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Polyamide 6 (PA6) in its . and y-forms was studied from 30 to 220 °C using Raman spectroscopy in the low-
and high-wavenumber regions. Quantum chemical calculations were employed to assist with band
assignments. In the low-wavenumber region, a peak at approximately 100 cm™, attributable to a mixed
mode of methylene lateral motion and amide group stretching, was observed. Additionally, a new band

202 at approximately 60 cm~* was observed and assigned to molecular chain torsions in the a-form. Both
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Accepted 14th January 2025 bands indicated that molecular chain rotation occurs prior to the Brill transition at approximately 130 °C.
In the high-wavenumber region, bands at approximately 1126 cm™ and 1060 cm™ indicated

DOI-10.1039/d4ra08523] a simultaneous weakening of C-C stretching modes in the trans conformation at the same temperature,
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Introduction

Polyamide, commonly known by the commercial name nylon, is
one of the earliest synthetic plastics invented by humans and
remains one of the most widely used polymers in terms of
annual production.*™* Polyamide 6 (PA6) is valued for its high
tensile strength, elasticity, excellent thermal and mechanical
properties, and the ability to plasticize by absorbing water,>*
allowing it to be widely used in engineering plastics and
synthetic fibers.”?

PA6 has two main crystalline phases: the o and y-forms that
are differentiated based on the orientations of the molecular
chains and hydrogen bonding.”'® Additionally, the y-form is
relatively unstable.” Hydrogen bond formation also results in
interesting and unique properties, such as the Brill transition.
The crystalline structure of PA6 changes from monoclinic to
pseudo-hexagonal** upon reaching a specific temperature near
160 °C." It has been suggested that the formation of pseudo-
hexagonal structures originates from torsion in the backbone
and rearrangement of hydrogen bonds."**

In the past, polyamides have been studied using various
spectroscopic and non-spectroscopic methods. Using X-ray
diffraction techniques, infrared (IR) spectroscopy, terahertz
spectroscopy, and Raman spectroscopy, researchers have
investigated the crystallinity and microstructure of
polyamides,”” ™ as well as the thermal degradation and
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consistent with observations in the low-wavenumber region.
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weathering,**** thermal and mechanical behavior,
water absorption and moisture content®*>* of polyamides and
their composite materials.

Although as early as 1998, Vasanthan et al.** reported that
the integrated IR band at 1224 cm™ ' in PA6,6, and bands at
1292 em ' and 1213 ecm ™' in PA6 decrease and disappear
completely at the Brill transition point, spectroscopic studies on
the Brill transition of various polyamides remain relatively
limited and serve mostly as a complement to X-ray methods.**°
In 2013 and 2015, Suzuki et al.®*® reported that the bands at 8.7
THz and 6.5 THz in the terahertz absorption spectra were
associated with the glass transition and Brill transition,
respectively. In addition, they observed an anomaly at approx-
imately 110 °C in the bands at 6.5 THz and 1.75 THz in amor-
phous PA6. In 2016 and 2018, Musso et al. and Menezes et al.*>*”
conducted Raman spectroscopic investigations on the Brill
transition of PA6,6 and confirmed that the bands at 1479 cm™*
and 1126 cm™ ', assigned to CNH bending and C-C skeletal
stretching, respectively, were related to the Brill transition. In
addition, they observed that the anti-Stokes/Stokes Raman
intensity ratio of the peak at 100 cm " could be used to identify
the Brill transition temperature. In 2019, Yamamoto et al.*®
studied low-frequency vibrational modes in PA6 using far-
infrared (FIR) and low-frequency Raman spectroscopies, iden-
tifying the FIR bands at 222 cm™* and 111 cm ™' as character-
istic of the a-form structure, attributable to the glass transition
and Brill transition, respectively; however, there is still a gap in
Raman studies related to the Brill transition of PA6, especially
in the low-wavenumber region.

