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4D Printing of Adaptable “Living” Materials Based on

Alkoxyamine Chemistry

H.B. Duc Tran, Clara Vazquez-Martel, Samantha O. Catt, Yixuan Jia, Manuel Tsotsalas,

Christoph A. Spiegel,* and Eva Blasco*

4D printing has emerged as a powerful strategy capable of revolutionizing
additive manufacturing by enabling objects to dynamically transform overtime
on demand. Despite significant progress, the full potential remains
unrealized, particularly in the utilization of dynamic covalent chemistry. This
study introduces a new approach using a multifunctional cross-linker with
alkoxyamine functionalities for 4D printing. Digital light processing (DLP) is
employed for high-resolution printing of complex objects. Leveraging
alkoxyamine bonds’ dynamic and living characteristics, the printed structures
can be further modified through nitroxide-mediated polymerization (NMP)
using styrene and nitroxide exchange reactions (NER). The resulting “living”
printed structures exhibit the unique ability to undergo both “growth” and
“degrowth”, dynamically adapting their size as well as the reduced Young’s
Modulus across a wide range (770 kPa—1.2 GPa). The chain extension by
NMP and softening by NER are carefully characterized by IR and EPR
spectroscopy. The presented approach opens avenues for the development of
4D printed structures with complex adaptive systems, showcasing enormous

potential in a wide range of fields.

1. Introduction

The field of 3D printing, or additive manufacturing, has made
remarkable strides in recent years, transforming the way we
design, prototype, and manufacture objects across various
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applications.['*] However, the full potential
of 3D printing is yet to be realized. An
example of this emerging trend is the
fabrication of 3D systems with adjustable
properties, which is of particular interest
in fields including biomedicine,”) fluidic
devices,['12 or soft robotics.'*'®] This
strategy has been termed 4D printing,
allowing the direct generation of smart
geometries that are able to change shape,
properties, or functionality over time in
response to external stimuli. For this pur-
pose, several strategies have been reported
including the use of smart polymeric ma-
terials such as responsive hydrogels,6-2!]
liquid crystal elastomers!?223] and shape
memory polymers(?*?’] as well as the use
of reversible deactivation radical poly-
merization methods, such as reversible
addition-fragmentation chain-transfer poly-
merization (RAFT) polymerization.[**3!]
Another promising method for introducing
dynamic characteristics into 3D structures
involves the incorporation of dynamic
covalent chemistry. Dynamic covalent bonds have emerged as an
exceptional type of chemistry, presenting distinctive advantages
and opportunities.?235] They possess the remarkable ability to
break and reform chemical bonds in contrast to static materi-
als. This inherent dynamic behavior makes them highly adapt-
able and versatile, opening doors to novel material properties and
applications.[3¢43]

One intriguing avenue involves the incorporation of dynamic
covalent bonds in the form of alkoxyamines. The alkoxyamine
is an example of dynamic covalent bond, where stable nitrox-
ide radicals serve in a dissociation-combination mechanism.**
In polymeric networks, this chemistry allows for the incorpora-
tion of dynamic features, by tuning their degree of cross-linking
and thus the mechanical properties by using nitroxide exchange
reaction (NER) or chain extension via nitroxide-mediated poly-
merization (NMP).[*%] Despite the great potential, alkoxyamine
dynamic covalent chemistry has not yet been fully exploited in
the field of additive manufacturing. Only very recently, the pos-
sibility of combining alkoxyamine chemistry with two-photon
3D laser printing was shown for the generation of adaptable 3D
microstructures.>>2] In particular, we reported a printable sys-
tem based on nitroxide containing TEMPO-methacrylate and a
soft diacrylate PEG cross-linker. By NMP chain extension using
styrene as a monomer, we proved a large increase in volume as
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Figure 1. 4D printing of adaptable “living” structures. I) Schematic representation of the DLP printing process and ink formulation based on photo-
cross-linkable alkoxyamine species; Il) “Multi-way” modification of printed structures A) via nitroxide-mediated polymerization (NMP, B) and nitroxide
exchange reaction (NER, A* & B¥*). Ill) Schematic representation of the changes in size and mechanical properties of the 4D structures.

