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Multicomponent Stress-Sensing Composites Fabricated by

3D-Printing Methodologies

Harald Rupp and Wolfgang H. Binder*

The preparation and characterization of mechanoresponsive, 3D-printed
composites are reported using a dual-printing setup for both, liquid dispensing
and fused-deposition-modeling. The here reported stress-sensing materials

are based on high- and low molecular weight mechanophores, including
poly(&-caprolactone)-, polyurethane-, and alkyl(C11)-based latent copper(l)
bis(N-heterocyclic carbenes), which can be activated by compression to trigger
a fluorogenic, copper(l)-catalyzed azide/alkyne “click”-reaction of an azide-
functionalized fluorescent dye inside a bulk polymeric material. Focus is placed
on the printability and postprinting activity of the latent mechanophores and
the fluorogenic “click”-components. The multicomponent specimen containing
both, azide and alkyne, are manufactured via a 3D-printer to place the compo-
nents separately inside the specimen into void spaces generated during the
FDM-process, which subsequently are filled with liquids using a separate liquid
dispenser, located within the same 3D-printing system. The low-molecular
weight mechanophores bearing the alkyl-C11 chains display the best print-
ability, yielding a mechanochemical response after the 3D-printing process.

Mechanoresponsive polymers constitute an important class of
materials, able to sense and visualize stress via easily recordable
responses.ll Conventionally appropriate reporter molecules or
components are embedded into polymers where stress-response
should be detected.”! Various chemical stress-quantification-
tools have been demonstrated by so-called mechanophores
including stress-induced chemiluminescence,?=! the release of
small molecules®® and direct mechanochromic indicators.-18l
Alternatively, the induction of catalytic reactions based on the
decoupling metal-ligand complexes by mechanical stimuli is
used.'-2l The most commonly used mechanochromic polymers
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are based on spiropyranes,l1®®l able to gen-

erate a merocyanine chromophores upon
mechanical activation depending on their
substitution pattern. Especially the NO,-
functionalized dyes manifest in an intense
purple color, finally allowing to quantify the
exerted stress within the material.1027-31
Therefore, in view of the multicomponent-
nature of such polymeric materials the
use of 3D-printing methodologies is attrac-
tive, allowing to place components for the
direct stress-detection as well as additional
reporter molecules required for the quantifi-
cation of stress into the same material.[3233]

A novel and efficient methodology for
stress-detection ~ uses  mechanophores
directly activated by metal/ligand cleavage,
coupled to a subsequent catalytic reac-
tion of the then freed metal-coordina-
tion-site.22242634 The catalysts used to
this endeavor in our group are based on
copper(I) bis(N-heterocyclic carbene) mech-
anocatalysts, connected to a fluorogenic copper-azide-alkyne “click”
reaction (CuAAC) of 3-azido-7-hydroxycoumarin with phenylacety-
lene. Both components are nonfluorescent before mechanochem-
ical activation, but react to a fluorescent dye to visualize applied
stress on the polymer backbone induced via sonication, grinding,
or tensile/compression forces.?>-%]

We here report on a novel 3D-print method to manufacture
a stress-responsive polymer, based on microsized capsules,
embedded into a thermoplastic polymer matrix by com-
bining different 3D-printing techniques. The approach aims
to generate functional composite materials based on mixing
a polymer (poly(caprolactone), PCL) with different Cu-based-
mechanophores (1a, 1b, 1c) and 3-azido-7-hydroxycoumarin to
create microsized capsules during 3D-printing, filled with phe-
nylacetylene (Figure 1) as the second reactive component for
the fluorogenic “click”-reaction. The 3D-printing method aims
to directly dispense the liquid into a solid matrix during the
FDM-printing process, thus largely suppressing a primordial
thermal activation of the “click” reaction during 3D-printing.®!