Recently, Raman spectroscopy has become a commonly used
analytical tool for researchers in various fields. By examining
the wavenumber, position shift, polarization, width, intensity,
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and other parameters of peaks in a Raman spectrum, a wealth
of information regarding the composition, tension/stress,
crystal symmetry and orientation, crystal mass, amount of
matter, etc. of a substance can be obtained.** Compared with IR
spectroscopy, Raman spectroscopy yields similar but comple-
mentary data.*® It has many advantages, such as being nonin-
vasive, requiring almost no sample preparation, the ability to
determine trace samples, and much less sensitivity to water
molecules.**

For a long time, acquiring Raman spectra in the low-
wavenumber region has been challenging.**** The Raman
scattering signal in the low-frequency region can be flooded by
the Rayleigh scattering signal, resulting in steep baselines and
poor spectral quality. The long focal length of the triple
monochromator used in the past to acquire low-frequency
Raman spectra resulted in low photon fluxes and long acqui-
sition times.* In the last decade, newer filtering techniques
based on Bragg diffraction have become available, allowing
ultra-low frequency modes down to 5-10 cm™ ' for Raman
spectroscopy.***

In addition to the research on PA6 mentioned earlier,*®
utilizing low-frequency Raman spectroscopy, the intermolec-
ular interactions, molecular structures, and crystal transitions
in various polymers, such as PHB,**** PGA,**° PCL,** PBS,**
PET,*>** PBT,**** and PTT*>* were investigated. The bands in the
low-wavenumber region were assigned successfully, with some
assignments assisted by quantum chemical calculations.

The purpose of this study is to investigate the behavior of
PA6 materials with different crystalline phases during temper-
ature variations. The main method used is low-frequency
Raman spectroscopy, with reference from high-frequency
Raman spectra in the C-C stretching region and quantum
chemical calculations. To the authors' knowledge, this study
provides, for the first time, the assignment and analysis of
bands of PA6 in Raman spectra below 100 cm ™', considering
temperature variations. This approach aims to clarify the Brill
transition mechanism in the a-form of PA6 and to fill gaps in
Raman spectroscopy research related to PA6.

Experimental section

Materials and sample

We obtained PA6 pellets from Sigma-Aldrich (St. Louis, United
States), with a density of 1.084 ¢ mL ™ '. These pellets exhibit
a melting point of 229.5 °C and a glass transition point of 62.5 °©
C. To create thin films, the PA6 pellets were processed by
heating and pressing at 230 °C using an AS ONE AH-2003
pressing machine.

In order to obtain a-form PA6 films, the initial films were
placed in a vacuum oven (SANSYO SVD10P), gradually cooled to
160 °C at a rate of —1 °C min %, and annealed for 16 hours. The
resulting films, approximately 100 pm thick, were designated as
a-PA6.

For the y-form PA6 films, a different approach was taken.
The initial films were immediately quenched in liquid nitrogen
at approximately —196 °C, followed by a 16 hours annealing
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process in a vacuum oven at 110 °C. The resulting films,
approximately 200 um thick, were named y-PA6.

Raman spectroscopy

A sample film was placed on a heating stage (LINKAM) and
measured using a Raman spectrometer (HORIBA LabRAM HR
Evolution) with an excitation laser wavelength of 532 nm. The
objective lens was 100x (auto-focus), the acquisition time was 5
seconds, and the accumulation number was 10. The sample was
heated from 30 to 220 °C in 10 °C intervals, at a rate of 10 ©
C min', and stabilized for 5 minutes at each step. For the low-
wavenumber region, the spectra in 200-10 cm ™" were collected
through an ultra-low frequency filter with a grating of 600 lines
per mm (resolution = 1.5 cm™ ') and a laser power of 25 mW.
Given the lower relative peak intensities and the limited
number of significant figures in the low-wavenumber region,
each measurement was performed in triplicate, and the results
were averaged. For the high-wavenumber region, the acquisi-
tion range was 1700-1000 cm ™', and an edge filter was adopted
with a grating of 1800 lines per mm (resolution = 0.5 cm™") and
a laser power of 50 mW. All temperature control and focusing
were automatic. For the analyzation, the SPINA (version 3.x24,
developed by Yukiteru Katsumoto in the Ozaki Group of
Kwansei-Gakuin University) and OriginR (version 6.1054, Ori-
ginLab Corporation, Northampton) programs were used.

