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Designing adaptive materials for 3D-printing
via dynamic covalent imine bonds

Marvin Kollwitz,a Jan Balszuweit,a Till Eisert,a Kateryna Lozad and
Michael Giese *abc

A powerful platform for smart materials with adaptive surfaces enabling the post-processing tuning of the

physical and mechanical properties is reported. More specifically, 3D-printed materials featuring dynamic

covalent bonds at their surfaces are developed and tested with respect to their potential for dynamic

property tuning. The integration of acrylates bearing amine groups into tailor-made resins enables post-

printing modification of the surface by employing imine condensation or imine exchange reactions. This

approach allowed the dynamic tuning of the surface polarity and fluorescence behavior of the 3D-printed

objects. Furthermore, the application potential of this concept with respect to self-healable materials was

demonstrated by employing the imine condensation reaction for dynamic-covalent welding.

1. Introduction

Additive manufacturing (AM), also known as 3D-printing, has
developed into a transformative technology allowing facile and
rapid processing of objects with complex shapes.1 This advantage
is particularly important in the biomedical,2–4 construction,5

energy6 and aerospace7 sectors for efficient production complex
shapes. In the production of objects with complex architectures,
the stereolithography techniques (SLA) such as digital light
processing (DLP) have become established, as they have a resolu-
tion in the sub-micrometer range.8 In the past, the focus was on
optimizing the printing speed and improving the resolution.
More recently, the synthesis of novel molecular building blocks
in order to move from a conventionally 3D-printed material to 4D
printing, providing additional features such as responsiveness or
sensing capability, has gained more and more interest.9–12 With
respect to sustainable processing aspects such as self-healing
capability or recyclability will play a crucial role.13,14 The devel-
opment of these materials requires the integration of responsive
and adaptive components into the 3D-printed polymer matrix.15

The development of polymers that simultaneously exhibit
self-healing and adhesive properties is highly desirable; how-
ever, it remains challenging, as these functionalities require
inherently opposing bonding characteristics—dynamic,

reversible interactions for self-healing and robust, stable inter-
actions for effective adhesion. Although several self-healing
elastomeric adhesives have been reported, the 3D-printability
has only been established to a limited extent.16–18 Adhering
elastomer polymers often requires the use of adhesive addi-
tives. However, conventional adhesives often fail to establish a
strong bond between materials and makes damages after
removing or disassembly of the object. Here, dynamic covalent
bonds (DCBs) represent a promising alternative to incorporate
self-healing capability and adaptivity into a polymer. These
bonds combine the ability of reversible network formation with
the robustness of covalent bonds. The binders thus represent
an added value regarding recyclability and adaptivity in the 3D
printing sector.19,20

Recently, the work of Sowan et al. explored the use of
dynamic covalent chemistry (DCC) at the resin silica-
nanoparticle interface to enhance composite performance.
Reversible covalent bonds at the interface enable efficient stress
relaxation, which mitigates crack initiation and propagation. As
a result, the composites exhibit significantly improved tough-
ness under mechanical loading. The dynamic nature of the
interfacial bonds, allowing damaged networks to recover struc-
tural integrity.21 Moreover the work of Khairkkar et al. showed a
method for adhesive-free bonding of incompatible polymer
networks by dynamic covalent bond exchange at the interface.
This creates a stable transition zone with high adhesive
strength – even between stiff and soft or hydrophobic and
hydrophilic materials. The method enables laminated hybrid
structures without delamination and is suitable for applica-
tions in electronics, lightweight construction and coatings.16

Wanasinghe et al. reported about the development of 3D-
printable, self-healing elastomers that are incorporated into
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the polymer network using thiol–Michael dynamics. In addition,
acrylate monomers ensure strong adhesion to metallic and
polymer surfaces. The resulting materials exhibit high elasticity
(up to 2000%), self-healing performance of over 95%, and strong
adhesion. They can process using a standard DLP 3D-printer and
enable the printing of complex functional parts.22

In 2020 our group started to employed the dynamic nature of
imine bonds to tune the properties of liquid crystalline (LC)
materials.23 By imine condensation, exchange or metathesis the
nature of the mesophase, transition temperatures or emission
behavior of the LC materials were post-synthetically adapted.24

Herein, we transfer our expertise in DCBs to develop dynamic-
covalent materials for digital light processing (DLP) technologies.
Our approach offers a versatile platform for dynamic surface design
and material customization through controlled chemical exchange
and thermal activation using dynamic covalent chemistry.

