
Green Chemistry

PAPER

Cite this: DOI: 10.1039/d6gc00070c

Received 5th January 2026,
Accepted 26th March 2026

DOI: 10.1039/d6gc00070c

rsc.li/greenchem

Synthesis of thermo-shear-responsive dynamic
covalent networks based on humins and the
Diels–Alder reaction

Dilhan Kandemir,a Meghana Mekala, b Ruth Cardinaels, b Peter Van Puyveldeb

and Anton Ginzburg *a

Humins are abundant yet largely underutilised by-products of sugar-based biorefineries, commonly

regarded as low-value waste streams despite their intrinsically furan-rich structure. By leveraging their

furan-rich architecture, we demonstrate that humins can serve as a versatile and sustainable source of

dienes in Diels–Alder (DA) chemistry when employed directly as reagents. We show that they readily form

dynamic covalent networks upon reaction with conventional dienophiles, such as bismaleimides, under

mild conditions. Notably, the cycloaddition proceeds predominantly via an endo-selective pathway.

Moreover, the DA equilibrium exhibits an unconventional, inverted thermo-mechanical response under

oscillatory shear, with the forward reaction favored at elevated temperatures and the retro-DA reaction

promoted at lower temperatures. The resulting materials exhibit tunable thermal and mechanical pro-

perties, self-healing behaviour, and chemically controllable electrical conductivity. Taken together, our

findings establish a practical pathway for converting biorefinery side streams into value-added functional

materials.

Green foundation
1. Our study advances green chemistry by combining renewable feedstock utilisation with new fundamental insights into a classical Diels–Alder (DA) reac-
tion. We demonstrate the efficacy of using a bio-derived reagent, humins, in substantial amounts directly as a diene source in the DA reaction under mild
conditions. This reagent not only participates in the cycloaddition, offering a green alternative, but also imparts unique and noteworthy features: the cyclo-
addition is highly stereoselective (endo) and it exhibits an unconventional DA/retroDA equilibrium, making this study compelling from both a sustainability
perspective and a fundamental chemistry standpoint.
2. We report successful reactions using up to 75 wt% humins, advancing green chemistry through renewable feedstock utilisation.
3. While the dienophile remains conventional, future work should extend this strategy to biobased dienophiles to achieve fully renewable DA-systems.
Further optimisation should also target solvent minimisation.

Introduction

The Diels–Alder (DA) reaction is a well-established and exten-
sively studied transformation in organic chemistry, involving a
[4 + 2] cycloaddition between conjugated dienes and dieno-
philes to form six-membered ring structures.1–3 Due to its
complete atom economy and high regio- and stereoselectivity,
the DA reaction is regarded as an efficient “click” strategy for
the construction of functional and dynamic molecular and
macromolecular systems.4,5 Reflecting its versatility, a wide

range of π-systems can serve as dienophiles in DA reactions,
including alkenes,6 alkynes,7 azomethines,8 nitriles,9 carbonyl
compounds,10 thiocarbonyls,11 azo compounds,12 singlet
oxygen,13 and nitro compounds.14 Even greater diversity is
observed amongst dienes, which can incorporate various elec-
tron-donating or electron-withdrawing substituents, allowing
for a systematic modulation of reactivity and selectivity in the
cycloaddition process.15–17

Despite its significant potential, the number of commer-
cially impactful applications of the DA reaction in speciality
polymers remains limited.18 This limitation is partly attribu-
table to the high cost of the building blocks typically used in
DA chemistry to manipulate final rheological characteristics,
such as chain extenders (e.g., poly(propylene glycol) bis(2-ami-
nopropyl ether)19). Concurrently, the growing emphasis on sus-
tainability in the chemical industry underscores the urgent
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need to identify and develop alternative, renewable feedstocks.
In this context, bio-based, furan-rich compounds derived from
biorefinery streams have emerged as especially promising can-
didates. Yet, research in this area remains limited and lacks
representative, well-characterised systems.20–23

The acid-catalysed dehydration of D-fructose is an indust-
rially relevant process for producing bio-renewable com-
pounds, including furfural, 5-hydroxymethylfurfural (HMF),
levulinic acid (LA), and formic acid. However, the overall
efficiency and scalability of this method are significantly
affected by the production costs and by how these bio-based
approaches compare economically to traditional petrochemical
routes.24,25 A major challenge lies in the formation of substan-
tial by-products, humins, that emerge in side reactions such as
aldol condensation and transesterification. These humins can
account for up to 50% of the total carbon during the biorefin-
ery process, thereby impacting the process yield and viability.
While various structural models have been proposed in the
literature,26,27 all reports consistently describe humins as poly-
furan-based frameworks substituted with diverse motifs
bearing hydroxyl, aldehyde, and ketone functional groups.28–30

In this work, we explore a new application area of humins
based on a simple concept: their diverse furan-ring structures
provide an alternative and versatile source of dienes for DA
chemistry. We show that pairing humins with maleimides can
form covalent macromolecular networks that are reprocessable
and can be repaired under mild and oscillatory shear con-
ditions, where the applied deformation cooperates with temp-
erature to promote reversible bond exchange. This behaviour
represents a thermomechanical analogue of DA reactivity
observed in molecular systems.31 Notably, we observe a highly
endo-selective cycloaddition. The temperature-dependent equi-
librium between DA and retro-DA further enables repetitive
processing and structure recovery with minimal loss of pro-
perties. We show that this approach can be applied to mul-
tiple, unmodified, industrial humins batches and tolerates
high humins loadings. In addition, we demonstrate that the
DA crosslinking provides a direct handle on the electrical pro-
perties, reducing conductivity and enabling thermally switch-
able dielectric behaviour.

