIR spectra of pure polyester coatings, showing the projection against the first PC (PC1) that

explains the majority of the spectral variation between the control sample (year 0) and the samples

after 3 years of exposure to (A) tropical Singapore and (B) sub-tropical Queensland climates.

https://doi.org/10.1371/journal.pone.0188345.g005
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environment. The most prominent changes in the molecular structure of the coatings exposed

to the tropical climate were seen by changes in the vibrational modes at 1550 and 1050 cm-1,

which were attributed to the ν(C = N) stretching mode of triazine ring vibration and the ν
(C-O-C) stretching modes of the ether groups in the melamine resin, respectively [21]. The

PC1 loadings of the samples under sub-tropical exposure, on the other hand, indicated a num-

ber of changes in the chemical bonds involving the ν(C = O) stretching mode of polyester

resin, ν(C = N) stretching mode of the triazine ring vibration, δ(C-H) bending mode of methy-

lene groups and δ(O-H), corresponding to deformation in the peaks at 1730, 1552, 1330 and

1240 cm-1, respectively [21].

To gain a better understanding of the chemical bonds observed in the polyester coatings as

a result of environmental exposure, the climate statistics of Singapore and Queensland were

considered. These included temperature, rainfall, % humidity and UV index (S1 Fig). These

climate statistics indicated that temperature, % humidity and UV index in Singapore were rela-

tively constant over the entire year, with the exception that the rainfall was substantially greater

from November to January. Conversely, these four climate parameters recorded for Queens-

land (Rockhampton) appeared to significantly fluctuate across the year. The total rainfall in

Queensland were only one third of those experienced in Singapore, whereas the average UV

index in Queensland was noticeably higher than that recorded in Singapore.

The combination of yearly climate fluctuation, low rainfall and high UV index could be the

key factor responsible for changes in the surface chemistry in the polyester coatings exposed to

the sub-tropical environment, as evidenced through the loading features presented in Fig 5.

Based on the statistical climate data, the constantly high level of rainfall and humidity through-

out the year in Singapore potentially played an important role in causing changes in surface

chemistry, as seen in variations of the ν(C = N) stretching mode of triazine ring vibration and

the ν(C-O-C) stretching modes of ether groups. These results are consistent with the fact that

the triazine ring is known to be very sensitive to hydrolysis by water, and therefore more

prone to degradation in high humidity environments [22,23].

2. SiO2NPs-embedded polyester composite coating at 4.5% SiO2NPs. Polyester com-

posite coatings containing 4.5% SiO2NPs were subjected to the same study as that used for the

pure polyester coatings. The microscopic images in Fig 6A highlight substantial changes in the

physical appearance of the polyester composite coatings as a result of exposure to the tropical

climate in Singapore, compared to the control samples. Clearly visible is large, rust-like discol-

oration at various locations on the composite surface. Based on the corresponding low-resolu-

tion map of the ν(C = O) carbonyl stretching vibration in Fig 6B, these deep orange areas

possessed very low intensity within the carbonyl band, suggesting an alteration in the carbonyl

bonding structure in the polyester coating. In contrast, those exposed to sub-tropical condi-

tions presented only subtle levels of discoloration in the surface.

For the samples exposed to the tropical environment, the component that was most in-

fluential in causing the separation along the PC1 axis was the ν(C = N) stretching mode of

the triazine ring vibration, as indicated by the PC1 loadings at 1550 cm-1 (Fig 7). Moderate

contributions also arose from the ν(C = O) carbonyl stretches of the polyester resin and the ν
(C-O-C) stretching modes of ether groups at 1725 and 1050 cm-1, respectively. Alteration of

these specific bonding structures could be the key factor that led to the presence of the rust-

like stains. In addition, the score plot presented in Fig 7A revealed that a cluster of the polyes-

ter composite coatings at 4.5% SiO2NPs after 3 years of exposure to the tropical environment

resulted in a longitudinal dispersion along the PC3 axis, which was not observed for the pure

polyester coatings. According to the corresponding PC3 loadings, dispersion of the data cluster

was caused by a large variation in the ν(C = O) carbonyl stretches in the polyester resin and

the ν(C-O-C) stretches of the ether group.
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For the polyester composite coatings subjected to sub-tropical exposure, a similar loading

pattern was observed. The ν(C = N) stretching mode of the triazine ring vibration in the mela-

mine resin at 1550 cm-1 was the strongest contributor to the separation, followed by the ν
(C = O) carbonyl stretches of the polyester resin and the ν(C-O-C) stretches of the ether

Fig 6. (A) Microscopic images of polyester composite coating surfaces (4.5% SiO2NPs) before and after 3

years of environmental exposure to tropical (Singapore) and sub-tropical (Queensland) climates (from top to

bottom). (B) Low-resolution synchrotron macro ATR-FTIR chemical maps of the ν(C = O) band at 1725 cm-1,

acquired on the same area shown in the corresponding microscopic images. (C) High-resolution synchrotron

macro ATR-FTIR 3D chemical maps of the ν(C = O) band at 1725 cm-1, acquired on specific areas of interest

as indicated in (B).

