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4D Printing of Shape-Memory Semi-Interpenetrating Polymer
Networks Based On Aromatic Heterochain Polymers

Kseniia N. Bardakova,* Bato Ch. Kholkhoev, Ivan A. Farion, Evgenii O. Epifanov,
Olga S. Korkunova, Yuri M. Efremov, Nikita V. Minaev, Anna B. Solovieva,

Peter S. Timashev, and Vitaliy F. Burdukovskii

Most of the presently known thermosensitive shape-memory polymers suit-
able for 4D printing have insufficient mechanical strength and thermal stability
that restricts their potential areas of application. Here, new photosensitive
compositions (PSCs) based on aromatic heterochain polymers — poly-N,N’-
(m-phenylene)isophthalamide (MPA) or poly-2,2’-(p-oxydiphenylene)-5,5’-
dibenzimidazole (OPBI) — for DLP printing are proposed. Thermal post-curing
and supercritical carbon dioxide (scCO,) are used for post-processing of the
structures. During the scCO, treatment the removal of unreacted monomeric
component (N,N-dimethylacrylamide) and its uncrosslinked oligomers is
accompanied by the preservation of the initial degree of crosslinking. The

more stable shrinkage is observed for the combined post-processing method
(T°+scCO,) in the case of OPBI-PSC and after the heat treatment for MPA-PSC
specimens. The method of post-processing and the nature of the heterochain
polymer strongly affect the mechanical properties and thermal resistance of the
structures. The tensile strength has the maximum value after the thermal post-
treatment (101.1+ 7.1 and 78.4 + 5.1 MPa of OPBI-PSC and MPA-PSC, respec-
tively). The intense destruction of the materials is observed at 393 and 408 °C
for MPA-PSC and OPBI-PSC, respectively. Moreover, the 4D-printed structures
exhibit excellent shape memory performance at transition temperatures >100 °C,
thus have a great potential for the use in aerospace, robotics, sensorics.

advent of smart materials. These materials
are called smart due to their self-sensing,
self-adaptability, memory capabilities and
manifold functions.’ Smart materials
are capable of transforming their physical
properties (dimensions, shape, stiffness,
viscosity, adhesion, and color) following the
action of different stimuli, namely, temper-
ature, mechanical strength, electric current,
light, magnetic field, chemicals, etc.3-!

A combination of smart materials and
3D printing has resulted in a new field
known as 4D printing. 4D printed articles
may be used in different fields, including
electronics,?! aerospace  industry,?
engineering,® sensorics,?l robotics and
medicine.]

Thermosensitive shape-memory poly-
mers (SMPs) are the most widely studied
and used group of materials.®l In the
structure of heat-sensitive SMPs, stiff seg-
ments are responsible for the retention
of the permanent shape, while flexible
segments are responsible for the fixation
and retention of the temporary form.®l
Compared with inorganic ceramics and
metallic smart materials, SMPs possess

1. Introduction

New interesting opportunities for the practical application of
additive technologies or 3D printing have emerged with the

such advantages as simpler processing, chemical stability, high
stress tolerance, and high recoverable strains.

A significant problem of the wide use of both 4D printing
and 3D printing in general is a limited range of polymeric
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materials, with the high mechanical strength being a require-
ment for the manufactured articles;®! this is particularly
important when parts for the aerospace and structural compo-
nents industries are designed. For example, in the review,[%
the authors describe the mechanical characteristics of com-
mercially available polymeric compositions for 3D printing.
Most of the materials have the tensile strength in the range of
3040 MPa and the elongation at break of 5-10%. Polyethere-
therketone, “PEEK HP3” have a higher tensile strength
(90 MPa). Most of the previously described thermosensi-
tive SMPs (polyurethanes, cross-linked polyethylene, poly-&
caprolactone, polynorbornene, etc.™)) also have insufficient
mechanical characteristics and low shape recovery temperatures
(<100 °C). Only a few reports are devoted to high-performance
thermosensitive SMPs (polyimides,'®! poly(arylene ether
ketones),122!l benzoxazine-epoxy compositesl??)); however, only
a small number of them are suitable for the use in 4D printing
technologies.l'?2l For example, X. Li et al. synthesized a poly-
imide with reactive methacrylate groups for the formation of
photocurable inks based on it.’] The resulting inks can be used
for both digital light processing (DLP) and extrusion molding
4D printing of high-temperature (about 160 °C) shape memory
materials. However, these materials have relatively low tensile
strength in the range of 3045 MPa. The new approach for 4D
printing of high-performance thermoset based on epoxy resin,
benzoxazine and carbon nanotubes was described.?Z Printed
and post-processed composite specimens exhibit high thermal
stability (>300 °C) and a good shape memory performance at
190 °C. Nevertheless, the tensile strength of the obtained mate-
rials does not exceed 60 MPa. Thus, it can be concluded that 4D
printable SMPs with both mechanical strength and high shape
recovery temperatures are of considerable interest.

Aromatic polyamides and polybenzimidazoles are impor-
tant classes of heterochain polymers for engineering. A distin-
guishing feature of such polymers is the presence of aromatic
fragments, as well as amide bonds or benzimidazole cycles in
their structure; these fragments provide a rigid chain character
to the macromolecules. Besides, their macromolecules interact
with each other via hydrogen bonds that results in the forma-
tion of dense multilevel intermolecular packing. As a conse-
quence, aromatic polyamides possess prominent mechanical
(with Young’s modulus > 1 GPa) and thermal (decomposition
temperature > 400 °C) characteristics.?¥! Polybenzimidazoles
exceed most of the presently known commercially available pol-
ymers in the performance characteristics.**2°! This makes them
attractive for the creation of high-strength and heat-resistant
structural materials, including those for the aerospace industry.
At the same time, to process polymers of this class into 3D
products by traditional methods, high temperatures and pres-
sures are required, due to their high glass transition tempera-
tures (Ty); this leads to a significant energy consumption.

Vat photopolymerization is a group of 3D printing methods
based on the selective curing of liquid photosensitive composi-
tions (PSCs) by the action of light, which allows one to form
products with complex geometric shapes based on a wide
range of different polymers under mild conditions; this is often
unreachable, when using traditional methods. At present, the
most wide-spread approach to modifying high-performance
aromatic heterochain polymers for their use in vat photopoly-
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merization is to graft various unsaturated groups (for example,
(meth)acrylate and/or maleimide) to the polymer backbone or
end groups.'”202] However, such approaches are laborious
and difficult to implement on an industrial scale. Another way
is to combine pristine polymers with photosensitive compo-
nents.’%3 As a result of photopolymerization of such systems,
semi-interpenetrating polymer networks (SIPN) are formed,
which possess a number of attractive properties, including
shape-memory performance.’!

Recently,[33135] we have shown that heat-resistant mechani-
cally strong 3D structures can be obtained based on PSCs
containing  poly-N,N’-(m-phenylene)isophthalamide (MPA),
using laser stereolithography (SLA). However, to the best of
our knowledge, no one has ever reported the fabrication of
3D-printed structures based on aromatic polybenzimidazoles
through vat photopolymerization. The reason is that most
of polybenzimidazoles show a limited solubility in both tra-
ditional organic solvents and reactive diluents. Poly-2,2"-(p-
oxydiphenylene)-5,5"-dibenzimidazole (OPBI) is one of the few
representatives of this class of polymers that is readily soluble
in aprotic dipolar solvents due to the presence of a bridging
ether group.

