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The mechanical properties of polymer composites are closely linked to the aggregation states of polymer
chains at filler interfaces. Here, we employed sum-frequency generation (SFG) vibrational spectroscopy to
investigate the interfacial organization in styrene-butadiene rubber (SBR) composites reinforced with
cellulose nanofibers (CNF). Phenyl groups from the styrene (St) units in SBR were found to adopt an
oriented conformation at the buried SBR/CNF interfaces. Moreover, increasing the St content enhanced
interfacial interactions, leading to improved dispersion of CNF within the SBR matrix. Molecular dynamics
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simulations were conducted to support the experimental observations and revealed that the local
orientation of phenyl groups remained similar across compositions, while differences in CNF dispersion
DOI: 10.1039/d6lf00054a were attributable to interfacial energy matching. These findings provide molecular-level insights into
structure-property relationships in polymer composites and offer guiding principles for the rational design
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1. Introduction

Polymer composites, comprising a polymer matrix and fillers,
have been widely used in tires and structural materials for
transportation applications, including land vehicles and
aircraft. The physical properties of polymer materials are
markedly improved by the addition of fillers such as carbon
black, silica particles, glass fibers, and modern nanocarbon
materials." The mechanism behind this reinforcement has
been studied for over half a century to develop polymer
composites with superior mechanical properties. One of the
key factors in understanding the mechanical reinforcement of
polymers is the adsorption of polymer chains onto filler
surfaces, forming what is known as bound rubber, which
cannot be removed even after leaching with good solvents.*™®
The thermal molecular motion of bound rubber has been
extensively studied using techniques such as "H nuclear
magnetic resonance,”® dielectric relaxation spectroscopy,’*?
and viscoelastic measurements.”**® These studies have
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of high-performance composite materials.

revealed that the dynamics of bound rubber are markedly
restricted compared to those in the corresponding bulk
phase. Such restriction in mobility is thought to contribute to
reinforcement through two principal models: one proposes
that bound rubber forms a continuous, percolating network
across adjacent fillers, efficiently transmitting applied
stress,””>° while another suggests that filler particles
aggregate to minimize interfacial free energy, independently
forming a stress-bearing network.>’?* Despite the

contrasting mechanisms, both models underscore the
importance of polymer chain behavior at solid-filler
interfaces.

To gain molecular-level insight into such interfacial
phenomena, numerous studies have employed model planar
interfaces, enabling the use of techniques such as X-ray and
neutron  reflectivity = measurements,”>”  fluorescence
spectroscopy,”®° and sum-frequency generation (SFG)
vibrational spectroscopy.***> These studies consistently show
that segmental mobility is markedly suppressed near solid
surfaces, and this suppression becomes more pronounced
closer to the interface. SFG vibrational spectroscopy, which
selectively probes non-centrosymmetric environments such
as surfaces and interfaces,>>** has been widely used for
interfacial analysis, although its application has largely been
limited to idealized planar model systems due to
experimental constraints. This limitation hampers direct
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observation of interfaces in real-world materials, where
surface curvature and roughness differ substantially from
model geometries. To bridge this gap, we have previously
demonstrated the applicability of SFG spectroscopy to buried
crystal/amorphous interfaces within semi-crystalline polymer
films, leveraging the local breaking of inversion
symmetry.**** Building upon this foundation, our current
work extends SFG analysis to more complex, buried interfaces
within polymer composites, thereby enabling direct
characterization of the local conformation of polymer chains
in practical composite systems.

Recently, cellulose nanofibers (CNFs) have attracted much
attention as fillers, serving as an alternative to inorganic
fillers due to their lighter weight, superior mechanical
properties, and low thermal expansion coefficient.**>" From
a sustainability perspective, CNFs offer considerable
advantages: they are derived from renewable biomass, their
production is carbon neutral, and they exhibit minimal
degradation during recycling. Despite these advantages,
several challenges remain for the practical application of
CNFs as fillers. For example, CNFs have multiple hydroxyl
groups in their repeating units, making them prone to
aggregation and resulting in poor interfacial adhesion with
polymer matrices. Consequently, understanding and
controlling the interfacial aggregation and conformation of
polymer chains near CNF surfaces at the molecular scale is
critical for optimizing composite performance.