well as in mechanical properties (two orders of magnitude

the reduced Young’s Modulus). However, the presence of radical
quenchers, i.e, TEMPO, in the formulation, limited the amount

for  tensionand “degrowth” by nitroxide exchange, where the reduced
Young’s Modulus can be adapted over a large range (from 770 kPa
to 1.2 GPa) (Figure 11II).

of functional groups incorporated in the 3D printed network, and
therefore functionality. Additionally, the effect was just “one way”

and restricted to the microscale regime.

2. Results and Discussion

Herein, we introduce an approach that enables the forma-

tion of 4D “multi-way” adaptive systems. To achieve this, we

de-  2.1. Design of the “Living” Ink System for DLP Printing

signed a multi-functional cross-linker containing two dynamic

alkoxyamine and two acrylate functionalities to enable the

corporation of a high degree of functional groups in the printed
network without hindering the printing process (Figure 11I). Fur-
thermore, the absence of free nitroxide radicals in the formula-
tions will circumvent previous limitations. Digital light process-

ing (DLP) was selected as the 3D printing technique, giving

cess to complex objects while allowing high resolution. Making
use of the dynamic and living characteristics of the alkoxyamine
bond, the 3D printed structures were modified by NMP using
styrene for the network extension, as well as by NER for network

softening, in different sequences (Figure 11I). As a result, the
ing” printed structures can undergo both “growth” by chain
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in-  With the aim of 3D printing structures that exhibit “life-like” be-
havior by undergoing both “growth” and “degrowth” as well as
by adapting their mechanical properties, the design of a suit-
able “living” ink was the first step. A cross-linker di-AT con-
taining alkoxyamines to enable these features was synthesized.
ac-  In particular, a multi-functional cross-linker equipped with two
alkoxyamine and two acrylate groups was designed. Information
about the synthesis procedure of di-AT is provided in the Support-
ing Information (see Scheme S1, Supporting Information). The
desired product was obtained as a colorless crystalline solid and
liv-  carefully characterized by NMR spectroscopy (see Figures S1-S5,
ex-  Supporting Information).
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Figure 2. I) Composition of the “living” ink system; 1) 3D printed structures (orange) and models (grey): sunflower, vase, spiral cylinder, and frog (from

left to right). Scalebar: 2 mm.

In the next step, the synthesized cross-linker was formu-
lated into a corresponding ink suitable for DLP 3D printing.
To this end, additional monomers as well as a suitable pho-
toinitiator and other additives are necessary to ensure good
printability. In this case, a monofunctional poly(ethylene glycol)
methyl ether acrylate (PEGMEA, Mn = 480 g mol™') was se-
lected as the main monomer. This soft monomer acts as a reac-
tive diluent providing flexibility to the created network facilitating
the targeted modifications and adaptivity (see next section). Be-
sides our functional cross-linker di-AT, an additional cross-linker,
i.e., tricyclo[5.2.1.0%%|decanedimethanol diacrylate (TcddA) was
added to ensure mechanical integrity of the printed structure by
increasing the amount of covalent cross-links. Phenylbis(2,4,6-
trimethyl-benzoyl) phosphine oxide (BAPO) was chosen as a suit-
able radical photoinitiator at the wavelength of employed DLP
3D printing system (385 nm) and Sudan I was selected as a pho-
toabsorber to increase resolution. To ensure homogeneity, espe-
cially due to the limited solubility of di-AT in the monomer mix-
ture, the solvent dimethyl acetamide was added to the formula-
tion. Thus, the optimized formulation is composed of PEGMEA
(1, 75.5 wt%, 40.8 mol%), the cross-linkers TcddA (2, 2.1 wt%,
1.7 mol%) and di-AT (3, 2.1 wt%, 1.0 mol%), BAPO (4, 0.4 wt%,
0.3 mol%) as photoinitiator and Sudan I (5, 0.2 wt%, 0.2 mol%).
and dimethyl acetamide (19.7 wt%, 56.0 mol%) as additives
(Figure 2I).