Results and discussion
Characterisation of different humins and model reaction
(furfuryl alcohol-bismaleimide system)

This study evaluates the applicability and performance of four
distinct batches of industrial humins (Humins1 through
Humins4), generated as side-stream products in the acid-cata-
lysed dehydration of D-fructose. All batches originate from the
same industrial process but represent independent production
runs. Despite exhibiting a comparable furan-rich backbone
architecture, as evidenced by consistent spectroscopic signa-
tures in solution 1H NMR (Fig. 1A), the humins exhibit sub-
stantial differences in zero-shear viscosity (Fig. 1B and

Fig. S23–S29: η0(Humins1) = 4020 Pa s; η0(Humins2) = 958 Pa
s; η0(Humins3) = 896 Pa s; η0(Humins4) < 10 Pa s).

The 1H NMR spectra of the humins batches (Fig. 1A and
Table S1) display broad, strongly overlapping resonances
typical of heterogeneous, crosslinked furan-based materials.
Because individual proton environments cannot be quantitat-
ively resolved, our analysis is restricted to assigning chemical-
shift regions rather than discrete molecular species. For semi-
quantitative comparisons, the spectra were recorded in DMSO-
d6 at comparable sample concentrations (Table S2), enabling a
comparison of the aromatic/furanic region across the humins
batches. A weak signal at 9.2–9.0 ppm is consistent with alde-
hydic or strongly hydrogen-bonded OH protons. The broad
resonances between 7.5 and 6.8 ppm can be attributed to aro-
matic and furanic protons, confirming the presence of substi-
tuted furan motifs. The signals in the 4.8–3.2 ppm region are
assigned to protons on oxygen-substituted carbons (–CH–O–,
–CH2–O–), characteristic of structural motifs derived from FA,
HMF, and furfural, in agreement with the literature,30

which describes humins as polyfuranic networks. The broad
envelope between 2.8 and 1.3 ppm reflects contributions from
aliphatic segments adjacent to carbonyl or oxygenated sites, as
well as methylene environments incorporated within aliphatic
linkers. Taken together, the spectra are consistent with pre-
viously established structural models of humins. Although the
main spectral features are conserved across all batches,
Humins4 shows relatively stronger signals in the aliphatic and
oxygenated-carbon regions, which may explain its lower vis-
cosity and differences in molecular organisation. Such compo-
sitional variations are certainly to be expected during sugar
processing, where the exact composition depends on the pro-
cessing conditions, dehydration severity and residence time.
FTIR analysis confirmed the preservation of the average chemi-
cal motif across batches (Fig. S1) with characteristic absorp-
tions including a broad OH-stretching of alcohols at around
3383 cm−1, aliphatic CH-stretching at about 2934 cm−1, and
CvO stretching vibrations of aldehyde groups attached to
hydroxymethylfurfural (HMF) and 5-methoxymethylfurfural
(MMF) at about 1670 cm−1. Interestingly, the spectrum also
displays the product of the aldol condensation reaction, a con-
jugated enone, which can be detected via the CvC stretching
conjugated with the carbonyl group at 1615 cm−1.
Additional contributions to the spectrum can be attributed to
substituted furan rings, such as CvC stretching at 1517 cm−1

and C–H bending at 1077 cm−1. The C–O stretching
observed at 1020 cm−1 can also be attributed to the furan
ring. The substituted furans may also be related to CH out-of-
plane deformations between 812 and 749 cm−1. Finally,
the 966 and 904 cm−1 peaks are commonly associated with
trans- and cis-CvC configurations, respectively. These struc-
tural assignments are well in line with the literature
references.28,32

Although relative differences are observed, all humins
batches exhibit comparable estimated furanic signal contri-
butions, within the same order of magnitude. This spectral
profile is particularly important from the perspective of our
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DA-oriented study. Overall, the data suggest that humins
consist of a distribution of substituted furan ring structures
with varying steric accessibility, ranging from terminal furan
units to more heavily substituted furanic motifs, predomi-
nantly at positions 2 and 5 and to a lesser extent at positions 3
and 4.

In an effort to evaluate the relative percentage of furan-
associated groups in humins, we employed a calibration-based
approach using the characteristic C–O–C stretching mode of
the furan moiety at 1025 cm−1. In selecting a model com-
pound, we reasoned that HMF provides a logical starting
point, given its established role as a key intermediate in