2. Results and discussion
2.1. Synthesis of adaptive material

A modular toolbox to develop new materials for DLP 3D-
printing (see Fig. 1) containing (meth-) acrylate-based amines
(see Fig. 1A) or aldehydes (see Fig. 1C) is presented to introduce
reactive groups on the surface of the 3D-printed objects

(research goal 1). These acrylates were added as dopants into
established acrylate-based host resins. After processing via
digital light processing (DLP) 3D-printing, the reactive amine
groups on the surface were subsequently treated with a selec-
tion of aldehydes (see Fig. 1B) to form imines, allowing sys-
tematic tuning of the surface polarity and emission behavior of
the materials (research goal 2). In addition, the introduction of
the imine bonds provides the option for further post-synthetic
manipulation of the material properties by imine exchange
reactions (research goal 3). Finally, the potential of molecular
welding of the materials via imine bond formation was inves-
tigated (research goal 4). Therefore, a second resin composition
was designed featuring reactive aldehyde groups on the surface
of the 3D-printed objects (see Fig. 1C).

2.1.1. Resin host system. In order to systematically address
the scientific goals of the present study we initially focused on
the identification of a suitable host resin ensuring compatibil-
ity of all component (host resin system as well as the functional
monomers) in-turn with an efficient performance during 3D-
printing process. It should be noted that most commercially
available resin systems contain photo-stabilizers with strong
auto-emission, which make them unsuitable in the present
study due to interference with the emission behavior of the
salicyl-imines and the concept of emission tuning via dynamic

Fig. 1 Schematic representation of the DLP 3D printing process (upper left) and the manipulation of the materials properties by imine condensation and
exchange reactions on the materials’ surface (upper right). (A) represents the self-synthesised amine monomer Am-M1 and commercially available Am-
M2, (B) used aldehyde derivatives for modification of contact angle and photoluminescence emission. C) representation of self-synthesised aldehyde
monomer Ald-M3 and corresponding polymer P3 for welding experiments.
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condensation and exchange reactions. Therefore, a custom-
made resin system had to be developed. Systematic variations
of the formulation of the host resin yielded the custom-made
photopolymer P0, containing 2-[[(butylamino)-carbonyl]oxy]-
ethyl acrylate (2BAEA, 94 wt%) as main component, poly-
(ethylene glycol)-dimethacrylate (PEGDMA, Mn B750 g mol�1,
5 wt%) to introduce flexibility and diphenyl-(2,4,6-trimethyl-
benzoyl)-phosphine oxide (TPO, 1 wt%) as photo-initiator. This
host system combines mechanically robustness with elasticity
(see Table S1) as reliable platform for chemical modifications.

2.1.2. Acrylates with reactive groups. The host system P0
was doped with 2 wt% of self-synthesized Am-M1 or commer-
cially available Am-M2 (see Fig. 1A and Fig. S2 and S3) to
introduce amine-groups into the polymer systems for subse-
quent modification of the materials surface via dynamic-
covalent condensation and exchange reactions (yielding poly-
mer compositions P1 and P2, all details on the development of
the resin system as well on the characterisation of the printing
behavior can be found in the supporting material Fig. S7–S13).
It should be noted that resin formulations with higher amounts
of Am-M1 and Am-M2 yielded precipitation, thus in the follow-
ing only the formulations with 2 wt% of the amine-bearing
monomers have been used. The successful printing test yielded
3-dimensional objects with uniform distribution of amine
groups on the surface as determined by FT-IR, SEM-EDX,
fluorescence emission and contact angle measurements.

