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An alkyne monomer bis(propargyl) fumarate is synthesized and used to produce DLP-3D printable formu-
lations with a thiol exploiting photoinduced thiol-yne reaction. By preparing mixtures containing different
relative ratios of two monomers, it is possible to obtain polymers exposing different unreacted functional
groups on their surface. The reactivity of the formulations toward visible light irradiation is studied by ATR
analysis and photorheology tests, the printability with DLP equipment is demonstrated and the thermo-
mechanical properties of the obtained polymers are investigated by DMA. Changing the printing formu-
lation during the printing process, objects exposing either triple bonds or thiol groups or a mix of them
can be obtained, and the presence of unreacted groups is confirmed by XPS analysis; this property can be
exploited to selectively functionalize the built parts in a dedicated post process. As a proof of concept, a
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simple hybrid structure is treated with an azide-terminated squaraine dye, to exploit a ‘click’ reaction with
the alkyne groups available. The fluorescence of the functionalized structure is observed with a spinning
disk confocal microscope. Such a strategy can allow producing 3D objects with a controllable structure

rsc.li/polymers just by varying the relative ratio of the co-monomers in the formulations during the printing process.

meric materials, many different classes of 3D printers can be
listed; some examples are as follows: FFF (Fused Filament
3D printing is a production technique that allows fabricating Fabrication), the most diffused technique that uses thermo-

Introduction

objects starting from CAD files by adding materials in a layer by
layer fashion." The techniques comprised under this umbrella
term enable the fabrication of extremely complex shapes
without material waste and without using moulds.>* This
makes 3D printing a step-forward and fascinating alternative to
the most common subtractive manufacturing procedures.*™®

In the last decades several types of 3D printing machines
have been developed and optimized; they differ from each
other in terms of the technology that they exploit and the
typology of printable materials." Just considering the poly-
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plastic filaments, heated and deposited layer by layer;” SLS
(Selective Laser Sintering), which sinters thermoplastic
powders with a laser to obtain 3D objects;® SL (Stereo
Lithography) and its close relative DLP (Digital Light
Processing), which print thermoset polymers starting from
liquid photocurable formulations. Those mixtures are usually
based on (meth)acrylic monomers.>'® Each technique has its
advantages and drawbacks and the choice of a particular one
can be related to the specific application."* Nowadays, all the
3D printing techniques are largely investigated at the academic
level and in some cases additive manufacturing products are
proposed at the commercial level."**

To further expand the possibilities given by 3D printing,
functional 3D shaped objects can be fabricated."*'* In this
work, we developed new functional materials for photo-
polymerization based processes, in particular DLP.'?

Intrinsically functional 3D printable materials for DLP or
SL have been previously proposed;'® in this case, several routes
can be followed, such as the addition of nanofillers,***¢™*% the
use of stimuli responsive,'® conductive’® or shape memory
polymers®" and smart dyes**** and many others.">>*

This journal is © The Royal Society of Chemistry 2019
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Another suitable approach consists of exploiting a post
functionalization step on the 3D printed objects; this results
in particular interest for the introduction of biofunctional
molecules, as largely demonstrated for different polymeric sur-
faces.>® To do this, chemically reactive moieties can be directly
introduced in the DLP printable liquid formulations, aiming
to exploit their available groups for further functionalization
steps.

Stassi et al.>® printed micrometric cantilevers by DLP start-
ing from an acrylate-based formulation in which acrylic acid
was added. Its carboxylic groups were exploited to functiona-
lize the cantilever surface. Alternatively, Wang et al.*” incorpor-
ated a vinyl-terminated initiator into a curable resin to obtain
functional structural materials that enabled a post-printing
surface-initiated ATRP modification.

The addition of chemical moieties that can easily react in a
dedicated functionalization step could enable a wide range of
reactions for the modification of 3D printed objects.”’®*® In
this work, we propose the use of 3D printable thiol-yne mono-
mers to obtain objects that can be easily post
functionalized.***"

Thiol-yne polymerization has been studied for many
decades,®> but in the last years it attracted increasing
interest in the field of photopolymerization®® as well as
thiol-ene reactions,”” since it presents many advantages
over the more common traditional radical chain-growth
polymerizations.*®