Fig. 1 (A) 1H NMR spectra of representative humins batches (Humins1–4) recorded in DMSO-d6 at 25 °C, (B) amplitude sweep analysis of humins
batches at strain of 0.01–100%, constant frequency of 1.6 Hz and experimental temperature of 25 °C, (C) Diels–Alder reaction scheme of furfuryl
alcohol (FA) and bismaleimide (BMI), forming the corresponding endo/exo adducts; (D) 1H NMR spectra of FA, BMI, and their DA adducts after 72h
(unpurified and purified) in DMSO-d6 at 25 °C, (E) temperature-modulated small-amplitude oscillatory shear (SAOS) measurements of FA : BMI
model system using a 25 mm parallel-plate geometry (γ = 0.1%, f = 1 Hz, 2 °C min−1, N2 atmosphere), (F and G) dynamic temperature-ramp tests of
the FA : BMI model system at different combinations of strain and frequency (i) γ = 0.1% − f = 1 Hz, (ii) γ = 20% − f = 1 Hz and (iii) γ = 1% − f = 10 Hz
using a 25 mm parallel-plate geometry (2 °C min−1, N2 atmosphere).
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humins formation and its contribution to the furanic motifs
embedded within the resulting polymeric network. At the
same time, in our previous study, we identified hydroxyl func-
tionalities – most plausibly associated with FA-type fragments
– as the reactive sites in acylation reactions.29 Accordingly, FA
was chosen as the internal standard. THF solutions were pre-
pared at different concentrations and characterized by
ATR-FTIR. Interestingly, high viscosity Humins1 exhibited a
slope closely matching that of the FA calibration solutions,
corresponding to an apparent FA-equivalent signal of approxi-
mately 60 wt% (Fig. S2–S4). In contrast, the remaining lower
viscosity humins batches displayed distinctly different cali-
bration responses, suggesting structural differences. On the
other hand, C–O–C stretch in a furan ring typically appears
around 1010–1050 cm−1, but its exact position and intensity
are sensitive to electronic effects (electron-donating/withdraw-
ing groups) and steric hindrance. Added to this, the absor-
bance might be further influenced by non-furanic components
like ether linkages. Therefore, this calibration cannot be used
to determine the absolute furan content of humins, but rather
serves as a semi-quantitative FA-equivalent spectroscopic refer-
ence. As a control experiment, we evaluated the integrals of
furanic signals in 1H NMR at δ(1H) = 7.6–6.2 ppm (Table S3)
and The total furan content appeared to increase in the follow-
ing order: Humins1 < Humins3 < Humins2 < Humins4, which
reasonably agrees with the FTIR-based comparison when con-
sidering a similar concentration range as in the NMR experi-
ments (30–32 mg mL−1).

Regarding the choice of dienophiles, it is well established
that electron-deficient dienophiles such as maleimides exhibit
high reactivity in DA cycloadditions with numerous bio-based
furans. Notably, some of these reactions proceed efficiently
under solvent-free and catalyst-free conditions. Moreover, the
furan (diene)–maleimide (dienophile) pair is frequently
selected for DA reactions due to its ability to proceed at
ambient temperature.33–36 Following this rationale, 1,1′-
(Methylenedi-4,1-phenylene)bismaleimide (BMI) was selected
as the corresponding dienophile. Initially, model reactions
were carried out using varying equivalents of the reactants
(Fig. S5 and S6) and different reaction times at room tempera-
ture (Fig. S7 and S8). The progress of the reactions was moni-
tored by tracking the characteristic peaks of BMI and FA.1,4,32

For the BMI, these included the overtone/combination
band around 1904 cm−1 characteristic of the maleimide
moiety, the CvO stretch between 1700–1774 cm−1, the CvC
stretch at 1602 cm−1, and peaks between 686–826 cm−1 attribu-
ted to aromatic C–H out-of-plane bending vibrations. FA dis-
played peaks at 3400–3200 cm−1 for O–H stretching,
1600–1450 cm−1 for CvC stretching in the furan ring, and
1200–1100 cm−1 for C–O stretching. Following the DA reaction,
significant spectral changes were observed. The disappearance
of the 1904 cm−1 peak in BMI indicated alterations in the elec-
tronic environment of the maleimide carbonyl groups, while
the CvO stretch shifted or intensified, reflecting formation of
the DA adduct. The reduction in intensity of the 1602 cm−1

peak suggested participation of these double bonds n σ-bond

formation during the DA reaction. New bands appeared at
1380 cm−1 (C–N stretching) and 1180 cm−1 (C–C/C–O related
vibrations), consistent with the formation of the Diels–Alder
adduct. Additionally, the peaks between 686–826 cm−1, corres-
ponding to the BMI, were diminished.

The 1H NMR spectrum of the product from the reaction
between furan and bismaleimide at a 2 : 1 molar ratio showed
characteristic peaks consistent with the expected DA-adduct
structure (Fig. 1C and D). Specifically, the presence of aliphatic
signals at δ(1H) = 3.1–3.5 ppm and δ(1H) = 3.7–3.8 ppm is con-
sistent with the formation of new proton environments arising
from the DA cycloaddition. At the same time, the residual BMI
persisted even after a 72 h reaction time, as evidenced by the
presence of aromatic protons at δ(1H) ∼7.3–7.4 ppm, indicat-
ing incomplete conversion. While most of the tests were con-
ducted without removing residual BMI, a control experiment
was performed in which the product was purified by column
chromatography, and the conversion was estimated. After nor-
malisation to the constant aromatic protons of BMI (δ
7.35–1.04 ppm, 8H), the DA product signals in the aliphatic
region integrated to 1.45 H for the endo resonances (δ 3.77 and
3.56 ppm) and 0.67 H for the exo resonances (δ 3.18 and
3.01 ppm), giving a total product integral of 2.12 H. Since the
expected contribution of the DA product signals in this system
is 4H, the apparent solution-state conversion referenced to the
BMI aromatic protons resulted in XDA,product = 2.12/4 = 53%,
which is in good agreement with literature reports for furan–
maleimide systems under comparable mild conditions.37,38 It
is well established that under kinetic control, the endo DA
adduct is often favoured due to stabilising secondary orbital
interactions between the π-system of the diene and electron-
withdrawing substituents on the dienophile, which can stabil-
ise the endo transition state relative to that of the exo state. In
contrast, thermodynamic control often enriches the exo
isomer as steric and substituent effects dominate the equili-
brium. Substituents on the furan ring, such as carbonyl and
hydroxyl groups, modulate both rate and diastereoselectivity.
For example, DFT studies have suggested that hydroxyl groups
can thermodynamically stabilise the endo isomer by promoting
intramolecular hydrogen bonding and dispersive interactions
within the transition state, thereby reducing the activation free
energy and facilitating cycloaddition.39,40 In line with these lit-
erature trends, the 1H NMR spectrum of the purified FA : BMI
model product revealed an endo : exo ratio of 68 : 32, in good
agreement with previously published results.41 It should be
noted, however, that all NMR measurements were performed
in DMSO-d6 solution; therefore, the observed endo and exo
resonances reflect the apparent distribution in solution rather
than the exact equilibrium composition in the bulk material.
Moreover, as the reaction mixture was not purified, these
signals represent the apparent distribution within the crude
equilibrium mixture rather than that of isolated stereoisomers.