In this study, we focus on styrene-butadiene rubber (SBR),
a random copolymer of styrene and butadiene units that
serves as a key elastomer in automobile tire applications, and
investigate the interfacial conformation of SBR chains at CNF
filler surfaces using SFG vibrational spectroscopy. Although
CNF-reinforced elastomers have attracted interest, a
molecular-scale insight into the polymer/filler interface
remains limited. In particular, the influence of St content on
interfacial polymer organization has not been systematically
explored. Controlling the St content is expected to influence
not only the interfacial aggregation states between the
polymers and fillers, but also the mechanical properties of
the resulting composites. However, because it also alters the
intrinsic properties of the SBR matrix, the present study
focuses primarily on the interfacial aggregation states rather
than on the mechanical properties. To address this, we first
identified the buried interface contributing to the SFG
response, and then examined how varying the St content in
SBR affects its interfacial structure with CNF. To provide
molecular-level interpretation of the experimental results, we
conducted atomistic molecular dynamics (MD) simulations,
with a particular focus on the interfacial behavior of SBR
chains at CNF surfaces.

2. Experimental

SBRs with styrene (St) contents of 6 mol% (SBR6), 12 mol%
(SBR12), and 25 mol% (SBR25) were synthesized by anionic
polymerization, also known as solution polymerization, and
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used as matrix polymers. The SBR chains contained both 1,2-
and 1,4-addition polybutadiene units, referred to as 1,2-Bd
and 1,4-Bd, respectively. CNF made from cotton linter was
used as the filler. Characteristics of the SBRs, including
number-average molecular weight (M,), polydispersity index
(M,,/M,), glass transition temperature (T,), and the ratios of
St and 1,2-Bd, are summarized in Table 1. Fig. 1 shows the
chemical structures of (a) SBR and (b) CNF.

Sheets of SBR6, SBR12, and SBR25 containing 7.14 wt%
fillers, consisting of 5 wt% CNF and 2.14 wt% of a nonionic
surfactant, were prepared by kneading and mixing each SBR
with CNF. The thicknesses of the SBR6/CNF, SBR12/CNF, and
SBR25/CNF sheets were 3.40 + 0.15 mm, 2.95 + 0.03 mm, and
3.12 + 0.08 mm, respectively. For SFG measurements, all
films were placed on quartz substrates. As reference samples,
neat SBR films without CNF were prepared using the solvent-
casting method with tetrahydrofuran (THF) solutions. These
films were subsequently dried under vacuum for 24 h,
resulting in thicknesses of approximately 5 um. To clarify the
origin of the SFG signals, SBR films containing 1 wt% CNF
were also prepared on quartz substrates using the solvent-
casting method. The resulting SBR6/CNF, SBR12/CNF, and
SBR25/CNF films, with thicknesses of approximately 19, 32,
25 um, respectively, were then dried under vacuum at room
temperature (above T,) for 12 h to remove residual THF.

The aggregation states of SBR at the interface with CNF in
the composites were examined using SFG spectroscopy, a
technique that provides superior depth resolution compared
to other available methods. SFG measurements were taken
using an SFG spectrometer (EKSPLA, Vilnius, Lithuania). A
visible (VIS) beam with a wavelength of 532 nm was
generated by frequency-doubling the fundamental output
pulses of a picosecond Nd:YAG laser (PL2231-50, EKSPLA). A
tunable infrared (IR) beam was obtained from optical
parametric generation/amplification and difference frequency
generation using BBO and AgGas, crystals (PG500, EKSPLA).
The incidence angles for the VIS and IR beams were set to
60° and 55°, respectively, with an ssp polarization
combination (SFG:s, VIS:s, IR:p). The SFG signals were
detected using a photomultiplier tube (PMT) (R7899,
EKSPLA) after passing through a monochromator. X-ray
computed tomography (CT) analysis was also performed on
the SBR/CNF kneaded sheets to evaluate CNF filler dispersity,
using a Skyscan-1272 system (Bruker, Billerica, MA, USA) with
a rotation step of 0.2° per scan. The X-ray source voltage and
current were set to 40 kV and 100 pA, respectively. Each
image was accumulated four times. The pixel size of the
detector was 1.2 pm square, and each image consists of 2452
X 1640 pixels.