Alkyne monomers can be easily synthesized in different
structural formats. In the thiol-yne reaction each alkyne func-
tional group can react consecutively with two thiol functional
groups; this leads to the formation of highly crosslinked net-
works presenting high toughness and good thermo-mechani-
cal properties, beyond their known biocompatibility.>® These
intriguing properties make thiol-yne photopolymerization an
interesting route for the production of films with good
mechanical properties.>® But, moving a step ahead, this kind
of chemistry can also be applied to DLP and SL 3D printing,
allowing the production of 3D materials presenting the afore-
mentioned characteristics.*’

To allow an easy post-functionalization of these 3D printa-
ble materials, we propose the development of off-stoichio-
metric formulations: in this way, after the printing process, an
excess of SH (thiol) or YNE (alkyne) functionalities that are not
involved in the cross-linked network become available for a
variety of post-functionalization processes. As Carlborg et al.*'
introduced the idea of using OSTE (off-stoichiometric thiol-
ene) formulations mainly for developing functionalized micro-
fluidic channels*® and Hoffmann et al. applied them in 3D
sterelitograpy,*® in this paper we prepare OSTY (off-stoichio-
metric thiol-yne) formulations. After the synthesis of the
alkyne monomer (bis( propargyl) fumarate), we demonstrate its
printability and the possibility of post functionalizing the 3D
printed parts. Such a strategy can allow the production of 3D
objects with controllable networks, just by varying the relative
ratio of the co-monomers in the formulations during the print-
ing process.

This journal is © The Royal Society of Chemistry 2019
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Experimental
Materials

All chemicals were purchased from Sigma-Aldrich, Fluka,
Merck Riedel de Haen and Alfa Aesar, unless otherwise noted,
and were used as received. The synthesis of squaraine was
carried out with a microwave BIOTAGE® Isolera Iniziator + 2.5.
All flash purifications were performed with a BIOTAGE®
Isolera™ using a Biotage® SNAP Ultra silica gel column. TLC
was performed on silica gel 60 F254 plates.

Trimethylolpropane  tris(3-mercaptopropionate) (Sigma-
Aldrich) was used as a thiol comonomer, and phenylbis(2,4,6-
trimethylbenzoyl) phosphine oxide (BAPO, Sigma-Aldrich) was
used as a photoinitiator.

Synthesis of bis(propargyl) fumarate - an alkyne monomer
(Scheme 1)

The reaction, requiring anhydrous conditions, was conducted in
flame-dried glassware under an argon atmosphere. As reported
in Scheme 1, propargyl alcohol(u) (7.55 mL, 131 mmol) was dis-
solved in anhydrous dichloromethane (50 mL) in a three-neck
round-bottom flask equipped with a stir bar and a dropping
funnel. Triethylamine (21.88 ml, 157.2 mmol) was added, and
the mixture was cooled to 0 °C. A solution of fumaryl chloride(i)
(5.65 mL, 52.4 mmol) in anhydrous CH,CI, (30 mL) was added
dropwise over 45 minutes. The reaction mixture was allowed to
reach room temperature, stirred for 24 hours, then washed
sequentially with saturated ammonium chloride (3 x 250 mL),
saturated sodium bicarbonate (2 x 240 mL) and brine (1 x
80 mL) before being dried, and filtered and the solvent was evap-
orated. This provided a crude material as a dark brown solid
which was purified by flash column chromatography (isocratic
elution with 100% diethyl ether) to obtain the product in 81
percent yield as a brown white solid.** Ry 0.87 (100% diethyl
ether); "H NMR (600 MHz, chloroform-d): § 6.93 (s, 2H), 4.80 (d,
J = 2.5 Hz, 4H), 2.52 (t, J = 2.5 Hz, 2H), *C NMR (151 MHz,
chloroform-d): § 163.99, 133.69, 75.89, 75.39, 52.64.

Synthesis of 4-((1-(10-azidodecyl)-5-carboxy-3,3-dimethyl-3H-
indol-1-ium-2-yl)methylene)-2-(((E)-1-butyl-5-carboxy-3,3-
dimethylindolin-2-ylidene)methyl)-3-oxocyclobut-1-en-1-
olate - azide terminated squaraine dye (5) (Scheme 2)

Synthesis of 1-butyl-5-carboxy-2,3,3-trimethyl-3H-indol-1-
ium iodide (1). The procedure followed is the same as reported
by N. Barbero et al.*® 2,3,3-Trimethyl-3H-indole-5-carboxylic
acid (2.50 g, 12.3 mmol), 1-iodobutane (5.6 ml, 49.2 mmol)
and 9 ml CH;CN.

Yield: 86% (4.10 g, 10.6 mmol).