The successful printing of the developed resins yielded
3-dimensional objects (see Fig. 2) bearing either aldehyde or
amine groups on their surface, which were used in the follow-
ing for modification of the material properties by imine con-
densation reactions.

For the investigation of the welding potential Ald-M3, based
on 2,4-dihydroxybenzaldehyde, was synthesized as an addi-
tional functional monomer. The ortho-phenolic hydroxyl group

serves as functional group for the formation of highly emissive
salicyl imines, while the para-hydroxy group offers a reactive
site for the derivatization, such as the conversion into the
corresponding methacrylate Ald-M3 (see Fig. S5 and S6 for
NMR characterization). The functional monomer Ald-M3 was
added to P0 (2 wt%), processed via DLP 3D-printing and the
resulting specimen was combined with amine-functionalized
3D-printed structures to investigate the welding performance.

2.2. Analysis of surface functionalization

The surface topology and chemical functionalization of the
polymers were investigated by SEM–EDX measurements. The
image of the lateral view of the fabricated material shows the
characteristic layers of the 3D-printed structure with a layer
thickness of B100 mm, as expected (see Fig. 3A). In addition,
SEM images of the surface of the 3D-printed samples were
obtained before (P2) and after functionalization (P2-Cl) with
imines, which clearly show no impact on the topology by the
functionalization (see Fig. 3B and C). Similar results were found
for the surfaces of P1 and P1-Cl (see Fig. S30 and S31).

In order to proof the surface functionalization of the materi-
als EDX analysis before and after imine condensation was
performed (see Fig. 3D). As an indicator for successful functio-
nalization the chlorine content at the surface was used, which
was introduced by imine condensation between the amine
functionalized surface and 4-chloro-2-hydroxybenzaldehyde
(Ald-2OH-4Cl). The EDX analysis of the custom-made host resin
P0 reveals carbon, oxygen, and nitrogen contents of 55%, 40%,
and %, respectively (see Table 1). Comparable elemental com-
positions were obtained for P1 (which contains 2 wt% of the
amine monomers Am-M1). As shown in Table 1, P2, which
contains 2 wt% of the monomer Am-M2, shows an increased
nitrogen content, which can be attributed to the lower mole-
cular weight of Am-M2 and thus a higher molar ratio given that

Fig. 2 3D-printed structure of P1 (A), including macroscopic images of
the letters on the surface (B) and the internal helical structures (C).

Fig. 3 SEM images of the lateral view of the 3D-printed layer by layer
structure of P0 (A), surface topology of unfunctionalized (B) and functio-
nalized (C) samples of P2 and P2-Cl coated with 4-chloro-2-
hydroxynbenzaldehyde (Ald-2OH-4Cl). EDX analysis of P1 and P1-Cl with
signal comparison and newly formed detectable chlorine signal at 2.6 keV.
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the addition of the functional monomers is provided in weight
percent. Consequently, the overall nitrogen contribution is
increased. Upon functionalization of the 3D-printed objects
with Ald-2OH-4Cl the chlorine content at the surface of the
materials was studied by SEM–EDX analysis. As expected P1
and P2 showed no detectable amount of chlorine at the surface
(see Table 1). In contrast, after functionalization with Ald-2OH-
4Cl a signal for chlorine was observed. In detail, a chlorine
content of 1.4 wt% for P1-Cl and 1.2 wt% for P2-Cl were
detected, providing evidence for successful surface functiona-
lization with chlorine-containing imines.

