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GRAPHICAL ABSTRACT

Interaction-density-directed supramolecular engineering

+

H-bonding / electrostatic interactions Programmable state evolution

PUBLIC SUMMARY

= |nteraction-density regulation directs lignin into adhesive- or porous-dominated material states.
= The KL-based adhesive reaches a lap shear strength of 5.46 + 0.12 MPa at room temperature.

= Lignin-derived adhesive and porous components enable multifunctional sandwich composites.
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Achieving structurally integrated adhesive and porous materials from
heterogeneous biopolymers remains challenging because current strate-
gies typically rely on covalent modification, multicomponent blending, or
separately processed constituents. Here, we report an interaction-density-
directed supramolecular engineering strategy to derive adhesive and
porous architectures from a single lignin platform. Driven by enhanced
hydrogen-bonding and electrostatic interactions, an interfacial amphiphilic
agent (IAA)-mediated lignin network exhibits restricted chain mobility,
enabling rapid interfacial locking at room temperature. In this regime, the
lignin system functions as a strong supramolecular adhesive with lap shear
strengths of up to 5.46 MPa. By combining pre-oxidation with reduced
effective interaction density and thermal activation, the same platform is
redirected into a porous architecture featuring low density, high specific
surface area, low thermal conductivity, and enhanced flame retardancy.
Because both the adhesive and porous components are derived from the
same lignin-based supramolecular platform, they can be assembled with
wood veneers into a sandwich composite comprising veneer facings, adhe-
sive interlayers, and a multifunctional porous foam core for bonding, ther-
mal insulation, flame retardancy, and formaldehyde capture.

INTRODUCTION

The ability to precisely control material state and architecture across multi-
ple length scales is a central objective in modern materials science.' Many
advanced applications, ranging from load-bearing panels and thermal insula-
tion to fire-resistant and air-purifying structures, require the spatial integra-
tion of dense solid regions and porous architectures within a single material
system.” However, such integration is typically achieved through multi-
component composites or sequential assembly of chemically distinct materi-
als, often resulting in interfacial incompatibility, complex processing, and
limited recyclability.® Developing a single material platform capable of
programmable state control and structural integration therefore represents a
fundamental challenge.

Most existing strategies for integrating solid and porous structures rely on
covalent crosslinking, processing in multiple steps, or blending with polymers
derived from petroleum.*” While effective in some cases, these approaches
often lead to complex fabrication processes and limited flexibility in struc-
tural design. More critically, they decouple structural programmability from
material performance, treating solid and porous components as independent
entities rather than as different manifestations of a unified material system.
This paradigm fundamentally limits the design of multifunctional and adapt-
able materials.

Biopolymers provide a promising foundation for sustainable materials due
to their abundance, renewability, and intrinsic functionality.”” Among them,
lignin stands out as the most abundant renewable aromatic polymer, featur-
ing a rigid backbone, high carbon content, and inherent flame-retardant char-
acteristics, and has been increasingly explored as a feedstock for bio-based
polymers and lignin valorization.*'* Despite these advantages, lignin has long
been regarded as one of the most challenging biopolymers to process. Its
structural heterogeneity, strong intermolecular aggregation, and poor solubil-
ity severely restrict controlled assembly, making it difficult to access diverse
material architectures without extensive chemical modification or blending."
To address lignin recalcitrance, previous efforts have primarily focused on

covalent chemical modification or copolymerization strategies, which can
improve the processability of lignin-based materials but often compromise
their sustainability and scalability.'*'"® Recent advances in adhesive materials
have highlighted the importance of regulating interfacial interactions, network
dynamics, and molecular mobility for achieving strong, durable, and process-
able bonding performance.'®’ An alternative paradigm is supramolecular
regulation, where material properties and architecture are governed by
noncovalent interactions rather than permanent chemical bonds.'®'"® From
this perspective, lignin should be viewed not as a fixed precursor for a
specific product, but as a dynamic supramolecular system whose assembly
state can be programmed through interaction control.

Herein, we present an interaction-density-directed supramolecular engi-
neering strategy that enables a single lignin-based system to access multi-
ple functional material states. By introducing an interfacial amphiphilic agent
(IAA) composed of formic acid (FA) and benzyltriethylammonium chloride
(TEBAC), we regulate cooperative noncovalent interactions in lignin without
covalent backbone modification (Figure TA). In this work, interaction density
is used as an apparent descriptor of the effective supramolecular interaction
state in the lignin—IAA network, as reflected by interaction-domain continuity,
interaction strength, and the restriction of lignin mobility. Subsequently, by
adjusting the interaction density and processing conditions, the same formu-
lation can be directed toward adhesive- or porous-dominated states (Figure
1B). The lignin-derived adhesive and porous components are subsequently
assembled with wood veneers into a multifunctional sandwich structure
(Figure 1C). Practical bonding demonstrations and comparisons of bonding
performance and preparation time are presented in Figures 1D-F.

MATERIALS AND METHODS

Materials. Alkali lignin (AL) is derived from the black liquor of Longli Pulp
and Paper Company. Softwood kraft lignin (KL) and hydrolyzed lignin (HL) are
obtained from industrial pulp and paper waste liquor. 3-Chloro-2-hydrox-
ypropyltrimethylammonium chloride (CHPTAC, 65%), benzyltriethylammo-
nium chloride (TEBAC, 98%), choline chloride (ChCl, 98%), sodium dodecyl-
benzenesulfonate (SDBS, 90%), Tween-20 (99%), formic acid (FA, 99.5%), and
formaldehyde (HCHO, 37%) were purchased from Shanghai Macklin
Biochemical Co., Ltd. (Shanghai, China). Beech wood boards, glass plates,
and ceramic dishes were all purchased from Taobao.

