Open Access Article. Published on 20 February 2023. Downloaded on 3/7/2026 1:47:11 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Polymer
Chemistry

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

{ M) Check for updates ‘

Cite this: Polym. Chem., 2023, 14,
1213

Received 23rd December 2022,
Accepted 19th February 2023

DOI: 10.1039/d2py01593e

rsc.li/polymers

Introduction

Colorimetric 3D printable base-detectors exploiting
halocromic core-substituted naphthalenediimides¥

Beatrice Tosetto,®P Matteo Gastaldi,“%¢ Giacomo Renno,&%f
Candido Fabrizio Pirri,>9 Claudia Barolo, {2 ¢ Andrea Fin© and
Ignazio Roppolo (&) *#9

3D printing field is in rapid evolution, and its applications are widening continuously. Among the different
techniques available, light induced vat-methods are demonstrated to be particularly suitable for develop-
ing functional devices due to their superior precision and their high flexibility in terms of materials pro-
perties. An emerging strategy for imparting functional properties consists of the use of functional dyes,
which can confer peculiar properties even at low contents, improving at the same time polymerization
control and printing precision. Herein, an ad-hoc synthesized core-substituted naphthalene diimide
(cNDls) dye is investigated as a functional dye for Digital Light Processing 3D printing, to give pH sensitivity
properties to complex objects. The employed cNDI shows multi-color responsivity towards different con-
ditions, spanning from yellow to blue. Different 3D printable matrices are here compared, and among
those poly(ethylene glycol) diacrylate is selected since it maximizes the dye response when in contact
with acid/basic solutions, also showing good miscibility, fast photopolymerization kinetics, and excellent
CAD fidelity of the 3D printed structures. Furthermore, it is also demonstrated that the 3D printed struc-
tures are responsive to basic vapors, as well as to organic solution containing Lewis bases. These results
go far beyond standard use of pH-responsive dyes, opening up to new and wider applications. At last,
stimuli-responsive 3D devices are fabricated, producing smart lab-ware and microfluidic devices which
can give in operando visual responses towards basic vapors and basic organic solutions.

optimizing models and software, and obtaining faster printing
with higher resolution. Only recently, attention was devoted to

Additive Manufacturing (AM) and 3D printing (3DP) are pre-
dicted to revolutionize industrial production and everyday life
in the next decades, enabling the production of devices with
highly complex shapes, usually impossible to obtain through
traditional production techniques.' In its early stages, most of
the efforts in 3DP were focused on improving the equipment,
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the development of new 3D printable materials, aiming at
gathering materials and design to achieve synergistic effects
that cannot be obtained otherwise.>®> Among the different 3D
printing technologies, Digital Light Processing (DLP) is par-
ticularly attractive since it can enable the fabrication of objects
with excellent final resolutions, CAD fidelity, high complexity,
fast printing process together with low costs and materials
consumption.*® Furthermore, since it is based on liquid
photocurable formulations, it is easy to modify the printable
materials to obtain tailored properties.°® On the other hand,
some drawbacks still limit the full development of DLP 3D
printing, such as the impossibility of obtaining multi-material
objects on the XY-plane, the reduced size of printable devices,
and, most of all, the limited palette of available photocurable
materials, which is still in growth.’

Photocurable formulations for DLP are basically composed
of photocurable monomers/oligomers and a photoinitiator.
While the formers determine the polymeric features (ie.,
mechanical, chemical, and surface properties), the latter is
needed to start the polymerization process by absorbing the
incident radiation. Furthermore, fillers, dyes, and other addi-
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tives may be added.'®"" Among those, dye is used to compete
with the photoinitiator in the absorption of the light source
used for 3D printing, slowing down the photopolymerization
process and enabling a better space control of the reaction,
which in turn improves the resolution.""'* As a side effect,
the presence of dye usually leaves a final color which is often
undesired or, in the best option, only used for aesthetic
purposes.

Recently, new research approaches have been developed,
aiming to exploit functional dyes to improve printing resol-
utions and to provide new specific properties to the material.
In this frame, functional dyes were used in 3D printing to fabri-
cate polymeric waveguides, devices with optically tunable
mechanical properties, mechanochromic strain sensors, devices
with photo-controlled gas permeability, and many more.'***

In this work, the properties of core-substituted naphthalene
diimide (cNDIs) dyes were exploited to develop base sensing
3D printed materials. ¢cNDIs are versatile compounds able to
span the whole visible spectrum upon simple structural modi-
fications. Electron-donor groups in the core create a push—pull
system with the imides moieties, shifting both absorption and
emission profiles along the visible spectrum. In a complemen-
tary manner, imide substitution can finely tune solubility and
supramolecular assembly without affecting the photophysical
properties.’>® Herein, two hydroxyl groups have been
inserted on the aromatic core, while the imide sites have been
decorated with long octyl chains. As previous work on similar
systems proved, the obtained dye (namely, NDI-OH) modulates
the photophysical traits upon pH changes due to the two
hydroxyl groups undergoing acid-base equilibria. While two
deprotonated groups move the absorption in the deep-red
region of the visible spectrum, their bis-protonated analogue
is hypsochromically shifted to ca. 460 nm. Summarizing,
NDI-OH color varies from yellow to its complementary blue/
purple color. This provides good sensitivity also for necked
human eyes."®