2.3. Tuning the surface polarity

Numerous strategies have been reported for tailoring the
polarity of surfaces via chemical post-functionalization, includ-
ing thiol-Michael addition, Staudinger–Vilarrasa reaction or
Huisgen cycloaddition.25–28 While these approaches are highly
efficient, they typically result in lack of the formation of
reversible bonds. In contrast, the use of dynamic covalent
chemistry (DCC) offers the advantage for the design of adaptive
or ‘‘smart’’ surfaces and materials.29–31 Due to the reversibility
of imine bond formation, surfaces with adjustable proper-
ties—such as controlled and reversible adjustments to surface
polarity, emission behavior, and weldability—can integrated.
Furthermore, we investigated the ability of the 3D-printed
materials to tune the polarity of the surface by imine condensa-
tion. Therefore, the 3D-printed objects were placed in 0.01 M
solution of the corresponding aldehyde in methanol (B2 mL)
for 5 min. After color change, the samples were removed from
the solution and dried for 15 min at ambient conditions. Surface
functionalization was confirmed by FT-IR spectroscopy (Fig. S14
and S15). For the nomenclature of the samples the following
system is employed. For example, the 3D-printed sample from P1
treated with 4-hydroxybenzaldehyde (Ald-4OH) turns into the
corresponding imine labeled as Im4OH@P1. For materials cov-
ered with propionaldehyde the imine labeled as ImC3@P1,
decanal ImC10@P1, 4-methoxybenzaldehyde Im4OMe@P1, 2,4-
dihydroxybenzaldehyde Im2,4OH@P1, 2-hydroxybenzaldehyde
Im2OH@P1, 4-chloro-2-hydroxybenzaldehyde Im4ClSalAld@P1,
4-nitro-2-hydroxy-benzaldehyde Im4NO2SalAld@P1. For polymer
P2 the same nomenclature was selected as imine Im4OH@P2
was functionalized with 4-hydroxybenzaldehyde and ImC3@P2,
ImC10@P2, Im4OMe@P2, Im2,4OH@P2, Im2OH@P2, Im4ClSa-
lAld@P2, Im4NO2SalAld@P2.

After preparing the imine functionalized materials, contact-
angle measurements were conducted to investigate the wetting

behavior with respect to water droplets. In general, contact
angles can be classified into two categories: surfaces with
contact angles below 901 are considered hydrophilic, whereas
those above 901 are regarded as hydrophobic. Samples printed
with the unmodified host resin P0 showed a contact angle of
871, while P1 exhibited a contact angle of B851 and P2 an angle
of 911, respectively. These values indicate slight changes in the
polarity after introduction of the amine monomer. Upon imine
condensation at the surface of P1 contact angles between 801
and 1001 were obtained (see Fig. S16 and S18), while the
reaction of propionaldehyde yielded the highest value of
B1001 and 4-nitro-2-hydroxybenzaldehyde the lowest with
801. Notably, the contact angle obtained for the imine by
decanal did not exceed that of the C3 analogue. This effect
may arise from steric and packing effects at the interface, where
excessive molecular crowding can induce lateral repulsion,
thereby hinder uniform surface coverage and limiting further
increases in hydrophobicity.32

The imine condensation at the surface of P2 led to similar
result with contact angles between 661 and 951 (see Fig. S17
and S19), indicating predominantly hydrophobic characteristics
of the surface. Interestingly, the presence of polar terminal
groups does not appear to significantly affect the contact angle.
For instance, the imine derived from 2,4-dihydroxybenzaldehyde
exhibits a contact angle of 931, comparable to that of the imine
containing 4-methoxybenzaldehyde, despite the substantially
higher polarity expected for the dihydroxy substituents. It was
found that the system does not exhibit any significant change in
surface polarity even when polar aldehyde systems are applied.

To harness the potential of dynamic covalent chemistry for
surface functionalization, an exchange reaction at the surface
of an imine-functionalized polymer was performed to tune the
polarity of the surface. As a representative example P1 deco-
rated with Im4OH (Im4OH@P1) was treated with 4-nitro-2-
hydroxybenzaldehyde (Ald-2OH-4NO2), since for this exchange
reaction the strongest shift in the surface polarity is expected.
Initially the surface of Im4OH@P1 was found to be slightly
hydrophobic with a contact angle of 991 (see Fig. 4). However,
after treating the surface with a solution of Ald-2OH-4NO2 in
methanol for 2 hours the contact angle significantly decreased
to 791, indicating an increase in the polarity of the surface
induced by the successful exchange of Im4OH.