Preparation of Interfacial Amphiphilic Agent (IAA). \With the mass of
TEBAC held constant, the amount of FA was varied to obtain FA mass ratios
of 1:2,1:1, and 2:1. The mixtures were stirred at 80°C until clear and homoge-
neous. For comparison, different IAA solutions were prepared using CHPTAC,
SDBS, ChCl, and Tween-20 with FA following the same procedure.

Preparation of Supramolecular Lignin Adhesives. The prepared IAA was
mixed with alkali lignin AL at mass ratios of 1:1 and 2:1. The mixture was
stirred for 10 min until a uniform black liquid was formed and stored at room
temperature.

Preparation of Pre-oxidized Lignin. A measured amount of alkali lignin
(AL) was placed in a muffle furnace with a heating rate of 10°C/min and
treated at different temperatures (130, 140, and 150°C) for 2 h. After cooling
naturally to room temperature, the samples were labeled as AL-130, AL-140,
and AL-150, and stored in sealed containers at room temperature.

Preparation of Supramolecular Lignin Foam. 6 g of pre-oxidized lignin was
accurately weighed and transferred into a beaker. The prepared IAA was then
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Figure 1. Interaction-density-directed supramolecular engineering of lignin for adhesive—porous integrated composite materials (A) Formation of a lignin—IAA supramolecu-
lar system by combining industrial lignin with an IAA composed of formic acid (FA) and benzyltriethylammonium chloride (TEBAC), enabling regulation of hydrogen bonding and
electrostatic interactions. (B) Divergent processing pathways directed by interaction density. High IAA ratios (Path A) generate an adhesive-dominated solid state with strong
room-temperature bonding, while reduced effective interaction density combined with thermal activation (Path B) redirects the system toward a porous architecture. (C) Integra-
tion of adhesive and porous components derived from the same lignin-based supramolecular platform with wood veneers to construct a sandwich composite comprising veneer
facings, adhesive interlayers, and a porous foam core for mechanical adhesion, thermal insulation, flame retardancy, and HCHO capture. (D) Photographs demonstrating repair of
a fractured ceramic plate, fabrication of a load-bearing wooden component, and assembly of the sandwich composite using the supramolecular lignin materials. (E) Comparison
of lap shear strength and adhesion temperature with reported lignin-based adhesives, demonstrating strong room-temperature bonding.””** (F) Comparison of adhesive prepa-
ration time, showing the rapid processability of the lignin adhesive system.
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added at 15, 22.5, and 30 wt% relative to the mass of pre-oxidized lignin. The
mixture was homogenized and subsequently poured into a circular mold (3
cm in diameter) for compression molding under a pressure of 1 MPa. Follow-
ing demolding, the samples were subjected to thermal treatment in a muffle
furnace at 240°C for 2 h, with a controlled heating rate of 5 °C/min. Upon
removal, the samples were allowed to cool naturally to room temperature. For
comparison, samples without IAA were prepared using 6 g of AL or AL-140
following the same procedure.

Mechanical Testing of Wood Adhesion. Beech wood boards were
sectioned into strips measuring 80 x 20 x 10 mm. The adhesive was applied
to a bonded overlap area of 20 x 10 mm at a rate of 15 g/m* The samples
were clamped and cured at ambient temperature for 24 h. Following curing,
lap shear tests were performed using a universal testing machine in compli-
ance with BS EN 205:2016. Ten independent bonded specimens were tested
for each formulation, and the mean and standard deviation were calculated.

HCHO Adsorption Measurements. An appropriate volume of HCHO solu-
tion was introduced into a two-necked buffer flask, which was connected to a
nitrogen cylinder to steadily deliver HCHO gas into a 9 L custom-built sealed
chamber equipped with a continuous HCHO gas monitor. The HCHO concen-
tration within the chamber was maintained at 30—35 ppm by regulating the
gas flow rate. Subsequently, 5 g of the sample was weighed and evenly
distributed in a 12 cm Petri dish, which was then placed in the chamber for
continuous monitoring over 1 h. The HCHO concentration at time t was
recorded as C.. The HCHO removal efficiency (%) was calculated according to
Equation (1):

HCHO removal efficiency (%) GG x 100% m

0
where Cq and C, are the HCHO concentrations (ppm) before and after adsorp-
tion, respectively. For comparison among samples, the HCHO removal values
reported in Table S8 were expressed based on an initial HCHO concentration
of 30 ppm.

Rheological Measurements. The viscosity and modulus of the samples
were measured using a rheometer (Anton Paar GmbH, Austria) at 20°C, with
steady-state flow experiments performed using a 25 mm parallel plate over a
shear-rate range of 0.01-1000s™".

Structural and Chemical Characterization. Thermogravimetric analysis
(TGA) and derivative thermogravimetric analysis (DTG) were conducted using
a thermogravimetric analyzer (NETZSCH TG 209 F1 Libra, Germany). X-ray
diffraction (XRD) patterns were recorded using an X-ray diffractometer with a
scanning range of 10—80° and a scanning speed of 10°/min. The surface
chemical composition was analyzed by X-ray photoelectron spectroscopy
(XPS, ESCALAB 250Xi, Thermo Scientific, USA).

X-ray Micro-Computed Tomography (Micro-CT) Analysis. The wood
blocks with applied coating samples were visualized using an X-ray Micro-CT
system (Bruker SKYSCAN 2214, Belgium) operated at 50 kV and 1 W. The
transmission grating was rotated over 360° to acquire X-ray micrographs,
and beam hardening correction and three-dimensional reconstruction were
performed using Dragonfly software.