MD simulations were conducted to better understand the
aggregation states of SBR at the CNF interface using the
Forcite module of Materials Studio 2024 software package
(Dassault Systemes, Vélizy-Villacoublay, France) with the
COMPASSIIT force field. A CNF surface structure was
constructed based on the crystal structure of cellulose,
comprising two cellulose layers with dimensions of 8.0 x 8.3

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Samples M, M, /M, To/K St ratio/mol% 1,2-Bd ratio in Bd/mol%
SBR6 127 k 1.12 215 5.8 40.3
SBR12 138 k 1.14 228 11.7 42.1
SBR25 158 k 1.11 249 24.5 39.3

nm®. Random copolymer chains corresponding to SBRS6,
SBR12, and SBR25 were generated, consisting of St and Bd
units in ratios of 6:94, 12:88, and 25:75, respectively. For
each condition, three distinct polymer sequences were
prepared, with 10 chains per sequence, resulting in a total of
30 SBR chains placed on the CNF surface at a density of 0.98
g cm™ at 298 K. After relaxation in the NVT ensemble at 500
K for 0.5 ns, a vacuum layer was added on top to complete
the layered model. The final simulation box dimensions were
8.0 x 83 x 89 nm®. MD simulations were subsequently
performed for 2 ns at 298 K to investigate the interfacial
structure, during which 200 data points were sampled at 10
ps intervals and used for the analysis.

3. Results and discussion

Before evaluating the SBR sheets kneaded with CNF, we first
examined how the SFG spectra of SBR depend on the St
content and how they are affected by the CNF addition. Well-
defined SBR films with varying St contents were prepared in
the laboratory via a solvent-casting method. Fig. 2(a) shows
the SFG spectra in the C-H stretching region for solvent-cast
SBR6, SBR12, and SBR25 films, with the spectra vertically
offset for clarity. Based on the current measurement
conditions, including the Fresnel coefficients and film
thickness, the detected SFG signals were confirmed to
originate predominantly from the film surface rather than
from the substrate interface.

The prominent peak at 2905 cm ' is attributed to the
antisymmetric C-H stretching vibration of methylene groups
(CH,as) in Bd units** and the C-H stretching vibration of
methyne (CH) groups in St units. Another peak at 2840 cm™
is assigned to the symmetric C-H stretching vibration of
methylene groups (CH,s) from both St and Bd units.**> A
broad feature observed in the 2950 to 3015 cm™' region
corresponds to the C-H stretching vibration of methyne
groups in CH=CH from 1,4-Bd units (2979 cm') and the
symmetric C-H stretching of vinyl methylene groups
(=CH,s) in 1,2-Bd units (2999 cm™).>* A small peak at 3055
em™', observed only in the SBR25 film, is assigned to the
aromatic v, mode.’*° These results indicate that both St

1,4-Bd 1,2-Bd

(a) (b)
st GH,OH
"+\_/+ r on O~ o
n —/ 'm \1-m
n
OH

Fig. 1 Chemical structures of (a) SBR and (b) CNF.

© 2026 The Author(s). Published by the Royal Society of Chemistry

and Bd segments are exposed at the air interface regardless
of the St content, consistent with the random copolymer
nature of the samples.

Fig. 2(b) shows the SFG spectra in the CH region for
solvent-cast SBR6, SBR12, and SBR25 films with the addition
of 1 wt% CNF. Clear signals were detected only for SBR25/
CNF, whereas no distinct peaks appeared for SBR6/CNF and
SBR12/CNF. The absence of signals in the latter two cases
may be due to increased surface roughness upon CNF
addition. This effect was particularly pronounced for these
samples. Scattering of the incident light caused by the
roughened surfaces was even visible to the naked eye. SFG
measurements were conducted at multiple locations on each
of three independently prepared samples, and consistent
trends were confirmed across all measured positions. To
assess the effect of surface roughness, solvent-cast SBR/CNF
films were flattened before SFG measurements by pressing
them with a Teflon sheet. This treatment markedly
suppressed visible light scattering and reproduced the St
content dependent increase in SFG intensity as discussed
below, supporting the interpretation that surface roughness
disturbed the measurements in the as-prepared films.