Scheme 1 Synthesis of bis(propargyl) fumarate. Experimental con-
ditions: R: Et3N, S: CH,Cl,, 45 min, 0 °C; 0 °C — rt; 24 h, rt.
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Scheme 2 General procedure for the synthesis of squaraine. (I)
Anhydrous CH3zCN, MW: T = 155 °C, t = 20 min. (Il) Anhydrous CH3CN,
MW: T = 165 °C, t = 60 min. (Ill) EtOH, MW: T = 90 °C, t = 13 min. (IV)
BuOH/toluene, MW: T = 160 °C, t = 60 min. (V) DMF, MW: T = 100 °C,
t =20 min.

'H NMR (200 MHz, DMSO-d6): § = 8.39 (s, 1H), 8.14 (m,
2H), 4.49 (m, 2H), 2.92 (s, 3H), 1.83 (m, 2H), 1.58 (s, 6H),
1.46-1.40 (m, 2H), 0.93 (t, 3H). Characterization is in agree-
ment with the literature.

Synthesis of 1-(10-bromodecyl)-5-carboxy-2,3,3-trimethyl-3H-
indol-1-ium bromide (2). 2,3,3-Trimethyl-3H-indole-5-car-
boxylic acid (0.500 g, 2.46 mmol) was put in a microwave vial
with a magnetic stirrer. The vial was sealed and 1,10-dibromo-
decane (3.69 g, 2.76 ml, 12.3 mmol) was added using a syringe
along with 8 ml of anhydrous acetonitrile. Ar was fluxed for
15 minutes, and then the reaction was carried out in micro-
wave (T = 165 °C, 60 minutes). The solvent was removed under
vacuum and the product was recovered with ethyl ether,
filtered and washed five times with ethyl ether.

Yield 73% (0.903 g, 1.80 mmol).

'H-NMR (200 MHz, DMSO-d6) 5 (ppm) = 8.40 (s, 1H), 8.13
(m, 2H), 4.48 (t, 2H), 3.51 (t, 2H), 2.89 (s, 3H), 1.77 (t, 2H), 1.58
(s, 6H), 1.26 (m, 14H).

Synthesis of 1-butyl-2-((2-ethoxy-3,4-dioxocyclobut-1-en-1-yl)
methylene)-3,3-dimethylindoline-5-carboxylic acid (3). 1-Butyl-
5-carboxy-2,3,3-trimethyl-3H-indol-1-ium  (0.100 g, 0.258
mmol) was put in a microwave vial, equipped with a magnetic
stirrer. Then ethanol (3 ml), 3,4-diethoxycyclobut-3-ene-1,2-
dione (0.088 g, 0.08 ml, 0.52 mmol) and triethylamine
(0.078 g, 0.11 ml, 0.78 mmol) were added. The reaction was
carried out in microwave (7 = 90 °C, 13 minutes). The crude
material was evaporated, recovered with ethyl ether and fil-
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trated under vacuum: the obtained solid was washed with
ethyl ether (3 x 15 ml). The product was purified by flash
column chromatography (EtOAc : petroleum ether 3 : 7).

Yield: 49% (48.5 mg, 0.126 mmol).

Rg: 0.28 (EtOAc : petroleum ether 3 : 7).

"H NMR (200 MHz, DMSO-d6) § (ppm) = 7.93 (s, 1H), 7.865
(d, 1H, J = 6.0 Hz), 7.24 (d, 1H, J = 8.0 Hz), 5.44 (s, 1H), 4.82
(m, 2H), 3.93 (t, 2H, J = 8.0 Hz), 1.56 (s, 6H), 1.41 (m, 4H), 0.88
(t, 3H, ] = 8.0 Hz).

3C NMR (50 MHz, DMSO-d6) & (ppm) = 192.88, 188.93,
187.24, 172.51, 167.10, 146.40, 140.28, 130.38, 124.42, 122.76,
108.67, 82.192, 70.04, 46.962, 42.12, 28.05, 26.47, 19.39, 15.56,
13.54.

ESI-MS: 382.44 (M-1).