https://doi.org/10.1371/journal.pone.0188345.g006

Fig 7. PCA score (left) and loading (right) plots based on high-resolution synchrotron macro ATR-FTIR

spectra of 4.5% SiO2NPs polyester composite coatings showing the projection against the first PC (PC1),

which explains the majority of the spectral variation between their control and after 3 years of exposure to (A)

tropical Singapore and (B) sub-tropical Queensland climates. Note that the PC3 loadings plot is also included

for comparison.

https://doi.org/10.1371/journal.pone.0188345.g007
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group, at 1730 and 1050 cm-1, respectively. The longitudinal dispersion observed along the

PC3 axis within the exposed polyester composite samples also suggested the presence of a large

variation in the ν(C = O) carbonyl bonds in the polyester resin and the ν(C-O-C) stretches of

the ether group, each leading to the formation of dark spots and yellow stains seen in the

microscopic images.

3. SiO2NPs-embedded polyester composite coating at 9% SiO2NPs. The microscopic

images and PCA results obtained for the 9% SiO2NPs polyester composite coatings after 3

years of exposure to tropical and sub-tropical environments appeared to be closely similar to

those observed for the of the 4.5% SiO2NPs polyester composite coatings.

As illustrated in Fig 8A, the polyester composite coating samples exposed to the tropical

climate revealed the formation of large, rust-like discolorations at various locations of the

composite surface. These stained areas corresponded to changes in the low carbonyl (C = O)

band intensities in the low-resolution map, as shown in Fig 8B. This suggested that a similar

chemical alteration of the carbonyl bonding structure occurred when SiO2NPs was incorpo-

rated into the polyester/melamine layer, which appeared to be independent of the SiO2NPs

composition.

The PCA scores and loading plots of the 9% SiO2NPs polyester composite coatings are

presented in Fig 9. The results for these composite coatings are very similar for the samples

exposed to tropical and sub-tropical climates. In both cases, the chemical groups that had been

altered by the environment were clearly separated from their control counterparts. Once

again, changes in the groups corresponding to the ν(C = N) stretching mode of the triazine

ring vibration in the melamine resin and the ν(C = O) carbonyl stretching modes in the poly-

ester resin at 1550 and 1730 cm-1 were the most profound differentiators between the groups.

There was also a moderate impact in the loadings at 1065 and 1125 cm-1, which corresponded

to the stretching vibration of ν(C-O-C) of ethers and ν(C-O) of aliphatic groups, respectively

[21].

Fig 8. (A) Microscopic images of 9% SiO2NPs polyester composite coating surfaces before and after 3 years

of environmental exposure to tropical (Singapore) and sub-tropical (Queensland) climates (from top to

bottom). (B) Low-resolution synchrotron macro ATR-FTIR chemical maps of the ν(C = O) band at 1725 cm-1,

acquired on the same area shown in the corresponding microscopic images. (C) High-resolution synchrotron

macro ATR-FTIR 3D chemical maps of the ν(C = O) band at 1725 cm-1, acquired on specific areas of interest

as indicated in (B).

https://doi.org/10.1371/journal.pone.0188345.g008
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Climate-induced effect on functional groups observed using XPS and

raman techniques

In recent years, XPS technique has been demonstrated to be a useful analytical tool for investi-

gating crosslinking and segregation mechanisms in hexamethoxymethyl melamine/polyester

resins, as well as surface modification of a polyester non-woven with a dielectric barrier dis-

charge in air at medium pressure [24,25]. Accordingly, the XPS technique was employed in

this study to further investigate the effect of the environmental exposure on functional groups

of pure polyester and polyester composite coatings. Deconvolution analysis approach was per-

formed on the acquired C 1s high resolution spectra (S3 Fig). As shown. the deconvoluted

spectra of both pure polyester and polyester composites revealed three peaks at 284.6, 286.1

and 289.0 eV, corresponding to C-C/C-H, C-O/C-OH, and C = O/O-C = O functional groups,

respectively. By a comparison, the exposure to the high UV/high humidity climates resulted in

substantial decreases in C-C/C-H and C-O/C-OH groups, while the C = O/O-C = O functional

groups remained to be relatively the same in all cases.

Subsequently, Raman mapping microspectroscopic measurement was performed on the

same polymer/polymer composite samples, to acquire additional molecular information com-

plimentary to synchrotron FTIR data. The resultant Raman images of the pure polyester (0%

SiO2NPs) and the other two polyester composites (4.5% and 9% SiO2NPs) are illustrated in

Supporting Information S4–S6 Figs, respectively, based on integrated intensities in the range

of 100–700 cm-1. The two strong Raman peaks at 450 and 625 cm-1 are characteristic of ester

groups in the polymer network structure. In particular, Raman images obtained from the sam-

ples after 3 years of exposure to both climate conditions, indicate black pits on the surfaces.