Another method of vat photopolymerization is DLP, which
allows one to form products in a shorter time, since each
layer is illuminated by a diode matrix, and not scanned by a
laser beam as it is performed in SLA; this is beneficial, when
printing large objects with few details. In addition, final DLP
products contain a smaller amount of uncured resin in com-
parison with SLA products, because in DLP there is no differ-
ence between the outline and the inner area; in SLA, the laser
scanning pattern focuses mostly on the outline of each layer to
reduce the building time.®

On the other hand, with the use of DLP, each layer is pix-
elated, there are shadow areas between pixels, that is the reason
for incomplete PSC curing.’”! This leads to anisotropy of the
product properties and their dependence on the direction of
assembly.' The best possible mechanical properties of the
products are also limited due to the steric hindrances in the
solidifying PSC, decelerating the diffusion of radicals formed
during irradiation.l?®3% The incomplete curing leads to insuf-
ficient long-term stability of the products and changes in their
properties over time.*0*!] Therefore, it is important to ensure
the high conversion of active groups of PSC components by
post-curing, or to remove the unreacted PSC from the product.

Among the post-curing methods, the most common ones are
the thermal and UV treatment,*% ultrasound methods, cleaning
in organic solvents, and combinations of these methods are
also widely used.[36#21 UV curing results in crosslinking of the
unreacted PSC components during printing, and the approach
is effective for open-cell sub-micrometer structures. For struc-
tures with complex shapes, shape distortions due to nonuni-
form exposure are reported,*}! and immersion of the sample in
a photoinitiator solution!*®! may be additionally required.

Thermal post-curing is used as an effective and simple
method for improving the mechanical properties, increasing
T, and dehydrating the samples.*!) Due to an increase in the
mobility of polymer chains and radicals, which are unreactive at
room temperature due to steric hindrances, additional polym-
erization of the sample occurs under the thermal post-curing

© 2021 Wiley-VCH GmbH
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1. Synthesis

* Thermostable components:

OPBI (poly-2,2'-(p-oxydiphenylene)-5,5'-dibenzimidazole)

MPA (poly-N,N'-(m-phenylene)isophthalamide)

* DAAP (3,3-di(4’-acrylamidophenyl)phthalide)

-

4. Post-cure Processing

3. DLP

* Choice of print parameters:
exposure time, layer thickness
» Green-state 3D-samples
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2. Preparation of Photosensitive
Compositions
MPA OPBI

) + +
DMAA (N,N-dimethylacrylamide)
DAAP
Irgacure 819

03

MPA-PSC OPBI-PSC

—

5. Shape Memory Test

. 1. Heating
scCO, 2. Deformation
(supercritical 3. Cooling
carbon dioxide) '
> —
—
* Thermal-induced Heating

Figure 1. The main stages of the work.

conditions. Since thermal post-curing does not depend on diffu-
sion of the photoinitiator inside the sample, the method is not
sensitive to the geometry of the product.*®) However, thermal
post-curing results in higher shrinkage strains than those in
UV curing.*®] Therefore, there are more residual stresses in
the samples, that can further lead to defects and destruction.
Thus, each of the currently known methods of post-processing
of 3D printed products has certain disadvantages predeter-
mining the need to develop new approaches.

Supercritical carbon dioxide (scCO,), which is above its critical
pressure and temperature (31.1 °C and 738 MPa), is a nontoxic,
nonflammable, nonexplosive, inexpensive reagent.**8 scCO,
has a high diffusion coefficient and low viscosity; this favors
mass transfer. It is used for the synthesis and modification of pol-
ymers, including impregnation with fillers, sterilization, removal
of solvents (so-called “supercritical drying”) and small molecules
from polymeric materials (residual UV stabilizers, monomers,
and oligomers).** Considering the above, the use of scCO, is
of interest as a “soft” method of post-processing of 3D structures
in order to maintain their shape, minimize shrinkage and, there-
fore, reduce internal stresses in the polymer network.

The main aims of this study were the following

1. For the first time, using the DLP method, to form 3D struc-
tures from SIPNs, based on a polybenzimidazole such as
OPBL.

2. To evaluate the influence of the nature of a linear hetero-
chain polymer (OPBI and MPA) on the process of SIPN
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formation by the DLP method, as well as on the mechanical
and thermal characteristics of the prepared materials.

3. For the first time, to investigate the possibility of using
scCO, for post-processing of 3D printed structures, as well
as to assess its effect on the properties of materials.

4. To investigate the shape memory effect of the obtained
materials.

To achieve the set aims, the work was divided into the cor-
responding stages (Figure 1). Initially, the syntheses of heat-
resistant polymers such as MPA and OPBI, as well as of a
bifunctional cross-linker such as 3,3-di(4"-acrylamidophenyl)
phthalide (DAAP) were carried out. PSCs were obtained by dis-
solving the synthesized compounds in an active solvent, N,N-
dimethylacrylamide (DMAA). The resulting PSCs were used to
form 3D structures by the DLP method. At the next stage, the
formed green-state 3D-samples were post-processed by thermal
processing or in the scCO, environment. Next, we studied the
physical, mechanical, and thermal properties of the 3D-sam-
ples, as well as the shape memory effect.

2. Experimental Section

2.1. Materials

Isophtaloyl chloride (299%, Sigma-Aldrich), m-phenylenedi-
amine (299%, Sigma-Aldrich), 3,3’-diaminobenzidine (299%,

© 2021 Wiley-VCH GmbH
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Sigma-Aldrich), 4,4"-oxy-bis(benzoic acid) (99%, Sigma-Aldrich),
acrylic acid (99%, Sigma-Aldrich), DMAA (99%, contains
500 ppm of monomethyl ether hydroquinone as inhibitor,
Sigma-Aldrich), methanesulfonic acid (299%, Sigma-Aldrich),
P,0s5 (99%, Sigma-Aldrich), Irgacure 819 photoinitiator (Ciba
Specialty Chemicals, Switzerland) were used without further
purification. Anilinephthalein was synthesized from o-phthaloyl
chloride and sym-diphenylurea (see Figure S1in the Supporting
Information). N,N-dimethylformamide (DMF) and N-methyl-
2-pyrrolidone were distilled over P,0s in vacuo. Acryloyl chlo-
ride was obtained by the method described.P! Eaton’s reagent
was prepared by dissolving 3 g of P,05 in 20 mL of methanesul-
fonic acid at 60 °C with stirring.