These initial results show that imine condensation on the
surface of P1 and P2 enables the manipulation of the surface
polarity. However, the differences in the contact angles and
thus in the surface polarity are less pronounces as expected,
which might be attributed to the low density of functional
groups on the surfaces of the 3D-printed materials. In this
context the tuning of the emission behavior of the materials is a
promising target, since already the presence of a small amount
of a luminophore will have a significant impact on the fluores-
cence properties.

2.4. Tuning the emission properties

The second property of the materials which was tuned via
imine condensation and exchange reaction was the emission

Table 1 Quantitative EDX elemental composition data for polymers P0,
P1, P1-Cl, P2 and P2-Cl. Polymers P1 contain 2 wt% of Am-M1 and P2
contain 2 wt% of Am-M2

Elements
Weight %
P0

Weight %
P1

Weight %
P1-Cl

Weight %
P2

Weight %
P2-Cl

C 55.3 54.7 52.0 50.7 53.0
O 39.9 40.0 38.9 37.9 35.4
N 4.7 5.3 7.7 11.5 9.4
Cl — — 1.4 — 1.2

Paper Journal of Materials Chemistry C

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/2
3/

20
26

 2
:1

5:
23

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6tc00697c


This journal is © The Royal Society of Chemistry 2026 J. Mater. Chem. C

behavior. Dynamic covalent chemistry is now employed in diverse
chemical disciplines, spanning the creation of molecular and
bulk self-assembled materials as well as the design of fluorescent
sensors and artificial molecular machines. Therefore, the surface-
functionalized 3D-printed objects with amine-groups (P1 and P2)
were treated with 0.01 M solutions of aldehydes (see listed
aldehydes above) in methanol and subsequently investigated with
respect to their emission behavior. The untreated samples showed
emission maxima at 517 and 518 nm for P1 and P2, respectively,
with a low relative intensity caused by the fluorescence of the
amine components (S20, S21, S22, S23, S24 and S25).33–35 Upon
treatment with aldehydes, the emission wavelengths show a
hypsochromic shift from 517 nm to B470 nm for aliphatic imines
(C3 and C10), while the aromatic imines yield a bathochromic
shift of the emission wavelength to 533–576 nm, depending on the
electronic nature of the aromatic imine. The most pronounced
bathochromic shift was found for ImNO2SalAld@P1 with an
emission wavelength maximum at 576 nm. The significant bath-
ochromic shift can be explained by the electron-deficient character
of the nitro-arene enhancing the push–pull character of the
emissive imine.36–38 This is in-line with the general trend of the
bathochromic within the series of investigated imines. In contrast,
the imines with an alkyl rest show a hypsochromic shift which is
caused by the reduction of the push–pull character due to the
electronic nature of the alkyl chains.39–41 The treatment of P2 with
aldehydes to form imines on the surface of the 3D-printed
samples produced results comparable to those obtained for the
P1 surface modification (see Fig. S23). These findings suggest that
the fluorescence properties of the materials can readily be modu-
lated through simple treatment of the surface after 3D-processing.
In order to harvest the full potential of the dynamic-covalent imine
bond, the emission properties of the surface-functionalized mate-
rials were tuned by imine exchange reaction.

2.5. Tune emission properties via DCC exchange reaction

Imines are well known to undergo exchange reactions with
aldehydes to form a new imine and release of an aldehyde.42,43

In order to tune the fluorescence behavior of the 3D-printed
objects a sample of ImC3@P1 was prepared, showing an
emission maximum at 471 nm. Upon treatment of this sample
with Ald-2OH-4NO2 a hypsochromic shift occurs by shifting the
emission maximum from 471 nm to 576 nm, while a color
change from blue to orange is recognizable by eye. This color
change is in-line with the expected emission behavior when
transforming from ImC3@P1 to ImNO2SalAld@P1, indicating
successful exchange of the imine bond (see Fig. 5) at the surface
of the 3D-printed sample.

In order to tune the fluorescence properties of material P2
we explored a cascade reaction of the imine modified polymer
with Ald-2OH-4Cl to achieve a greenish fluorescence and
further modification with Ald-2OH-4NO2 yield to an emission
in the yellowish area at around 580 nm (see Fig. 6).