Synthesis of 4-((1-(10-bromodecyl)-5-carboxy-3,3-dimethyl-
3H-indol-1-ium-2-yl)methylene)-2-((-1-butyl-5-carboxy-3,3-di-
methylindolin-2-ylidene)methyl)-3-oxocyclobut-1-en-1-olate (4).
1-(10-Bromodecyl)-5-carboxy-2,3,3-trimethyl-3H-indol-1-ium
bromide (0.145 g, 0.289 mmol) and 1-butyl-2-((2-ethoxy-3,4-
dioxocyclobut-1-en-1-yl)methylene)-3,3-dimethylindoline-5-car-
boxylic acid (0.111 g, 0.289 mmol) were put in a vial and dis-
solved in butanol (1 ml) and toluene (1 ml). The vial was
sealed and the reaction was carried out in microwave (T =
160 °C, 1 hour). A green-blue liquid was recovered with ethyl
ether and the solvent was evaporated. The product was re-crys-
tallised from butanol and the obtained solid was filtered
under vacuum, washed with ethyl ether and dried in a vacuum
stove (40 °C, 2 hours).

Yield: 24% (0.052 g, 0.069 mmol).

Ry 0.71 (MeOH : CHCl; 1:9).

'H NMR (200 MHz, DMSO-d6) & (ppm) = 8.03 (s, 2H), 7.96
(d, 2H, J = 8.0 Hz), 7.43 (d, 2H, J = 8.0 Hz), 5.90 (s, 2H), 4.12 (t,
4H, ] = 6.0 Hz), 3.47 (t, 2H, J = 7.0 Hz), 1.70 (m, 12H), 1.23 (m,
20H), 0.94 (t, 3H, J = 8.0 Hz).

3C NMR (50 MHz, DMSO-d6) & (ppm) = 180.92, 170.18,
167.46, 146.35, 141.96, 130.69, 126.29, 123.66, 119.66, 110.67,
88.04, 48.97, 35.55, 32.66, 29.16, 28.46, 27.92, 26.90, 26.45,
20.04, 14.16.

ESI-MS: 759.20 (M-1).

Synthesis of 4-((1-(10-azidodecyl)-5-carboxy-3,3-dimethyl-3H-
indol-1-ium-2-yl)methylene)-2-((-1-butyl-5-carboxy-3,3-
dimethylindolin-2-ylidene)methyl)-3-oxocyclobut-1-en-1-olate (5)

4~((1-(10-Bromodecyl)-5-carboxy-3,3-dimethyl-3 H-indol-1-ium-2-yl)
methylene)-2-((-1-butyl-5-carboxy-3,3-dimethylindolin-2-ylidene)
methyl)-3-oxocyclobut-1-en-1-olate (0.025 g, 0.033 mmol) and
sodium azide (0.0024 g, 0.036 mmol) were added in a vial and
dissolved in DMF (1 ml). The vial was sealed and the reaction
was carried out in microwave (7 = 100 °C, 20 minutes). The
product was transferred to a separating funnel with CH,CI,
and it was washed with brine and twice with deionized water.
Then the product was dried with sodium sulphate and filtered
and the solvent was evaporated under vacuum.

Yield: 63% (0.016 g, 0.021 mmol).

'H NMR (200 MHz, DMSO-d6) & (ppm) = 8.03 (s, 2H), 7.96
(d, 2H, J = 8.0 Hz), 7.43 (d, 2H, J = 8.0 Hz), 5.90 (s, 2H), 4.12 (t,

This journal is © The Royal Society of Chemistry 2019


https://doi.org/10.1039/c9py00962k

Published on 06 2019. Downloaded by Fail Open on 23.07.2025 10:19:14.

Polymer Chemistry

Table 1 Composition in weight of the formulations and molecules
used

Formulations
YNE EQ TH
Thiol monomer (wt%) 70 77 84
o) o)
Hs/\)J\oXo)k/\SH
HS\/\H/O CHg
o]
Alkyne monomer (wt%) 30 23 16
o)
Pz
o) =z
/OJ\/\H/ \/
o)
Photoinitiator (wt%) 1 1 1
HsC CHs HsC CHs

o

P

HC O @o CHs

4H, ] = 6.0 Hz), 3.47 (t, 2H, J = 7.0 Hz), 1.70 (m, 12H), 1.23 (m,
20H), 0.94 (t, 3H, J = 8.0 Hz).

The compound solubility in CDCl; proved too low to record
a >C NMR spectrum.

HR-ESI-MS: calculated 720.3839, found 720.3763 (M-1).

Preparation of the printable formulations. Three different
formulations were prepared by mixing the synthesized alkyne
with the trifunctional thiol chosen. Different ratios of the two
components were mixed in order to obtain a stoichiometric
formulation (named EQ), one formulation with an excess of
triple (named YNE) bonds and the other with an excess of SH
groups (named TH, see Table 1). In all the formulations 1 phr
(per hundred resin) of BAPO was added and solubilized with
the addition of few drops of acetone.

