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Abstract

Abstract

This PhD thesis, entitled "Development of Advanced Materials Based on Polymeric lonic
Liquids Formulated for Additive Manufacturing", has been written with a traditional
structure and contains six chapters. The initial chapter is the introduction to the thesis,
followed by three chapters that provide the main research performed, as well as the results
obtained, and ends with two final chapters (general conclusions and annex) and the

literature.

The thesis focuses on the design, development and characterisation of 3D printable
materials based on polymeric ionic liquids, which are studied and evaluated in several

applications, including antibacterial and photodegradation of pollutants.

Additive manufacturing, commonly known as 3D printing, is a revolutionary set of
technologies with many benefits compared to conventional fabrication techniques. The
design and production flexibility of this technology in conjunction with its capability to
transfer advanced properties of nanostructured materials across scales, opens up new
opportunities to design cost-effective smart materials for next-generation devices in
practically all fields of application. Nevertheless, 3D printing is critically limited by the
availability of resins designed for additive processes. Moreover, smart molecular systems
are frequently incapable of being integrated into 3D printable formulations, limiting the
printability of functional devices. Therefore, innovation in advanced materials specially

formulated for additive manufacturing is of great interest.

In this regard, polymeric ionic liquids (PILs) are ideal matrices to stabilise molecular and
nanostructured materials as a result of their ionic and supramolecular interactions. PILs are
high-molecular-mass compounds that combine attractive IL properties (wide
electrochemical windows, chemical and thermal stability, low vapor pressure, non-
flammability and non-volatility) with polymer features (i.e., mechanical robustness,
durability, low toxicity, rapid manipulation). In addition, these polymers can be formulated
to be printed by 3D techniques. For that reason, PIL-based formulations are really desirable
for designing biomedical, optoelectronic, electrochemical, redox and photoactive devices

among others.
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Within this context, this PhD thesis has demonstrated the outstanding ability of PILs to
stabilise different active materials, including perovskite nanocrystals, metallic nanoparticles,
conductive polymers and ionic liquids. Firstly, a variety of monomeric ionic liquids were
synthesised and characterised by spectroscopy and spectrometry techniques (*H NMR, 13C
NMR, elemental analysis, ESI-MS, FT-IR and TGA-DSC). These polymerisable molecules were
mixed with a cross-linker, a photoinitiator and different functional materials in order to
obtain novel 3D printable formulations that were photopolymerised after exposure to UV
light. The resulting advanced PlLs with tailor-made geometries were characterised by

different techniques (FT-IR, RAMAN, TGA-DSC, UV-Vis, optical microscopy and SEM etc).

In Chapter 2, several PIL formulations were functionalised with metallic precursors to obtain
antimicrobial materials. Their capacity to generate and stabilise nanoparticles was studied.
The 3D-printed devices presented antimicrobial activity against different bacteria and fungi.
Moreover, the printing parameters of a broad family of polymers were optimised in order
to improve the print performance. Afterwards, the biocompatibility of the resulting prints
was analysed. The monomeric ionic liquid and the photoinitiator play an important role in
enhancing the biocompatibility of the samples. Finally, the resultant non-toxic and
antimicrobial formulations were employed for 3D-printing a medical demonstrator at high

resolution.

In Chapter 3, the synergistic potential of encapsulating caesium perovskites into PILs was
demonstrated, generating optical devices. Different formulations were tested to achieve the
optimal embedding matrix. The stability of the nanocrystals after the suitable encapsulation
was enhanced, showing better light, moisture, water and thermal stability compared to pure
perovskite nanocrystals. A variety of perovskites were evaluated, including lead and lead-
free nanocrystals. Furthermore, the formulations were successfully 3D-printed in tailored
geometries. Solid photocatalysts capable to degrade an organic dye (methyl red) were
prepared by combining the well-known photocatalyst activity of the perovskites with the

adsorbent properties of PlLs.

In Chapter 4, conductive fillers were added into the PIL formulations in order to reduce the
resistance of the materials and obtain conductive devices. Mainly, it was investigated the

influence of adding conductive polymers (PEDOT) varying the order and form of addition.