2.2. Synthesis of DAAP

DAAP was prepared according to the previously described
method.P% A three-necked flask equipped with a mechan-
ical stirrer, argon inlet, and outlet was loaded with 0.003 mol
of aniline phthalein and 10 mL of N-methyl-2-pyrrolidone.
The solution was thermostated at a temperature of —20 °C for
10-15 min, after that, 0.006 mol of acryloyl chloride was added.
The reaction mixture was stirred for 30 min at this temperature
and then for 30 min at 20 °C. After the reaction completion, the
product was isolated by precipitation into water, filtered, washed
several times with water, and dried in vacuum at 45 °C. The
yield was 96%. M.p. is 148.5-150.0 °C. IR spectrum (v, cm™):
3273 (N-H), 1658 (amide C=0). 'H NMR spectrum (8, ppm):
1.8 (N-H), 59, 70 (CH,=CH-), 6.5 (CH,=CH-), 71-79
(Car—H). ¥C NMR spectrum (8, ppm): 169.8 (C=O phthalide),
165.5 (C=0 amide), 128.7 (CH,=CH-), 1276 (CH,=CH-), 1173—
118.4, 134.7-154.1 (C,,). Calculated for C,sH,,N,0, (%): C, 73.58;
H, 472; N, 6.60. Found (%): C, 73.33; H, 4.84; N, 6.54.

2.3. Synthesis of MPA and OPBI

MPA was prepared by polycondensation of equimolar amounts
of m-phenylenediamine and isophtaloyl chloride according to
the previously described method.*% 7, = 0.99 dL g™! (DMF,
20 °C). IR spectrum (v, cm™): 3380 (N-H), 1653 (C=0). 'H
NMR spectrum (8, ppm): 10.5 (N-H), 74-8.6 (Cs,—H). Calcu-
lated for C14H(N,0, (%): C, 70.59; H, 4.20; N, 11.76. Found (%):
C, 69.81; H, 4.58; N, 11.64.

OPBI was prepared by high-temperature polycondensation of
3,3’-diaminobenzidine and 4,4"-oxy-bis(benzoic acid) in Eaton’s
reagent according to the known methods.’? 1, = 2.40 dL g™
(DMF, 20 °C). IR spectrum (v, cm™}): 3070 (N-H), 1662 (C=N),
1444 (C-N), 1237 (C-0). 'H NMR spectrum (6, ppm): 13.0
(N-H), 73-8.3 (Ca,—H). Calculated for C,qHsN4O (%): C, 78.00;
H, 4.00; N, 14.00. Found (%): C, 77.79; H, 4.43; N, 13.94.

2.4. Solubility Test and Preparation of PSCs
To study the solubility of DAAP and the polymers, the calcu-

lated weighed portion of the substance was stirred in DMAA
using a magnetic stirrer for 24 h at room temperature. To
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Table 1. Composition of PSCs.

pPsc? DMAA DAAP MPA OPBI Irgacure 819
MPA-PSC 79 10 10 0 1
OPBI-PSC 79 10 0 10 1

IThe concentration unit of every component is wt%.

obtain PSCs, a polymer (MPA or OPBI) and DAAP were
sequentially dissolved in DMAA with magnetic stirring. The
Irgacure 819 photoinitiator was added to the resulting homoge-
neous solution which was further stirred for 24 h until the com-
plete homogenization. The composition of the studied PSCs is
shown in Table 1 (see Section 3.1.).

2.5. DLP 3D Printing Process

The formation of 3D structures was carried out using a KLD-
LCD1260 modified projection DLP 3D printer (Kelant 3D
Printer, China). A UV integrated diode matrix with 4 = 405 nm
and the power of 50 W (Chanzon Technology, China) with a
constant current driver (the voltage was 32 V, the current was
1500 mA) was used as a radiation source. A standard 5.5-inch 2K
LCD screen with a resolution of 1440 x 2560 pixels was used as a
gate; the size of each pixel was 47 x 47 pum?. A 30 mL vessel made
of anodized aluminum with a bottom made of a FEP (Fluorinated
Ethylene Propylene) film was used as a reservoir for the PSC.

To select the exposure time of DLP printing, a test matrix
model in the form of a 35 x 10 mm? area with a height of 0.2 mm
was designed. Areas of 2 x 2 mm? were sequentially illuminated
with an exposure time from 5 to 55 s with a step of 5 s. The
dependence of the depth of PSC curing on the exposure time was
measured at a thickness of the print layer of 50, 100, and 250 um.
The thickness of the photocrosslinked material was measured
using a mechanical watch micrometer with an accuracy of 5 um.

Printing of 3D structures was carried out with the following
parameters: the printing step was 50 um, the exposure time of
the first three layers was 60 s, the exposure time of the subse-
quent layers was 15 s for MPA-PSC and 30 s for OPBI-PSC.
After the completion of printing, the 3D structures were addi-
tionally irradiated for 1 min with a UV light-emitting diode
(with the wavelength of 365 nm and the power of 100 W)
(Chanzon Technology, China). To study the mechanical and
thermomechanical properties and for the shape memory test of
the photo-crosslinked materials, the 3D structures were formed
as bars with the dimensions of 30 x 5 x 2 mm?. The data in the
Supporting Information contain the source files used to print
the complex 3D models, as well as the links to the 3D models
downloaded from the thingiverse.com website, which publishes
them under a Creative Commons license.

2.6. Post-cure Processing
Green-state samples in the form of bars were divided into three
groups. The first group was heated in a muffle furnace to a

temperature of 150 °C and kept there for 1 h. The second group
was treated for 1 h in the scCO, environment at a pressure of

© 2021 Wiley-VCH GmbH
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20 MPa and a temperature of 50 °C in a high-pressure reactor.
The third group was first kept in a muffle furnace at 150 °C for
1 h, then treated in the scCO, environment (P = 20 MPa, T =
50 °C, 1 h). For each group, the change in the mass and linear
dimensions was recorded using a vernier caliper.

2.7. Analytical Methods
2.7.1. Spectroscopic Methods

To assess the absorption indices of the “Irgacure 819” solution
(1 wt% in DMAA) and PSCs at the operating wavelength of
the projection printer equal to 405 nm, the optical density was
measured using a Cary-50 spectrophotometer (Varian Optical
Spectroscopy Instruments).

IR spectra were recorded with an Alpha spectrom-
eter (Bruker Optik GmbH) in the wavenumber range of
4000-400 cm™. The samples were prepared as KBr pellets.
NMR spectra of polymers were recorded with a WP-200 SY,
200.13 MHz (Bruker) and a VXR-500S, 500 MHz (Varian) spec-
trometers. DMSO-ds was used as a solvent, tetramethylsilane
was the internal standard.

To obtain IR spectra in scCO,, a Nicolet Impact 410 FTIR
spectrophotometer (Melles Griot) equipped with a high-pressure
optical cell with an internal volume of about 1 mL, installed in
the cuvette compartment of the spectrometer, was used. High-
pressure CaF, windows with a thickness of 15 mm were installed
in the cell body, with a gap of 1 mm between them, which was
the working area, in which the absorption spectra were obtained.
Samples in the form of bars were placed in the inner volume of
the high-pressure reactor, in the area below the optical windows.
The measurements were carried out in scCO, at the environ-
mental parameters of 20 MPa and 50 °C, after keeping the sample
under these conditions for 4 h. To obtain IR spectra of DMAA,
10 pL of the solvent were clamped between the flat surfaces of two
round CaF, plates with a diameter of 15 mm. Each IR spectrum
was calibrated by the intensity of the C—N vibration (1419 cm™).