For SBR25/CNF, vibrational peaks corresponding to the
—CH,s mode in 1,2-Bd units and the aromatic v, mode were
observed. Signals near the wavenumber of the 1,2-Bd peak
also appeared in the spectrum of the neat CNF film
(Fig. 2(c)), which exhibited prominent peaks at 2945 and
2968 cm™'. These features in the SBR25/CNF spectrum are
therefore likely to be at least partly attributable to CNF. The
former peak can be assigned to the antisymmetric C-H
stretching vibration of methylene groups in exocyclic CH,OH
groups (OCH,as).”” The latter is most likely due to CNF, as
supported by the spectrum in Fig. 2(c). Although Kim et al.
previously investigated the vibrational origin of this band
using infrared spectroscopy, Raman spectroscopy, and DFT
calculations, its assignment remains inconclusive.”®

Under the present measurement conditions, SFG signals
were observed exclusively for the SBR25/CNF film. In this
sample, SBR/CNF interfaces were present not only at the film
surface and the substrate interface but also within the bulk
interior. We hypothesize that, for SBR25/CNF, the
contribution from the buried interfaces differs markedly
from that in SBR6/CNF and SBR12/CNF. Identifying which
specific interface is responsible for the observed SFG signals
will therefore be important.

The area of the buried interface between SBR and CNF
within a film increases with film thickness. To examine how
this affects the SFG response, measurements were taken on
SBR25/CNF films with thicknesses of approximately 16, 33,

RSC Appl. Interfaces
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Fig. 2 SFG spectra collected with the ssp polarization combination for (a) solvent-cast SBR films with varying St contents, (b) solvent-cast SBR

films containing 1 wt% CNF, and (c) a neat CNF film.

and 63 um. Fig. 3(a) shows the SFG spectra in the CH
stretching region for these films, collected under the ssp
polarization combination and vertically offset for clarity. All
spectra exhibit peaks at 2905 cm™', corresponding to the
CH,as mode in Bd units** and the CH mode in St units,** at
2945 cm™ !, attributed to the OCH,as mode in CNF,”” and at
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Fig. 3 (a) SFG spectra in the C-H stretching region for solvent-cast
SBR25/CNF films with varying thicknesses, collected under the ssp
polarization combination. Spectra are vertically offset for clarity. (b)
Thickness dependence of the SFG signal intensities corresponding to
the v, mode of SBR and the OCH,as mode of CNF, extracted from the
spectra in panel (a).
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3055 cm ', assigned to the v, mode of phenyl rings in St
units.’**® The peak at 2945 cm™* appeared most intense and
overlapped with an additional feature around 2968 cm .
Comparison with the SFG spectrum of the neat CNF film
shown in Fig. 2(c) indicates that this spectral profile indeed
reflects interfacial signals originating from the SBR/CNF
interface, particularly those located within the bulk.

Fig. 3(b) shows the film thickness dependence of SFG
intensity for the v, mode of phenyl rings of St moieties in
SBR and the OCH,as mode in CNF. Notably, the SFG intensity
of the SBR25/CNF films increased with increasing thickness,
in contrast to typical observations.***>®® Generally, when
excitation beams are incident from the film surface, the
surface contribution to the SFG signal remains constant with
thickness, whereas the substrate interface contribution
decreases due to attenuation of the incident IR beam.

Consequently, the total SFG intensity typically decreases
or becomes independent of thickness once the film exceeds
the IR penetration depth.

The increase in SFG intensity observed here, contrary to
the typical thickness-dependent decrease, points to major
contributions from buried interfaces between the SBR matrix
and CNF fillers. Similar behavior has been reported for
polymer films containing crystallites, where inversion
symmetry breaking at crystalline and amorphous interfaces
generates SFG signals and their effective area increases with
thickness, provided the excitation beams penetrate the film.**
By analogy, the SFG signals observed here can be attributed
to the buried SBR/CNF boundaries, reflecting the local
orientation of functional groups at these internal interfaces.
The eventual saturation of SFG intensity with thickness is
likely due to the film exceeding the IR penetration depth,
thereby limiting further signal generation.

If the aforementioned hypothesis is valid, SFG signals
originating solely from internal SBR/CNF interfaces should
be detectable under conditions that exclude contributions
from both the air-facing surface and the substrate interface.
This can be achieved by tilting the sample so that reflected

© 2026 The Author(s). Published by the Royal Society of Chemistry
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SFG signals from these external interfaces are directed away
from the detector. Fig. 4(a) shows the experimental setup for
both the standard (6 = 0°) and tilted (6 = 9°) configurations,
where 6 denotes the angle of the sample relative to the
horizontal plane. In the standard configuration, the sample
is positioned parallel to the optical table, allowing SFG
signals from both the air facing surface and the substrate
interface to be collected. In contrast, tilting the sample to 6 =
9° deflects SFG signals from these external interfaces away
from the detector, thereby isolating contributions from
buried internal interfaces.