Due to these remarkable properties, NDI-OH was thus used
as responsive dye to fabricate polymeric 3D printed colori-
metric sensors for bases, able to detect both liquid and vapor
phases. Colorimetric devices are usually based on dispersed
dyes in different matrices, such as polymers, silica gel, glass,
or paper.”® The device’s final properties and efficiency depend
mainly on three factors: (i) the selected materials, (ii) their
interaction with sensed species, and (iii) the design
optimization.?>*' On the other hand, the select hosting matrix
should not hinder the adsorption of sensed species and their
diffusion into the sensor’s inner parts.”’ In fact, the colori-
metric response time is strongly related to the total time
requested by the target species to complete those steps. For
these reasons, the device’s design optimization becomes
crucial, to reduce the involved material thickness and ensure
device integrity;*® in this context 3D printing can play a key-role.

Furthermore, dyes’ leaching from the polymeric matrix rep-
resents a great limitation, that can affect the stability and dura-
bility of the device as well as the color homogeneity and
sensitivity.>>** To solve those problems, long alkyl chains were
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grafted on NDI-OH dye, to improve miscibility, and homogen-
eity and to avoid leaching.

After preliminary investigations on the most suitable
matrix, NDI-OH has been embedded in PEGDA-based poly-
meric formulations and further processed by DLP-3D printing.
The fabricated devices detected basic species in aqueous and
vapor media, expanding the conventional capabilities of pH
indicators. Additionally, the developed material proved to be
active also in organic liquid solutions, opening up new and
broader applications beyond pH definition. Lastly, stimuli-
responsive 3D devices were fabricated and built as a proof of
concept, obtaining base-sensitive microfluidics or lab ware.

Experimental
Materials

All reagents and solvents for the synthesis were purchased
from Sigma-Aldrich, Merck, Fluka, Riedel de Haen, and Alfa
Aesar and used without further purification unless otherwise
noted. All solvents were purchased from VWR, Carlo Erba, and
Sigma-Aldrich and used without other purification. The photo-
curable monomers poly(ethylene glycol) diacrylate (PEGDA)
average M, 250, 575, 700, 1,6-hexanediol diacrylate (M,, 226.27,
HDDA), bisphenol A ethoxylate (2 EO/phenol) diacrylate (M,
572, BEDA), bisphenol A ethoxylate (15 EO/phenol) dimeth-
acrylate (M, 1700, BEMA), the photoinitiator 2-hydroxy-2-
methylpropiophenone, the UV adsorber 2-(2-hydroxy-5-methyl-
phenyl)benzotriazole were obtained from Sigma Aldrich and
used as received. Ammonia solution 25%, 1,8-diazabicyclo
[5.4.0lundec-7-ene 98% (DBU), dimethyl sulfoxide (DMSO),
ethylene glycol, toluene, acetonitrile, propylene carbonate,
n-hexane, N,N-dimethylformamide (DMF), acetone, isopro-
panol, ethanol were purchased from Sigma Aldrich and used
as received.

Dye synthesis

The synthetical pathway and all reagents and yields are
reported in Scheme 1.

Synthesis of 2,6-dibromo-1,4,5,8-naphthalenetetracarboxylic
dianhydride (2)

Compound 2 was prepared following the same procedure
reported by Berezin et al.>* The chemical characterization is in
agreement with the reported data.

Synthesis of 4,9-dibromo-2,7-dioctylbenzo[lmn][3,8]
phenanthroline-1,3,6,8 (2H,7H)-tetraone (3)

Compound 3 was synthesized following the same procedure
reported by Modarelli et al.>® The chemical characterization is
in agreement with the reported data.

Synthesis of 4,9-bis(allyloxy)-2,7-dioctylbenzo[lmn][3,8]
phenanthroline-1,3,6,8 (2H,7H)-tetraone (4)

A freshly prepared solution of AllylONa in allyl alcohol (240 pL
of a solution 1 M of NaH in allyl alcohol) was added dropwise

This journal is © The Royal Society of Chemistry 2023
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Scheme 1
rt, 10 h (56%).