2.7.2. Characterization of PSCs

The photorheological experiments were carried out as three
parallel in situ measurements with a Physica MCR302 instru-
ment (Anton Paar, Australia). A UV integrated diode matrix,
similar to that installed in a DLP 3D printer, was used as a light
source with A =405 nm. UV radiation was emitted upward for
30 s through a neutral density filter, reducing the radiation to a
level corresponding to that in the DLP 3D printer after the LCD
screen. The measurements were carried out using PSCs with a
thickness of 500 um and a diameter of 25 mm at a constant fre-
quency of 10 Hz and an amplitude of 0.01%. The samples were
pre-equilibrated for 70 s prior to measurement.

The change in the temperature inside PSCs versus the expo-
sure time of the layer was studied in the following experiment.
PSC was poured into a printer bath, an ultrathin thermocouple
(K-type, Omega, USA) was placed in it, and the movable plat-
form was lowered to a layer height of 50 um. For 60 s, the PSC
was photocured, the temperature change was recorded using a
TPM210 meter (OVEN, Russia).
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2.7.3. Characterization of 3D-Printed Samples

The study of the materials’ mechanical characteristics was car-
ried out using an Instron 3367 testing machine at a temperature
of 20 °C and a relative humidity of about 50% at a stretching
rate of 1 mm min~.. For each group of samples at least five
specimens were tested and averaged to determine the tensile
properties. Bluehill Lite software (USA) was used for statistical
analysis. Data were analyzed by Student t-test with significance
level p-value less than 0.05. The obtained results were reported
as mean = standard deviation (SD).

DMA was carried out in the bending mode using a
DMA242C analyzer in the temperature range of 25-200 °C at
a frequency of 1 Hz, a dynamic force of 5 N and a heating rate
of 5 °C min™%

TGA was conducted with a STA 449 F3 thermal analyzer
(Netzsch) at a heating rate of 10 °C min.. The visualization of
changes in 3D structures upon heating was recorded using a
video camera. A 3D structure (“Simon’s Cat” of 13 mm high) was
placed on an aluminum substrate in the muffle furnace (volume
196 cm?) connected to a TPM210 PID controller (OVEN, Russia).
Heating was started at 30 °C and proceeded to 400 °C at a rate of
19 °C min’ The video was recorded using an XCAM1080PHA
camera (ToupTek, China) and a telephoto macro lens, which
allowed obtaining an image of a 3D structure inside a muffle
furnace. The topography of 3D structures was estimated by SEM
with a Phenom Pro X (Phenom-World BV, Netherlands) and a
Huvitz HRM (Huvitz, South Korea) 3D microscopes.

2.8. Shape Memory Test

The shape memory of the samples was studied in the bending
mode in air. The experiment included the following consecutive
stages. At the first stage, the material was heated to the trans-
formation temperature (Ti.,) and bent under an external load
at an angle 6,. Then the temperature was lowered to 30 °C and
held for 15 min to fix the temporary shape. The fixation angle
(6;) was determined after removing the external load. To restore
the shape of the material, the temperature was raised again to
Tiran, and the angle (6,) was fixed at certain time intervals. The
shape fixation (R;) and shape recovery (R) coeflicients of 3D
printed samples were calculated using the formulasl®®l

Rf =(0f/0b)><100% (1)

R, =[(6; —6,)/6;:]x100% (2)

3. Results and Discussion

3.1. Design of PSCs

For the formation of 3D structures, PSCs were obtained, con-
sisting of a monomer and a bifunctional cross-linker, capable
of forming a 3D polymer network as a result of photopolymeri-
zation, as well as linear polymers, MPA and OPBI (Figure 2),
which improve the thermal and mechanical characteristics of
the materials.

© 2021 Wiley-VCH GmbH
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3,3-di(4'-acrylamidophenyl)phthalide

Figure 2. Structures of MPA, OPBI, DAAP, DMAA, and Irgacure 819.

The monomer in PSCs acts also as a solvent, therefore, in
addition to the high polymerization rate under UV radiation,
it must be a good solvent for both the cross-linker and linear
polymers. It is known that MPA and OPBI are soluble in polar
organic solvents of the amide type such as DMF and N,N-
dimethylacetamide.?3?4 Therefore, to obtain PSCs, such an
unsaturated structural analog of these solvents as DMAA was
chosen (Figure 2). It was found that both MPA and OPBI were
soluble in DMAA up to a rather high concentration of 15 wt%.

An aromatic diacrylamide, DAAP, was used as a cross-linker
(Figure 2), since it allows one to form 3D structures with high
thermal stability,?*3! and the presence of the cardo phthalide
group gives it good solubility in amide solvents. It has been
found that the maximum achievable concentration of DAAP in
DMAA is 20 wt%. However, it should be noted that the solu-
bility of the PSC components changes significantly, when they
are dissolved together. The study of various ratios of the compo-
nents allowed us to select the compositions of PSCs (Table 1),
which remained stable for a long time (up to 1 year).

The structures of all the PSC components are shown in
Figure 2.

3.2. DLP-Based 3D Printing

In this work, we considered two types of PSCs, the compo-
sition of which differed in the type of a linear heat-resistant
polymer, OPBI, or MPA. As a result of 3D printing, the 3D
polymer network was formed from DMAA and DAAP. Since
linear thermostable polymers do not contain reactive groups,
they are noncovalently incorporated into the formed 3D net-
work, that is, SIPN is formed (OPBI-SIPN and MPA-SIPN).
The chemical structure of the linear thermostable polymer
can have a significant effect on the parameters of photocuring,
namely, on the photocrosslinking kinetics, curing profile,
crosslinking density, etc.

3.2.1. Evaluation of Photocuring Behavior of PSCs
It can be seen from the results of the in situ photorheological

studies of PSCs (Figure 3) that networks with a slightly higher
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plateau modulus (G’ = 2.3 x 107 Pa) were formed in the case of
MPA-PSC than they were in the case of OPBI-PSC (G’ = 1.9 x
107 Pa). Moreover, during the photocuring process, the MPA-
PSC plateau modulus is achieved sooner than it takes place in
the case of OPBI-PSC.

As seen from the absorption spectra (Figure 4), the pres-
ence of OPBI in PSC leads to a greater attenuation of the light
intensity depending on the depth compared to MPA and Irga-
cure 819. A D, coefficient (the depth at which the penetrating
light intensity falls to 1/ of the surface intensityl®¥) is 103 um
for OPBI-PSC and 319 um for MPA-PSC. That is, at the ini-
tial time at a depth of 50 um (thickness of the print layer), the
405 nm light intensity is attenuated by =38% for OPBI-PSC, and
by =14% for MPA-PSC . Thus, OPBI acts as a light absorbing
additive or photoblocker, which has a significant effect on the
photocrosslinking kinetics and the curing profile.