Printing process. A 3DLPrinter-HD 2.0 (Robot Factory)
equipped with a projector with a resolution of 50 pm in x and
¥ (1920 x 480 x 1080 pixels) was used as printing apparatus.
The Z resolution can be varied from 10 to 100 pm. The power
density of the light source is 10 mW cm™>. The irradiation
time was set for each formulation according to their reactivity
(see ESIT). After printing, a post-curing process (3 min) was
performed in air with a broad-band medium pressure mercury
lamp, also provided by Robot Factory (UV power density
50 mW cm?).

Post functionalization process - alkyne fluorescent labelling

An azide terminated squaraine dye was synthesized, able to
perform a ‘click’ chemistry reaction with the alkyne groups
available on the 3D printed structure. The idea is to have a sen-
sitive and robust method for observing alkyne free groups
exposed in the three different formulations (YNE, EQ and SH)
after the 3D printing process. The post functionalization
process reaction was performed following the procedure devel-
oped by A. B. Hughes et al. based on Cu-catalysis in combi-
nation with terminal-alkynes.*® In brief, the sample was added
to a solution of 1 mmol azide terminated squaraine dye and

This journal is © The Royal Society of Chemistry 2019
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Cu(0) powder in a 1:2 mixture of {BuOH : H,O. After 2 hours,
the 3D printed object was thoroughly washed in ethanol (3 x
5 ml) and dried in a nitrogen stream.

Characterization

Photorheology tests were performed with an Anton Paar rhe-
ometer (Physica MCR 302) in parallel plates. The instrument is
coupled with a Hamamatsu LC8 lamp emitting in the visible
range with a cutoff filter below 400 nm (intensity
10 mW cm™?) and it is equipped with a glass bottom plate and
an upper one in aluminium (@ 25 mm). The formulations
containing the mixture of monomers and the photoinitiator
were placed on the glass plate, the gap between the two plates
was then set to 0.3 mm and the sample was kept at 25 °C,
under a constant shear frequency of 10 rad s™' and strain
amplitude of 5%. During the test the sample is illuminated
from below the glass plate; light is turned on after 1 min in
order to stabilize the system. The value of G’ as a function of
the irradiation time was measured for all the prepared
samples.

ATR spectra were collected with a Nicolet iS50 FT-IR
spectrometer (Thermo Scientific) equipped with an attenuated
total reflection (ATR) accessory (Smart iTX). The spectra were
collected firstly on a drop of the liquid photocurable formu-
lations and then on the 3D printed samples after UV post
curing. The conversion of the thiol group (peak at 2570 cm™)
and triple (peak at 2130 cm™') and double bonds (peak at
1640 cm ') was evaluated calculating the decrease of the areas
of the peaks. The spectra were normalized by the stretch of car-
bonyl group centred at 1720 cm ™.

The thermal behaviour of the monomer was evaluated by DSC
analysis using a METTLER DSC-30 (Greifensee, Switzerland)
instrument with a ramp from RT to 150 °C (10 °C min ™).

The thermomechanical properties of the printed materials
were evaluated by DMA. 3D printed films were prepared (5 x 20
x 0.3 mm) and tested using a Triton Technology TTDMA. The
response of the samples was observed in the temperature
range of —40 to 70 °C with a heating rate of 3 °C min™", at a
frequency of 1 Hz and a strain of 20 pm.

Bright-field and fluorescence images were collected using a
microscope (model Eclipse Ti2 Nikon) coupled with a Crest
X-Light spinning disk confocal microscope and a Lumencor
SPECTRA X light engine. All images displayed the same
scaling and were collected using a Plan Fluor 10 x 0.3 NA and
a Plan Apo 20 x 0.75 NA (Nikon). A scan of large images at
high magnification was performed in order to have a whole
overview of the sample.

Nuclear magnetic resonance 'H NMR (200 MHz and
600 MHz) and *C NMR (151 MHz) experiments were con-
ducted using a Bruker AVANCE 200 (200 MHz) and a Jeol
ECZ-R 600 MHz instrument with deuterated chloroform
(Sigma-Aldrich, 99.8 atom%) and deuterated DMSO. Chemical
shifts were referenced to the solvent proton resonance (CDCls:
7.26 ppm for "H NMR and 77.17 ppm for ">C NMR and DMSO:
2.50 ppm for "H NMR and 39.52 ppm for >C NMR).