Density Functional Theory (DFT) Calculation. The binding energy analysis
was performed using Density Functional Theory (DFT). The molecular struc-
tures of four model systems were optimized. Frequency analysis was
conducted using ORCA 5.0.3 software at the B3LYP-D*/def2-TZVP basis set
level. The molclus program was utilized to generate 2000 configurations for
each combination. These combinations included AL, AL/FA (AL-F), AL/TEBAC
(AL-T), and AL/FA/TEBAC (AL-F-T). The configurations were generated under
optimal conditions to screen for the most stable structures. For the lower-
energy configurations, further optimization and frequency analysis were
carried out. These calculations were performed using ORCA 5.0.3 at the
B3LYP-D*/def2-TZVP level.” Single-molecule conformations without imagi-
nary frequencies were then calculated. The higher-accuracy wB97X-2-
D3(BJ)/def2-TZVPP level was used for these calculations. The wavefunction
analysis program Multiwfn 3.8 dev was employed for additional analysis.”
This included molecular surface electrostatic potential (ESP), intermolecular
interaction energies, and the Independent Gradient Model (IGM).*' Visualiza-
tion of interactions was achieved using VMD 1.9.3.

Molecular Dynamics (MD) Simulations. Molecular dynamics (MD) simula-

tions were conducted using GROMACS 2023 software.”” The simulation
system included 123 AL molecules, 175 benzyltriethylammonium cations,
175 CI,, 435 FA molecules, and 1194 water molecules. The box size was
chosen to accommodate the specified number of molecules. Adjustments
were made under the NPT ensemble. Detailed molecular counts for each
system are provided in Table ST0. Intra- and intermolecular interactions were
modeled using the GAFF force field parameters. The RESP charges for the
monomers were calculated using ORCA 5.0.3 software at the B3LYP/def2-
TZVP level”” Charge assignment was performed using Multiwfn 3.8 dev soft-
ware.”’ Visualization was carried out using VMD 1.9.3 software.” Molecules
were randomly inserted into a cubic box according to specified ratios. Peri-
odic boundary conditions were applied in the x, y, and z directions. Initial
energy minimization was performed using the steepest descent method. The
step size was set to 0.01 nm, and 10,000 iterations were conducted until the
minimum force was less than 1.0 kJ-mol™-nm™, ensuring convergence. Van
der Waals interactions were treated with a cutoff method. Electrostatic inter-
actions were handled using the Particle Mesh Ewald (PME) method. The
system was equilibrated at 1.0 bar pressure. Pressure control was managed
by the Berendsen method. Temperature control was achieved using the V-
rescale method. The time constant was set to 1.0 ps, and the compressibility
was 4.5 x 10°° bar™". The initial equilibration lasted 2000 ps with an integra-
tion time step of 0.002 ps. Pressure control was then switched to the
Parrinello-Rahman method. NPT equilibration was extended to 10000 ps to
obtain accurate box dimensions. During the equilibration phase, the system
underwent 3000 ps of annealing. Gradual heating was applied to prevent
instability. The final simulation ran for 60 ns. Trajectory files were output
every 5000 steps. The LINCS algorithm was used to constrain hydrogen
bonds.* Long-range dispersion corrections were applied to energy and pres-
sure calculations. Trajectory files were analyzed post-simulation.

2D-HSQC NMR Characterization. Following our previously reported detec-
tion method®™™, 2D-HSQC NMR and *'P NMR analyses were performed
separately. For 2D-HSQC NMR analysis, 20 mg of alkali lignin or pre-oxidized
lignin was separately dissolved in 0.5 mL of DMSO-dg. For *'P NMR analysis,
20 mg of alkali lignin or pre-oxidized lignin was separately dissolved in 0.5
mL of phosphorylation reagent. The samples were then analyzed on an
AVANCE Il HD-500 (500 MHz) Bruker spectrometer.

For the NMR model study, CHPTAC was employed as a representative
quaternary ammonium compound to mimic the cationic functionality of
TEBAC, because both compounds contain a quaternary ammonium group,
although their substituent structures are different. The CHPTAC-based model
was therefore used to examine whether formic acid and a quaternary ammo-
nium species would induce covalent grafting with lignin.

Field Emission Scanning Electron Microscopy (FE-SEM) Observation.
Vacuum-dried lignin foam samples were cut into 5 x 5 x 5 mm cubes using a
small bench saw. The samples were sputter-coated with Au/Pd and exam-
ined by FE-SEM at 5.0 kV under high vacuum mode for morphological obser-
vation. SEM images were processed using ImagedJ software to analyze pore
distribution, porosity, and average pore size.

Surface Area, Thermal, and Fire Performance. Specific surface area was
determined by N, adsorption using the BET method, and pore structure
parameters were obtained from the adsorption—desorption isotherms using
the BJH model. Thermal conductivity was measured using a Hot Disk
TPS2500S according to I1ISO 22007-2:2022. Combustion behavior was evalu-
ated using cone calorimetry (ISO 5660-1, 35 kW m™). Compressive strength
was measured following ASTM C365.