\
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The introduction of homogeneous ionic liquids at different concentrations into the systems
was also studied for enhancing the conductivity of the materials. Additionally, these systems
were capable to stabilise and encapsulate successfully perovskite nanocrystals, reaching
optoelectronic properties. Lastly, PIL-based materials were functionalised with metallic salts

as another approach to increase the conductivity of polymers.

In summary, a big variety of formulations have been prepared and successfully
photopolymerised. By varying the monomeric ionic liquid, the cross-linker, the active
materials and the digital images, precise 3D objects with specific polymeric properties were
achieved. Subsequently, the different materials were employed in various applications,

depending on their respective characteristics.

As aresult of the work presented in this thesis, several papers were published in high impact
journals and there is another one in progress. The publications include a book chapter, a

review and two articles:

Miralles-Comins, S.; Alvarez, E.; Lozano, P.; Sans, V., 9 Exothermic advanced manufacturing
techniques in reactor engineering: 3D printing applications in flow chemistry. 2021, 259-
276.

Miralles-Comins, S.; Zanatta, M.; Sans, V., Advanced Formulations Based on Poly(ionic

liquid) Materials for Additive Manufacturing. Polymers 2022, 14 (23), 5121.

Wales, D. J.; Miralles-Comins, S.; Franco-Castillo, I.; Cameron, J. M.; Cao, Q.; Karjalainen, E.;
Alves Fernandes, J.; Newton, G. N.; Mitchell, S. G.; Sans, V., Decoupling manufacturing from
application in additive manufactured antimicrobial materials. Biomaterials science 2021, 9
(16), 5397-5406.

Miralles-Comins, S.; Zanatta, M.; Gualdrén-Reyes, A. F.; Rodriguez-Pereira, J.; Mora-Serg, |.;
Sans, V., Polymeric ionic liquid-based formulations for the fabrication of highly stable
perovskite nanocrystal composites for photocatalytic applications. Nanoscale 2023, 15,
4962-4971.
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Resum

Aquesta tesi doctoral, titulada "Development of Advanced Materials Based on Polymeric
lonic Liquids Formulated for Additive Manufacturing", ha estat redactada amb una
estructura tradicional i conté sis capitols. El capitol inicial és la introduccid a la tesi, seguit
de tres capitols que descriuen les principals investigacions realitzades, aixi com els resultats
obtinguts, i finalitza amb dos capitols finals (conclusions generals i I'annex) seguits de la

literatura.

La tesi es centra en el disseny, desenvolupament i caracteritzacié de materials imprimibles
en 3D basats en liquids ionics polimerics, el quals es van estudiar i avaluar en diverses

aplicacions, incloent la fotodegradacié de contaminants i aplicacions antibacterianes.

La fabricaci6 additiva, coneguda comunament com a impressid 3D, és un conjunt
revolucionari de tecnologies amb molts avantatges en comparacié amb les técniques de
fabricacid convencionals. La flexibilitat de disseny i producciéd d'aquesta tecnologia,
juntament amb la seva capacitat per transferir propietats avancades de materials
nanoestructurats a través de les escales (de nano a macro), obre noves oportunitats per
dissenyar materials intel-ligents per a dispositius de nova generacié en practicament tots els
camps d'aplicacid. No obstant aix0, la impressié 3D esta molt limitada per la disponibilitat
de resines dissenyades per a processos additius. A més, els sistemes moleculars intel-ligents
sovint sén incapacos d'integrar-se en formulacions imprimibles en 3D, limitant la
imprimibilitat dels dispositius funcionals. Per tant, la innovacié en materials avancats

especialment formulats per a la fabricacié additiva és de gran interés.

En aquest sentit, els liquids ionics polimerics (PILs) son matrius ideals per estabilitzar
materials moleculars i nanoestructurats com a resultat de les seves interaccions idniques i
supramoleculars. Els PILs son compostos d'alta massa molecular que combinen propietats
atractives dels liquids ionics (ampli rang electroquimic, estabilitat quimica i térmica, baixa
pressié de vapor, no inflamabilitat i no volatilitat) amb caracteristiques del polimer (és a dir,
robustesa mecanica, durabilitat, baixa toxicitat, rapida manipulacié). A més, aquests

polimers es poden formular per ser impresos mitjangant técniques 3D. Per aquest motiu,

VI
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les formulacions basades en PlLs sén realment desitjables per dissenyar dispositius

biomédics, optoelectronics, electroquimics, redox i fotoactius, entre d'altres.