Polym. Chem., 2019, 10, 5950-5958 | 5953
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XPS (X-ray Photoelectron Spectroscopy) measurements have
been performed by means of a PHI Versaprobe 5000 (Physical
Electronics - Chanhassen, MN - USA), equipped with a mono-
chromatic Al k-alpha source (1486.6 eV). Both survey and high
resolution (HR) spectra have been acquired for each sample. A
Shirley background function has been applied before each
deconvolution procedure for HR spectral analysis, while Voigt
functions have been used to perform each fitting procedure.
Chemical shifts have been referred to C 1s (C-C) at 284.5 eV.
Data have been analysed with CasaXPS software (Version
2.3.18).

Results and discussion

After the synthesis, the alkyne monomer chosen (bis(propar-
gyl) fumarate) was mixed with a trifunctional thiol, in different
ratios, in order to obtain formulations with stoichiometric and
off-stoichiometric (OSTY) compositions. Before printing, the
reactivity of the liquid mixtures was assessed by photorheology
tests (see the ESIf). Following the variation of the elastic
modulus upon visible light irradiation, it has been possible to
observe the polymerization kinetics of the three formulations:
while the stoichiometric one (EQ) and the one with the excess
of thiols (TH) presented a good reactivity, similar to other for-
mulations already proposed,’” the formulation with the excess
of triple bonds (YNE) needed longer irradiation times. The
delayed gelation time in the YNE formulation can be attributed
to the lower amount of trifunctional thiol monomers, which
act as cross-linkers, allowing rapid creation of a polymer
network. Considering the reactivity of the mixtures, different
mechanisms occur: with higher thiol concentrations (TH and
EQ formulations) an ideal step-growth reaction should occur
(see the ESIt for the thiol-yne and thiol-ene reaction scheme)
while in thiol-limited samples (YNE) a chain-growth addition
mechanism could also occur, i.e. homopolymerization of the
alkyne/alkene moieties.’® Considering the different reaction
rates of the two mechanisms, different curing times are
necessary.

The evaluation of the curing time by photorheology allowed
setting the printing parameters (see Table S1 in the ESIY).
Firstly, flat specimens (5 x 20 x 0.3 mm) were produced for
each single formulation, and then hybrid samples were also
obtained by changing the formulation during the printing
process; this allowed obtaining samples presenting different
excesses of reactive groups on the different sides. Those speci-
mens were both used for ATR, XPS and DMA measurements.
The conversion of the reactive groups was evaluated by ATR
analysis comparing the spectra of the liquid formulations with
those collected on the printed samples. The values of conver-
sion are reported in Table 2 (see the Characterization section
for peak assignment; spectra reported in the ESIf}).

The alkyne molecule used also presents a vinyl double
bond along its chain; this group can also react with one thiol
moiety; thus, the conversion of the double bond has also been
taken into consideration. Nevertheless its interpretation is rela-
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Table 2 Conversion of the reactive groups present in the formulation

by observing the decrease of the thiol (2570 cm™), alkyne (2130 cm™)
and alkene (1640 cm™?) peaks in ATR spectra

—-SH conversion -C=C- conversion = -C=C- conversion

Sample (%) (%) (%)
EQ 60 50 72
YNE 80 37 63
TH 48 98 100

tively complicated since, during the thiol-yne reaction, after
the addition of a first thiyl radical to the triple bond, a vinyl
sulphide is also temporary generated and thus a concomitant
effect is observed.*®

The values reported showed that the EQ specimen does not
reach full conversion, and it presents both unreacted thiol and
triple bonds. This could be expected, considering that once
the two monomers react the mobility of the system consider-
ably decreases, preventing further reactions. As a matter of
fact, this formulation becomes 3D printable; however, the pres-
ence of both the species in a considerable amount makes this
material not exploitable for selective functionalization.
Differently, both the OSTY formulations present a more con-
trollable behaviour. As expected, the TH formulation presents
a complete reaction of unsaturated bonds, since they could
react with the thiols present in their proximity. Similarly, the
YNE formulation presents a very high conversion of -SH
groups and a high number of remaining triple bonds.

In order to support ATR results, XPS analyses have been
performed on the EQ, TH and YNE samples. The presence of
C, O and S (together with P due to the presence of the photo-
initiator) has been highlighted by survey measurements (not
reported). Then, HR spectra have been collected in order to
specify the residual chemical bonds, especially for off-stoichio-
metric formulations. C 1s peaks have been deconvoluted into
6 peaks for the EQ and YNE samples and only 3 peaks for the
TH one.