RESULTS AND DISCUSSION
Defining interaction density in the lignin—-lIAA system

To understand how supramolecular interactions govern material behavior
in the lignin—IAA system, we first clarify the molecular origin and tunability of
noncovalent interaction. As schematically defined in Figures 1A-B, this strat-
egy avoids covalent modification of lignin and instead regulates intermolecu-
lar interactions through an interfacial amphiphilic agent (IAA) composed of FA
and TEBAC. Interaction density is defined herein as an effective descriptor of
the supramolecular interaction state within the lignin—IAA system rather than
as an absolute material parameter. It encompasses the combined contribu-
tions of interaction-domain continuity, interaction strength, and the restric-
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Figure 2. Molecular basis and tunability of interaction density in the lignin—IAA supramolecular system (A-D) Independent gradient model (IGM) analysis of noncovalent
interactions in alkali lignin (AL) and its complexes with formic acid (FA), benzyltriethylammonium chloride (TEBAC), and their combination (FA-TEBAC). Pristine AL exhibits
sparse and localized weak interactions, whereas the introduction of FA or TEBAC individually increases interaction regions through hydrogen bonding or electrostatic interac-
tions, respectively. The combined FA-TEBAC system induces extensive and continuous interaction domains, indicating a pronounced enhancement in effective interaction
density. (E) Calculated total interaction energies between lignin and different interaction partners, showing a systematic increase from pristine AL to AL—FA, AL-TEBAC, and
AL—FA-TEBAC systems. (F) Decomposition of interaction energies into van der Waals and electrostatic contributions, highlighting the dominant role of electrostatic interactions
in increasing interaction density upon FA—TEBAC incorporation. (G, H) Electrostatic potential (ESP) maps of AL and FA—TEBAG, illustrating the emergence of pronounced charge
complementarity in the FA—TEBAC system that promotes stronger supramolecular interactions with lignin. (I) Mean square displacement (MSD) of lignin and small-molecule
components, demonstrating that increased interaction density selectively suppresses lignin mobility while maintaining the dynamic nature of the supramolecular environment.

tion of lignin-chain mobility. These characteristics are evaluated through
complementary analyses, including IGM characterization of noncovalent
interaction domains, interaction-energy calculations, and analyses of lignin-
chain mobility. Accordingly, interaction density is employed as a relative
measure to compare variations in the supramolecular interaction state
among different lignin—IAA systems and processing conditions.

At the molecular level, independent gradient model (IGM) analysis directly
visualizes a stepwise amplification of interaction density upon IAA incorpora-
tion. In its pristine state, alkali lignin (AL) exhibits only sparse and localized
weak interaction regions, reflecting predominantly intramolecular hydrogen
bonding within its heterogeneous aromatic framework (Figure 2A).”"* Intro-
ducing FA or TEBAC individually increases the number of interaction regions
(Figures 2B-C), but these domains remain fragmented and do not form a
continuous interaction network across the lignin backbone. Strikingly,
combining FA and TEBAC generates extensive and continuous interaction
domains throughout the lignin structure (Figure 2D), indicating that coopera-

tive hydrogen bonding and electrostatic interactions collectively enhance the
effective interaction density beyond that achieved by either component
alone.”* This qualitative transition is further supported by single-compo-
nent electrostatic analyses. COSMO o-profiles show that AL and TEBAC
share pronounced distributions in the nonpolar region (Figure ST), suggest-
ing that TEBAC facilitates the dispersion and solubilization of lignin. ESP
maps further reveal that both FA and TEBAC exhibit much stronger electro-
static heterogeneity than water, enabling charge-directed interaction (Figure
S2).

These signatures are further supported by quantitative interaction energy
analysis. Molecular dynamics calculations show that the total interaction
energy between lignin and the IAA components increases systematically
upon FA-TEBAC incorporation, exceeding those of the AL-FA and AL-TEBAC
pairs (Figures 2E-F). Energy decomposition further shows that this enhance-
ment is dominated by electrostatic interactions rather than van der Waals
contacts (Figure 2F), consistent with the IGM observation of a more continu-
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Figure 3. Adhesive-dominated solid state enabled by high interaction density in the lignin—IAA system (A) Comparison of lap shear strength of lignin-based adhesives formu-
lated with different amphiphilic or ionic additives, highlighting the superior bonding performance achieved using benzyltriethylammonium chloride (TEBAC). (B) Effect of
FA-TEBAC ratio on lap shear strength, demonstrating that high interaction density promotes adhesive performance. (C) Comparison of lap shear strength obtained using differ-
ent quaternary ammonium salts at FA/amine ratios of 1:1 and 2:1, confirming the critical role of TEBAC in establishing a mechanically robust adhesive state. (D) Photograph
showing the fluid processability of the supramolecular lignin adhesive prior to rapid interfacial locking. (E, F) Shear rate dependent viscosity of lignin adhesives prepared from
different lignin sources (AL, HL, KL) and different quaternary ammonium salts, revealing pronounced shear thinning behavior and high zero shear viscosity indicative of

supramolecular network formation under high interaction density.

ous interaction network when charge complementarity is maximized.
Consistent with this mechanism, electrostatic potential mapping shows that
while lignin exhibits heterogeneous surface potentials, the FA-TEBAC
complex displays pronounced charge separation and complementary elec-
trostatic regions (Figures 2G-H), providing a direct physical basis for
programming interaction density through IAA composition rather than
through chemical modification of the lignin backbone.”'** In addition, the IGM
isosurface visualizations in Figure S3 further corroborate that distinct local
interaction patterns arise depending on the interacting species (AL-H,0, AL-F,
AL-T, AL-CI'), supporting a chemically interpretable route to tune the interac-
tion landscape.