to a solution of 3 (50 mg, 0.08 mmol) in dry CH,Cl, (8 mL).
The mixture was stirred at rt for 7 h. Then, CH,Cl, was added,
and the organic layer was washed with brine and water, dried
over Na,SO, and concentrated in vacuo. The crude was purified
by flash chromatography (CH,Cl,/n-hexane 3:2), affording 4
as a yellow solid (13 mg, 28%). "H-NMR (600 MHz, CDCl;):
8.47 (s, 2H), 6.18 (ddt, 3/(H,H) = 17.2, 10.6, 5.2 Hz, 2H), 5.72
(dq, 3/(H,H) = 17.2 Hz, 2J(H,H) = 1.2 Hz, 4/(H,H) = 1.4 Hz,
2H), 5.45 (dq, 3/(H,H) = 10.6 Hz, 2J(H,H) = 1.2 Hz, 4](H,H) =
1.4 Hz, 2H), 5.02 (dt, 3/(H,H) = 5 Hz, 4/(H,H) = 1.5 Hz, 4H),
4.15 (t, 3/(H,H) = 7.8 Hz, 4H), 1.73 (qt, 3/(H,H) = 7.8 Hz, 4H),
1.42 (qt, 3/ (H,H) = 7.7 Hz, 4H), 1.36 (qt, 3/ (H,H) = 7.6 Hz, 4 H),
1.32-1.25 (m, 12 H), 0.87 (t, 3/(H,H) = 6.8 Hz, 6H). >*C-NMR
(150 MHz, CDCl;): § 162.53, 161.27, 159.80, 131.60, 127.80,
123.88, 120.12, 119.47, 111.36, 71.61, 43.44, 31.96, 29.46,
29.36, 28.14, 27.31, 22.79, 14.79.

Synthesis of 4,9-dihydroxy-2,7-dioctylbenzo[lmnn][3,8]
phenanthroline-1,3,6,8 (2H,7H)-tetraone (NDI-OH)

To a solution of 4 (13 mg, 0.02 mmol) and Pd(PPh;), (1.3 mg,
0.001 mmol) in dry CH,Cl, (3 mL), phenylsylane (17.3 mg,
0.16 mmol) was added. The mixture was stirred under Argon
at rt for 12 h. Volatiles were removed in vacuo, and the reaction
crude was purified by flash chromatography (CH,Cl,/n-hexane
1:1), affording NDI-OH as a yellow solid (6 mg, 53%)."H-NMR
(600 MHz, CDCl5): 12.38 (s, 2H), 8.30 (s, 2H), 4.17 (t, *J(H,H) =

7.7 Hz, 4H), 1.73 (qt, *J(H,H) = 7.6 Hz, 4H), 1.42 (qt, *J(H,H) =

Table 1 Composition of the photocurable formulations
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(@) DBHMH, H»SO4, 16 h, 60 °C (b) n-octylamine, AcOH, 90 °C, 4 h (64%). (c) AllylONa, DCM, rt, 12 h (28%). (d) Ph3SiH, Pd(PPhz);, DCM,

7.6 Hz, 4H), 1.36 (qt, *J(H,H) = 7.4 Hz, 4 H), 1.32-1.25 (m, 12
H), 0.87 (t, *J(H,H) = 6.9 Hz, 6H). ">*C-NMR (150 MHz, CDCl,):
5 168.55, 166.42, 161.92, 160.68, 127.25, 123.94, 106.96, 40.75,
31.93, 29.38, 29.32, 28.09, 27.19, 22.77, 14.24.

3D printable formulation

The photocurable formulations (Table 1) were prepared by first
dispersing the photoinitiator in liquid monomers and then
adding the UV adsorber or the dye. The dye is added as a
powder or previously dispersed in acetone to increase its solu-
bility. The formulations obtained are mixed by sonication and,
in the required cases, placed at 50 °C until complete evapor-
ation of the added solvent.

Characterization

Nuclear magnetic resonance "H NMR (600 MHz) and '>C NMR
(151 MHz) experiments were conducted using a JEOL ECZ-R
instrument (*H operating frequency 600 MHz).

Preliminary analyses were conducted to determine the most
suitable polymeric matrix for the desired application.
Formulations #1 to #6 (Table 1) were used to prepare samples.

Some preliminary samples were prepared as follows. Ten
formulations’ drops spread on glass were photopolymerized by
irradiating with the UV lamp Hamamatsu LC8 (time: 5 s; UV-
light intensity: 5.3 mW em™?) in a nitrogen atmosphere. The
samples were used to evaluate the materials’ behavior after
1 hour of direct contact tests (by soaking the samples into the

NDI-OH
Photo-initiator UV Adsorber Solvent evaporation

Identifying name  Monomeric resin (phr) (phr) phr  Physical state® Sonication time at 50 °C
#1 PEGDA 250 2.5 — 0.1 P 60 min —

#2 PEGDA 575 2.5 — 0.1 P 60 min —

#3 PEGDA 700 2.5 — 0.1 p 60 min —

#4 HDDA 2.5 — 0.1 P 60 min —

#5 BEDA 2.5 — 0.1 P 60 min —

6 BEMA 2.5 — 0.1 D1 15 min —
B_NDI-OH BEMA 2.5 — 0.1 D5 15 min Yes
P575_NDI-OH PEGDA 575 2.5 — 0.1 D5 15 min Yes
P575_UV PEGDA 575 2.5 0.2 — — 15 min —

P575 PEGDA 575 2.5 — — — 15 min —

“P: dye is added as powder, D1: dye previously dispersed in acetone (1 mg ml™"), D5: dye previously dispersed in acetone (5 mg ml™).