Under small-amplitude oscillatory shear (SAOS), the unpuri-
fied resulting materials derived from the FA : BMI model reac-
tion exhibited a viscoelastic response (Fig. S9 and S10). At low
strains (below 2%), the FA : BMI model product demonstrated
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a linear viscoelastic response characterised by dominantly
viscous properties, with the loss modulus (G″) exceeding the
storage modulus (G′) (Fig. S11). Structurally, cycloaddition
adducts represent dynamic covalent linkages that can be
modulated by external stimuli such as temperature and
mechanical deformation. However, to the best of our knowl-
edge, and despite the long-standing and extensively studied
DA chemistry, the application of rheological methods remains
underexplored, especially for small-molecule DA model
systems.42,43 Some studies have indeed investigated reversible
DA systems under rheological or mechanical conditions in
polymer or network contexts,19,44,45 but these focused primar-
ily on prepolymers or crosslinked materials rather than small-
molecule adducts.

Motivated by this gap, we further explored this dynamic
behaviour by performing temperature-dependent rheology
under mild oscillatory conditions (γ = 0.1%, f = 1 Hz) between
30–60–100–30 °C (Fig. 1F and Table S3). Upon heating between
30 and 60 °C, the moduli and complex viscosity decreased
gradually, while the material remained a viscoelastic fluid.
Notably, around 100 °C, the storage modulus surpassed the
loss modulus (G′ > G″) with the well-resolved crossover, indicat-
ing a transient behaviour toward elastic networks. Upon sub-
sequent cooling, both G″, G′, and |η*| recovered to values
higher than initial levels, remaining solid-like, evidencing
cumulative structural reinforcement. This behaviour was con-
sistently observed in multiple heating–cooling cycles
(40–100–40 °C and 60–100–60 °C), where each cycle produced
a G′/G″ crossover at 100 °C followed by a progressively higher
modulus and viscosity plateaus upon cooling (Fig. 1E and
Fig. S12).

Conventionally, it is assumed that the retro DA (rDA) reac-
tion usually occurs at high temperature, whereas the DA reac-
tion proceeds at low temperature. In a previous work,46 the
polymers containing both maleimide and furan moieties as
repeating units in a copolymer, in fact, exhibited such revers-
ible behaviour. In contrast, our FA : BMI system showed an
opposite response: additional cycloadditions occurred at
higher temperatures under oscillatory conditions, while
cooling shifted the equilibrium toward rDA. This inversion of
the classical DA/rDA behaviour suggests a cooperative interplay
between mechanical stress and temperature, in which the DA/
rDA equilibrium is not solely temperature-dependent but also
sensitive to oscillatory stress. Consequently, stress-assisted DA
reformation becomes possible under conditions where rDA
would typically dominate. Such FA : BMI system thus operates
under coupled thermo-mechanical control, in which mechani-
cal energy facilitates the reversible reformation of bonds and
network reinforcement. This behaviour qualitatively resembles
recent observations in small-molecule systems where periodic
mechanical input can influence thermally reversible DA equili-
bria; however, the exact mechanism in our system remains to
be fully understood.31,47

One can further speculate that the oscillatory shear para-
meters influence the DA/rDA equilibrium. To probe this effect,
four distinct combinations of strain amplitude and angular

frequency were examined: (i) γ = 0.1% − f = 1 Hz, (ii) γ = 20% −
f = 1 Hz and (iii) γ = 1% − f = 10 Hz (Fig. 1F and G) and (iv) γ =
0.1% − f = 50 Hz (Fig. S13). At low temperature (30 °C), all con-
ditions resulted in a viscoelastic fluid response. Higher fre-
quencies led to increased storage and loss moduli at low strain
amplitudes, whereas larger strain amplitudes reduced both
moduli, indicating progressive network deformation. After
heating to 60 °C, a gradual increase in the dynamic moduli
was observed for all conditions. At 100 °C, the emergence of
solid-like behaviour provided a strong indication for thermally
and mechanically promoted network formation. Upon sub-
sequent cooling to 30 °C, pronounced differences in the final
mechanical state became apparent. Conditions involving
either high frequencies (γ = 0.1% − f = 50 Hz and γ = 1% − f =
10 Hz) or large strains at moderate frequency (γ = 20% − f = 1
Hz) yielded materials that behaved as viscoelastic solids at the
end of the cycle. In contrast, the low-frequency, low-strain con-
dition (0.1% − f = 1 Hz) retained a fluid-like response
(Table S3). Taken together, these results demonstrate that both
strain amplitude and oscillation frequency act as effective
mechanical control parameters, superimposed on tempera-
ture, in governing the extent of DA bond formation and the
resulting viscoelastic state.