To further characterize the short-range interaction structure, we analyzed
radial distribution functions (RDFs). The RDF peak at r = 2.05 A between CI
(from TEBAC) and H (from FA) reveals a strong FA-TEBAC association motif
(Figure S4A), suggesting the formation of ion-paired assemblies that can act
as interfacial interaction mediators. A similarly pronounced peak at r = 1.95 A
between O (from FA) and H (from AL) indicates strong FA-lignin hydrogen
bonding (Figure S4C), showing that FA contributes direct hydrogen-bonding
contacts with lignin, while TEBAC provides ionic interactions and dispersion
assistance.”*** This behavior is consistent with the recognized acidity and
hydrogen-bonding capability of FA in lignin processing and valorization.*
Taken together, these RDF results support a cooperative interaction mecha-
nism in which electrostatic interactions between CI” and quaternary ammo-
nium groups promote lignin dispersion and strong ionic contacts, whereas FA
provides directional hydrogen bonding.*® The combined action of these inter-
actions generates a denser and more continuous supramolecular interaction
network than either component alone.

If interaction density changes meaningfully in the lignin—IAA system, corre-
sponding constraints on polymer mobility should be measurable. Diffusion
and mean square displacement analyses clearly capture this effect. As inter-
action density increases, lignin diffusion is selectively suppressed (diffusion

coefficient decreases from ~ 0.08 to < 0.05 nm? ps™"; Figure 2| and Table S2),
whereas small-molecule components remain comparatively mobile. This
selective immobilization indicates that the supramolecular network forms
primarily on the lignin scaffold, effectively locking lignin within @ mechanically
coherent interaction network while preserving a dynamic microenvironment,
a condition that enables access to divergent material states through
processing (Figure 1B).“" Critically, multiple spectroscopic and structural
characterizations confirm that these changes arise from supramolecular
regulation rather than covalent chemistry. 2D-HSQC NMR spectra reveal no
new covalent cross-peaks attributable to grafting reactions (Figure S5).% The
FTIR results indicate that the characteristic structural features of lignin are
largely retained, with no obvious emergence of new absorption bands associ-
ated with major chemical transformation (Figure S6). XRD patterns remain
broadly amorphous and show no evidence of new crystalline phases (Figure
S7), and XPS C1s spectra show comparable carbon-speciation distributions
across AL, AL-F, AL-T, and AL-F-T (Figure S8). Together, these results show
that interaction density can be systematically tuned without modifying the
lignin backbone and can therefore be used to interpret how the same lignin
platform is directed toward different material states.”

A high interaction density regime enables an adhesive dominated state

At sufficiently high interaction density, supramolecular interactions in the
lignin—IAA system percolate into a continuous network that supports
mechanical integrity and enables rapid interfacial locking at room tempera-
ture, consistent with the supramolecular adhesion mechanism reported in
previous studies.”' Consequently, the system forms an adhesive-domi-
nated solid state that combines short-time processability with strong ambi-
ent bonding (Figures 1A-B).

The macroscopic consequence of this interaction regime is reflected in the
measured adhesion performance. A broad additive screening shows that
lignin components deliver the highest lap shear strength when TEBAC serves
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Figure 4. Practical bonding demonstrations and adhesive—wood interfacial structure (A) Demonstration of the strong adhesive-dominated state, including load-bearing tests
on wood and plexiglass substrates (4.5 kg), repair of a fractured porcelain plate, and fabrication of load-bearing wooden components using the supramolecular lignin adhesive.
(B) Optical microscopy image of the adhesive-wood interface, showing intimate interfacial contact. (C, D) SEM images of the adhesive layer and interfacial region, revealing a
continuous adhesive phase and effective penetration into the porous wood substrate, consistent with a mechanically integrated adhesive interphase.

as the quaternary ammonium component, outperforming other amphiphilic
or ionic additives (Figure 3A). Further systematic variation of the FA-TEBAC
composition reveals a strong composition dependence, with an optimized
FA-TEBAC ratio producing a maximum lap shear strength of 5.19 MPa for
the AL-based adhesive under ambient curing conditions (Figure 3B). The
applicability of this supramolecular adhesion strategy to structurally distinct
industrial lignins was further evaluated using AL, HL, and KL, among which
the KL-based adhesive achieved the highest lap shear strength of 5.46 + 0.12
MPa (Figure S9E). In contrast, alkali lignin exhibits negligible adhesion (< 0.5
MPa), indicating that strong bonding is not an intrinsic characteristic of lignin
but the result of strengthened supramolecular interactions at high interaction
density. Importantly, substituting TEBAC with other quaternary ammonium
salts while maintaining identical FA/amine ratios (1:1 and 2:1) results in
substantially reduced bonding strength (Figure 3C), demonstrating that the
adhesive-dominated state is not simply induced by ionic additives in general
but requires the specific interaction environment created by the FA—TEBAC
pair.

Crucially, the adhesive-dominated state forms while maintaining practical
processability.” The lignin—IAA formulation remains fluid during application,
allowing effective spreading and wetting of the substrates before locking into
place (Figure 3D). Rheological measurements provide direct evidence for the
formation of a supramolecular solid under high interaction density. Specifi-
cally, the viscosity measured over a range of shear rates exhibits pronounced
shear thinning and a high zero-shear viscosity, suggesting the presence of a
physically percolated interaction network (Figures 3E-F).”” Notably, this
viscoelastic signature is observed across adhesives prepared from different
lignin sources (AL, HL, KL) as well as across different quaternary ammonium
salt variants (Figures 3E-F). These results show that while the FA-TEBAC
pair provides the highest bonding strength (Figures 3A-C), the formation of a
solid-like supramolecular network under high interaction density is a general
phenomenon rather than a source-specific artifact. This general behavior is
also observed at the joint level. Lap shear tests on wood joints prepared from
AL, HL, and KL show consistently strong bonding when processed under the

adhesive state conditions (Figure S9E). The lap shear setup and specimen
geometry used for these measurements are shown in Figures S9C & ST11 to
ensure reproducibility and to align the reported strength values with standard
testing practice. Finally, three-dimensional reconstructed images confirm that
the adhesive-dominated state forms a continuous and homogeneous inter-
nal structure when FA and TEBAC are combined, whereas systems lacking
either component display discontinuous or heterogeneous morphologies
(Figure S10).