This journal is © The Royal Society of Chemistry 2023
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solution) and indirect contact (by exposing the samples to the
solutions’ vapors) with a water/ammonia solution (ammonia
concentration of 25% by weight, pH(»5 oc) > 12).

For the indirect contact test, the samples were inserted in a
closed system together with a solution vat and kept at 37 °C to
promote evaporation. Direct contact test was carried out also
on P575_NDI-OH and B_NDI-OH DLP-3D printed samples.

Real-time rheological measurements were performed using
an Anton Paar rheometer (Physica MCR 302) in parallel-plate
mode with a Hamamatsu LC8 lamp equipped with an 8 mm
light guide, with a bulb emitting UV light. The measurements
were conducted using a quartz window and two set-ups charac-
terized by different light intensities: 0.5 and 4.7 mW cm >
(evaluated on the quartz window). The gap between the two
plates was set to 0.2 mm; the samples were kept at a constant
temperature (25 °C) and under a constant shear frequency of
10 rad s'; the light was turned on after 1 min to stabilize the
system. The variation of storage (G') and loss (G”) shear moduli
during irradiation was measured as a function of exposure
time. The measurements were carried out in the linear visco-
elastic region (LVE) with a strain amplitude of 0.3%. The LVE
was previously evaluated by performing an amplitude sweep
measurement at 10 rad s~ (strain from 0.1 to 100%).

An Asiga MAX UVX27 DLP-3D printer (build area: 51.8 x
29.2 x 75 mm?, light emission at 4 = 385 nm, nominal XY-pixel
resolution of 27 pm, layer thickness adjustable from 1 to
500 pm) was used to print all the samples. The light intensity,
the exposure time, and the layer thickness were optimized for
each material and the 3D model to be printed (Tables S1 and
S21). The build platform was covered with a glass layer to
improve the optical quality of the sample’s surface. After the
printing process, a 3 minutes post-curing step was performed
in a UV oven equipped with a medium-pressure mercury lamp
provided by Robot Factory (UV-light intensity 12 mW cm™2).

Printing fidelity to the original CAD models was evaluated
through a 3D optical scanner (E4, 3Shape, sensitivity 4 um) by
comparing the scanned data and the reference model. Results
are displayed as a colored 3D map of the geometrical deviation
from the original cad model.

Fourier Transform Infrared Spectroscopy (FTIR-ATR) tests
were performed with a Nicolet iS50 FTIR Spectrometer using
the Attenuated Total Reflection mode (32 scans from 400 to
4000 cm ™", resolution of 4.0 cm™"). The cross-linking process
was evaluated by monitoring the disappearance of the peak at
810 cm™" (related to the C-H bond stretching in the acrylic
group) compared to the peak at 1720-1730 cm™" (C=0 bond
stretching in the acrylic group). The conversion degree (CD%)
was calculated by eqn (1):

A 10
CD% = (1 - M) X 100 (1)

formulation

where A is the ratio between the underlying area under the
peak at 810 ecm™" and 1720-1730 cm™'. FTIR-ATR tests were
performed both on the surface (before and after post-curing)
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and in the core of the material (cut sample), to evaluate the
difference of conversions in bulky structures.

After printing and post-curing steps, gel content tests were
performed to evaluate the cross-linked fraction (insoluble frac-
tion) and the residual unreacted monomers. The samples were
held in a net, weighted, and soaked in two solvents (water and
chloroform) for 24 hours. Then, the samples were dried until
no mass variation was detected. The gel content (GC%) was
evaluated as reported in eqn (2):

Mdried

GC% = X 100 (2)

my

where m, is the initial sample’s mass, while mgieq is the
sample’s residual mass after the solvent extraction.

Dynamic-mechanical analyses (DMA) were conducted on a
Triton Technology DMA (Mettler-Toledo) in a tensile configur-
ation (frequency: 1 Hz, temperature: from —50 to 30 °C,
heating rate: 3 °C min~"', sample length: 10.35 mm, strain
amplitude: 0.2 mm).

Water vapor permeability analyses were conducted on 3D-
printed specimens (thickness 0.60 + 0.02 mm, surface area:
2.01 cm”) with an EXTRASOLUTION MultiPerm (temperature:
25.0 °C, RH: 100%; pressure: 1 bar, gas flow: 12.2 ml min™").
Permeability was calculated by eqn (3):

P=—" (3)

where WTR is the water transmission rate plateau, [ is the
sample thickness, and p is the pressure.

