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We apply Fourier-transform terahertz spectroscopy to investigate the deformation of poly(2-
ethylcyanoacrylic) adhesive (PECA) on a polyethylene substrate. The terahertz absorption spectra of the
PECA samples were measured over the frequency range 1-10 THz, and absorption peaks from the
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adhesive layer were identified at 5.70, 6.23, and 7.55-9.12 THz. The PECA samples were then degraded

via a hydration reaction, with the terahertz spectra showing a decrease in the intensity of the main peaks
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Introduction

The purpose of this study was to demonstrate the applicability
of THz spectroscopy for adhesive polymer materials. The role of
adhesive polymer materials in bonding technologies continues
to increase in importance. For example, biocompatible polymer
adhesive materials are used in medical applications, such as
surgical closure procedures and medical device assembly."* In
the aerospace industry, adhesive polymer materials are inten-
sively applied to achieve optimum bonding strength in the
manufacture of fibre-reinforced composites.®> These novel
applications pose questions regarding the mechanical, chem-
ical, and long-term stability of adhesive polymer materials in
unconventional environments. It is important to clarify the
adhesion, solidification, and degradation mechanisms of
adhesive polymer materials on biological surfaces such as skin
or on aerospace materials. Recently, researchers have sought to
find a direct correlation between the adhesive properties at
joints and the entangled structure of the molecular chains.* For
this purpose, a non-destructive method of evaluating the
higher-order structures of adhesive polymer materials is crucial.
Destructive methods that have been reported in past studies,
such as pressing, shearing, and cleaving, are not suitable for in
situ observations or continuous testing in unconventional
environments. X-ray testing is a non-destructive and effective
method for testing small samples; however, it is not suitable for
large-scale applications and can only be used in certain
measurement environments. Here, we focus on terahertz (THz)
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of PECA with increasing water degradation time. This study demonstrates the potential of terahertz
spectroscopy for the continuous monitoring of the degradation of an adhesive layer.

spectroscopy, which has the potential to advance the non-
destructive investigation of adhesive polymer materials.

THz spectroscopy offers many advantages as a non-
destructive testing tool for the comprehensive study of poly-
mers,> including thermosetting and/or UV-curable adhesive
polymer materials. In the THz or far-infrared regime, which
loosely comprises frequencies from 0.1 THz to 10 THz, many
polymers evidence high transparency. Electromagnetic waves in
this region interact with the collective kinetic modes of large
molecules, including both the intra- and inter-molecular
vibrations of polymer chains, especially in crystalline poly-
mers.” Consequently, THz spectroscopy has been used in
a variety of polymer studies, including analyses of water
absorption in composite polymers,® the orientation of glass
fibres in reinforced plastics,” and the tacticity of polymers.'® In
recent years, the high-order structures of amorphous polymers
have also been investigated using boson peak model analysis of
the low-frequency region of their THz spectra.***>

Adhesive systems undergo polymerisation to become poly-
mer materials. While some THz spectroscopic investigations
have been carried out on adhesives under limited conditions,
there have been no systematic investigations of adhesives
systems and their degradation processes using broadband THz
spectroscopy.

In this paper, we introduce the use of broadband THz
spectroscopy to quantitatively study the polymerisation and
degradation of adhesive joints and their degradation, which
enables continuous in situ inspection. We utilised polyethylene
(PE) as a substrate and poly(2-ethylcyanoacrylic) adhesive
(PECA). PECA is a commercially available polymer adhesive
material that is used for surgical closure procedures and as
a liquid bandage for medical applications. To perform an initial
analysis of the correlation between sample degradation and the
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spectral changes in the THz range, we measured the THz
spectra of PECA on a PE substrate to characterise the peaks of
the adhesive layer. Subsequently, we degraded the adhesive by
immersing it in water. To analyse the spectral changes induced
by the deformation of the PECA structure, we calculated the full
width at half-maximum (FWHM) and peak height values of the
PECA peaks in the spectra of the degraded PECA samples.

Experimental
Sample preparation

The adhesive substrates were fabricated from PE pellets
purchased from Sigma-Aldrich. The pellets were first heated
above the fusion temperature (>135 °C) and then pressed into
a discoid shape with a thickness of 2 mm and diameter of 20 mm
under nitrogen purging conditions to prevent oxygen or water
vapour from becoming trapped in the sample. After five minutes,
the pellets were completely melted, as indicated by their trans-
lucent white appearance. The temperature was decreased to the
crystallisation temperature (115 °C) at a cooling rate of 1 °C min~*
rate and held at 115 °C for five minutes to complete the crystal-
lisation process. The samples were then abruptly immersed in
liquid nitrogen (—196 °C) to ensure a similar PE crystal structure
in every sample. Two types of PE discoids were prepared: high-
density polyethylene (HDPE) and low-density polyethylene
(LDPE) discoids. Each was fabricated for a specific purpose; the
HDPE discoids served as substrates and LDPE discoids were used
as lids. The substrates were subjected to THz spectroscopy, while
the lids were only used as templates for PECA films.