The corresponding Raman spectra extracted from the areas of the black pits showed the disap-

pearance of the two characteristic ester bands at 450 and 625 cm-1, providing an additional

supporting evidence of polymer degradation on the surfaces of these coating layers as a result

of prolonged exposure to high UV/humidity climates.

Fig 9. PCA score (left) and loading (right) plots based on high-resolution synchrotron macro ATR-FTIR

spectra of 9% SiO2NPs polyester composite coatings showing the projection against the first PC (PC1), which

explains the majority of the spectral variation before and after 3 years of exposure to (A) tropical Singapore

and (B) sub-tropical Queensland climates.

https://doi.org/10.1371/journal.pone.0188345.g009
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Conclusions

In this work, spatially resolved synchrotron macro ATR-FTIR microspectroscopy, in combina-

tion with a multivariate data analysis approach, was demonstrated to be a powerful technique

in the characterization of surface coating materials at the molecular level. The technique pro-

vided not only a better understanding of changes taking place in the molecular distribution

over time, through high-resolution chemical mapping technology, but it also provided valuable

insights via PCA into the molecular changes taking place.

The results obtained using this combined technique provided evidence of changes occurred

as a result of environmental exposure, in the molecular structure of the polymer. Exposure of

the pure polyester coating to a tropical climate resulted in different changes in molecular struc-

ture than those samples exposed to a sub-tropical environment. Whilst changes in the triazine

ring and ether group in the melamine resin were two prominent changes in the samples

exposed to a tropical climate, the samples exposed to a sub-tropical environment underwent

changes in the carbonyl group of the polyester resin in addition to changes in the hydroxyl

groups, the triazine ring and hydrocarbon groups.

Incorporating SiO2NPs into the polyester coating resulted in similar changes in the surface

chemistry of the surface coatings exposed to both tropical and sub-tropical environments after

3 years of exposure. The ν(C = N) stretching mode of triazine ring vibration in the melamine

resins was found to be the most influential component that caused the separation between the

control and the exposed samples, which is likely to be due to the triazine ring being hydrolyzed

in humid environments. At the higher loading of SiO2NPs at 9%, a large number of chemical

bonds associated to melamine/polyester networking structure were shown to be affected,

resulting in substantial surface degradation being observed after long-term exposure to a high

UV/high humidity environment.

Supporting information

S1 Fig. Monthly climate data of tropical (Singapore) and sub-tropical (Rockhampton,

Queensland, Australia) regions. Data were obtained from Meteorological Service Singapore

(http://www.weather.gov.sg) and Bureau of Meteorology, Australian Government (http://

www.bom.gov.au).

(PDF)

S2 Fig. Surface roughness profile of pure polyester (0% SiO2NPs) and polyester composite

coatings (4.5% and 9% SiO2NPs) on steel substrata under sub-tropical and tropical cli-

mates from year 0 to year 5. Their corresponding surface profiles observed using AFM tech-

nique (Fig 1) showing the change in surface nanotopography of (A) 0% SiO2NPs, (B) 4.5%

SiO2NPs, and (C) 9% SiO2NPs after the 5-year exposure to sub-tropical and tropical climates.

(PDF)

S3 Fig. Deconvolution analyses of XPS C 1s high resolution spectra of pure polyester (0%

SiO2NPs) and polyester composite coatings (4.5% and 9% SiO2NPs) on steel substrata

under sub-tropical and tropical climates after 3 years of environmental exposure.

(PDF)

S4 Fig. Representative Raman microspectroscopic spectra (left) and their corresponding

Raman images based on integrated intensities in the range of 100–700 cm-1 (right),

observed on pure polyester coating surfaces (0% SiO2NPs) before and after 3 years of envi-

ronmental exposure in sub-tropical and tropical climates (from top to bottom). Note that

the representative Raman spectra were extracted from the locations indicated by arrows on the
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corresponding images.

(PDF)

S5 Fig. Representative Raman microspectroscopic spectra (left) and their corresponding

Raman images based on integrated intensities in the range of 100–700 cm-1 (right),

observed for 4.5% SiO2NPs-embedded polyester composite coatings before and after 3

years of environmental exposure in sub-tropical and tropical climates (from top to bot-
tom). Note that the representative Raman spectra were extracted from the locations indicated

by arrows on the corresponding images.

(PDF)

S6 Fig. Representative Raman microspectroscopic spectra (left) and their corresponding

Raman images based on integrated intensities in the range of 100–700 cm-1 (right),

observed for 9% SiO2NPs-embedded polyester composite coatings before and after 3 years

of environmental exposure in sub-tropical and tropical climates (from top to bottom).

Note that the representative Raman spectra were extracted from the locations indicated by

arrows on the corresponding images.

(PDF)
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