2.6. Material welding by DCC

The previous results clearly demonstrate the potential of the
dynamic-covalent bonds for tuning the properties of the mate-
rials surface, namely the wettability and the fluorescence
behavior. In a next step we were curious if the amine groups
on the surface can be employed for dynamic-covalent ‘‘weld-
ing’’. Therefore, the library of 3D-printable resin systems was
extended by P3, which contains Ald-M3 as aldehyde counterpart
to the amine-acrylate containing resins P1 and P2. The 3D-
printed samples with amine groups on the surface P1 or P2 were
combined with an object surface-functionalized with aldehyde
moieties (P3, details see Fig. S27) and tested with respect to their
mechanical properties. As reference the mechanical properties of
P0 (resin system without dopant), P1, P2 (amine-doped resins)
and P3 (aldehyde doped resin) were investigated by tensile tests.
For the mechanical properties of the 3D-printed parts, rectan-
gular tensile bars with a length of 75 mm, a width of 5 mm, and a
thickness of 2 mm were printed. After printing, samples were

Fig. 4 General concept for switching surface wettability with dynamic
covalent chemistry. Left contact angle of Im4OH@P1 with 991 and right
after exchange Im4NO2SalAld@P1 and contact angle of 791.

Fig. 5 Emission spectra and photograph of the samples upon exchange
reaction at surface ImC3@P1 (blue curve) with 4-nitro-2-hydroxybenzimine
(orange curve). Excitation with 395 nm.
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washed in isopropanol (IPA) for 5 minutes, air-dried for
10 minutes and post-cured for 4 minutes at room temperature.

The stress–strain diagrams of the reference measurements
(pristine polymer samples without weld seam) show that the
ultimate tensile stress decreases with addition of Am-M1 and
Am-M-2 from 0.65 MPa (P0), 0.39 MPa (P1) and 0.32 MPa (P2),
respectively (see Fig. 7a). The reduction in mechanical strength
might be attributed to differences in the reaction kinetics of the
monomers Am-M1 and Am-M2 compared to 2-[[(butylamino)-
carbonyl]oxy]ethyl acrylate (2BAEA), which yields an increase of
the internal stress and in turn reduction of the mechanical
strength.44,45 This assumption is supported by the elongation
results: P0 shows an elongation of 98%, P1 of 72%, and P2 of
65%. In contrast, the tensile strength of polymer samples with
Ald-M3 (P3) was comparable to 0.6 MPa the initial tensile
strength of P0, however, the elongation is reduced to 33%
(see Fig. 7).46,47

For the welding experiments the sample design was opti-
mized with complementary shapes (see Fig. S27). Subsequently,
the amine (P1 or P2, Fig. S27 top part) component and the
aldehyde bottom counterpart (P3) were precisely overlapped
and kept together under a constant compressive load of 1 N for
10 minutes. Since the imine bond formation yields a change in
the emission behavior of the materials, the bond formation can
be followed by fluorescence spectroscopy. While P1, P2 and P3
shows fluorescence signals at 517 nm, 518 nm and 455 nm,
respectively, the newly formed imine between the interface of
the samples exhibit a signal at 537 nm for P1–P3 and 545 nm
for P2–P3 (see Fig. 8 and Fig. S29). This shift in the fluorescence
behavior can be followed by the naked eye (see Fig. 8B), which
provides a simple method to follow the welding process.

The welding process was finalized by thermal curing of the
samples at 80 1C for 24 h. Heating facilitates the formation of
dynamic covalent bonds by promoting the removal of water

produced during the condensation between aldehyde and
amine groups. This approach has been previously demon-
strated to be effective in bulk imine formation for the synthesis
of imine-based liquid crystals.23,24 It should be noted that after
heating polymer P2 at 80 1C for 48 h, the material exhibited
slight surface defects but no evidence of structural degradation.
As shown in Fig. S28, FT-IR data confirms the presence of
residual polymerization. The stress–strain measurements of the
welding samples of P1–P3 and P2–P3 exhibited comparable
ultimate tensile stress of B0.2 MPa after one day in oven at
80 1C (Fig. 9). However, since the welding process is based on
the formation of dynamic-covalent imine bonds formation, we
examined the influence of surface functionalization density by
increasing the aldehyde functionality in the P3 formulation to
twofold (4 wt% Ald-M3) and tenfold (10 wt% Ald-M3) the initial
aldehyde monomer concentration.