The PECA adhesive system is widely known as the commer-
cially available Loctite 480. The main component of Loctite 480
is the monomer, ethyl cyanoacrylate. Single-layer PECA films
and PE-PECA samples were prepared for measurement. The
former was fabricated by first coating an LDPE lid with PECA
and then curing and toughening the PECA film using one of two
treatments: the air-exposure treatment, in which the PECA layer
was completely exposed to the atmosphere, and the air-
protected treatment, in which an LDPE lid was placed onto
the PECA layer to protect it from excess interaction with the
atmosphere. After the complete curing of PECA (24 h), the LDPE
layer was removed to obtain a PECA-only film approximately 10
pum in thickness. The PE-PECA samples were fabricated with the
same thickness as the PECA film samples by dispensing PECA
adhesive liquid onto an HDPE substrate and placing an LDPE
lid over it. After the PECA had cured, the LDPE lid was peeled off
to obtain the stratified PE-PECA sample. Note that in this
sample type, PE always refers to HDPE, and the air-exposed
curing method was not utilised due to spectral characteristics
explained in the Results and discussion section.

THz spectrometer

THz spectra (1-10 THz) of the samples were measured using
a Fourier-transform terahertz spectrometer (FT-TS) with a frequency
resolution of 0.015 THz. The measurements were conducted at
room temperature using a FARIS-S (JASCO Corporation) spectrom-
eter equipped with a deuterated triglycine sulphate (DTGS) detector
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and a Martin-Puplett interferometer system, which enables a signal
that is twice as strong as that obtained using conventional systems.
The samples were placed horizontally and perpendicular to the THz
wave propagation during the measurements, and the sample and
interferometer spaces were evacuated to a pressure of less than 100
Pa to minimise absorption of the THz waves by oxygen gas or water
vapour in the atmosphere.

To investigate water deterioration of PECA, a PECA sample
was immersed in distilled water with a pH of 7 and isolated
from the ambient atmosphere to minimise the increase in
acidity of the water due to reaction with carbon dioxide in the
air.” The sample was dried and its THz spectrum was obtained.
Subsequently, the sample was again immersed in the water.
After 24 h, the sample was dried and measured. These proce-
dures were repeated for 15 d to follow the degradation process.

Results and discussion
Adhesive curing

To investigate the relationship between the polymerisation
process* and the THz spectral features, measurements were
conducted on two PECA films cured under different conditions.
The THz spectra of the samples were significantly different; the
air-exposed film showed almost no peaks compared to the air-
protected one (Fig. 1). The air-protected sample showed clear
crystalline peaks at 5.70 THz and 6.23 THz and a broad
absorption peak over the range 7.55-9.12 THz. In contrast, the
air-exposed sample showed only a broad absorption curve in the
THz region. Such absorption curves have been observed for
various amorphous polymers, thus demonstrating the low
crystallinity of the air-exposed sample.”*® These results indi-
cated that the cured PECA product was more amorphous when
the sample was cured in complete contact with the atmosphere
(i.e. in the presence of excess water molecules) than with limited
exposure to air (i.e. less contact with water molecules). This
observation was consistent with the polymerisation mechanism
of PECA, in which the presence of water molecules both initiates
and terminates chain propagation (Fig. 2). Under the air-
exposed curing conditions, an excess of water molecules is
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Fig.1 THz absorption spectra of PECA in both curing treatments.
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present; as a result, the frequency of initiation and termination
events increases. This directly affects the propagation reaction,
leading to the formation of short molecular chains with a low
molecular weight. The high entropy of the short PECA chains
resulted in a randomly arranged overall structure. Furthermore,
it is difficult for these short chains to crystallise, as the crys-
tallisation of PECA involves a chain-folding process that
requires a longer chain length. In contrast, in the air-protected
sample, water molecules were only supplied at the edge of the
discoid sample, leading to longer propagation because termi-
nation was less frequent. As a result, the final molecular chains
were longer, and the formation of a crystalline structure via the
folding process was more favourable. This fact agrees well with
the spectral characteristics shown in Fig. 1.

In addition, a clear difference was observed between the air-
exposed and air-protected spectra in the low frequency region
below 2 THz, which is attributed to the amorphous and nano-
sized entanglement structure of the PECA samples. The lack of
observable spectral bands in the low frequency region due to
our instrumental setup prevents in-depth discussion of the fine
nanostructure of the amorphous structure based on the boson
peaks."™** However, we believe that the differences in this
region should be considered in further investigations to provide
a wider understanding of the curing processes and nano-
structures of adhesive polymer materials.