In addition, during photopolymerization, the opening of C=C
bonds is an exothermic reaction and the presence of a photo-
blocker leads to a smaller temperature jump in the PSC. OPBI
is chemically inert, but it absorbs and dissipates energy, and
the temperature in OPBI-PSC does not rise as much as it does
in the case of MPA-PSC; the maximum temperature increase
for OPBI-PSC is about 1.1 °C, and for MPA-PSC it is about

2,5x10
UV-light on

& 2,0x10'
o
@ 1,5x10"
e
kS . —— OPBI-PSC
£ 1,040 ——MPA-PSC
g
S 5,0x10°
()]

68 70 72 74 76 78 80 82
Time (s)

Figure 3. The storage modulus (G’) versus time plot from the photo-
rheological experiments.
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Figure 4. Absorption spectra of OPBI-PSC and MPA-PSC without the
photoinitiator; absorption spectrum of Irgacure 819 (1 wt%) in DMAA.
At 405 nm, the attenuation coefficients k are: 97.3 cm™' for OPBI-PSC
without the photoinitiator, 4.7 cm™ for MPA-PSC without the photoini-
tiator, 31.3 cm™' for Irgacure 819.

2.2 °C (Figure 5). Note that regulating the temperature change
of PSCs by adding photoblockers is relevant, for example, to
dental PSCs, where the thermal damage to the pulp and tooth-
supporting tissuel®! is undesirable, or to 3D biomaterial scaf-
folds that contain cells, proteins, antimicrobial agents.[>%l

It is known that a certain value of critical energy is required
to initiate photopolymerization. The parameter of “critical
energy to initiate polymerization” is included in the well-known
Jacobs’ basic working curve equation; it is often determined in
printing using specific PSCs, and mathematical models of the
photopolymerization process are built. At the same time, in
practice, for the initial selection of parameters, one can limit
oneself to measuring the optical absorption of PSCs (Figure 4),
that is, to determine the D, coefficient. By measuring the tem-
perature dependence on the exposure time, one can determine
the boundary values of the exposure dose. Therefore, from
Figure 5, the maxima of the curves can be taken as the times
corresponding to the end of a PSC layer photocrosslinking; this

25,04 —T —T T T L
| - MPA-PSC
24,5 wt " * OPBI-PSC
8 24,0 E E
9 - ..
2 23,51 -
© oo " e "
8_ '.. :-:l.. anm L |
23,0 1 o oo
QE_) ooie: RN
= snmnam
22’5-11 ecee
22,0 T T T T T
0 10 20 30 40 50

Exposure time (s)

Figure 5. PSCs temperature versus layer exposure time.
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time is 23 s for MPA-PSC and 31 s for OPBI-PSC. is. The ratio
of the slopes of the tangent lines to these curves at the start
of photocrosslinking shows that, at the initial moment, photo-
crosslinking of MPA-PSC occurs 2.8 times faster than that of
OPBI-PSC. In fact, this numerical value is close to the ratio of
the D, coefficients for PSCs (about 3).

Photopolymerization is a nonlinear process, resulting in that
the initial PSC undergoes a complex spatial-temporal change,
which can also be traced by the changes in the temperature
curves. For a MPA-PSC exposure from 9 to 14 s, an almost
linear temperature rise is observed, corresponding to the so-
called photoinvariant polymerization, in which the attenuation
coefficients are constant, or, in other words, the optical attenua-
tion of the polymerized medium is not different from the pure
monomer.””8l One can speak about constant frontal kinetics
in the case of MPA-PSC at this stage, because the transmission
does not change. Further, after the 14 s of MPA-PSC exposure, a
sharp change in the rate of temperature rise is observed, which
can be explained by a decrease in the absorption capacity of
PSC with increasing the exposure time, due to the continuing
process of photodegradation of the photoinitiator.’** Due to
this phenomenon, the light penetrates deeper (D, increases),
the slope of the temperature curve changes. It should be noted
that the photocrosslinked material has a lower absorption coef-
ficient compared to uncured PSC.

It is interesting to note the stepped nature of the tempera-
ture curve in the case of OPBI-PSC (Figure 5). In this case, we
can say that the absorption capacity of PSC does not depend
on the exposure time of the layer and is mainly determined by
the presence of OPBI in the composition, since the heterocyclic
OPBI fragments partially absorb UV radiation. The steps seem
to be caused by the inhomogeneity of the monomer-to-polymer
conversion profile and optical attenuation (a change in the local
transmission due to photobleaching of the photoinitiator and
formation of the polymer network).

3.2.2. Determination of Photocuring Modes for MPA-PSC
and OPBI-PSC

To establish the exposure time during DLP 3D printing, a test
matrix model was designed (Figure 6a), based on which, preset
structures were formed using MPA-PSC (Figure 6b) and OPBI-
PSC (Figure 6¢). The measured plots of the cure depth of PSCs
versus the exposure time for printing layers of 50, 100, and
250 pm are shown in Figure 6d,e.

In the case of MPA-PSC, it was possible to form complete
layers with a thickness of 50 and 100 pum with exposure times
of 15-20 s. In contrast, OPBI-PSC required a two times longer
exposure time for the same depths of cure. For a layer with a
thickness of 250 um, it was possible to form elements in the
form of cubes only for MPA-PSC. The cube elements made
of OPBI-PSC for a layer with a thickness of 250 um were also
crosslinked, but moved away from the substrate due to insuf-
ficient adhesion to it. It was possible to measure the curing
depth of OPBI-PSC only with the exposure time of >50 s.

One of this study objectives was to assess the effect of the
chemical structure of the thermostable polymer (OPBI and
MPA) on the mechanical and thermal characteristics of 3D
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Figure 6. a) A test matrix model, b) structures based on the model formed from MPA-PSC, and c) OPBI-PSC. In panels (b) and (c), for each layer
thickness, the minimum exposure time (s), at which the cube element was attached to the platform, is indicated. Plots of the cure depth versus the
exposure time for d) MPA-PSC and e) OPBI-PSC for printing layers of 50, 100, and 250 um.

printed samples. Therefore, the parameters of DLP printing
were chosen in such a way as not to take them into account in
the future, when characterizing 3D structures. For both PSCs,
a layer thickness of 50 um was recorded. The exposure time of
the layer was 30 s for OPBI-PSC and 15 s for MPA-PSC.

3.2.3. Specifics of the Formation of 3D Printed Structures

Using a photoblocker, such as a naphthol-based dye, in a PSC,
it is possible to adjust the vertical print resolution,®®" that
allows printing complex 3D structures, for example, structures
that contain internal channels or high-resolution projections. It
is known that, in the methods of vat photopolymerization (for
example, SLA and DLP), it is necessary that the light during the
polymerization of a layer would reach the previously printed
layer, when the subsequent layer is added to the previous one.
This ensures that the layers are glued together. However, if the
structure under formation is to contain internal channels or
high-resolution overhangs, then, when using a deeply trans-
missive PSC, the channel occlusion (e.g., “bleedthrough”)®! or
overpolymerization in the Z-direction occurs.®¥] On the other
hand, the use of such PSCs allows the 3D model to be split into
fewer layers; therefore, the printing speed increases, which is
an advantage when forming large objects.