For the sample series P2–P3 the mechanical properties
are affected with an increase in the stress strength from
0.18 � 0.05 MPa (P2–P3), to 0.33 � 0.17 MPa (P2–P3x2) to
0.55 � 0.07 MPa MPa (P2–P3x10). The elongation remained
nearly unchanged in this series at around 60%. The most

Fig. 6 Emission spectra and photograph of the cascade reaction of P2
(blue line) starting from 4-Chloro-2-hydroxybenzimine (green line)
towards the functionalization of the surface with 4-Nitro-2-
hydroxybenzimine (orange line) via exchange reaction.

Fig. 7 Tensile tests of polymers P0, P1, P2, and P3 at room temperature
(A), and after annealing at 80 1C for 24 h in an oven (B). Tests were
performed at room temperature at a crosshead speed of 25 mm min�1.
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pronounced improvement in mechanical strength was observed
for the P1–P3x10 system treated at 80 1C for 24 h. The tensile
strength increased by approx six-fold compared to the initial
condition (P1–P3) from 0.2 MPa to 1.2 MPa.

The stress–strain measurements of the welded samples
demonstrate that the thermal curing time (24 vs. 48 h) and
temperature (80 vs. 100 1C) only has a small effect on the
mechanical behavior of the samples. In contrast, the increase
of the density of functional groups on the surface of the leads to
a significant improvement of the mechanical robustness of the
samples.

3. Conclusion

In conclusion, we report a modular approach towards 3D-
printable materials featuring dynamic covalent bonds on the
surface, allowing the tuning of the surface properties by mak-
ing use of imine condensation and exchange reactions. There-
fore, a series of acrylates bearing peripheral amine groups was
synthesized and embedded in custom-made resins for digital
light processing 3D-printing. Subsequently to the 3D-printing
process the amine groups were used in imine condensation to
tune the surface polarity. Due to the relatively low amount
(2 wt%) of acrylates with amine groups the impact of the
surface polarity was small, reflected by a change of the contact
angle from 851 for P1 to 911 for P2.

However, the emission behavior of the materials could be
significantly and dynamically be tuned from 517 to 540 and
581 nm. Beside the changes in the polarity and the photo-
physical properties the surface modification via dynamic cova-
lent chemistry was followed by FT-IR and SEM-EDX measure-
ments. As a proof-of-concept the imine condensation was used
in a dynamic-covalent welding approach. Therefore, an addi-
tional acrylate was synthesized and added to the custom-made
resin composition. These materials act with its aldehyde groups
as dynamic-covalent counterpart to the amine-functionalized
samples and by imine condensation between the two different
surfaces the imine formation yielded dynamic-covalently
welded specimens, which showed an increased tensile strength
by Bsix-fold from 0.2 MPa to 1.2 MPa compared to the initial
condition.

This work presents a robust strategy for dynamically tuning
both mechanical and optical properties of polymeric materials.
The results demonstrate a versatile approach to creating repro-
grammable, responsive surfaces and modular polymeric
devices. This study sets the foundation for future developments
in smart materials, adaptive interfaces, and multifunctional
systems, where control over surface chemistry, mechanics, and
fluorescence is required by dynamic covalent chemistry.
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Fig. 8 (A) Emission spectra of polymers P2 (red curve) and P3 (blue
curve), as well as of the interracially welded sample P2–P3 (green curve).
(B) Photograph showing the emission at the P2–P3 interface under UV
irradiation of 395 nm.