Quantum chemical calculations

The initial structure of PA6 in the a-form was constructed based
on previous studies, which provided molecular coordinates.>
Given that the lamellar thickness of PA6 is approximately
4.77 nm,*® corresponding to 2.8 times the length of two
monomer units in reverse directions, the chain length was set to
three times that value. Based on prior research on computa-
tional low-frequency vibrational modes,* a unit cell containing
nine PA6 chains, as shown in Fig. 1, was set as the target for
spectral calculations. Molecular fragments containing two
neighboring PA6 chains, each terminated with methyl groups
and consisting of two monomer units (Fig. S1t), were generated.
The optimal calculations were conducted using Gaussian 09
(ref. 57) with the QGRAD*® program, employing the CAM-
B3LYP* functional with an empirical dispersion correction of
Grimme's D3 dispersion with Becke-Johnson damping
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Fig. 1 Unit cell of PA6 in the a-form used in the calculations.
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(GD3BJ)* and a 6-31++G** basis set. Then, the resultant atomic
tensors were transferred back to two neighboring PA6 chains
along the g-axis at the bottom left corner of the unit cell (Fig. 1)
using a Cartesian coordinate tensor transfer (CCT)** program.
The Avogadro,® VESTA,* and PLAY* programs were utilized for
structure building, visualization, and analysis purposes.

Results and discussion

The experimental Raman spectra of a PA6 pellet at room
temperature and the corresponding calculated spectra are
compared in Fig. 2. The experimental bands at 1126, 1080, 1060,
100, and 60 cm ! can be assigned to the calculated bands at
1160, 1105, 1090, 110, and 70 cm ™', respectively. The Raman
shifts of the bands, especially those in the high-wavenumber
region, appear blueshifted in the computational spectrum.
This is due to the calculations being performed under idealized
conditions, assuming a monocrystalline structure without
accounting for crystal lattice expansion.*®

While the newly identified band at approximately 60 cm™
has rarely been mentioned in previous Raman spectroscopic
studies, related research in terahertz spectroscopy suggests its
connection to a vibration mode along the molecular chain.’
From Fig. S2,7 it can be observed that this band is attributed to
motion involving the local rotational movement within the
backbone, causing the connected hydrogen atoms to revolve
along it.

The band at approximately 100 cm ™" appears in several types
of polyamides in different papers and has been attributed to
a vibration mode related to hydrogen bonds.®**” Additionally,
a recent computational study suggested that this band corre-
lates with lattice length.*® Based on the calculated results shown
in Fig. S2, it can be observed that this band is assigned to
a motion of backbone carbon atoms vibrating along the a-axis
with a lateral wagging of hydrogen atoms, accompanied by
a stretching motion of N-H and C=O0 within each molecular
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Fig.2 Comparison and the corresponding relationship of the spectral
peaks between the experimental (top) and calculated (bottom) Raman
spectra.
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chain. As a result, concluding that this band is sensitive to
hydrogen bonding and the lattice length is reasonable.

The bands at 1060 cm™ " and 1126 cm™ " are attributable to
two different symmetry species of the backbone trans C-C
stretching vibration,® and the band at 1080 cm ™" is attributable
to the backbone gauche C-C stretching vibration.” From the
corresponding calculational atomic motional modes shown in
Fig. $3,t it is evident that the band at 1060 cm ™' correlates with
strong local C-C stretching motion accompanied by the
wagging of hydrogen atoms, whereas the band at 1126 cm ™" is
associated with overall backbone C-C stretching along with the
twisting of hydrogen atoms. Additionally, the band at
1080 cm ™' is related to the wagging of hydrogen atoms in
directions unparallel to the stretching of carbon atoms, which
may be particularly sensitive in a gauche conformation.

The temperature-dependent low-frequency Raman spectra of
o- and y-PA6 are shown in Fig. 3(a) and (b), respectively. Due to
the effect of Rayleigh scattering near the zero point, the spectra
of both samples showed steep baselines and the relative peak
intensities decreased with increasing temperature. The spectra
of a-PA6 showed two recognizable peaks at approximately 100
and 60 cm ', while the spectra of y-PA6 showed only one
obvious peak at approximately 100 cm ™. In general, the peaks
in the spectra of a-PA6 are clearer than those in the y-PA6
spectra.

Due to less significant figures and extremely high Rayleigh
scattering intensity in the low-wavenumber region, determining
the exact peak positions and widths using the second derivative
method or curve fitting procedures proved challenging. As
aresult, a third derivative method was employed to estimate the
peak shifts.® Additionally, the second derivative intensity was
used to represent the peak widths. As previously mentioned,
triplicate experiments were performed, and the average values
were taken. The processed spectra are displayed in Fig. 3(c)-(f).
The Raman shifts and the second derivative intensities of the
two peaks at approximately 100 cm ™" and 60 cm ™" were plotted
versus temperature for o- and y-PA6, as shown in Fig. 4.