The lignin—IAA adhesive also shows reliable performance in practical
bonding scenarios. Demonstrations such as load-bearing tests on wood and
plexiglass substrates supporting 4.5 kg, repair of fractured porcelain plates,
and fabrication of load-bearing wooden components demonstrate rapid
ambient bonding and mechanical reliability in representative scenarios
(Figure 4A). Optical microscopy shows intimate contact across the adhesive
wood interface without obvious interfacial voids (Figure 4B). Further evidence
from SEM imaging shows a continuous adhesive phase and effective pene-
tration into the porous wood microstructure, which forms a mechanically
integrated interphase (Figures 4C-D).”* This penetration and interlocking
behavior is further illustrated schematically and supported by cross-sectional
microstructural evidence in Figures S9A-B & D. These results indicate that the
supramolecular lignin network infiltrates the wood porosity before rapid
solidification, enabling efficient stress transfer during lap shear loading.

Overall, high interaction density leads the lignin—IAA system to form a
distinct adhesive-dominated solid state. This state acts as the adhesive
interlayer that enables subsequent spatial coupling with the porous architec-
ture derived from the same lignin platform. In addition to its strong dry-state
bonding performance, the lignin—IAA adhesive shows room-temperature
processability and a simple supramolecular regulation pathway without
covalent modification of the lignin backbone. These features allow the adhe-
sive state and porous state to be integrated within the same lignin—IAA
system. However, because the interfacial locking is mainly governed by
dynamic hydrogen-bonding and electrostatic interactions, the current adhe-
sive network is sensitive to water exposure and its long-term environmental
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Figure 5. Reduced effective interaction density redirects the lignin—IAA system toward porous architectures (A) Schematic illustration of the development of porous architec-
tures under reduced effective interaction density in the lignin—IAA system. Reducing effective interaction density through chemical pre-oxidation and controlled IAA incorpora-
tion prevents excessive hydrogen-bond-induced network rigidification, restores chain mobility and gas diffusion under thermal input, and thereby enables gas-assisted expan-
sion and the formation of a porous-dominated architecture. (B—D) Lignin-based materials prepared from pre-oxidation alkali lignin without IAA (F-140) after thermal treatment,
showing limited volumetric expansion and a compact, nonporous morphology, indicating that interaction density is reduced but remains above the threshold required for pore
stabilization. (E, F) Lignin-based foam prepared from pre-oxidation alkali lignin with 22.5 wt% IAA (F-140-22.5%), exhibiting substantial volumetric expansion and a well-devel-
oped porous architecture, demonstrating that further reduction and redistribution of interaction density enable a stable porous-dominated architecture. (G) Pore size distribution
of the porous-dominated state (F-140-22.5%), revealing an average pore diameter of 28.46 + 1.78 um. (H) BET specific surface area comparison, showing a pronounced increase
upon the formation of the porous-dominated state, reflecting the formation of interconnected pore networks. (1) Compressive strength and bulk density of F-AL, F-140, and F-140-
22.5% prepared under different interaction-regulation conditions, showing the evolution of mechanical properties and bulk density during the transition toward the porous-domi-
nated state. F-140-22.5% exhibits a bulk density of 0.65 g cm™ and a compressive strength of 3.59 MPa.

durability still requires further improvement. Therefore, the present system is  as the direct origin of pore generation. Importantly, the formation of porosity
more suitable for dry-state bonding or potentially reversible adhesion at this  does not arise from network collapse or macroscopic phase separation.
stage, while further hydrophobic regulation or network-stabilization strate-  Instead, it results from a redistribution of the balance between supramolecu-
gies may improve its wet-state performance and durability. lar cohesion and chain mobility during thermal activation, which enables gas-
assisted expansion within a still connected framework (Figure 5A).” Access
Reduced effective interaction density redirects the system toward to this porous-dominated state strongly depends on the molecular structure
porous architectures of lignin prior to the foaming process. Controlled pre-oxidation systemati-
In contrast to the adhesive-dominated regime, reducing the effective inter-  cally adjusts the distribution of functional groups in lignin while maintaining
action density redirects the lignin—IAA system toward a porous architecture  the integrity of the aromatic backbone. This adjustment lowers the upper limit
by establishing a suitable supramolecular and rheological window for ther-  of attainable interaction density and prevents excessive rigidification during
mally driven matrix expansion and pore-wall stabilization, rather than acting  thermal treatment.”*’
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Figure 6. Structural evolution of lignin during pre-oxidation (A) 2D-HSQC NMR spectra of alkali lignin (AL) and pre-oxidized lignin (AL-140), indicating that pre-oxidation modi-
fies the functional-group distribution without disrupting the aromatic backbone. (B) Assignments of representative lignin substructures used for HSQC analysis. (C) Quantitative
comparison of the aliphatic hydroxyl, carboxyl, and total phenolic hydroxyl contents, showing that pre-oxidation selectively suppresses excessive interaction sites and lowers the
effective interaction density. (D) Syringyl-to-guaiacyl (S/G) ratios of AL and AL-140, confirming that interaction-density regulation is achieved through functional-group redistri-

bution rather than fundamental compositional change.