Optimal printing parameters such as irradiation time and in-
tensity were carefully identified by performance of curing tests
utilizing the UV-LED of the DLP 3D printer (see Supporting In-
formation for detailed information). Jacobs working curves based
on the Beer-Lambert law were determined at a curing intensity
of 21.0 mW ¢cm™2.1%] The critical energy (E,) value for gelation
and the penetration depth (Dp) of the ink were determined to
be 60.2 m] cm~2 and 0.09 mm respectively (see Equation S1 and
Figure S6, Supporting Information). Based on these results, the
curing time per layer was set to 8 s at a fixed curing intensity of
21 mW cm™2, allowing good printability with a layer thickness of
75 pm.
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Having set the printing parameters, the performance of the
materials in terms of 3D printability was evaluated. For this pur-
pose, a wide range of complex 3D geometries were fabricated dis-
playing more intricate structural features as well as overhangs.
For example, 3D architectures resembling a sunflower, a frog
as well as a vase and a spiral cylinder were manufactured (see
Figure 2II). Underlining the excellent printing properties, re-
markable surface quality was achieved — visible by the smooth
transition between the individually cured layers.

2.2. Toward 4D “Living” Structures

Once the printing parameters were optimized, alkoxyamine
chemistry was exploited for the preparation of “multi-way” adap-
tive systems. These adaptive features rely on the reversible cleav-
age of the alkoxyamine groups, generating a persistent nitrox-
ide radical, which can initiate a controlled polymerization (NMP)
or exchange with other nitroxide radicals (NER). In this work,
both NMP and NER were employed to induce complex changes
in both, size as well as mechanical properties, of the 3D-printed
structures. For this purpose, samples with a sunflower geometry
(4.50 X 4.50 x 2.00 mm?) were printed and tested. The modifi-
cation of the sunflowers was monitored by Fourier transform in-
frared (FTIR) spectroscopy. Furthermore, electron paramagnetic
resonance (EPR) spectroscopy was performed to observe gener-
ated radical active species. The changes in the mechanical prop-
erties were carefully characterized by nanoindentation. In partic-
ular, reduced Young’s modulus and hardness were evaluated.

2.2.1. “Growing” by NMP Chain Extension

Styrene was chosen as a suitable monomer for the chain exten-
sion, as it can be easily polymerized by NMP, generating a rigid
and stiff polymer that exhibits a glass transition temperature at
100 °C.5*%] Thus, a change in both size (growth) and stiffness

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. 1) Photographs of the sunflower structures as well as the schematic representation of the network change at different stages. A: printed
structure, B: NMP modified printed structure, B*: NER modified from B; Il) A: printed structure, A*: NER modified printed structure; 111) FTIR spectra
of samples A, A*, B, B*; IV) EPR spectra of the samples A, A*, B, B*. Scalebar: 2 mm.

(from soft to stiff) was expected (A — B), enabling facile evalua-
tion of successful modification of the material.

Besides the selection of reaction temperature and monomer,
another important consideration was diffusion of the monomer
inside the printed network to ensure homogeneity. Thus, the
3D-printed sunflowers (A) were immersed overnight in styrene,
ensuring sufficient monomer diffusion. Subsequently, NMP
polymerization was carried out at 125°C while gently stirring
to further improve diffusion of the monomer into the network
during the polymerization. FTIR spectroscopy was employed to
monitor the progress of the reaction, where spectra of the mod-
ified 3D structures were recorded at different reaction times
(see Figures S7 and S8, Supporting Information). Within the
first hour, polystyrene-specific signals including the aromatic C-
C stretching bands at 1450, 1492, and 1601 cm™ as well as the
out-of-plane deformation bands of the backbone at 699 and 758
cm™! arose. In addition, the intensity of the distinctive aromatic
signals between 1700 and 2000 cm™ increased with ongoing reac-
tion progress, indicating incorporation of styrene in the network,
while the absorption band at 1732 cm™ corresponding to the car-
bonyl stretching band of the PEGMEA network decreased over