Absorption spectra of the PECA and PE-PECA samples

In the previous section, the THz spectrum of the air-protected
crystalline PECA was analysed. The THz spectrum of PECA
coated on a PE substrate using the same curing method was
measured to confirm that the spectral features of the substrate
and the adhesive layer could be visually distinguished. The
spectra of PE-PECA, the PECA film, and the PE substrate are
presented in Fig. 3, which demonstrates that the spectral
features corresponding to each component of the assembled
sample can be distinguished. In the PE-PECA spectrum, the PE
substrate peak is clearly observed at 2.14 THz, while the PECA
peaks (A, B and C) are found above 5 THz.

Water deterioration of PECA

After identifying the THz spectral characteristics of PECA and
the stratified PE-PECA samples, adhesive degradation
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Fig. 2 Curing mechanism of 2-ethylcyanoacrylate (ECA).**
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Fig. 3 THz absorption spectra of PE-PECA, PECA, and PE samples.

experiments were performed on the PE-PECA sample to identify
the correlation between the molecular changes that occurred
during the degradation of the cured PECA and the resulting
changes in the THz spectra. This investigation assumed that the
PECA was depolymerised due to water molecules.*®

As shown in Fig. 4, the baselines of the THz spectra became
lower as the adhesive degradation progressed. The peak of the
PE substrate remained constant, indicating that the structure of
PE was not affected by exposure to water. The decrease in the
height of the PECA peaks can be explained in terms of the
depolymerisation reaction presented in Fig. 5, in which a PECA
chain is cleaved into two shorter fragments by the water mole-
cule until the shortest fragment is obtained, which undergoes
tautomerisation with water to produce formaldehyde.
Decreasing the chain length of PECA directly affects its high-
order structure, reducing the crystallinity of the overall PECA
layer. Thus, as the PECA was degraded, the overall high-order
structure became more amorphous, giving rise to the
observed changes in the THz spectra.

To quantitatively analyse the changes in the spectral features
of PECA, FWHM and peak height calculations*® were

Absorbance [1/cm]

Frequency [THz]

Fig. 4 THz absorption spectra of PECA degraded for different
numbers of days.
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Fig. 5 Depolymerisation reaction of PECA.*¢

performed on peaks A and B for each of the spectra presented in
Fig. 4. As an example, the peak analysis of the PECA spectrum
obtained after one day is shown in Fig. 6. As peak C was a broad
peak with no clear location, it was not analysed. However, peaks
A and B had relatively constant positions throughout the
degradation experiments. These two peaks were separated
using Gaussian fitting functions, expressed as:

S (X—Xp)z

y:y0+—e_ 242 (1)

oV2T

Here, x;, is the peak frequency, o is the standard deviation, S
is the area below the curve, and y, is the offset of the absorbance
spectrum, with the baseline for this calculation being calculated
from the right edge of the PE substrate peak (2.5 THz) and the
left edge of peak C (7.5 THz) in the spectra of the PE-PECA
samples. The peak height at x = x, can be directly obtained

from the area divided by ¢v/27, and the FWHM (= ¢v/81n 2)
can then be obtained after separating peaks A and B.

Peak heights and FWHM were plotted as a function of time,
as shown in Fig. 7. This calculation provided a clearer and more
detailed description of the spectral changes in peaks A and B;
peak heights were found to decrease with time, while the
FWHM increased. Hence, the peaks themselves became flatter,
indicating that the degradation of PECA led to decreased crys-
tallinity and a more amorphous nature.

sesecss A
sescses A+B

Absorbance [a.u.]

Frequency [THZz]

Fig. 6 Gaussian approximation method used to separate peaks A and
B and to obtain the FWHM and heights of these peaks for each
spectrum.
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Fig.7 Calculated peak height and FWHM values of peak A (a) and peak
B (b) plotted against degradation time.

Thus, we clearly demonstrated the ability to analyse spectral
changes in the THz region of an adhesive element (PECA) on
a PE substrate, which is extremely advantageous and valuable
for investigating and monitoring the adhesive degradation
process. Water degradation is a critical process in adhesive
elements, as it directly affects the joint strength, and adhesive
systems are often exposed to humid atmospheres in real-world
applications. THz spectroscopy could be used to provide direct
information regarding the quality of an adhesive joint and its
water degradation status. Moreover, by investigating the
degradation of other polymer-adhesive systems and adhesive
degradation induced by other sources, such as UV-exposure and
high-temperature conditions, the proposed method could allow
for even broader non-destructive testing of adhesive layers.

Conclusions

We have demonstrated that THz spectroscopy is a promising
technique for the quality control and analysis of adhesive layer
degradation. We also identified the THz peaks of PECA, which
appeared at 5.70, 6.23, and 7.55-9.12 THz, and showed that the
THz peaks of PE and PECA can be distinguished in the stratified
substrate-adhesive system (PE-PECA). Using this technique, we
analysed the degradation of PECA via water depolymerisation.
The THz peaks exhibited decreased peak height and increased

FWHM values with increasing PECA degradation.
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Consequently, THz spectroscopy is capable of monitoring
degradation and ageing inside an adhesive joint, which could
enable non-destructive testing to be widely implemented.
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