Within this interaction-density window, the system exhibits a threshold-
controlled morphological response.”® These observations indicate that pore
formation requires a balanced interaction-density regime that enables expan-
sion while maintaining pore-wall stability. When pre-oxidized lignin is ther-
mally treated without the addition of IAA, the resulting material exhibits only
limited volumetric expansion and remains compact and nonporous (Figures
5B-D). This result indicates that pre-oxidation alone reduces excessive
hydroxyl-mediated interactions, but the system still does not reach the
balanced interaction-density state required for gas-assisted pore formation.
By contrast, introducing 22.5 wt% IAA into the pre-oxidized lignin system
further redistributes supramolecular interactions and provides sufficient
molecular mobility under thermal activation, inducing substantial expansion
and producing a well-developed porous architecture (Figures 5E-F). Addi-
tional morphological observations presented in Figure S16 provide further
evidence for this interpretation. Non-pre-oxidized lignin without IAA expands
in an uncontrolled manner and forms irregular pores, whereas pre-oxidized
lignin without IAA remains compact and essentially nonporous. When IAA is
introduced into the pre-oxidized lignin system, the material develops a
uniform and interconnected porous structure. Therefore, pore formation is
not a simple consequence of lowering interaction density or thermal treat-
ment alone, but results from tuning interaction density into a balanced regime
that couples chain mobility, gas diffusion, and pore-wall stabilization. While
the present results highlight the important role of interaction-density regula-
tion in porous-architecture formation, the foaming process is likely associ-
ated with the coupled effects of thermally induced volatile release, matrix
expansion, and supramolecular stabilization. Accordingly, the proposed
mechanism provides a conceptual framework for understanding how inter-
action-density regulation modulates pore development and stabilization in
the lignin—IAA system.

Once the system reaches a porous-dominated state, its porous architec-
ture becomes both quantifiable and tunable. F-140-22.5% exhibits a narrow
pore size distribution, with an average pore diameter of 28.46 + 1.78 um
(Figure 5G), indicating that pore formation is well requlated rather than aris-
ing from stochastic void generation. Consistently, when the system trans-
forms into a porous state, the BET specific surface area increases signifi-
cantly (Figure 5H). This result is also consistent with the BET trends observed

at different IAA contents, as summarized in Figure ST7A. Importantly,
systematic regulation of the IAA content leads to continuous increases in
both macroscopic expansion and pore size (Figure S18), indicating that the
porous-dominated state is tunable. In this process, interaction density serves
as the key parameter governing pore architecture and accessible surface
area.

A critical hallmark of this structural evolution is that the porous architec-
ture develops while mechanical integrity is markedly enhanced. The
compressive-strength—density relationship of F-AL, F-140, and F-140-22.5%
prepared under different interaction-regulation conditions shows a
pronounced increase in compressive strength during the transition toward
the porous-dominated state (Figure 51).” In particular, F-140-22.5% exhibits a
bulk density of 0.65 g cm™ and a compressive strength of 3.59 MPa, indicat-
ing the formation of a continuous load-bearing framework. This trend is
further supported by the broader dataset in Figure S17B, which shows the
relationships between compressive strength and density, as well as between
porosity and mechanical properties. These results suggest that adjusting the
interaction density enables a predictable balance between structure and
properties, rather than merely producing fragile porous structures. The pres-
sure forming setup and mold used to prepare consistent precursors for foam
fabrication are documented in Figure S12, ensuring that the observed struc-
tural evolution reflects interaction-density regulation rather than uncontrolled
specimen geometry. The oxidation temperature series reveals progressive
variations in lignin appearance, thermal evolution behavior, and FTIR spectra
(Figure S13).

2D-HSQC analysis further indicates gradual structural evolution in lignin
subunits across increasing oxidation conditions (Figure S14). Quantitative
hydroxyl analysis shows that pre-oxidation selectively reduces excessive
interaction sites by decreasing the contents of aliphatic and phenolic hydroxyl
groups (Figure S15). A direct comparison of AL and lignin pre-oxidized at
140°C (AL-140) in Figure 6A, interpreted using the representative structural
assignments shown in Figure 6B, demonstrates that pre-oxidation modifies
the distribution of lignin functional groups without disrupting the fundamen-
tal aromatic backbone. Quantitative functional-group analysis shows
decreases in the aliphatic and phenolic hydroxyl contents following pre-
oxidation (Figures 6C-S15), indicating a reduction in interaction-relevant sites
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Figure 7. Integration of adhesive- and porous-dominated states into sandwich composite structures with multifunctionality (A) Photograph of a sandwich composite
constructed by spatially coupling adhesive- and porous-dominated states derived from the same supramolecular lignin system with wood veneers. (B) Schematic cross-
sectional illustration of the sandwich architecture, in which the supramolecular lignin adhesive serves as the adhesive interlayer, while the supramolecular lignin foam functions
as the multifunctional core between wood veneer facings. (C, D) Heat release rate curves of lignin-based foams prepared under reduced interaction density conditions with (F-
140-22.5%) and without (F-140) IAA, demonstrating enhanced flame retardancy upon formation of the porous-dominated state. (E) Transient temperature increase measured on
the cold side of lignin-based materials, showing improved thermal insulation performance for the porous-dominated state (F-140-22.5%) compared with the non-porous coun-
terpart (F-140). (F) HCHO removal efficiency of alkali lignin (AL), pre-oxidized lignin foam without IAA (F-140), and porous-dominated lignin foam with I1AA (F-140-22.5%), high-
lighting the multifunctional adsorption capability enabled by the porous architecture. (G) Schematic overview of the interaction-density-directed supramolecular engineering
strategy, illustrating how industrial lignin is directed into adhesive- or porous-dominated states under high- and low-interaction-density conditions, respectively, and subse-
quently assembled with wood veneers into sandwich composite structures integrating strong adhesion, thermal insulation, flame retardancy, and HCHO capture.

while preserving the fundamental lignin framework. The comparison of  originates primarily from functional-group redistribution rather than a funda-

syringyl-to-guaiacyl! ratios in Figure 6D further supports that this regulation  mental change in aromatic-unit composition. Together, these results identify
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pre-oxidation as a molecular-level control step that shifts the lignin—IAA
system into an interaction-density range suitable for thermally driven expan-
sion and stable pore formation.