Fig. 9 Tensile properties of welded samples P1–P3 (A) and P2–P3 (B).
The bar charts present the ultimate tensile strength (orange bars, left y-
axis) and the corresponding elongation at break (green bars, right y-axis)
for samples treated at 80 1C for different durations (1–2 days) and with
varying Ald-M3 contents (P3 (2 wt% Ald-M3), P3 � 2 (4 wt% Ald-M3), P3 �
10 (20 wt% Ald-M3)).
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J. L. Segura and P. Bäuerle, Click-functionalization of con-
ducting poly(3,4-ethylenedioxythiophene) (PEDOT), Chem.
Commun., 2008, 1320–1322, DOI: 10.1039/B718077B.

26 K. E. Feldman and D. C. Martin, Functional Conducting
Polymers via Thiol-ene Chemistry, Biosensors, 2012, 2,
305–317, DOI: 10.3390/bios2030305.

27 B. Wei, L. Ouyang, J. Liu and D. C. Martin, Post-polymerization
functionalization of poly(3,4-propylenedioxythiophene) (PPro-
DOT) via thiol-ene ‘‘click’’ chemistry, J. Mater. Chem. B, 2015, 3,
5028–5034, DOI: 10.1039/C4TB02033B.

28 P. J. Molino, G. G. Wallace and T. W. Hanks, Hydrophobic
conducting polymer films from post deposition thiol expo-
sure, Synth. Met., 2012, 162, 1464–1470, DOI: 10.1016/
j.synthmet.2012.06.013.

29 Y. Han, Y. Cao and H. Lei, Dynamic Covalent Hydrogels:
Strong yet Dynamic, Gels, 2022, 8, 577, DOI: 10.3390/
gels8090577.

30 H. Lee, J. Kim, M. Lee and J. Kang, Dynamic Bond Chem-
istry in Soft Materials: Bridging Adaptability and Mechan-
ical Robustness, Chem. Rev., 2025, 125, 11379–11425, DOI:
10.1021/acs.chemrev.5c00566.

31 Z. Q. Lei, P. Xie, M. Z. Rong and M. Q. Zhang, Catalyst-free
dynamic exchange of aromatic Schiff base bonds and its
application to self-healing and remolding of crosslinked
polymers, J. Mater. Chem. A, 2015, 3, 19662–19668, DOI:
10.1039/C5TA05788D.

32 G. Godeau, T. Darmanin and F. Guittard, Switchable sur-
faces from highly hydrophobic to highly hydrophilic using
covalent imine bonds, J. Appl. Polym. Sci., 2016, 133, 43130,
DOI: 10.1002/app.43130.

33 L. Carballido, T. Karbowiak and E. Bou-Maroun, Design and
Synthesis Optimization of Fluorescent Acrylate-Based and
Silicate-Based Materials for Carbonyl Adsorption, Polymers,
2025, 17(13), 1843, DOI: 10.3390/polym17131843.

34 L. Wang, L. Wang, T. Xia, L. Dong, H. Chen and L. Li,
Selective fluorescence determination of chromium(VI) with
poly-4-vinylaninline nanoparticles, Spectrochim. Acta, Part A,
2004, 60(11), 2465–2468, DOI: 10.1016/j.saa.2003.11.028.

35 J. H. Jin, J. M. An, D. Kim, S. Lee, M. Kim and D. Kim,
Amino-SBBF (Single Benzene-based Fluorophore) Library:
Its Synthesis, Photophysical Property, and Cellular Imaging
Application, Dyes Pigm., 2024, 221, 111811, DOI: 10.1016/
j.dyepig.2023.111811.

36 M. Shi, C. Xu, Z. Yang, L. Wang, S. Tan and G. Xu, Tuning of
reversible thermochromic properties of salicylaldehyde
Schiff bases through the substitution of methoxy and nitro
groups, J. Mol. Struct., 2019, 1182, 72–78, DOI: 10.1016/
j.molstruc.2019.01.012.

37 V. Madhura, M. V. Kulkarni, S. Badami, J. Yenagi and
J. Tonannavar, Effect of nitro groups on the photo physical
properties of benzimidazolone: a solvatochromic study,
Spectrochim. Acta, Part A, 2011, 84, 137–143, DOI: 10.1016/
j.saa.2011.09.021.

38 F. Arenhart Soares, G. Martinez-Denegri, L. A. Baptista,
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