Adv. Funct. Mater. 2024, 34, 2315238 2315238 (4 Of7)

the reaction progress (Figure 311I; see Figure S11, Supporting In-
formation). Importantly, the spectra were measured on the sur-
face of modified structures as well as at the cross-section —, i.e.,
inside the bulk — and both appeared identical, demonstrating ho-
mogenous modification throughout the whole 3D printed struc-
ture. Also, a clear change in appearance of the sunflowers was
observed. They visually increased in size and also exhibited an
increase in stiffness due to incorporation of polystyrene chains.
Additionally, a noticeable color shift from orange to white/yellow
was observed, serving as an additional indicator of the increased
polystyrene content. It is crucial to acknowledge that factors such
as the decrease in Sudan I concentration within the structures
due to leakage during swelling, along with the increase in struc-
tural dimensions during NMP growth, might contribute to the
observed color change. To further characterize the effect of incor-
porating polystyrene, nanoindentation measurements were car-
ried out to determine the changes in the mechanical properties.
Cubic samples (2 X 2 x 0.5 mm?) were printed, chain extended
using the same conditions as above and compared with the ini-
tial state. The cubic geometry was selected in this case to en-
sure a flat surface for the nanoindentation measurements. The
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as-printed structure (A) exhibited a reduced Young’s modulus
of 4.3 + 1.0 MPa and a value for hardness of 0.8 + 0.5 MPa.
After chain extension with styrene, the structures (B) showed a
dramatic increase in both properties. In particular the reduced
Young’s modulus rose by three orders of magnitude to a value of
1182.4 + 165.0 MPa and a value for hardness of 69.0 + 24.6 MPa,
proving once again the successful chain extension.

2.2.2. “Degrowing” and Softening by NER

As stated above, the incorporated alkoxyamine bond also pro-
vides a mechanism for dynamic bond “disconnection” by re-
versible homolysis of alkoxyamines in the presence of an excess
of (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) via the NER
reaction pathway. It is expected that the changes generated in the
polymer network of the printed structures due to this exchange
reaction have an impact on their properties allowing for further
additional features.

First, we made use of the nitroxide exchange reaction (NER)
to induce “degrow” of the 3D printed sunflower-like structures
by cleaving the previously inserted polystyrene chains adding an
excess of TEMPO (B — B*, Figure 3I).Due to the bifunctionality
of the employed dialkoxyamine both polystyrene “ends” can react
with TEMPO, resulting in the removal of linear chains and con-
sequently, in a decrease of the size and stiffness. Furthermore, a
color change from orange (B) toward more intense red (B*), due
to the generation of stable nitroxide species within the network
was observed.l’! Further support is provided by EPR character-
ization showing clear paramagnetic behavior, in contrast to the
EPR silent initial B state, exhibiting diamagnetic features (see
Figure 31V; Figure S12, Supporting Information). Additionally,
the cleaved material was analyzed by NMR spectroscopy reveal-
ing the presence of the expected polystyrene chains (see Figure
S5, Supporting Information) and further proving the mecha-
nism. All NMR signals are in agreement with reference spectra
of polystyrene.*! The effect in the mechanical properties was in-
vestigated once again by nanoindentation of cubic samples af-
ter NER (B*), which exhibited a reduced modulus of 740.3 +
65.2 MPa and a hardness of 32.6 + 7.7 MPa (see Figure S13, Sup-
porting Information). By comparing with the previous data, the
value is intermediate between A and B, indicating that only par-
tial cleavage of polystyrene chains occurred. This observation is
also in agreement with the volume changes of the sunflowers,
whose size was also intermediate between Stage A and B.