UV-Visible absorbance spectra were collected to evaluate
the color responsivity towards acid or basic vapors and liquid
through the BioTek Synergy HTX Multi-Mode Reader (wave-
length: 300-700 nm, sensitivity: 5 nm). P575_NDI-OH samples’
data were normalized for the absorbance value at 460 nm;
instead, for solutions and P575 samples, the curves were mul-
tiplied for a scaling factor (for more details, see eqn (S1) and
(S2) in the ESIf).

Those analyses were employed to detect the material colori-
metric responsivity to bases and the process’ kinetics and
reversibility (the conditions are reported in Tables S3 and S47).
For the pH responsivity, ammonia/water solutions at different
concentrations were employed. As organic basis, DBU dis-
solved in n-hexane at different concentrations was employed.
In this last case, tests were carried out only in the liquid phase
(direct contact test) as DBU has limited volatility (Ps(3;.7 oc) psu
= 0.071 bar vs. PSp; oc) nu, = 8.866 bar, from compound
datasheet).”®*” Process reversibility was studied by employing
HCl/water (for test in vapor and liquid phase) and benzoic
acid/n-hexane (for test in liquid phase) solutions and monitor-
ing the absorbance spectra evolution of the samples while
exposed to air for one month.

Swelling tests were carried out by soaking the samples for
8 hours and measuring the samples’ thickness before and
after. The swelling degree was calculated by eqn (4).

This journal is © The Royal Society of Chemistry 2023
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tr —

t.
Swelling (%) = ' x 100

(4)

1

where ¢; and ¢ are the initial and final samples’ thicknesses.

A smart lid and a fluidic device were 3D printed as a proof
of concept. The smart lid was tested under basic vapors from
the reaction reported in formula (1), and the color change was
video recorded.

Different solutions of DBU in n-hexane were used to feed
the fluidic through a syringe pump in 4 different tests con-
ducted consecutively on the same device (the concentrations
of all employed solutions are reported in Table S5). Color
change obtained in test b and c (Table S5t) was video recorded.

(1)

Ca(OH), + 2NH,Cl % 2NH; + CaCl, + H,0

Results and discussion

The NDI-OH dye has been prepared by adapting a reported
procedure (see Scheme 1 and the Material and methods
section for the synthetic details). Then, the optical properties
were evaluated by dissolving the NDI-OH in chloroform and
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adding an organic base (DBU) to induce deprotonation of one
or both OH groups in the NDI core (species in Fig. 1a). As
depicted in Fig. 1b, increasing the concentration of DBU, the
maximum in the absorbance spectrum of NDI-OH can be
shifted from 464 nm (yellow line) toward 565 nm (red line),
and finally, when both OH groups are deprotonated to 605 nm
(blue line). Complete photophysical characterization in
different solvents is reported in the ESI (Fig. S1t). Preliminary
tests were carried out to select the most suitable monomers to
develop the 3D printable formulation. Here, four aspects
should be taken into account: (i) highly printable monomers
should be preferred to facilitate the 3D printing process; this
includes viscosity in a suitable range and high photo-
polymerization reactivity;'"*® (ii) it is preferred to have good
miscibility between monomers and dyes, avoiding the use of
solvents that should be then removed;'"*° (iii) once cured, the
polymeric matrix should be permeable to aqueous vapors, to
facilitate contact with bases and let the color change process
takes place;* (iv) the polymeric matrix should trap the dye,
avoiding leakage during use.

Starting from these considerations, six polymeric resins were
tested, and among those, PEGDA 575 was selected for further

a) b) Protonated species
p
Mono-deprotonated species
CsH15 C7Hqs CsH1s = Bis-deprotonated species
N B B 5
O N._0O o 0 o 0 S
HO - 3
coL” ; :
8
OH O._ 0 5
: 3
o ",‘\ 9 o L 0 0 0 <
CoH N
7H15 C7H1s CrHis
—————————
400 450 500 550 600 650 700
Wavelength (nm)
10°
C) 107 d) .4
6 | - 8
10 = 10 creessaetieYe, L1412
10° - 5
& 107 A 1.0
/(? 104' 2 'o. —
o 2 |=—P575 55 =
- 10°- ® 106 P575_NDI-OH “*-.. 85
O - ] = ®%eesecnnd C
UV =4.7mWcm 3 " L0.6 ©
1071 e P575 S 10° ’y
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10" 4 B = p . — 0.4
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107" . . . . . 10° . . == ===00
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Fig. 1
centration; (c) evolution of P575 and P575_NDI OH storage moduli (G)

(a) Protonated and deprotonated species of the NDI OH molecule; (b) absorption spectra of NDI OH in chloroform with increasing DBU con-

during UV-light irradiation (light switched on after 60 s); (d) DMA plots of

P575 (black) and P575_NDI OH (orange) samples. Storage modulus (E’) solid line; Loss modulus (E”) dotted line, tan § dashed line.