En aquest context, aquesta tesi doctoral ha demostrat I'extraordinaria capacitat dels PILs
per estabilitzar diferents materials actius, incloent nanocristalls de perovskita,
nanoparticules metal-liques, polimers conductors i liquids idnics. En primer lloc, es van
sintetitzar i caracteritzar una varietat de liquids idonics monomeérics mitjancant tecniques
d'espectroscopia i espectrometria (*H RMN, 3C RMN, analisi elemental, ESI-MS, FT-IR i TGA-
DSC). Aquestes molecules polimeritzables es van barrejar amb un reticulant, un
fotoiniciador i diferents materials funcionals per obtenir noves formulacions imprimibles en
3D que es van fotopolimeritzar després de |'exposicié a la llum UV. Els PlLs resultants amb
propietats avancades i geometries fetes a mida es van caracteritzar per diferents técniques
(FT-IR, RAMAN, TGA-DSC, UV-Vis, microscopia optica i SEM, etc.).

En el Capitol 2, es van funcionalitzar diverses formulacions basades en PIL amb precursors
metal-lics per obtenir materials antimicrobians. Es va estudiar la seva capacitat per generar
i estabilitzar nanoparticules. Els dispositius impresos en 3D presentaven activitat
antimicrobiana contra diferents bacteris i fongs. A més, es van optimitzar els parametres
d'impressié d'una amplia familia de polimers per tal de millorar la resolucié d'impressié.
Posteriorment, es va analitzar la biocompatibilitat de les impressions resultants. Tant el
liquid ionic monomeéric com el fotoiniciador van tindre un paper important en la millora de
la biocompatibilitat de les mostres. Finalment, les formulacions no toxiques i
antimicrobianes resultants es van utilitzar per imprimir en 3D un demostrador medic a alta

resolucio.

En el Capitol 3, es va demostrar el potencial sinergic d'encapsular perovskites de cesi en
PILs, generant dispositius optics. Es van provar diferents formulacions per aconseguir la
matriu d'incrustacid optima. L'estabilitat dels nanocristalls després de I'encapsulacié
adequada va augmentar considerablement, mostrant una millor estabilitat front a la llum,
humitat, aigua i temperatura en comparacié amb els nanocristalls purs de perovskita. Es van
avaluar una varietat de perovskites, incloent perovskites sense plom. A més, les
formulacions es van imprimir amb éxit en 3D en geometries personalitzades. Es van preparar

fotocatalitzadors solids capacos de degradar un colorant organic (vermell de metil)

IX
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combinant la coneguda activitat fotocatalitzadora de les perovskites amb les propietats

adsorbents dels PILs.

Per ultim, en el Capitol 4, es van afegir additius conductors a les formulacions basades en
PILs per tal de reduir la resisténcia dels materials i obtenir dispositius conductors.
Principalment, es va investigar la influéncia de I'addicié de polimers conductors (PEDOT)
variant I'ordre i la forma d'addicionar-lo. També es va estudiar la introduccio de liquids ionics
homogenis a diferents concentracions en els sistemes per tal de millorar la conductivitat
dels materials. A més, aquests sistemes van ser capagos d'estabilitzar i encapsular amb éxit
nanocristalls de perovskita, aconseguint propietats optoelectroniques. Finalment, els
materials basats en PILs es van funcionalitzar amb sals metal-ligues com un altre

enfocament per augmentar la conductivitat dels polimers.

En resum, una gran varietat de formulacions s'han preparat i fotopolimeritzat amb exit.
Variant el liquid ionic monomeéric, el reticulant, els materials actius i les imatges digitals, es
van aconseguir objectes 3D precisos amb propietats polimériques especifiques.
Posteriorment, els diferents materials es van emprar en diverses aplicacions, en funcié de

les seves respectives caracteristiques.
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General Nomenclature for Formulations

PILX: mILX (80 mol%) + BDA (20 mol%) + TPO (1 wt%)

Ag@PIL1: PIL1 + AgSbFs (1 wt%)