It should be kept in mind, though, that the presence of a
photoblocker in a PSC may turn overpolymerization from the
Z- to the Y-direction, since there will be different PSC cure pro-
files (Figure 7a). In the case of MPA-PSC, the light penetrates
deeply, and the curing profile is elongated. Hence, the greatest
deviation from the dimensions of the computer model will
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be along the Z-axis (Figure 7b). In the case of OPBI-PSC, the
light penetration depth is less, and free radicals are localized
on the surface of the PSC, resulting in a tightly crosslinked,
thin curing profile. However, OPBI molecules scatter UV radia-
tion, and heterocyclic OPBI fragments partially absorb it, which
leads to broadening of the photocrosslinking area, that is, the
geometry of the layer. Therefore, the geometry of the final 3D
structure does not correspond to the original model to a greater
extent than it happens in the Y-direction. Additionally, the
structure has a pronounced 3D relief (Figure 7d,e). While in
the case of MPA-PSC (Figure 7c) the projections’ height does
not exceed 3—4 um, then for the OPBI-PSC samples the projec-
tions’ height is about 25 um.

The assessment of the cure profile and topography of the
resulting structures allows one to foresee the limitations of a
specific PSC for DLP. For both PSCs, in general, it is possible
to print structures of complex geometry (Figure 8). However, in
the case of OPBI-PSC, distortions are observed when forming
models with high-resolution ledges. For example, in Figure S2
(Supporting Information), the nose of the bust is slightly
deformed compared to the model.

The composition and physicochemical properties of a PSC,
the specifics of PSC photocrosslinking (curing profile, crosslink
density, and selected printing parameters) will further influ-
ence the shrinkage of the 3D structure during post-processing.

3.3. Post-processing of 3D-Printed Green-State Samples
Due to the physical characteristics of PSCs (viscosity, fluidity),

the nature of the components (cationic or radical photoinitiator,
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Figure 7. a) Schematic representation of PSC cure profiles and green-state samples as blocks. b) Specified and derived block sizes from MPA-PSC and
OPBI-PSC; Insets: SEM green-state samples from c¢) MPA-PSC and d) OPBI-PSC, respectively, e) 3D microscopy of green-state sample from OPBI-PSC.

the affinity of the components to each other, etc.), limitations of
the vat photopolymerization method (for example, the presence
of shadow areas for DLP), some PSC remains uncrosslinked
in the 3D structures PSC. The presence of uncrosslinked
PSC leads to anisotropy of the product properties, and the
subsequent post-processing to remove it leads to volumetric
shrinkage. In turn, the volumetric shrinkage increases internal
stresses in the sample, which can then lead to its deformation
and destruction.l®?l Thus, when choosing a post-processing
technique, it is necessary to take into account not only the
completeness of the uncrosslinked PSC’s conversion, but also
potential reduction of the volumetric shrinkage of products.

In this work, we used several post-processing methods
for green-state samples, which had a different effect on the
structures being formed. DMF is a conventional organic sol-
vent in which all of the PSCs’ starting materials exhibit good

Adv. Mater. Technol. 2021, 2100790
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solubility. Using it for extraction led to the largest weight
reduction (12.3% and 8.1%, for OPBI-PSC and MPA-PSC,
respectively,), while after the scCO, and heat treatments, the
weight loss was less pronounced (Table 2) (with a slightly
higher weight loss after the thermal exposure than that after
the scCO, treatment).

Note also that, regardless of the post-processing method chosen
for the OPBI-PSC group of samples, the weight loss is greater
compared to that for the MPA-PSC samples. This can be
explained by the fact that, in the case of OPBI-PSC, the polym-
erization depth is lower due to scattering and partial absorption
of UV radiation by the heterocyclic OPBI fragments. As a conse-
quence, green-state samples based on OPBI-PSC contain more
of the uncrosslinked PSC. In addition, in this case, a less dense
polymer network appears to form, from which the unreacted
substances are more easily removed during post-processing.

© 2021 Wiley-VCH GmbH
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Figure 8. Examples of 3D structures fabricated from a) OPBI-PSC and b) MPA-PSC by DLP 3D printing. Scale bar is 5 mm.

IR spectroscopy was used to identify the substances extracted
during the scCO, treatment. It was shown that the IR spectra of
the extracts (Figure S3, Supporting Information) had the same
pattern and contained absorption bands typical for the mono-
meric component, DMAA, at 1664 cm™ (stretching vibrations
of the C=0 bonds (Amide 1)), 1419 and 1265 cm™ (stretching
and deformational vibrations of the C-N bonds) and 1621 cm™
(stretching vibrations of the C=C bonds). However, it should be
noted that the intensity of the C=0 band in the IR spectra of the
extracts is significantly higher in comparison with the intensi-
ties of the C=C and C-N bands. During photopolymerization of
DMAA, the C=C bonds are opened, resulting in weakening of
their conjugation with the C=0 bond, which ultimately leads to
the increase in the carbonyl group band intensity. During the
scCO, treatment, in addition to monomeric DMAA, DMAA-
derived uncrosslinked oligomers formed upon the UV irradia-
tion are also removed. This assumption is further supported by
the fact that DAAP, MPA, and OPBI are insoluble in scCO,.

During the heat treatment of green-state samples, the above-
mentioned oligomeric products based on DMAA appear to

Table 2. Reduction of green-state samples’ mass after post-processing
by various techniques.

Sample DMF scCO, ™
OPBI-PSC 12.3% 5.0% 7.2%
MPA-PSC 8.1% 2.3% 4.3%

Adv. Mater. Technol. 2021, 2100790
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undergo additional curing, resulting in the increased density
of 3D polymer networks cross-linking. The more significant
decrease in weight in this case seems to be due to the fact
that, along with evaporation of unreacted monomeric DMAA,
the moisture is removed and maybe absorbed by linear poly-
mers (OPBI, MPA) which have the groups capable of forming
hydrogen bonds.[2324

The greatest weight loss during the DMF extraction is associ-
ated with the removal of not only uncrosslinked PSCs compo-
nents, but also linear polymers (OPBI, MPA). It should also be
noted that the extraction of DMF is accompanied by swelling
of the samples by 13% in the case of MPA-PSC and by 21% in
the case of OPBI-PSC. Thus, the post-processing with the use
of DMF leads to the SIPN destruction and disruption of the 3D
structure’s integrity. This fact also explains the formation of a
less dense polymer network for OPBI-PSC in comparison with
MPA-PSC.

The shrinkage of the samples was calculated as a ratio of their
linear dimensions (length, height, width) after the processing
to the dimensions of the green-state samples. For samples from
both OPBI-PSC and MPA-PSC after the post-processing, the
same tendency is observed: the length increases, the width and
height decrease (Figure 9). The shrinkage in width for OPBI-
PSC samples is generally more pronounced after the heat treat-
ment (when the crosslinking density of the polymer network
increases) than after the removal of the unreacted PSC com-
ponents with scCO,. This fact can indirectly be confirmed by
the curing profile (Figure 7a) showing that the least crosslinked
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Figure 9. Change in the linear dimensions of green state samples after the scCO, post-processing and thermosetting.

areas of the layer are the farthest ones from the diode matrix,
that is, the greatest shrinkage occurs in the Z-direction or for
the stratified surface. The DLP-printed surface also shrinks due
to overpolymerization in the Y-direction. For MPA-PSC, due
to overpolymerization in the Z-direction, the layers are more
glued together, hence, the shrinkage in width (blue bars in
Figure 9) is less pronounced than that for OPBI-PSC.