This journal is © The Royal Society of Chemistry 2023
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experiments. A detailed explanation of the rationale beyond
these choices and preliminary experimental results are reported
in the ESI (Fig. S2, $3,1 and in the descriptive paragraph).

Afterward, the cross-linking process of the P575/NDI-OH
system was studied through a photorheological analysis of P575
and P575_NDI-OH formulations (Fig. 1c). Even if the presence
of the dye competes in the light absorption with the photo-
initiator (Fig. S471), photorheology results indicate that the pres-
ence of NDI-OH (in the low amount employed of 0.1 phr) does
not affect polymerization or slower the process kinetics.

In both formulations, the polymerization occurs rapidly
(around 1 s under 4.7 mW cm™> UV light irradiation), and the
curves are almost superimposable, suggesting that the dye
does not affect the kinetics in these conditions. Even decreas-
ing the light intensity one order of magnitude (0.5 mW cm™?),
the curves are similar despite the expected delay in the start of
the polymerization.

Photorheological analysis cannot be directly translated into
the parameterization of the printing process, as the measure-
ment conditions and the light source used are different.
However, it gives valuable indications for their setting, creating
a data set that must be optimized directly during the printing
steps.

The printing parameters were optimized to reach satisfac-
tory printing fidelity to the CAD models and a high printing
resolution. The parameters (see Tables S1 and S2%) are the
same for both formulations.

During the optimization process, two complex geometries
were selected: the honeycomb depicted in Fig. 2a, which
shows a complex geometry on the XY plane, and the hollow
cube (Fig. S5at) to test the resolution along the Z-axis.

The resolution and the printing fidelity reached with the
two samples (Fig. 2b and Fig. S5b¥) were evaluated employing
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Fig. 2
obtained comparing 3D-scanned model and the original CAD model.
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a 3D scanner. The scanned model is compared to the original
one, resulting in a heat map that describes the geometrical
deviation between the models, shown in Fig. 2¢ for the honey-
comb and Fig. S5ct for the hollow cube. The standard devi-
ation between positive and negative displacements of the hon-
eycomb model is equal to +0.12 mm. This result is improved
by the hollow cube sample, reaching a standard deviation of
+0.11 mm. Those data indicate excellent printing fidelity, even
if some minor defects of uncontrolled polymerization can still
be observed in hanging structures (see Fig. S5ct). These data
demonstrated that the formulation containing the NDI-OH dye
could be 3D printed, obtaining satisfactory resolutions even
for samples with complex geometries.

Conversion degrees of double bonds were measured by ATR
in both P575 and P575_NDI-OH samples (Table 2 and ATR
measurement in Fig. S6 and S77), obtaining similar results in
both the samples. As expected, conversion was measured
slightly higher on the surface than in the bulk of materials,
due to different light irradiation of the post-curing process.
Nevertheless, all these measurements agree with photorheol-
ogy results, demonstrating that the presence of NDI-OH
slightly influences the polymerization kinetics during the 3D
printing process. This is also confirmed by the gel extraction
tests performed in water and chloroform, which showed very
high values (>90%) of insoluble fraction (Table 2). On the
other hand, since gel content was not 100%, it is possible to
argue that dye can be leached during this process, so an evalu-
ation of its possible leaching was conducted after the gel
content tests, noticing no evidence of dissolved dye (Fig. S87).
This suggests that the extracted part can be related to
unreacted monomers or errors in weight measurements.
Nevertheless, those values are compatible with the values of
fully cured materials. As expected, considering the low

(@) Honeycomb CAD model; (b) pictures of P575_NDI-OH 3D printed sample with honeycomb geometry; (c) printing fidelity heat map
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Table 2 Gel content test results, conversion degree, and DMA of P575 and P575_NDI OH samples
Gel content Conversion degree DMA
In water (%) In chloroform (%) Surface (%) Core (%) E" (MPa) Ty (°C)
P575 After 3D printing — — 96 — — —
After post-crosslinking 97.0 91.1 99 81 25 -16
P575_NDI-OH After 3D printing — — 85 — — —
After post-crosslinking 95.1 90.0 94 82 25 -16

“Evaluated at 25 °C.

amount of dye, DMA analysis confirmed that NDI-OH pres-
ence does not affect thermomechanical properties (Fig. 1d
and Table 2).