The first step in the chemical design constituted the synthesis
of a suitable mechanophore, able to be 3D-printed under pres-
ervation of its stress-reporting function. To this endeavor, we
have prepared the copper(I)-bis(NHC)-mechanophores 1a, 1b, 1c
(see Figure 2), where either a Cl1-chain (1a), a PCL-chain (1b), or
an urethane (Ic) are attached to the bis-N-heterocyclic-carbene
(NHC)-Cu(I)-complexes as the active, mechanoresponsive ele-
ments. Synthesis was accomplished by quaternization reaction
of telechelic bromo-functionalized Cy- and short PCL-chains

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 1. Concept for the 3D-printing of multicomponent-polymers containing the copper(l)-bis(NHC)-mechanophores based on C11-chains (1a) and
poly(&-caprolactone) (1b, 1c), successfully embedded into 3D-printable PCL together with a fluorogenic dye. The second reaction component (phenyla-
cetylene) (liquid filling 1)) was added as a liquid into 3D-printed voids by direct dispensing. 3D-printed specimens were tested with compression cycles

for their catalytic activity of the “CuAAC-click” reaction.

(M, = 1800 Da) to yield the 1-methylimidazolium bromide func-
tionalized chains, followed by conversion of the 1-methylimida-
zole-chains to the respective copper(I)-bis(NHC)-mechanophores
with Cu,O-powder (5 um). To check for eventual side-reactions
during the Cu,O-treatment, hydroxy-functionalized PCL-OH
was treated with the same reaction conditions, detecting no
side-reactions (e.g., oxidation or degradation) between pure PCL
and Cu,0 via 'H-NMR measurements (Figure S3, Supporting
Information). The synthesis and conversion of all of the reaction
steps were easily detectable in 'H-NMR. The bromo-functional-
ized PCL (Figure 3a) showed the expected signals for the CH,-
Br-functionality at 3.39 ppm (t, / = 6.9 Hz, 2H). After quaterniza-
tion reaction new signals for the 1-methylimidazolium bromide
function appeared. The NHC-proton signal was detected at
10.76 ppm (s, 1H) besides the aromatic bonds at 7.25 ppm (s, 1H)
and 721 ppm (s, 1H), also for the CH,-group 4.34-4.28 (m, 2H),
and the methyl group at 4.12 (s, 3H) (Figure 3b).

The last reaction step, the conversion to the copper(I)-
bis(NHC)-mechanophore, resulted in the PCL polymer con-
taining the desired product as judged by NMR via resonances
at 6.14 ppm (dd, ] = 70, 2.8 Hz, 4H), 3.66-3.54 (m, 8H), and
3.23 (s, 6H) (Figure 3c), generated in an acceptable yield for

the final mechanophore 1b of 32%. The conversion to the
1-methylimidazolium bromide functionalized chains were sup-
ported by matrix assisted laser desorption (MALDI)-ToF-mass
spectrometry (MS) measurements, showing all details for the
reactions as proven by MALDI-TOF (see Figure S1, Supporting
Information), indicating the desired MS-spectra and isotopic
patterns for all intermediates. Proof for the formation of the
mechanophore 1b could be obtained by size exclusion chro-
matography (SEC), resulting in a doubling of the molecular
weight in the bis-Cu(I)-NHC-complex in comparison to the
starting-polymers as checked via SEC-measurements in THF
(Figure 4). Using the calibration for polystyrene-standards
(300-170000 g mol™Y) the following shifts were measured in
SEC: PCL-Br (M,, = 3800, M,, = 5100, PDI = 1.3) versus PCL-M
1b (M, = 7600, M,, = 11 000, PDI = 1.4). Mechanophore 1c,
based on an chain extension via hexamethylenediisocyanate
(HDI) was prepared according to previously reported method-
ologies!®’ by reaction of the Cll-mechanophore 1la with hexa-
methylene diisocyanate (HDI, molar ration 1a/HDI = 1:30).
3D-printing was accomplished using PCL as the base matrix
(PCL (M, = 45 kDa)), embedding the required components
directly during the printing process. The printer, a regenHU
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Figure 2. Reaction schema for the synthesis of different copper(l)-bis(NHC)-mechanophores 1a (C11), 1b (PCL-M), and 1c (Urethane-M).
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Figure 3. 'TH-NMR analyses of the different modification steps for the PCL-mechanophore 1b. Synthesis via PCL-Br a), PCL-Imi b), and the PCL-

copper(l)-bis(NHC)-mechanophore c).