Functional role of the porous foam core in integrated composite struc-
tures

Beyond structural formation, the porous-dominated state generated
through interaction density reduction is intentionally designed to function as
an active core in integrated composite architectures rather than as an
isolated foam. As shown in Figures 7A-B, the porous lignin core can be
combined with wood veneers and adhesive interlayers derived from the same
lignin—IAA system to form a sandwich composite structure. In this configu-
ration, the porous framework serves as a functional component whose pore
structure and physicochemical properties contribute to thermal insulation, fire
resistance, and environmental adsorption performance.”” Because both
components originate from the same supramolecular system, good interfa-
cial compatibility is achieved, and no obvious delamination or interfacial
defects are observed.

Within this integrated design, the porous-dominated state exhibits
pronounced flame-retardant behavior. Cone calorimetry tests show delayed
ignition and altered heat-release behavior after porous architecture forma-
tion (Figures 7C-D). In particular, the porous sample exhibits an ignition time
of 53 s, indicating improved resistance to ignition after porous architecture
formation. These results suggest that F-140-22.5% exhibits flame-retardant
behavior approaching the performance level generally associated with GB
8624 B1 materials.”" The enhanced flame retardancy originates from the
combined effects of the aromatic lignin framework and the porous architec-
ture.”” During combustion, the aromatic structure facilitates char formation,
while the porous structure limits heat and mass transfer. As a result, the
material exhibits improved flame-retardant performance without the need for
external flame-retardant additives. The porous-dominated state also
provides effective thermal insulation. As shown in Figure 7E, F-140-22.5%
exhibits a smaller cold-side temperature increase than F-140, demonstrating
improved thermal-insulation performance.” The thermal conductivity of the
porous sample reaches 0.128 W m™ K™, confirming its effectiveness as a
lightweight insulating core. Although this value does not match that of
commercial extruded polystyrene insulation foam™, the fully biomass-derived
rigid foam still exhibits practical thermal-insulation capability and can be
used as an insulating filler in building interiors or as an insulating layer in
furniture structures. This thermal insulation behavior results from the
combined effect of air-filled pores and the inherently low thermal diffusivity of
the lignin matrix. These results demonstrate that porosity generated through
interaction density regulation provides an effective strategy for producing
lightweight insulating cores without the need for foreign fillers or polymeric
foams. In addition, the porous-dominated state provides effective environ-
mental adsorption capability. Owing to its high specific surface area and
accessible pore network, the porous lignin framework enables efficient
uptake of small molecules.” HCHO adsorption experiments show rapid kinet-
ics and higher HCHO removal efficiency than compact lignin materials (Figure
7F). The porous sample reaches an HCHO removal efficiency of 76.77%,
highlighting the functional advantage introduced by pore formation. This is
particularly meaningful because many conventional wood-based compos-
ites are formaldehyde sources, whereas the present material can actively
remove HCHO. This behavior correlates with the pore architecture generated
through interaction density regulation, as supported by the systematic evolu-
tion of pore size and surface area in Figures S16-S18. The results indicate
that the pore structure is generated under this interaction regime rather than
by post-synthetic surface modification.

Overall, the multifunctionality of the sandwich composite arises from the
spatial integration of the adhesive-dominated and porous-dominated states
within the same lignin—IAA platform. The adhesive-dominated interlayer
enables effective assembly between the wood veneers and the porous lignin
core, while the interconnected pore network and lignin-rich framework
contribute to thermal insulation, flame-retardant behavior, and formaldehyde
adsorption. Rather than serving as a fully optimized structural panel, this
sandwich structure is presented as a proof-of-concept demonstration of how
interaction-density-directed supramolecular engineering can organize differ-

Materials Chemistry 3i(¢i3

ent lignin-derived material states into an integrated multifunctional architec-
ture. This concept provides a useful design perspective for the future devel-
opment of lignin-based composite materials in which adhesion, porosity, and
functionality can be coupled within a unified material platform. The overall
strategy for directing lignin into distinct material states and integrating them
within a multifunctional sandwich architecture is summarized schematically
in Figure 7G.

CONCLUSION

In summary, this work demonstrates that tuning supramolecular interac-
tions in a lignin—IAA system enables access to both adhesive-dominated and
porous material states from a common lignin platform. Under high interac-
tion density, the lignin network develops into a mechanically coherent adhe-
sive state that supports rapid room temperature bonding with lap shear
strengths up to 5.46 MPa. When the effective interaction density is adjusted
into a balanced pore-forming window through pre-oxidation and controlled
IAA incorporation, the same system is redirected toward a porous architec-
ture. The representative F-140-22.5% foam exhibits a density of 0.65 g cm™,
a compressive strength of 3.59 MPa, and a specific surface area above 230
m?/g. Because both the adhesive and porous components originate from the
same lignin-based supramolecular system, they can be assembled with
wood veneers into an integrated sandwich composite, in which the porous
foam core provides thermal insulation (0.128 W m™ K™), flame retardancy
(ignition time of 53 s), and HCHO removal (76.77%), while the adhesive inter-
layers ensure structural integrity. More broadly, this work highlights a
supramolecular route for linking material state, architecture, and function in
lignin-based systems, and provides a practical strategy for developing multi-
functional composite materials from renewable feedstocks.
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