Second, NER was also carried out on the “as printed” struc-
tures by the addition of TEMPO (A — A*). In this case, a reduc-
tion of the cross-linking density was expected due to a decrease of
covalent bonds in the alkoxyamine-containing network. Indeed,
a slight decrease in size, along with a color change toward red as
well as softening of the sunflowers was observed (Figure 31I). To
gain more insights into the effect, the modified samples were
carefully analyzed by different techniques. Although no clear
changes were observed by FTIR spectroscopy, characterization by
EPR revealed a distinct signal with a resulting g-value of 2.006,
similar to reported values in nitroxide reference spectral®’! and
characteristic for TEMPO radical moieties remaining in the net-
work indicating successful NER modification (see Figure 3II). It
should be noted that the shape of the signal obtained for stage
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Figure 4. 4D “living” complex structures. Photographs of sunflowers,
vases, spiral cylinders, and frogs (from top to down): A* = NER modified;
A = as-printed; B = NMP modified using styrene and B* = NER modified
from B. Scalebar: 2 mm.

B* is slightly different. This might be the effect of remaining
polystyrene chains as NER modification was only partially com-
pleted. Consequently, a large variety in the immediate environ-
ment of the radical species exists. In addition, nanoindentation
measurements were carried out and the NER-modified sample
(A*) exhibited, as expected, a lower reduced Young’s Modulus as
well as hardness. A reduced modulus in the range of 770 kPa—
3.6 MPa and a hardness in the range of 20-860 kPa was mea-
sured, supporting effects of NER-associated cross-linking density
decrease.

2.3. 4D Complex Geometries

In the final step, we expanded the developed approach to more
complex geometries. Here we focus in particular on the mainte-
nance of the structural quality during modification. For this pur-
pose, we employed the designed reaction protocols for NMP with
styrene as well as NER and applied these to a library of 3D geome-
tries (see Figure 4). It should be highlighted that great structural
quality was maintained for all three accessible states including
A* (direct NER on as-printed stage A), B (“grown” stage), and
B* (“degrown” stage). Exemplary of the high level of geometrical
preservation is the excellent maintenance of fine features such as
the inner part of the flower, the surface patterns of the vase and
spiral cylinder as well as the frogs’ fingers. As before, the slight
reduction in volume as well as the intense red color proved the
success of the NER (Figure 4A%).
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3. Conclusion

In summary, this work has successfully demonstrated the use of
alkoxyamine chemistry as a potential tool for the creation of 4D
complex adaptive systems. First, we designed a functional ink for
DLP 3D printing. A key component for the implementation of
such “living” features was the dialkoxyamine cross-linker di-AT
giving access to excellent 3D printability features while avoiding
previously reported issues due to radical inhibition. In addition
to the high quality of the 3D printed architectures, the applica-
tion of developed NER and NMP procedures offered “multi-way”
adaptability. In particular, the printed structures underwent both
“growth” and “degrowth”, as well as changes in their mechanical
properties. While covering a property window from kPa to GPa
for reduced Young’s moduli — more than 3 orders of magnitude
— excellent structural preservation was achieved for all modified
geometries. We believe our approach is a versatile platform that
can be easily fine-tuned in the near future by the inclusion of
other functional alkoxyamines and monomers and we envision
great opportunities especially in fields such as soft robotics, flu-
idics, or engineering in general where precisely fabricated and
adaptable 3D geometries are highly desired.

4. Experimental Section

Materials and Characterization: Tricyclo[5.2.1.0>®]decanedimethanol
diacrylate (TcddA), phenylbis(2,4,6-trimethyl-benzoyl)phosphine oxide
(97%, BAPO), Sudan | (Dye content >95%), poly(ethylene glycol) methyl
ether acrylate (average Mn = 480 g mol~', contains 100 ppm of BHT as
inhibitor, PEGMEA), hydrobromic acid (48%, HBr), triethylamine (99.5%,
NEt;), phenylhydrazine (97%), acryloyl chloride (contains 400 ppm phe-
nolthiazine as stabilizer), N,N,N’,N"",N"’-pentamethyl-diethylenetriamine
(99%) and silica gel (technical grade, pore size 60 A) were purchased from
Sigma-Aldrich. Styrene (99%) was obtained from Merck. Dimethylac-
etamide (99%) was purchased from VWR. 2,2,6,6-tetramethylpiperidine-
1-oxyl (98%, TEMPO) and copper(l) bromide (98%, CuBr) were pur-
chased from Fisher Scientific. Solvents were purchased from Sigma-—
Aldrich GmbH, Fisher Scientific and Merck, or the Heidelberg University
Chem-Store. Reagents were used without further purification, if not men-
tioned otherwise. Anhydrous solvents were dispensed from a Solvent Pu-
rification System MB SPS-800.