3D Discovery, equipped with a heatable polymer extrusion
printing head with a metal nozzle, was used for printing of the
polymer composites. First, the printed composites were based
on PCL as matrix-polymer containing 1 wt% coumarin-azide
(5 x 107> mmol mg™ matrix) with a corresponding amount of
the mechanophore 1a, 1b, or 1c (5 X 10°® mmol mg™ matrix)
directly mixed into it.
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Similar to a procedure recently developed in our research
group,®® a 3D-printed structure with a square-shaped base of 5
x 5 mm and a grid with gaps of around 300 pm were designed
in a BioCAD program. First the two layers of the 100% filled
base area were printed using fused deposition modeling (FDM)
for the PCL composite. Subsequently, two layers of the grid
structure, forming the 3D-printed capsules, were printed on

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 4. SEC data of the initial PCL-Br polymer and the final PCL-mech-
anophore 1b with a percentage content of 32%.

top. In between, the second printing head dispensed pheny-
lacetylene into the created gaps by drop-on-demand jetting,
completely filling the voids. The top closing layers consisted of
two completely filled composite layers, again printed by FDM
(results in Figure 5a,b). The temperature of the printing nozzle
was adjusted to 70-80 °C according to the rheology data, with
the temperature of the tank of the printing head set 10 °C
higher than the temperature of the printing nozzle.

The composites were printed on a standard glass slide
equipped with a masking tape for mechanical adhesion. Based

a) 3D-printed specimen

www.mrc-journal.de

on the rheology data of our previous publication®! and the
known 3D-printing window of the here used 3D printer (17 =
200-2000 Pa s, ¥ = 10-30 s7', O = 30-240 °C), PCL polymers
with an intermediate molecular weight can be printed. The
influence of the mechanophores 1a, 1b, 1c (catalytic amounts,
amounts see Table 1) and the fluorogenic dye (1 wt%) on the
rheological properties of matrix was negligible compared to
the pure PCL matrix (Figure S2, Supporting Information).
PCL (45 kDa) showed a viscosity range of 700-360 Pa s while
changing the temperature from 70 to 90 °C, leading to an excel-
lent extrusion and easy to handle printing properties (Figure
S2, Supporting Information). A very uniform polymer strand
could be extruded at 80 °C, which solidified in a reasonable
time range of 5-10 s. Subsequently the drop-on-demand liquid
printing head was set to one drop per grid hole at room temper-
ature. The 3 mL cartridge was filled with phenylacetylene and
pressed with air of 0.01-0.04 MPa to move the liquid through
the inkjet nozzle and deposit 2.5 uL phenylacetylene into the
void (Figure 5a,b).

The printing composites were analyzed via 'H-NMR after
heating and extrusion, checking for the presence of the copper(I)-
bis(NHC) signal (6.15 ppm, dd, 4H) after the extrusion-process
of the 3D-printing. Only the mechanophore with Cy;-chains (1a)
did outlast the printing conditions. Both, PCL-mechanophore
(1b) and urethane-mechanophore (1c), did not survive the extru-
sion, since no signal for the copper(I)-bis(NHC)-moieties could
be detected (Figure S4, Supporting Information). Subsequently
both, the mold-prepared and the 3D-printed samples, (for prep-
aration see Supporting Information) were analyzed for their

£
1S
7o)
No catalyst C11-M PCL-M
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Figure 5. Pictures of the 3D-printed specimen with different composites prepared by using a dual-head 3D-printer. a) Microscopic images of an emp-
tied inner grid structure and the top closing layer. b) Photos of mold-casted samples after compression cycles under normal light and UV-light (254 +
366 nm) showing the increase in fluorescence activity after compression force was applied. c) The samples refer to pure dye samples of the calibration
curve determination (dye and “clicked” dye), as well as PCL-M (Table 1, Entry Ill) and C11-M (3D) (Table 1, Entry VI).
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Table 1. The different materials of mold-casted and 3D-printed (3D) composites including different mechanophore catalysts 1a, 1b, 1c are listed (cal-

culated for 99% purity), as well as the final catalytic activity of each mixture.