As shown in Fig. 4(a), the Raman shifts of the bands at
approximately 100 cm™" in both samples exhibited a similar
trend. They shifted gradually to lower wavenumbers by
approximately 5 cm " as the temperature increased. The plot of
the Raman shift showed lower wavenumbers for vy-PA6
compared with o-PA6, despite their similar lattice constants (a,,
= 9.56 A; a, = 9.56 A)."® As assigned by computational results,
this band is associated with hydrogen bonding and lattice
length; therefore, the overall redshifts suggest weakening
hydrogen bonding due to increased distance between molecular
chains. Notably, following the temperature of approximately
160 °C, a slightly accelerated redshift for the band in a-PA6 was
observed. This inflection, also reported in previous research on
PA6,6, suggests a faster weakening rate of hydrogen bonding
after the Brill transition. This aligns with the observation that
the transition involves a shift from the o-structure to a y-like
structure.”®”* On the other hand, the significant reduction in
the Raman shift of y-PA6 at approximately 140 °C suggests that
the rearrangement of hydrogen bonding may have slowed the
rate of hydrogen bond dissolution in a-PA6. In addition, the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 (a) and (b) Low-frequency Raman spectra of a- and y-PAB, respectively, (c) and (d) their second derivative spectra, and (e) and (f) their third

derivative spectra as a function of temperature from 30 °C to 220 °C.
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temperature from 30 °C to 220 °C.

band positions beyond 190 °C reflect the differing rates at which
these crystal forms reach their melting points, with the y-form
exhibiting a lower melting point.*®

The Raman shift of the band at approximately 60 cm
behaved interestingly in a-PA6, as shown in Fig. 4(b). It first
remained relatively stable at approximately 56 cm ™ before 130 ©
C and then started to blueshift to approximately 63 cm .
Suzuki et al. reported a similar inflection in the terahertz
absorbance spectra at the same wavenumber for amorphous
PA6 in earlier research.' They suggested that a considerable
conformational change likely occurs at this temperature, which,
in this study, can be explained by molecular chain rotation, as
demonstrated in the computational results. Before the Brill

-1

© 2025 The Author(s). Published by the Royal Society of Chemistry

transition, the molecular chains of the a-form were bound via
hydrogen bonding and methylene conformation, so it was less
active, and the molecule was more thermally stable. When
heated to approximately 130 °C, the hydrogen bonds between
the molecular chains weaken to a certain extent, significantly
enhancing the rotational motion of the molecular chains. The
significant decrease in the Raman band at approximately
100 cm ! for the y-PA6 sample at the same temperature range
also supports this observation. Furthermore, it is evident that in
a-PA6, an inflection of the band position at approximately
60 cm " occurs earlier than that at 100 cm ™" during the heating
process, indicating that molecular rotation happens before the
Brill transition point and plays a role in causing the rear-
rangement of hydrogen bonding and molecular chains.

The second derivative intensities at 100 cm™ ' for both
samples exhibited entirely different behaviors, as shown in
Fig. 4(c). While the second derivative intensity of y-PA6 gener-
ally decreased in absolute intensity, the second derivative
intensity of «-PA6 remained stable until a significant inflection
at 130 °C occurred, followed by a continuous decrease in
absolute intensity. As the band is associated with the vibrating
motion of backbone carbon atoms, the sudden broadening of
the band suggests that the regularity of backbone carbon atom
vibrations in a-PA6 starts to break down at approximately 130 °©
C, indicating the onset of molecular chain rotation. In contrast,
due to weaker hydrogen bonding and greater molecular chain
mobility, y-PA6 displayed a continuous decline in the regularity
of backbone carbon atom vibrations.

Fig. 4(d) shows a similar decrease in absolute second deriv-
ative intensities at 60 cm ™" for o-PA6, indicating a decline in the
regularity of rotational motion of the backbone chains as the
temperature increases and thermal motion intensifies;
however, the rate of decrease slowed after the Brill transition

RSC Adv, 2025, 15, 2224-2230 | 2227
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point, suggesting that the transition from a monoclinic to
a pseudo-hexagonal structure may have increased the homo-
geneity of molecular chain rotation in the a-form. With the
consistency between the results from quantum chemical
calculations and the experimental Raman spectra, it may be
possible to conclude that the newly discovered band at
approximately 60 cm ™' is attributable to the local rotational
motion of molecular chains. This may be the first time that this
band has been clearly identified and assigned in experimental
Raman spectral results.