1H NMR analysis further revealed that the FA : BMI adducts
continue to evolve over time (Fig. S14 and Tables S4, S5).
Between 72 h and four weeks, all DA-related resonances inten-
sified, accompanied by a moderate increase in the fraction of
exo adducts, suggesting a slow endo/exo rearrangement and
higher overall conversion upon storage. The reference sample
used for rheological comparison (four weeks, no shear) exhibi-
ted an apparent endo/exo ratio of ≈36/64 (endo = 1.83; exo =
3.22). After rheological treatment, both endo (δ(1H) =
3.60–3.55 ppm, 3.02 ppm) and exo (δ(1H) = 3.76 ppm,
3.18 ppm) resonances increased in intensity, while the overall
ratio remained essentially unchanged (∼35/65). For example,
after 0.1% γ, 1 Hz, endo = 1.87 and exo = 3.54; after 20% γ, 1
Hz, endo = 1.90 and exo = 3.51. These results indicate that
oscillatory shear and temperature cycles are associated with
increased intensity DA-related resonances due to additional
bond formation or redistribution within a reversible network.
Within the resolution of the solution-state NMR analysis, no
substantial shift in the apparent endo/exo ratio was detected
after rheological treatment, suggesting that the applied
thermo-rheological conditions do not significantly alter the
apparent stereochemical distribution in solution.

The measured sensitivity of the DA equilibrium to com-
bined thermal and mechanical input in the FA : BMI model
system illustrated that even minor perturbations can influence
furan-bismaleimide reactivity. Motivated by this responsive-
ness under oscillatory shear, we subsequently focused our
efforts on elucidating the reaction between humins and BMI.

Reaction between humins and bismaleimide

We speculate that the potential DA reactivity of humins is gov-
erned primarily by substitution patterns that modulate elec-
tron density and steric accessibility at the dienic positions. In
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general, steric hindrance in cis-configured dienes reduces their
effective participation, while favourable substitution at other
positions or ring constraints can stabilise reactive confor-
mations. Cyclic cis-dienes, in particular, often display
enhanced reactivity due to enforced geometries that align the
reacting double bonds.48 Based on the considerations outlined
above, it is reasonable to assume that the structural compo-
sition and conformational flexibility of the humins backbone
are sufficient to enable the DA reaction to occur. Importantly,
all experiments were performed using industrial humins as
received, without purification or fractionation. The optimi-
sation of reaction conditions using model systems involved
determining the humins : BMI ratio by varying feed ratios and
controlling the BMI conversion. While calibration with FA pro-
vided an estimate of the furan content, detailed optimisation
was essential due to the more structurally complex diene
source.

Using Humins 1 as a high-molecular-weight precursor, reac-
tions between BMI and 25, 35, and 50 wt% Humins 1 at room
temperature yielded solid materials (denoted as DDA1–DDA3;
Fig. S15–S17). FTIR analysis confirmed that DA adduct for-
mation occurred in all cases; however, prominent signals of
residual BMI remained. We speculate that, under these con-
ditions, network development remains limited, leading to the
formation of powdery and crumbly materials (Fig. S19). When
75 wt% Humins1 were used, FTIR analysis revealed a more
pronounced DA-related transformation, including a decrease
in the BMI-related band at 1602 cm−1 (Fig. 2 and Fig. S18) and
the appearance of new carbonyl bands between
1700–1774 cm−1, indicating the formation of new CvO bonds.
Additionally, characteristic signals of the DA reaction were
observed at 1180 cm−1 and 1150 cm−1, corresponding to C–O–
C and C–C stretching modes, respectively, along with a peak at
1380 cm−1 attributed to C–N stretching from the newly formed
DA adducts. The resulting end product was a putty-like
material. Similar to the model reaction, 72 hours proved to be
the most suitable reaction time, as the characteristic peaks
associated with the DA reaction were most pronounced in the
sample reacted for 72 hours (Fig. S20). Moreover, the viscosity
and bleeding issues initially observed after the 24- and
48-hour reactions were no longer present after 72 hours.

The 1H NMR spectra of the Humins1 and DDA4-75%
Humins1 (putty-like) samples (Fig. 3B) reveal key chemical
changes resulting from the DA reaction with BMI. Notably, the
reaction primarily exhibits resonances assignable to endo-type
adducts, while signals associated with exo analogues were not
detected within the resolution of our spectra. This assignment
is supported by resonances observed in the range δ(1H) =
3.7–4.0 ppm and by the absence of signals at δ(1H) =
3.1–3.5 ppm. While definitive stereochemical assignment in
such structurally heterogeneous systems remains challenging,
the apparent predominance of endo-type signals may reflect
the influence of steric constraints and conformational restric-
tions imposed by the polyfuranic humins backbone during the
cycloaddition, warranting further investigation using broader
structural platforms. In the δ(1H) = 4.8–3.2 ppm range,

additional resonances correspond to protons attached to oxy-
genated carbons, such as hydroxyl, ether, or ester groups,
characteristic of residual carbohydrate-derived structures and
oxygenated species formed during the reaction. The signals
between δ(1H) = 2.8–2.4 ppm are attributed to aliphatic