Additionally, to characterize the shrinkage of the samples,
the shrinkage anisotropy coefficient was calculated, which is
essentially the ratio of shrinkage rates in the different direc-
tions (M;, M,, M3), as well as the comprehensive shrinkage sta-
bility coefficient (C,) (Figure 10).1%!

It follows from the shown relations that the M, coefficient
determines the DLP-printing surface, while M; and M; control
the stratified surface. Consequently, for heat- or scCO,-treated
OPBI-PSC the shrinkage of the DLP-printing surface will
predominate over that of the stratified surface (the M, coef-
ficient in these cases is the smallest). For the combined post-
processing method (T° + scCO,), in the case of OPBI-PSC, the
more stable shrinkage is observed (the lowest value of the C
coefficient is 0.26). For a subgroup of MPA-PSC specimens,
the structures after the heat treatment are characterized by the
highest shrinkage stability. However, it is necessary to men-
tion the strong shrinkage anisotropy for the MPA-PSC samples
compared to the OPBI-PSC samples, especially after the expo-
sure to scCO,.

Thus, the formation of SIPNs, as well as the changes occur-
ring in them as a result of post-processing of green-state sam-
ples, are illustrated in Figure 11. DMAA photopolymerization
leads to formation of linear macromolecules, while cross-
linking is provided via its copolymerization with DAAP. The
linear heat-resistant polymer components — MPA and OPBI
— fill the formed cellular polymer structure as a peculiar kind
of a reinforcing additive. In green-state samples, the non-
crosslinked component of PSCs is generally DMAA. When
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treating DMF together with DMAA and DMAA-based oli-
gomers formed under UV irradiation, the linear heat-resistant
polymers are partially removed. The extraction with DMF leads
to the swelling of the samples, i.e., the formed SIPN is partially
destroyed. In contrast, during the scCO, treatment, DMAA
and DMAA-based oligomers are removed insignificantly, and
the degree of crosslinking does not change. The thermal post-
processing increases the crosslinking density of 3D polymer
networks, and DMAA together with the absorbed moisture
evaporate.

It should be noted that the main drawbacks of the scCO,
treatment are (i) a limited polarizability (26.5 x 107> cm?) of
carbon dioxide (this means that polar compounds are poorly
soluble in this solvent and the addition of cosolvents and modi-
fiers need to be used) and (ii) the need for careful selection and
control of operating conditions, such as temperature, CO,-con-
centration, depressurization rate, viscosity,®¥ because scCO,
can act as a foaming agent, especially for glassy polymers.

3.4. Mechanical and Thermal Properties of 3D-Printed Samples

Among the factors that have the strongest effect on the mechan-
ical properties of 3D-printed products, one can highlight the
chemical structure of polymers, the free volume, the order in
the molecular packing, the polymer network uniformity, the
presence of a plasticizer, etc.] The results of our studies on
the mechanical properties of green-state and post-processed
SIPN are presented in Figure 12 and Figure S4 and Table S1
(Supporting Information).

The higher values of the tensile strength and elongation at
break for all of the OPBI-SIPN samples in comparison with the
MPA-SIPN samples are noteworthy. This fact may be explained
by the nature of the linear heat-resistant polymer: the film based
on pure OPBI has a higher tensile strength and is more elastic

© 2021 Wiley-VCH GmbH
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green-state samples by various methods.
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(Table S1, Supporting Information) compared to the film based
on pristine MPA. This is due to a higher molecular weight of
OPBI and the presence of the bridging ether group providing
the elasticity to the polymer chain. In addition, the greater elon-
gation at break of the green-state samples based on OPBI-SIPN
may be explained by the presence of a larger amount of unre-
acted DMAA, which acts as a plasticizer.

During the scCO, treatment, as shown earlier, the removal
of DMAA and DMAA-based oligomers is accompanied by the
preservation of the initial degree of crosslinking. For these rea-
sons, a slight decrease in the elongation at break of the mate-
rials is observed. However, it should be noted that, in the case of
OPBI-SIPN, a more significant decrease in the tensile strength
occurs than that in the case of MPA-SIPN. This finding appears
to be related to the presence of a larger amount of DMAA in
green-state samples that is further removed in scCO,; this leads
to large internal stresses. Besides, the scCO, post-processing
method does not change the number of cross-links in the sam-
ples, hence, the tensile strength is comparable to that of green-
state samples.

Figure 12 also shows that the tensile strength has the max-
imum value after the thermal post-treatment for both SIPN.
In particular, the increase in the tensile strength in com-
parison with the green-state OPBI-SIPN samples is 60%, and
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Figure 13. TGA curves of SIPN.
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for MPA-SIPN, it is 47%. During the heat treatment, a PSC is
additionally crosslinked, that is, a more densely cross-linked
polymer network is formed, and the mobility of a polymer
chain decreases, so T, increases, and the material rigidity
increases, as well. The presented data also show that, after the
heat treatment, in both cases the elongation at break decreases
by more than 40%. As previously shown, the heat-treated speci-
mens exhibit a significant shrinkage, especially the OPBI-SIPN
specimens. Consequently, there are more internal stresses
in the samples, and their brittleness is higher. The post-
treatment with scCO, does not change the SIPN mechanical
characteristics.

The summation of the presented data allows us to con-
clude that the SIPN 3D-printed materials obtained by the DLP
method based on MPA and OPBI surpass the mechanical
characteristics of most of commercially available materials for
3D printing, which have the tensile strength in the range of
30-40 Mpa.l'¥! Using various post-processing methods, it is
possible to control the volume of the shrinkage of a formed
structure and, as a consequence, its mechanical characteristics.

All the subsequent studies were carried out with 3D-printed
samples, which were subjected to the thermal post-processing.

The thermal characteristics of the SIPN were investigated by
the TGA method, and the results are shown on Figure 13 and
in Table 3.

According to the TGA data (Figure 13 and Table 3), our SIPNs
have excellent thermal stability, that is, the intense destruction
(a 10% weight loss) of the materials is observed at temperatures
above 390 °C. It should be noted, however, that MPA and OPBI
have higher thermal stability (Figure S5, Supporting Infor-
mation, Table 3), and T of the photocurable DAAP-DMAA
composition is 358 °C, which is lower than that of the SIPN.
In addition, the temperatures of the 2%, 5%, 10%, and 50%

Table 3. Thermal properties of SIPN.

Sample Too, °C Tsos °C Thoo °C Tso0 °C
MPA-SIPN 340 364 393 472
OPBI-SIPN 360 377 408 516
MPA 384 412 423 603
OPBI 423 476 507 680

© 2021 Wiley-VCH GmbH
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Figure 14. Heating-induced changes in the appearance of an MPA-PSC-based 3D printed structure of “Simon’s cat.” The inset on the right shows an

area of the structure that has begun to undergo thermal degradation.

weight loss are higher for OPBI-SIPN compared to MPA-SIPN.
The results obtained indicate that the thermal resistance of the
linear polymer (MPA and OPBI) influences the thermal resist-
ance of the SIPN. However, this influence is not significant
enough, and is largely determined by the thermal resistance of
the 3D network (based on DAAP and DMAA) containing the
less heat-resistant aliphatic fragments.