Entry Sample? Mechanophore Coumarin dye Phenyl acetylene Catalytic activity A
[mg gMatrixJI] [mg gMatrixJ‘] [uL] [%]

| No catalyst - 10 2.5 0.34

I C1-M (1) 2 10 2.5 0.62

1] PCL-M (1a) 12 10 2.5 0.98

\% Urethane-M (1b) 13 10 2.5 1.67

\ None (3D) - 10 2.5 0.47

Vi C11-M (3D) (Ic) 2 10 2.5 0.51

AThe samples entry I-IV were prepared by mold-casting method (Supporting Information), samples V-VI were manufactured by 3D-printing; ®For the solid state meas-
urements the sample was fixed between two glass slides and the reflected fluorescence was detected. For each sample the measurements were done for both sides. After

calibration, the fluorescence intensity was calculated to yield the “click”-reaction yield.

mechanophore activity by a combination of compression cycles
and subsequently measured by solid state fluorescence mea-
surements, indicative for the fluorogenic “click”-reaction. With
solid state fluorescence reflection measurements as well as
images under UV-light the change in fluorescence intensities
were measured/visualized (Figures 5 and 6). For calibration of
the system see Figure S5 (Supporting Information). The sample
with no mechanophoric catalyst showed only minor activation
of the fluorogenic dye of =0.3% for the molded sample (Entry I)
and =0.5% for the 3D-printed sample (Entry V), presumably by
thermal activation during the printing process. The Cj;-mechan-
ophore (1a) samples showed catalytic activities of =0.6% (mold,
entry II) and =0.5%, respectively (3D-printed, entry VI). The
higher fluorescence intensity for the Cy; (3D) sample was due
to the thermal “click-reaction” occurring during the final FDM
process, where hot printing composite gets in direct contact
with phenylacetylene. For the PCL-based mechanophores only
the molded samples could be measured. The samples showed
activities of =1.0% (PCL-M, entry III) and =1.7% (urethane-M,
entry IV). The 3D-printing of the labile copper(I)-bis(NHC)-
bond could be achieved, still retaining at least parts of its active
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Figure 6. Catalytic activity of different mechanophore composites (no
catalyst, Cl1-mechanophore (1a), PCL-mechanophore (1b), urethane-
mechanophore (1c)) using repeated compression cycles to activate the
copper(l)-bis(NHC)-mechanophores.
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form keeping the copper(I)-bis(NHC)-bonds intact, whereas the
larger mechanphores based on the PCL-mechanophore 1b and
the urethane-mechanophore 1c did not withstand the printing
conditions. Presumably, their easier activation during extrusion
in view of their increased chain length is responsible for this
observation.

In conclusion, the 3D-printing of copper(I)-bis(NHC)-mech-
anophores was investigated using a multicomponent-printed-
system, generating polymer-composites with stress-detecting
properties. As demonstrated here the printing-results and
final activities of the three different mechanophores strongly
depended on the chain length used under the 3D-printing con-
ditions of 80 °C. Whereas short chain mechanophores with side
chains of Cy; (1a) can easily be mixed with the printable PCL
polymer and subsequently be extruded retaining their mecha-
nophoric activity, the higher molecular weight mechanophores
(1b, My, pcrm = 1800 Da, and 1c, My, yrethanev = 2000 Da) could
not be 3D-printed, although both showed catalytic activity (1.0-
1.7%) in compression force cycles when produced by a mold
casting method, comparable to previous results.?’! Thus, the
reported methodology can be advantageous for the fabrication
of multilayer-polymers, where the stress-reporting tool is placed
in a specific part of the polymeric-specimen where stress-detec-
tion is required, keeping all other parts of the polymer structur-
ally native. We think that this methodology can be advantageous
when integrated into production-techniques where 3D-printing
technology is already established.

Supporting Information

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