PILX.1: mILX (60 mol%) + PEGDA 575 (40 mol%) + TPO (1 wt%)
PILX.2: mILX (80 mol%) + PEGDA 575 (20 mol%) + TPO (1 wt%)
PILX.3: mILX (90 mol%) + PEGDA 575 (10 mol%) + TPO (1 wt%)
PILX.4: mILX (100 mol%) + PEGDA 575 (0 mol%) + TPO (1 wt%)
PILX.5: mILX (80 mol%) + PEGDA 250 (20 mol%) + TPO (1 wt%)
PILX.6: mILX (80 mol%) + PEGDA 700 (20 mol%) + TPO (1 wt%)
Ag@PILX.2: PILX.2 + AgSbFs (1 wt%)

Cu@PILX.2: PILX.2 + Cu(NO3),-3H20 (2 wt%)

PIL3a: mIL3 (100 mol%) + BDA (0 mol%) + TPO (1 wt%)

PIL3b: mIL3 (95 mol%) + BDA (5 mol%) + TPO (1 wt%)

PIL3c: mIL3 (90 mol%) + BDA (5 mol%) + BA (5 mol%) + TPO (1 wt%)
PIL3d: mIL3 (80 mol%) + BDA (5 mol%) + BA (15 mol%) + TPO (1 wt%)
PIL3h: mIL3 (0 mol%) + BDA (5 mol%) + BA (95 mol%) + TPO (1 wt%)
PIL3x@PS: PIL3x + CsPbBr3 (2 wt%)

ExPIL: EDOT (x mol%) + PIL formulation

P«PIL: PEDOT (x wt%) + PIL formulation

E/PxILX,PIL: EDOT or PEDOT (x %) + ILX (y mol%) + PIL formulation
P.PIL3b@PS: PEDOT (x %) + PIL3b + CsPbBrs (2 wt%)

ILX,PIL3b: ILX (y mol%) + PIL3b

ILX,PIL3b@PS: ILX,PIL3b + CsPbBr3 (2 wt%)

AgxPIL: AgNOs (x wt%) + PIL formulation

CuxPIL: Cu(NO3)2-:3H,0 (x wt%) + PIL formulation

Where X = 1, 2 or 3 depending on the miL used (mIL1, mIL2 or miL3, respectively)

Xiv
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1.1 3D Printing Overview

The recent growth of additive manufacturing techniques, also known as three-dimensional
(3D) printing, is attributed to several advantages including rapid translation of fundamental
molecular properties, fabrication of complex geometries with high precision and resolution,
unprecedent flexibility in design, waste minimisation and personal customisation which
enables the fine control of structural features.! Furthermore, it enables distributed
production as opposed to logistically complex production lines with conventional
production methods, reducing costs and increasing the flexibility and sustainability of the
process. Whereas traditional fabrication techniques have limitations in controlling the
geometry and architecture of macroscopic components without compromising the
performance, 3DP techniques are an efficient strategy to engineer well-controlled
functional materials across the scales (from nano to macroscale) with an accurate control
over geometry (dimension, porosity and morphology) and structure. Moreover, 3DP
expands the boundaries of materials science and provides an exciting opportunity for
interdisciplinary research as it allows the incorporation of multiple nano-materials in the

same printing process to obtain multi-functional devices.

The main feature of AM is to design an object by adding material in a layer-by-layer
mechanism until the model is completed. The first step is to generate the data from a three-
dimensional Computer-Aided Design (3D CAD) software, in a simple machine avoiding
complicate production chains or process planning. Then, the digital CAD model is translated
into computer readable formats as an STL file (an industry-standard stereo-lithography
format) which slices cross-sections into codes that allow the machine to build the object
before printing. This is a fast, reliable and facile way to design prototypes and devices, and
additionally, this 3D CAD files can be easily shared and modified with large on-line databases

of design shared under creative commons licenses.?