After the polymeric characterization, some investigations
were conducted to evaluate the material’s behavior in contact
with aqueous vapors and liquid organic phases, to verify the
material’s compatibility with possible final applications.***

In this context, the thickness of the sensing material is
crucial since very thin specimens have a faster response due to
rapid diffusion processes, but low mechanical properties.>
For this reason, a trade-off value of 0.5 mm was set (see ESI
file and Fig. S91). Regarding the water, the permeability test
showed a good affinity with vapor (Fig. S10 and Table S6) and
no visible damages were produced even after 18 hours of
contact. The promising results obtained with water vapors are
related to resin’s hygroscopicity, which on the other hand,
leads to some drawbacks for direct contact with liquid water.
In fact, both P575 and P575_NDI-OH samples undergo crack-

Direct contact
a) pH8 pH9 pH10 pH11 pH12

Aft
mi

After

hours

ing and failure after a prolonged soak in water. For these
reasons, the materials developed demonstrated to be more
promising as vapor pH sensors than for aqueous solutions.
Regarding the material’s behavior in organic solutions,
n-hexane was demonstrated to be the most suitable organic
solvent (solvent selection is reported in Table S77).

The responses of 3D printed materials towards basic
agents both in liquid and vapor phases were tested. As men-
tioned above, NDI-OH gives two distinct color changes at
different pH conditions (Fig. 1a). In preliminary tests, it was
assessed that this also occurs when embedded in a polymeric
matrix, directly and indirectly in contact with NH; solutions
(Fig. S27).

Nevertheless, in view to develop functional devices, it is
necessary to define in detail the response and kinetics of the
3D printed materials in different conditions by UV-visible
spectroscopy. Negative controls performed on the neat P575
samples confirmed that there are no changes in absorption in
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Fig. 3 (a) Pictures of P575_NDI-OH samples after 18 minutes or 24 hou

Wavelength (nm)

rs of direct and indirect contact test with NH3/H,O solutions at different

pH; (b) visible absorption spectra of P575_NDI-OH samples tested for 18 minutes by direct contact with NH3/H,O solutions at different pH; (c) com-
parison between the absorption spectra of P575_NDI-OH samples tested at pH 12 for 18 minutes and 24 hours by direct and indirect contact test.
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basic conditions (Fig. S11, and S12). Similarly, the
P575_NDI-OH doesn’t show any color change when in contact
with water and n-hexane (Fig. S8, and S117).

Afterward, colorimetric analyses were conducted by testing
the samples both via direct and indirect contact with
ammonia solutions. For those analyses, ammonia was selected
as a base because, thanks to its high volatility, it is suitable for
the indirect contact analyses set-up.

Increasing the solutions’ pH, all samples turn from yellow
to red/brown (Fig. 3a). The variation of visible light absorption
is reported in Fig. 3b after 18 minutes of direct contact with
ammonia solution at different pH, while variation after
24 hours and indirect contact test results are reported in
Fig. S13.1 In all conditions, the peak involved in the absor-
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bance variation are at (i) 430 nm, (ii) 490, (iii) 535 nm, (iv)
650 nm. The first one decreases by increasing the solution pH
since it is related to the absorbance of the protonated NDI-OH
species (yellow). The others, instead, increase by increasing
the pH, since those are related to the absorbance of the red
mono-deprotonated (490 and 535 nm) and blue bis-deproto-
nated NDI-OH species (650 nm) respectively. The time depen-
dency and the comparison between liquid and vapor exposure
at pH 12 can be observed in Fig. 3c, which evidences the
strong similarity between the color evolution through 24 hours
in these two experiments. As shown in Fig. 3c media’s physical
state doesn’t affect the final NDI-OH color nor process kinetics
in the chosen matrix. More interestingly, also DBU solutions
in n-hexane cause a color variation from yellow to magenta
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(a) Visible absorption spectra of a P575_NDI-OH sample previously soaked in liquid NH3/H,O solutions at pH 12 and then in HCI/H,O at pH

1; (b) color evolution of a P575_NDI-OH sample previously soaked for 24 hours in liquid NHz/H,O at pH 12 and then exposed to air; (c) pictures and
(d) visible absorption spectra of P575_NDI-OH samples tested for 24 hours in liquid solutions of DBU/n-hexane with different concentrations; (e)
visible absorption spectra of a P575_NDI-OH sample previously soaked for 24 hours in 5% DBU/n-hexane solutions and then in 0.1 M benzoic acid/
n-hexane solution; (f) color evolution of a P575_NDI-OH sample previously tested for 24 hours in DBU/n-hexane solutions with increasing DBU

concentration and then exposed to air for 30 days.
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and finally to blue, as shown in Fig. 4c. The involved wave-
length and their trends (Fig. 4d) are similar to those involved
with ammonia solution, except for a little shift towards shorter
wavelengths. Compared with ammonia, DBU induces a wider
color variation, allowing the sample to reach a blue color.
Furthermore, P575_NDI-OH proved to be quite sensitive to the
DBU presence: the complete color evolution is observed with
concentrations lower than 1%.