Fig. 2 (A) ATR-IR spectra of BMI and Diels–Alder adducts derived from
four different humins feedstocks (DDA4-Humins1-75%, DDA5-Humins2-
75%, DDA6-Humins3-75%, DDA7-Humins4-75%) recorded at room
temperature, shown for the 4000–2600 cm−1 region (B) and the
2000–600 cm−1 region (C); (C) amplitude sweep analysis of the humins
batches over a strain range of 0.01–100%, at a constant frequency of 1.6
Hz and experimental temperature of 25 °C.
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protons adjacent to carbonyl groups or unsaturated bonds,
consistent with methylene protons neighbouring the imide
carbonyl groups in DA adducts formed from bismaleimide
and furan.49 Signals observed in the δ(1H) = 2.0–1.5 ppm range
are assigned to methylene protons located near alkenes or oxy-
genated groups, while resonances between δ(1H) = 1.3–0.8 ppm
arise from terminal methyl groups within alkyl chains associ-
ated with bismaleimide-derived moieties or aliphatic segments
linked to the furanic structures. Overall, these specific chemi-
cal shifts observed in the spectra provide strong evidence for
the formation of DA adducts between furan rings and
bismaleimide, resulting in new aliphatic bridges and imide
bonds. The same chemical shifts and new product peaks
were observed in the NMR results of DA adducts obtained with
other humins (Fig. S21 and Table S6). At the same time, an
incomplete conversion of the reactants is clearly observed.
At the same time, incomplete conversion is evident from the

persistence of multiplets in the δ(1H) = 7.5–6.8 ppm
region, which include contributions from aromatic protons of
the bismaleimide phenyl rings as well as residual furanic
protons.

After a 72-hour reaction, the material was left to dry under
ambient conditions, allowing the THF to evaporate under a
fume hood. Initially viscous and sticky, the material transi-
tioned to a non-sticky, putty-like consistency within one week,
remained in this intermediate state for another week, and fully
hardened into a rigid solid after approximately four weeks.
These observations suggest that the reaction between humins
and BMI continued during the drying phase. FTIR analysis
confirmed ongoing chemical changes, with notable variations
in the transmittance of characteristic BMI peaks at 1147 cm−1

(C–N) and 686–826 cm−1 (out-of-plane C–H) over time
(Fig. S22, and photographs taken at different moments of the
DDA4-Humins1 presented in Fig. S23).

Fig. 3 (A) Diels Alder reaction between humins and BMI forming the crosslinked adducts, (B) 1H NMR spectra of pure Humins1, DDA4-Humins1
(putty-like) in DMSO-d6 at 25 °C, (C–E) temperature-modulated SAOS measurements of (C) pure humins, (D) DDA4-Humins1 (putty-like), (E) DDA4
(solid)-PPG-diamine. All rheological experiments were performed using a 25 mm parallel-plate geometry, with γ = 0.1%, ω = 1 Hz, and a temperature
increase of 2 °C min−1 in an N2 atmosphere.
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After completing the chemical characterisation, we investi-
gated the rheological behaviour of the prepared materials and
determined their viscoelastic properties. At first instance, stan-
dard SAOS tests were conducted to compare the viscoelastic
responses of pure humins with those of the DA-derived pro-
ducts. Additionally, a comparison of putty-like and solid
materials at different temperatures was performed (Fig. S24–
S31). Notably, despite differences in the viscosities of the
parent humins, the resulting products are much more compar-
able to one another (Fig. 2C): η0(DDA4-Humins1) = 3.5 × 104

Pa s; η0(DDA5-Humins2) = 4.2 × 104 Pa s; η0(DDA6-Humins3) =
8.2 × 104 Pa s; η0(DDA7-Humins4) = 3.84 × 104 Pa s. The results
of the amplitude sweep tests show that all DA adducts exhibit
significantly higher G′ and G″ moduli compared to their
corresponding humins precursors, confirming the formation
of a partially crosslinked network (Table S7). The average
storage modulus increased by one to three orders of magni-
tude. The linear viscoelastic region extended to γ = 0.5–1.0%
for the DA systems. At larger strains, the complex viscosity fol-
lowed a decay of |η*| ∝ γm with m = −0.7 to −1.0 for the DA
samples, indicating shear thinning.

From the viscoelastic analysis, it appears that the lower the
molecular weight of the humins phase, the greater the poten-
tial for reaction, ultimately leading to products that converge
macroscopically in terms of viscosity (e.g. in case of Humins
3,4). It should be noted, however, that the 75 wt% loading was
optimized based on Humins1. Given the differences in appar-
ent total furanic content, this ratio may need to be adjusted;
consequently, trend-wise comparisons cannot yet be made,
and no clear correlation has been observed.