Fig. 1A reports the three C 1s peaks, together with the attri-
bution of each chemical shift. According to the literature,*®*°
the C-C peak (peak I) has been assigned to 284.5 eV, while the
—-C=C- and the -C=C- bonds have been located respectively
at —0.3 eV and at —0.7 eV from the C-C one. The fourth peak
at 1.20 eV from peak I has been assigned to C-O/C-N/C-S
bonds, while the fifth one at 2.50 eV to C=0 and the sixth and
last one at 3.80 eV to C-O-C=0. Table 3 reports the relative %
due to -C=C- and -C=C- chemical shifts, in order to make a
comparison with ATR results. It is necessary to point out that
since the two techniques have different in-depth sensitivities,
the % could not be exactly the same (XPS can sample the first
10 nm maximum from the rear surface, while ATR can sample
several microns). Nevertheless, it is possible to find an accord-
ance between the two sets of data, since the sample with the
higher % of -C=C- is YNE, which is the one with the lowest
-C=C- according to ATR measurements.
Regarding the -C=C- % the sample with the lowest amount is
the TH one, which has shown a 100% complete conversion,

conversion
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Fig. 1 HR XPS spectra for EQ, TH and YNE samples: (A) C 1s peaks and (B) S 2p doublets with their deconvolution curves.

Table 3 Chemical bonds % evaluated by means of HR XPS spectral
deconvolution for S 2p (unbound thiol —-SH) and C 1s (-C=C- and
—C=C- chemical shifts) photoelectron peaks

Sample -SH (%) -C=C- (%) -C=C- (%)
EQ 5.5 11.9 3.0

YNE 5.7 13.8 3.7

TH 46.7 <0.1 <0.1

together with the -C=C- contribution. In fact, for the sample
TH, the two peaks related to these chemical shifts have not
been inserted: by maintaining the same FWHM of the C-C
peak for all the samples, it is not needed to further add the
two contributions related to unsaturated C bonds to get the
best fit.

Regarding the thiol groups, the S 2p photoelectron peaks
have been checked for each sample. We have used four doub-
lets (S 2ps/, and S 2py, 1.18 eV separated one to each other)
in order to perform the best deconvolution procedure. The
first doublet, located at 162.8 eV, has been assigned to the
bound thiol group, as reported in several papers.’*>> The
second doublet, at 163.3 €V, has been related to the unbound
thiol group, which means that the -SH termination is free and
available for further reactions. The third doublet at 165.3 eV is
due to -SO;, while the last one at 167.4 eV is due to the -SO,
bond. In Table 3 the % due to unbound thiol is reported. The
sample with the highest concentration is the TH one, in
accordance with ATR results, which show that TH is the
sample with the lowest conversion rate.

The results obtained with different techniques for the
different reactive moieties are in line with the literature;

1.*® measured the evolution of the concentration

Faribanks et a
of the functional groups in OSTY reactions and showed that,
after polymerization, when the alkyne is in excess, besides the
presence of residual triple bonds, the presence of vinyl groups

is higher than in stoichiometrically balanced formulations,

This journal is © The Royal Society of Chemistry 2019

while no vinyl groups were observed in the formulation con-
taining the excess of thiol which shows a relatively high
amount of SH groups.

The printed flat specimens were also tested by Dynamic
Mechanical Analysis, DMA (see Fig. 2); different matrices
showed even a different thermal-mechanical behaviour. DMA
measurements showed that the 3D printed materials presented
a higher glass transition temperature (7,) by increasing the
amount of the yne monomer in the formulation, moving from
8 °C in the TH sample to 34 °C in the YNE one. This could be
explained taking into account that the yne monomer gives
rigidity to the system (see DSC of the monomer in the ESIt).
This effect could be used to tune the desired properties of the
final object. Moreover, a bilayer specimen was produced, chan-
ging the printable formulation at half of the printing process.
As expected, the sample presented the two T,s of the two off-
stoichiometric materials, indicating that it is possible to print

—EQ
105 —— YNE
091 —TH
o] —— YNE+TH bilayer

Tan §

T T
-40 20 0 20 40 60
Temperature (°C)

Fig. 2 Tan ¢ plot obtained by DMA on flat specimens produced with
the three formulations (off-stoichiometric TH, off-stoichiometric YNE
and stoichiometric EQ) and on one bilayer specimen built with the two
OSTY formulations one after the other (TH and YNE).
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consecutively the two formulations maintaining their distinct
properties.