The visual changes in an MPA-SIPN-based 3D struc-
ture (“Simon’s Cat”) during thermal tests are also shown in
Figure 14. When increasing the temperature, the structure
changes its color and transparency at about 250 °C, then,
at about 350 °C, darkening of individual parts, closest to the
heating surface, is observed. At about 400 °C, the active destruc-
tion occurs, accompanied by darkening of the most of the
structure. The obtained results are in a good agreement with
the previously conducted TGA indicating that destruction
begins at 340 °C, and the intense destruction accompanied by
a 10% weight loss occurs at 393 °C (Figure 13 and Table 3). It
should also be noted that the structure retains its original shape
up to the temperature corresponding to the onset of thermal
destruction.

- —— E'MPA-SIPN 038
o —— E' OPBI-SIPN
S 3000+ Tan 5 MPA-SIPN
i Tan § OPBI-SIPN 0.6
) ° 130°C
2 2000 94C o
3 0.4 2
o (=2
=
<3
8 1000 - 0.2
kel
(2]

T M T T T 0)0

——— .
40 60 80 100 120 140 160
Temperature (°C)

Figure 15. Temperature dependence of the storage modulus and Tan &
of SIPN.

Adv. Mater. Technol. 2021, 2100790

2100790 (14 of 17)

3.5. Shape Memory Performance of 3D-Printed Samples

Generally, thermosensitive SMPs contain two phases with dif-
ferent functions. One can melt or soften above the transition
temperature (Ti,,), acting as a “switch.” Another, more ther-
mally stable phase acts as a “fixed point,” providing the neces-
sary strength to fix the temporal shape and restore it. Earlier,
a number of works described SIPNs of different compositions
with good shape recovery (R, > 95%).2>%¢1 Our SIPNs contain
flexible aliphatic fragments formed during DMAA polymeriza-
tion, rigid crosslinks formed by DAAP, as well as macromol-
ecules of heat-resistant MPA or OPBI. All of this serves as a
basis for the study of the shape-memory properties of MPA-
SIPN and OPBI-SIPN.

The T, of SMPs is directly related to the glass transition
temperature (Ty). In this regard, STPNs have been investigated
using the DMA method. As seen from Figure 15 and Table 4,
the T,s of MPA-STPN and OPBI-SIPN are 94 and 130 °C, respec-
tively. The presence of only one broad peak on the tangent &
versus the temperature plots of the investigated materials is
characteristic of SIPN.B4%] In the case of MPA-SIPN, there are
likely submicron regions of differing composition, as indicated
by the broader peak in the Tan & plot. Since the original PSCs
have the same mass composition and differ only in the type of
a linear polymer (MPA or OPBI), then, according to the Fox
equation,*¥ the T, of SIPN would be determined by the glass
transition temperature of the linear polymer. T, of MPA is
271 °C and that of OPBI is 348 °C, hence, OPBI-SIPN has a
higher glass transition temperature than that of MPA-SIPN.

Table 4 also shows that in both cases there is a significant
difference between the glassy (Ey) and rubbery moduli (E,),
which is one of the criteria of shape-memory polymers, since

Table 4. Thermomechanical properties of SIPN.

Sample Ty °C E,, MPa? E,, MPa)
MPA-SIPN 94 2778.62 63.86
OPBI-SIPN 130 3518.32 58.82

OF at 25 °C; YE at T, + 25 °C.
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Figure 16. a) R, versus time for SIPN at Ty, = T, + 25 °C. b) Rrand R, of SIPN at Ty, = T, + 25 °C.

the shape memory effect is often described by the following
mathematical models:[©°]

Re=1-E./E, (3)

R =1- fi/[(1-E. /E,) fu | )

where Ry is the shape fixity ratio, R, is the shape recovery ratio,
E, is the glassy modulus, E, is the rubbery modulus, fy is the
viscous flow strain and f, is the strain when t >> ¢,

A high elasticity ratio (Ey/E;) allows for easy shaping at T >
Ti..n and a good resistance to the deformation at T << T,

The results of the shape-memory effect studies of our SIPN
are presented in Figures 16 and 17 The R; of OPBI-SIPN
(Figure 16b) is slightly higher than that for MPA-SIPN, that is
explained by the higher difference between E, and E,.. However,
in both cases, Ry > 95% (Figure 16b); this indicates the good
shape fixity performance. It can also be seen from Figure 16a
that both SIPNs demonstrate reasonably fast recovery (recovery
time of about 5-6 min), but in the case of OPBI-SIPN, the
higher R, value (97.9%) is achieved. It should be noted that

(a)

Heating,

Deformation,
Cooling

Fixing

the previously described shape-memory polymers often dem-
onstrate a higher recovery time (about 1-2 min).2l However,
as mentioned earlier, in most cases such SMPs exhibit low
reshaping temperatures (<100 °C), while T,.,, of MPA-SIPN and
OPBI-SIPN reach 119 and 155 °C, respectively, making them
suitable for application in the high temperature shape memory
fields. Moreover, as shown in this work, the PSCs from which
our SIPNs were obtained, are suitable for the formation of 3D
structures by the DLP method, that opens up broad prospects
for 4D printing of functional shape-memory devices.

Figure 17a shows the transformation of 4D-printed blocks
demonstrating the good shape-memory performance of both
SIPNs. When the materials are heated above T, (119 °C in the
case of MPA-SIPN and 155 °C in the case of OPBI-SIPN), the
blocks may be slightly bent by application of an external load to
the central part of the samples. After cooling to room tempera-
ture, due to the large difference between E, and E,, the tempo-
rary shape is fixed. Upon the repeated heating of the samples
above Ty, their original shape is successively restored.

A 4D-printed structure based on MPA-PSC in the form of a
crocodile mouth can be used as a grip (Figure 17b). After raising

Heating

Recovery

30°°C

Figure 17. a) Shape-memory effect of DLP-based 4D-printed blocks based on OPBI-SIPN (top) and MPA-SIPN (bottom), scale bar is 1 cm. b) The 4D

presentation of a printed gripper as a crocodile-shape.
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the temperature to 119 °C and then cooling the structure down
to 30 °C, the gripper can grip and hold a steel ball with a diam-
eter of 10 mm, which weighs five times the mass of the gripper.

4. Conclusion

In summary, we report new photosensitive compositions based
on high-performance  poly(N,N-(m-phenylene)isophthala-
mide) or poly(2,2”-(p-oxydiphenylene)-5,5"-dibenzimidazole),
that can be used for DLP 4D printing of thermally stable
semi-interpenetrating polymer networks. The method of
post-processing (scCO,-treatment, thermal treatment, or a
combined technique) of the resulting semi-interpenetrating
polymer networks strongly affects the mechanical properties
of the materials. The 4D-printed structures possess excellent
shape memory properties (Rf up to 98.7%, R, up to 97.9% at
Tiran > 100 °C) and can actively recover their original shape in
a few minutes. Due to their high mechanical strength, thermal
stability and good shape-memory performance, the obtained
materials are promising for their potential application in
advanced manufacturing, including aerospace and structural
components industries.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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