To verify this approach, a control experiment was
conducted using a 200 nm-thick poly(methyl methacrylate)
(PMMA) film, a polymer known to exhibit strong SFG signals,
as a reference. Since the PMMA film contained no fillers, its
SFG response was expected to originate solely from the
surface and substrate interface. Fig. S1 shows the SFG spectra
obtained from the PMMA film at 6§ = 0° and 9°. At 0 = 0°,
characteristic PMMA peaks were clearly observed. At 6 = 9°,
however, no SFG signals were detected, confirming that
contributions from the external interfaces are eliminated
under this tilted geometry.

SFG measurements were then taken to probe buried SBR/
CNF interfaces in the kneaded composite sheets. Fig. 4(b)
shows the SFG spectra in the C-H stretching region obtained
at @ = 9° for the kneaded SBR6/CNF, SBR12/CNF, and SBR25/
CNF sheets, and Fig. 4(c) provides an enlarged view of the
3000-3100 cm™' region. Peaks attributable to CNF were
observed at 2945 and 2960 cm ' in all three samples. In
addition, a distinct peak at 3055 cm™', assigned to the v,
mode of phenyl rings in St units, was detected exclusively in
the kneaded SBR25/CNF sheet. The appearance of the v, peak
indicates that phenyl groups in SBR were oriented at the
SBR/CNF interfaces. In contrast, this peak was absent in the
kneaded SBR6/CNF and SBR12/CNF sheets, which may be
due to a lack of orientational ordering of phenyl rings at the
CNF interfaces, a low population of oriented phenyl rings, or
a smaller effective interfacial area between SBR and CNF.

© 2026 The Author(s). Published by the Royal Society of Chemistry

To further clarify the factors underlying the differences in
SFG intensity, we examined the interfacial molecular
structure from three perspectives: phenyl group orientation,
the number density of phenyl groups determined by St
content, and the extent of effective interfacial area in the
composites. In principle, SFG spectroscopy enables
estimation of the orientational angle of functional groups at
interfaces in planer systems. However, this approach was not
applicable here because CNF fillers were dispersed within the
SBR matrix, resulting in spatially heterogeneous interfaces
where a uniform orientational angle of phenyl groups cannot
be defined. Thus, MD simulations were employed to discuss
their local orientation. Fig. 5 shows the distribution of tilt
angles (¢) of phenyl groups in SBR6, SBR12, and SBR25 at the
CNF interface. The orientation angle is defined relative to the
surface normal of the CNF interface (see Fig. S2 in the SI).
For all SBR systems, the distributions peaked around 120°,
indicating that phenyl rings preferentially adopt an
orientation nearly parallel to the CNF surface. The similarity
of these angular distributions across compositions suggests
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Fig. 5 Orientational angle distribution of phenyl groups in the St units
at the SBR/CNF interface for SBR6, SBR12, and SBR25, obtained from
MD simulations. The orientation angle is defined relative to the surface
normal of the CNF interface.
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Fig. 6 X-ray CT images for (a) SBR6/CNF, (b) SBR12/CNF, and (c) SBR25/CNF sheets.

that the local phenyl group orientation at the CNF interface
is largely independent of St content.

Next, we consider whether the number density of phenyl
groups at the CNF interface increases with increasing St
content in SBR, potentially leading to a corresponding
increase in SFG intensity. Because SBR is a random
copolymer of St and Bd, even if St units preferentially localize
at the CNF interface through thermodynamic interactions,
adjacent Bd units would likely still be present. This makes
selective accumulation of phenyl groups at the interface
unlikely. To assess this, we examined the SFG intensities of
the SBR/CNF sheets. As shown in Fig. 4, no such trend was
evident, particularly in the v, mode of the phenyl rings,
suggesting that the observed differences do not originate
from variations in the interfacial number density of phenyl

groups.
The difference in SFG intensity among the SBR6/CNF,
SBR12/CNF, and SBR25/CNF composites cannot be

explained by the orientation or number density of phenyl
groups at the buried CNF interfaces, as discussed above.
This conclusion is supported by MD simulations, which
showed similar orientation distributions across all SBR
compositions, and by the absence of a proportional
increase in the v, peak intensity with increasing St content.
These findings suggest that the variation in SFG signal
intensity among the samples is primarily attributable to
differences in interfacial area.