The studied formulations allowed printing parts of
different shapes with a good resolution (smallest features
~300 um X-Y plane, see Fig. 3). Furthermore, just by changing
the formulation during the printing process, it has been poss-
ible to obtain objects exposing different functional groups
(-SH or alkyne) along their z axis (Fig. 3). No delamination
during printing was observed and good adhesion of the
different layers was also maintained after the post curing
process, which was demonstrated by an easy handling of the
hybrid materials.

The residual functional groups, whose presence was evalu-
ated by ATR and XPS analysis, can be exploited for further
functionalization steps; in a previous study Hoffmann et al.*?
exploited unreacted thiol moieties from a 3D printed OSTE for-
mulation to graft propargyl acrylate on a printed surface and
subsequently exploited the triple bond to link a fluorescent
dye containing azide. In this work, as a proof of concept, the
alkyne groups still available on the printed parts have directly
been exploited in the functionalization step with the syn-
thesized azide terminated squaraine dye.

Thus, by choosing a dye, which selectively reacts towards
the alkyne groups still available in the 3D printed object, we
demonstrated that the printed structures can be easily and
specifically functionalized. As expected from previously

Fig. 3 Images of the 3D printed objects. (A) Result of the post
functionalization step with the squaraine dye for the three formulations
(off-stoichiometric TH, off-stoichiometric YNE and stoichiometric EQ).
(B) Structure built with the stoichiometric formulation (EQ), (C) hybrid
structure with the two off stoichiometric formulations (YNE at the
bottom and TH at the top), and (D) result of the post functionalization
process on the same structure.
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described analysis and conversion of the reactive groups, the
triple bonds were available in different amounts in the three for-
mulations according to their composition (TH, EQ and YNE).

In Fig. 3A, the results of the post functionalization step
with the azide terminated squaraine dye for the 3D printed
object obtained starting from the three selected printable for-
mulations, two off-stoichiometric formulations (YNE and TH)
and one stoichiometric formulation (EQ). As stated, a trend in
the colour change, from native white to blue (due to the pres-
ence of squaraine dye), of the three different specimens was
evident. In particular, there was no evidence of dye functionali-
zation in the off-stoichiometric TH sample, while there was an
increasing dye linkage in the EQ and OSTY YNE, respectively.

To further demonstrate the selectivity of the post
functionalization, due to the azide terminated squaraine dye
reacting with the OSTY YNE, a fluorescent imaging study was
performed on a slice obtained from the hybrid structure
(Fig. 3D). The sample was selected along the z axis (hybrid
structure with the two OSTY formulations), in order to be
representative of the whole 3D printed object. When the fluo-
rescence dye (azide terminated squaraine) was grafted on the
specimen, it was possible to produce a fluorescence image of
the different printed layers.

To provide a wider field-of-view, a large image was produced
(72 scans with a 10x objective), as shown in Fig. 4. The wide
field fluorescence image (Fig. 4B) clearly shows the different
triple bond conversion, between the two OSTY formulations.
The blue fluorescence signal due to squaraine dye functionali-
zation was really intense in the YNE part (top of the image)
and only barely visible in the TH area (bottom of the image).
As a result, the fluorescence study exhibits a sharp edge in the
interface area, verifying the possibility of selectively functiona-
lizing the 3D printed object, only by changing along the z-axis
the stoichiometry of the formulations.

Fig. 4 Wide field optical detection (A — bright field and B — fluor-
escence) of the slice obtained from the 3D printed hybrid structure
(scale bar 1 mm). The sample was functionalized with a solution of
1 mmol of azide terminated squaraine.

This journal is © The Royal Society of Chemistry 2019
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Conclusions

In this work, we demonstrated that thiol-yne chemistry is an
available strategy for the production of new 3D printable
materials. Moreover, the development of off-stoichiometric
thiol-yne formulations (OSTY) allows the possibility of locally
tuning the characteristics of the network, exposing selectively
desired moieties (either alkyne or thiol groups) that could be
exploited for a further functionalization step. We reached this
goal by successful grafting of squaraine dyes with azide
moieties.

The strategy proposed here opens a new perspective for the
fabrication of functional 3D printed structures, in particular
for the biomedical field in which multiple functionalizations
could be a key-point to the development of next generation
devices.
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