Ink Formulation:  First, the solid components — Sudan | (7.5 mg,
0.2 wt%), TeddA (75 mg, 2.1 wt%), BAPO (15 mg, 0.4 wt%), and di-AT
(75 mg, 2.1 wt%) were- weighted and placed into a brown vial. After-
ward, the liquid monomer PEGMEA (2700 mg, 75.5 wt%) and the sol-
vent DMAc (700 mg, 19.7 wt%) were added. To ensure complete so-
lution, the inks were sonicated at 40-50 °C for 30 min and stored in
dark.

DLP 3D Printing:  DLP 3D printing was performed with an Asiga MAX
X27 DLP printer with a 27 um pixel resolution. A hand-made aluminum
build platform with a surface size of 25 x 25 mm? was used. An aluminum
inlet was added to the commercial ink tray and secured in position using
Sylgard 184 silicone elastomer, which was cured at room temperature for
48 h. The Composer software (Asiga, Australia) was used to slice the STL
files of all printed structures with the specified z-layer thickness of 50—
75 um before uploading them to the 3D printer. The 3D printing was car-
ried out in at rt in a yellow-light laboratory The fabricated structures were
developed in acetone for 1 h and stored in the same solvent until further
usage.

“Growth”:  NMP chain extension was conducted by placing the printed
structures in a 50 mL round bottom flask containing a stirring bar. Sub-
sequently, the structures were immersed with 5 to 10 mL of styrene. The
mixture was allowed to degas for an hour by nitrogen bubbling. The reac-
tion was gently stirred (100 rpm) for 1to 4 h at 125 °C. After cooling, the
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modified structures were carefully washed in THF and ethanol, and dried
under vacuum- at rt overnight.

“Degrowth™: NER modification was performed by placing the printed
structures in a 100 mL round bottom flask with a solution containing an ex-
cess of 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) (1.4 g) dissolved in
toluene (40 mL) and methanol (10 mL). The mixture was degassed for 1h
and subsequently stirred at 100 °C for 8 h under a nitrogen atmosphere.
The samples were then filtered and washed using THF and methanol to re-
move unreacted TEMPO. The resulting structures were vacuum-dried at rt
overnight. The filtrate was vacuum-dried and precipitated using methanol.

EPR Measurements: EPR measurements were carried out using a
Bruker EMXmicro-6/1/P/L (SN: EMM 2317) system with an ER 070 mag-
net. Software from Bruker called Xenon was used to examine the resulting
spectra.

Fourier Transformation Infrared Spectroscopy (FT-IR): A Jasco FT/IR-
4600 spectrometer was used to measure FTIR spectra under ambient con-
ditions. 16 scans were recorded at a bandwidth of 500 to 4000 cm~' for
each sample. All samples were thoroughly dried prior to measurements.

Nanoindentation Measurements: Nanoindentation measurements
were performed on a Bruker Hysitron Tl 980 Nanoindenter equipped
with a low-load head and using a diamond Berkovich tip. Before the
measurements, the indentation tip was calibrated against air and the
tip area function was calculated. The measurements were performed at
room temperature in displacement-controlled mode applying a trapezoid
loading function with a loading and unloading rate of 200 nm s, a peak
displacement of 1000 nm, and automatic drift control. For all samples,
n = 5 measurements were performed, and a mean value and standard
deviation was calculated. The reduced modulus and the hardness values
were determined according to literature, from the slope of the tangent
of the elastic unloading curve from the load-displacement curve and
represents the elastic deformation in the microstructures.’®! Note: for
A* a displacement-controlled, multiple partial unloading approach was
used, taking n = 5 representative curves.
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