For a supplementary understanding of low-wavenumber
region results, the C-C stretching region in the high-
frequency Raman spectra was a point of focus.

As shown in Fig. 5, the absolute intensity of the spectra in the
high-wavenumber region decreased overall with increasing
temperature for o- and y-PA6, reaching a minimum near the
Brill transition point and then increasing continuously. In
addition, the relative heights of the characteristic peaks
decreased with increasing temperature, reflecting a decrease in
crystallinity.

The Raman shifts of the bands at approximately 1126, 1080,
and 1060 cm ™" after Lorentzian fitting are shown in Fig. 6. As
mentioned, these peaks are assigned to the trans, gauche, and
trans conformations, respectively, aligning with the computa-
tional results. Obviously, the Raman shift of the vibrational
modes from trans conformation in yy-PA6 was at a lower level
compared with that of a-PA6. For the gauche band, however, the
situation was reversed. These results are reasonable because the
trans conformation is more common in the a-form while the
gauche structure is characteristic of the y-form crystal phase.”

During the heating process, Raman shifts of all three bands
in both samples showed a mainly continuous redshift, indi-
cating a weakening of the crystalline form; however, some
details are worth noting: in «-PA6, the Raman shift of trans
bands exhibited a slightly accelerated redshift rate after 130 °C.
Conversely, the Raman shift of the gauche band ceased red-
shifting after 160 °C. These two inflections correspond with the
behavior of the bands near 60 cm ™" and 100 cm ™" in the low-
wavenumber region. This suggests that during the Brill transi-
tion in a-PA6, the rotation of the backbone disorders the trans
conformation, leading to the rearrangement of hydrogen
bonding and the formation of the gauche conformation.

In summary, based on the computational and experimental
results, it was deduced that the gradual elongation of the lattice
length and weakening of the hydrogen bonds with increasing
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Fig.5 Raman spectrain C-C stretching regions of (a) a.-PA6 and (b) y-
PA6 as a function of temperature from 30 °C to 230 °C.
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temperature and the consequent increasing rotational mobility
of the molecular chains against maintaining the ¢rans confor-
mation of the backbone are the reasons for the Brill transition
in o-PA6. This transition leads to the rearrangement of molec-
ular chains and hydrogen bonding.

Conclusions

In this study, low-frequency Raman spectroscopy, along with
quantum chemical calculations and high-frequency Raman
spectroscopy, was used to investigate the Brill transition of PA6
with different crystal forms.

Quantum chemical calculations yielded results consistent
with the experimental Raman spectra, providing clear assign-
ments for the bands in the low- and high-wavenumber regions.

In the low-frequency Raman spectroscopy, a peak at
approximately 100 cm ™! corresponds to the lateral motion of
methylene groups and amide stretching, reflecting hydrogen
bonding and lattice length. A newly identified peak at approxi-
mately 60 cm ', attributed to molecular chain torsions in the o-
form, indicates that molecular chain rotation—triggered by
increases in the lattice length—drives hydrogen bonding rear-
rangement during the Brill transition. To the best of our
knowledge, this provides the first interpretation of the Brill
transition mechanism in PA6 using low-frequency Raman
techniques.

In the high-frequency Raman spectroscopy, the bands at
approximately 1126, 1080, and 1060 cm ' suggest that dis-
ordering of the ¢rans conformation occurs because of backbone
rotation, followed by gauche conformation formation during the
Brill transition.

Compared with high-frequency Raman spectra, the low-
frequency Raman spectra provided distinct and noticeable
insights into the mechanism of Brill transition. The band at
approximately 60 cm ™" was found exclusively in o-PA6, exhibi-
ted high sensitivity to the Brill transition, and offered direct

© 2025 The Author(s). Published by the Royal Society of Chemistry
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information regarding molecular chain rotation. The ability to
detect low-energy vibrations such as hydrogen bond modes,
crystal-lattice modes, and intermolecular modes,”*”* demon-
strates the great potential of low-frequency Raman spectroscopy
for studying the crystalline properties of polymers.
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