Also in this case, process’s reversibility was investigated by
using acid species. Complete reversibility is reached in 6 days
of immersion in 0.1 M benzoic acid/n-hexane solution, as
shown in Fig. 4e; allegedly, stronger acid or higher concen-
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tration will speed up the process. Comparing color evolution
while exposing P575_NDI-OH to air in all conditions, it is
evident that the requested time strongly depends on the basic
agent’s absorbed quantity and volatility. In fact, as observed
before for samples tested with ammonia solution, air reversi-
bility speeds up by decreasing the sample thickness and the
time exposed to basic conditions. This consideration is con-
firmed by the analysis with DBU, in which increasing DBU
concentration in the initial test solution slows down the air
reversibility. In fact, after 30 days of air exposure, only the
sample tested with 0.05% DBU reached a color similar to the
original one (pictures in Fig. 4f and spectra in Fig. S18t).
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(a) Schematic representation of the smart lid's composition and application; (b) schematic representation of the fluidic application; (c) sche-

matic representation of a fluidic channel section; (d) smart lid application to monitor the evolution of the reaction reported in formula (1), by sensing
the generated vapor; (e) demonstration of the fluidic application by feeding solution with different DBU concentration. Pictures show the final color
reached at the end of the tests, drowns are schematic representations of the test feeding solutions.
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At last, two functional devices were 3D printed as proof of
concept for the potentialities of the developed material. When
designing a device, also based on the results here reported,
many parameters should be taken into account, in particular:
(i) the thicker is the sample, the more evident is the color to a
naked-eye; (ii) the thicker is the sample, the slower is the
overall color change, since this belongs to diffusion, that is a
time-depending process; (iii) the thicker is the sample, the
tougher is the part. So, a trade-off must be reached to have
clear but fast color change, together with devices easy to
manipulate. Because making very thin sample will lead to
fast color change but not so visible and, mainly, hard to
manipulate. On the contrary, very thick materials may suffer of
superimposition of colors, giving a final appearance which is
the result of already converted dyes with still unconverted
ones.

Starting from these assumptions,
designed to monitor a chemical reaction’s progress: the first
one is a smart lid that works by sensing basic vapor to detect
acid or bases. Instead, the second one is a fluidic that can be
used with liquid organic solutions to detect bases. Those
devices can be employed as colorimetric sensors, thanks to the
presence of P575_NDI-OH in a desired part of the com-
ponents, ie. funnel part of the lid (0.7 mm thick) and the
lower part of the fluidic channel (0.2 mm thick). A schematic
representation of their application is reported in Fig. 5a—c.

The fabrication of a multimaterial device along Z-axis is a
peculiar characteristic of DLP, obtained by changing the printa-
ble materials at the desired layer(s). Furthermore, the different
materials don’t need bonding or other treatments since the dis-
tinct layers chemically react by photopolymerization.

The smart lid was employed to detect ammonia molecules
in vapor phase released during a chemical reaction (formula
(1)). The color evolution of the 3D printed device shown in
Fig. 5d and Movie S1f demonstrates the suitability of this
approach. Similarly, a 3D-printed fluidic device can monitor a
chemical reaction in its channel. For that scope, a reaction
containing an organic base (DBU) was simulated in the device,
which showed an evident color variation along the path (see
Fig. 5e, Movies S2, and S37). In this frame, it is worth mention-
ing that reaction time must be comparable with the time
needed to complete the channel path, according to the
channel length and the volumetric flow rate.

two devices were

Conclusions

This work successfully developed a DLP 3D printable material
to detect basic species, embedding a halochromic dye in poly-
meric photocurable formulations. The colorimetric response is
obtained thanks to the functional dye NDI-OH, synthesized ad-
hoc for this purpose. The molecule translated its optical pro-
perties to the polymeric matrix, allowing to reach high printing
resolution and excellent printing fidelity. Among all the tested
printable materials, PEGDA 575 was selected since it showed a
better response.
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P575_NDI-OH was developed as a reversible solid pH indi-
cator for basic sensing, both in the aqueous and vapor phase,
even if the developed structures demonstrated to be more suit-
able for gas-phase sensing since prolonged soaking in water
may cause cracking and/or failure. In addition, during this
study, the material has proved to work also in organic liquid
solutions (e.g., DBU in n-hexane), a well-known not-nucleophi-
lic and hindered organic base. Colorimetric response to basic
vapors (NH;) or liquid organic solutions (DBU in n-hexane) is
very fast, occurring in 6-12 minutes. The process is entirely
reversible by employing acid solutions (1-6 days) or exposing
the converted sample to air (3-30 days).

The material potentialities are, finally, demonstrated by the
3D printing of two smart lab ware as proof of concept,
designed to monitor a chemical reaction’s progress. The find-
ings here reported demonstrate the successful development of
3D printed materials with new functionalities, which are a fun-
damental step forward in the field and towards new appli-
cations. Furthermore, the polymeric materials studied can
monitor also vapors and organic solutions, which are beyond
conventional applications of pH sensitive dyes and related
uses. At last, also multimaterial printing was demonstrated,
enabling the possibility to fabricate complex devices with dis-
tinct functionalities in the different parts.
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