To further probe the presence of a dynamic covalent
bonding structure obtained via the DA reaction, we first exam-
ined the temperature-dependent rheological behaviour of pure
Humins1 and its corresponding DA adduct (DDA4-Humins1
(putty-like)) under a stepwise temperature ramp 30–60–100 °C
(Fig. 3C and D). For pure Humins1, both the modulus and the
complex viscosity decreased continuously with increasing

temperature, indicating progressive relaxation of the weakly
associated humins network. No crossover between G′ and G″
was observed, with G″ remaining higher than G′ at all tempera-
tures, consistent with the absence of thermally activated
dynamic bonding. In contrast, the DDA4-Humins1 sample (2
weeks, putty-like) exhibited a more complex thermal response.
A slight decrease in both moduli and complex viscosity
occurred up to 60 °C, followed by a further drop near 100 °C.
At this stage, however, a G′ to G″ crossover emerged, reflecting
the transition from viscous to an elastic response as DA lin-
kages reformed upon heating. During the subsequent cooling
phase, a reverse crossover (G″ > G′) was observed. To further
verify the reversibility of these interactions, cyclic temperature
tests were performed. For putty-like DA adducts (2 weeks), the
temperature was cycled between 25 °C and 100 °C, and for
solid ones (4 weeks) between 60 °C and 100 °C (Fig. 4A and B).
In each cycle, G″ > G′ at low temperatures and G′ > G″ at high
temperatures, with nearly complete recovery of all moduli and
|η*| after cooling. This reproducible crossover behaviour con-
firms the thermoreversible nature of the DA linkages.
Comparable behaviour was found for the other humins-DA
adducts (Fig. S32–S36).

From an application perspective, continued material hard-
ening is unfavourable. We suggest that the residual BMI con-
tributes to this effect, and that its selective deactivation could,
in principle, help preserve the material’s properties over time.
To address this, we probed a strategy to capture residual male-
imide functionalities via an aza-Michael addition reaction, a
well-established approach in macromolecular design.50 This
was achieved via a post-treatment step in which the solid DA
product was further reacted with poly(propylene glycol) bis(2-
aminopropyl ether) diamine (PPG-diamine). To our satisfac-
tion, incorporation of the diamine regenerated the solid DDA
product into a putty-like state. Furthermore, temperature-
modulated SAOS measurements confirmed a deceleration in
the cross-linking kinetics (Fig. 3E). For comparison, the
untreated solid DA material exhibits a gradual increase in

Fig. 4 Time sweep tests of DDA4-Humins1 were conducted under dynamic temperature cycles. (A) Putty-like viscoelastic material (2 weeks)
measured between 40 and 100 °C. (B) Solid material (4 weeks) measured between 60 and 100 °C. All measurements were performed using a 25 mm
parallel-plate geometry, with γ = 1%, ω = 10 Hz, and a heating rate of 2 °C min in an N2 atmosphere.
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modulus over successive temperature cycles, reflecting the con-
tinued evolution of the network (Fig. 4B).

The effect of the bismaleimide structure on thermally
reversible network formation and self-healing was investigated
in more detail by repeating the experiment using BMI1500, an
imide-extended bismaleimide having a long spacer between
the maleimide groups, instead of standard bismaleimide
(representative structures for DA adducts, Fig. S37). Similarly,
1H NMR confirmed the formation of the DA adduct (Fig. S38
and Table S8). However, temperature ramp rheology revealed
that, in contrast to Humins-BMI adducts, the Humins-
BMI1500 adducts did not exhibit a G′/G″ transition at 100 °C
(Fig. S39). Instead, a pronounced decrease in the moduli was
observed, accompanied by an increase in signal noise. This
behaviour is consistent with the presence of imide chain exten-
sion, which favours viscous flow over network formation by
effectively reducing the cross-link density. This highlights the
critical role of maleimide spacing in enabling stress-assisted
DA network formation.

To examine the thermal stability of the DA adducts, TGA
measurements were carried out and compared with those of
the corresponding humins precursors (Fig. S40 and S41). The
degradation onset temperatures (Td5%) showed only limited
variation across the series. This is not unexpected, as pristine
humins are known to contain residual moisture and low-mole-
cular-weight fractions that can contribute to early mass loss
during heating.30 More significant differences appeared at
higher mass-loss levels. In all DA-modified samples, the temp-
erature at 50% weight loss (T50) shifted to a narrow range of
470–475 °C, regardless of the starting humins batch. Despite
compositional variability in the starting humins, the DA modi-
fication led to products with remarkably similar high-tempera-
ture behaviour. The change was particularly pronounced for
Humins4, where T50 increased from 227 °C to 474 °C after
Diels–Alder crosslinking. A similar trend was observed for the
residual char at 550 °C: while the pristine humins showed vari-
able, and in some cases low, char yields (notably 7.7% for
Humins4), all DA adducts consistently retained around 43%
(Table S9). Overall, the thermal data indicate that DA modifi-
cation significantly changes the high-temperature behavior of
the materials and reduces the thermal differences between the
various humins batches, leading to a more uniform thermal
response. To ensure that the rheological measurements at
100 °C did not induce degradation, isothermal TGA experi-
ments were performed at the same temperature (Fig. S42). In
both the fully dried solid sample and the 3-day dried (putty-
like) sample, the main mass loss occurred within the first
minutes and then levelled off. No continuous mass decrease
was observed during isothermal hold, indicating that pro-
longed exposure at 100 °C does not lead to progressive thermal
degradation under applied conditions.

Diels–Alder-induced control over dielectric and healing
properties

Based on the chemical structure of humins, the presence of
polar groups and conjugated double bonds is expected to

enable electrical conductivity. At the same time, the DA reac-
tion offers a means to disrupt this conductivity by targeting a
key structural element in the conjugated system – the furan
ring. To validate this, we performed electrical conductivity
tests using a rheo-dielectric setup across a frequency range of
0.01 Hz to 10 MHz (Fig. 5 and Fig. S43, S44) on all representa-
tive types of materials under consideration: pure humins,
putty-like DA adducts (after two weeks of the DA reaction), and
solid DA adducts (after four weeks of the DA reaction).
Conductivity was probed at three thermal-history states: room
temperature before thermal cycling (RT0), after melting at
60 °C (AM), and after cooling back to 25 °C (AC). Unless noted,
RT0, AM, and AC measurements were performed sequentially
on the same specimen.