If this hypothesis is correct, increasing the St content in
SBR should enhance the dispersibility of CNF. To evaluate
the dispersion state of CNF fillers, X-ray CT was used to
directly visualize their distribution within the SBR matrix.
Fig. 6 shows X-ray CT images of the kneaded SBR6/CNF,
SBR12/CNF, and SBR25/CNF sheets. The scale bar
corresponds to 500 um. As indicated by the red arrows, CNF
fibril-like aggregates (white) were observed in all images.
However, the number of aggregates decreased markedly with
increasing St content and became undetectable at this scale
in SBR25/CNF, demonstrating that CNF dispersion improved
with St content.

To further assess CNF dispersion, the transmittance of
visible light was measured. As shown in Fig. S3, despite all
sheets containing the same CNF content, the SBR25/CNF
composite exhibited the highest transmittance, consistent
with the X-ray CT observations.

RSC Appl. Interfaces

To investigate the origin of the differences in CNF
dispersion, the surface free energy (y) of the SBRs was
evaluated using the Owens-Wendt method, based on contact
angle measurements with water and diiodomethane as probe
liquids.®* Fig. 7 shows the dependence of y on the St fraction
in the SBR samples. For reference, y was also measured for
PS (M, = 180k, M,/M, = 1.05), corresponding to 100% St
content (SBR100). The y of the SBRs increased with St
content, consistent with the relatively low y of the rubbery Bd
units. The dashed line in Fig. 7 represents the y of a CNF
sheet prepared by pressing a CNF mat obtained via suction
filtration of an aqueous CNF dispersion, measured using the
same method. This value agreed well with reported y values
for cellulose derived from cotton.®” Among the SBR samples
examined, SBR25 exhibited the smallest y difference relative
to cellulose, indicating the most favorable condition for CNF
dispersion. Consequently, the interfacial area in the
composite is maximized, leading to the highest SFG signal
intensity. These results suggest that differences in filler
dispersion may also influence the mechanical properties.
Although improved CNF dispersion in the SBR25/CNF system
is expected to enhance the reinforcing effect, variation in the
St content also directly alters intrinsic matrix properties such
as T, and elastic modulus. Therefore, establishing a clear
structure-property relationship that incorporates interfacial
effects will require further systematic studies with
independently controlled composition and structure.

50 r
- 2
DY (0 [
E L
_',
1S 1
> 30T 0) 1.0 SBR
:(D@ 2. === cellulose
20, 50 100

St content / mol%

Fig. 7 Surface free energy of SBRs with varying St fractions and of
CNF (dashed line), determined from contact angle measurements
following the Owens-Wendt method.
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4. Conclusions

The interfacial aggregation states of SBR in CNF-reinforced
systematically investigated using SFG
spectroscopy in combination with MD
simulations. Initially, SFG spectra of SBR/CNF composites
were compared with those of corresponding neat SBR films
with varying St content, revealing distinct spectral features in
the composites that were absent in the neat films. SFG
spectra obtained from SBR/CNF samples with varying
thicknesses confirmed that the observed signals originated
not only from the surface but also from internal SBR/CNF
interfaces. To selectively probe these buried interfaces, a
tilted sample geometry was introduced, under which
vibrational signals were detected exclusively for the SBR25/
CNF composite, indicating that phenyl groups in St units
were oriented at the CNF interface. This molecular-level
orientation was not evident in the SBR6 or SBR12 composite
films. The enhancement in SFG intensity was attributed not
to differences in local orientation or phenyl group density
but rather to an increased effective interfacial area resulting
from improved CNF dispersion. This interpretation was
corroborated by X-ray CT scanning, visible light
transmittance measurements, and surface free energy
analysis, which collectively demonstrated favorable interfacial
energy matching between SBR25 and CNF. Overall, these
findings demonstrate that tuning the chemical composition
of the polymer matrix enables control over filler dispersion
and interfacial molecular organization, offering molecular-
level guidelines for the rational design of high-performance,
bio-based polymer composites and advancing the
development of sustainable materials technologies.

composites were
vibrational
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