It was encouraging to observe that the electrical conduc-
tivity of pure humins was relatively high, as shown in Fig. 5.
Among all the samples, Humins4 exhibited the highest con-
ductivity, reaching 10−5 S cm−1 – three to four orders of magni-
tude higher than that of conventional insulating polymers like
polylactic acid (PLA)51 or polyamides (PA6, PA46),52,53 which
typically range from 10−10 to 10−15 S cm−1. Notably, Humins4
also possessed the lowest viscosity among all the other
samples, enabling greater molecular mobility, which is consist-
ent with the observed conductivity values. In contrast, the
solid DA adducts showed the lowest conductivity, dropping to
as low as 10−10 S cm−1, comparable to traditional polymeric
insulators. The relatively high conductivity of pure humins can
be attributed to the presence of several conjugated double
bonds, which allow π-electrons to delocalize and move freely
along the carbon framework. During the DA reaction, however,
a reduction in the number of accessible conjugated pathways
is expected in the DA adducts. As a result, electron delocalisa-
tion became highly restricted, leading to a marked decrease in
conductivity. Temperature was also found to play a significant
role in the electrical conductivity of all samples. The electrical
conductivity at 60 °C (where the samples melted) was found to
be higher than that at room temperature (25 °C) for all the
samples. This observation aligns with the fact that at slightly
higher temperatures, more charge carriers become thermally
excited and hop between the sites, thereby increasing conduc-
tivity.39 Overall, the moderate electrical conductivity of humins
makes them suitable for applications where low conductivity is
desired, such as in antistatic/electrostatic discharge (ESD)
packaging or dissipative coating applications. Furthermore,
their intrinsic properties make humins promising candidates
as matrix materials for the development of conductive nano-
composites for applications that require AC conductivity or
high-frequency dielectric losses, such as electromagnetic
shielding.

Thermally induced healing is a common characteristic of
materials containing DA functionality. To evaluate the self-
healing capability of the synthesised materials, disintegrated
solid samples were subjected to thermal treatment in an oven.
The fractured surfaces were gently brought into contact to
ensure interfacial alignment prior to heating. The specimens
were conditioned at 60 °C for 1 hour under stress-free con-
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ditions, without external mechanical force (Fig. S45 and S46).
Unlike the rheological experiments, which probe network
rearrangement under combined thermo-shear influence, this
experiment was intentionally performed under purely thermal
conditions to assess principal stress-free network reorganis-
ation and thermal reprocessability. As indicated by tempera-
ture-modulated SAOS measurements (Fig. 3D), the material
exhibits potential for more profound conversion of available
diene and dienophile groups, leading to increased elasticity at
this temperature. Thus, 60 °C represents a temperature
window where enhanced molecular mobility and dynamic
bond exchange may facilitate interfacial reconnection. Visual
inspection before and after treatment revealed partial struc-
tural recovery, with the previously fractured interface appear-
ing more continuous after heating. This observation supports
the occurrence of partial thermally induced recovery, arising
from the combined effects of viscoelastic flow and reversible
DA bond reorganisation. On the other hand, the DA reaction
provides a selective and controllable method for suppressing
conductivity, rendering the resulting materials suited for
dielectric applications.

Conclusion

In this study, we developed an alternative strategy to valorise
humins, an abundant yet underutilised byproduct of sugar
biorefineries. Owing to their furan-rich functionality amount-
ing to 64 wt% of furans, humins offer untapped potential in
classical DA cycloaddition reactions as a sustainable source of
dienes. To this end, we successfully demonstrated their pro-
pensity to undergo DA reactions using four representative
humins batches of different viscosities, reacting them with bis-
maleimide under mild conditions. In all cases, the formation
of covalently bonded networks was observed, with highly endo-
selective cycloadditions. Using data from the model reaction
with FA, representative of structural motifs present in humins,
we optimised the reaction by varying the humins content and
reaction time. We found that materials of suitable quality were
obtained with humins loadings of up to 75 wt%. Furthermore,
the system exhibited an inverted thermal response under oscil-
latory shear, where the forward DA reaction progressed at elev-
ated temperatures, while the retro-DA reaction occurred at
lower temperatures. The resulting materials displayed tunable

Fig. 5 Frequency-dependent electrical conductivity of pure humins and Diels–Alder adducts measured using a rheo-dielectric setup, (A–D) con-
ductivity spectra of Humins1, Humins4, DDA4- and DDA7- based systems, respectively, at three thermal history states: room temperature before
thermal cycling (RT0), after melting at 60 °C (AM), and after cooling back to 25 °C (AC). Measurements were performed under a N2 atmosphere, with
a frequency range of 10−2 to 107 Hz, and a 25 mm parallel-plate geometry.
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conductivity, allowing humins modulation from semiconduc-
tive (10−5 S cm−1) to insulating (10−10 S cm−1) behaviour via
the DA approach. Future efforts will focus on exploring the
potential applications that leverage the viscoelastic nature of
the material and the reversible characteristics of the DA
network, particularly in thermally reprocessable and extrusion-
assisted dynamic material systems.
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