Additive manufacturing is a booming area. According to Smithers Group - a provider of
strategic market research reports -, billions of dollars are invested in the 3DP market and an
annual growth is expected until 2027, potentially reaching $55.8 billion.®> Additionally, a
quantitative life cycle analysis (LCA) data shows that the AM process has lower

environmental impact compared to other existing manufacturing technologies as 3DP
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produces no wastes or emissions. It is estimated that the implementation of printing
processes might low the carbon dioxide emission intensities by about 5 % by 2025.
Furthermore, the additive nature of this technique minimizes the amount of material

employed, reduces the energy required and the resource demanded.*

In the last years, AM techniques have been vastly researched and are increasingly finding
industrial applications as part of Industry 4.0 initiatives.” The development of formulations
tailored specifically for AM which can add advanced functionality to the parts fabricated is
a promising avenue. Manufacturing materials with advanced properties specifically
designed for 3D printing is highly desirable for a variety of applications like household goods,
renewable energy, personalised healthcare, automotive components, soft robotics, medical
devices or tissue engineering. The loop between design, manufacture and application can
be rapidly closed with additive manufacturing. Hence, the unique properties of molecular
and nanostructured materials can be directly transferred to macroscopic functional devices.
The possibility of integrating functional molecules into 3D printable materials, while
simultaneously controlling the geometry, is a great contribution that will accelerate the
development of novel devices with complex 3D geometries.® However, the range of
available materials, resins and inks available for AM is limited, thus hindering the

development of the field.

In this regard, polymeric macromolecules have received increased attention for printing
smart materials due to the wide variety of materials, the versatility for novel chemistries,
and the ability to tune chemical composition and architecture.” For instance, stimuli-
responsive polymers (i. e., materials that respond to external stimuli from its environment
in a reproducible, reliable, specific, and useful way)® have been widely employed to pave
the way for 4D printing.’ Hydrogels are being evaluated as potential materials since they are
excellent candidates for biomedical applications given their biocompatibility.!® Further
emerging polymers with vastly varied chemical structure and properties have been
developed for 3DP, including covalent organic frameworks (COFs),!! polypeptides,!?
ionogels,* and many more.'* Recently, polymeric ionic liquids (PILs) have gained
prominence as intelligent materials’® capable of responding to temperature,® light,*’
solvents,® pH'® and C0,.%° lonic liquids (ILs) and polymeric analogues are a fascinating field

of research due to the possibility of controlling the macroscopic properties by changing the
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formulation (cation/anion).?* These polymers can be especially designed to be printed by
3D techniques allowing to design and manufacture high-resolution multi-material devices
essential to the development of future technologies.?? The countless combinations cation-
anion (it is theoretically feasible to generate 10 distinct ILs) possess unique
physicochemical properties that can be tuned easily without sacrificing 3D printability and
resolution.??> Moreover, PlLs are ideal materials to stabilise molecular and nanostructured
materials due to their ionic and supramolecular interactions. The development of printable

PILs is an expanding area, although it is still in its infancy.

1.1.1 Types of 3D Printing Technologies

The first rapid prototyping system “Stereolithography Apparatus” (SLA) was patented by
Charles Hull in 1986.%* Since then, many different types of AM techniques have been
developed and commercialised. Depending on the form of the starting material and the way
the materials are deposited and assembled in the additive fashion, 3DP techniques can be
divided into seven categories, opening new pathways for creating devices with outstanding
performance at fine resolutions.?”> These techniques cover a broad range of scales from
micro- to macroscale devices and materials available. The seven characteristic techniques
are: vat photopolymerisation, powder bed fusion, material extrusion, material jetting,
binder jetting, direct energy deposition and sheet lamination (Table 1). All of them have
been widely studied in several literature reviews,?® in which the materials, benefits,
drawbacks and main application areas of each printing method are specified. According to
the technique employed, the parts may be post-processed to improve the strength or
surface quality. This section provides a brief overview about the state-of-the-art of the
different AM technology. In our work we have mainly focus on vat polymerisation further

explained in the following section.

Vat polymerisation includes stereolithography (SLA) and digital light processing (DLP)
techniques. The printing process produce macroscopic solids from liquids by the selective
photopolymerisation of monomers with UV light. Each photopolymer layer is cured with UV
light producing fully cured models that can be handled and used immediately, without post-
curing. These AM technologies can create high-resolution objects, but the process is rather

slow, quite expensive and the range of printable materials is very limited.2%?

4
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Similarly, powder bed fusion (PBF) also presents a fine resolution and high quality of
printing, but it is also a slow process with high cost. PBF consists in thin layers of very fine
powders, which are spread and closely packed on a platform, and then the powder in each
layer is consolidated by heating with a laser or an electron beam over the photopolymer
surface. PBF does not require support structures as the parts are supported by unfused
powder in the build area.! As a post-processing step, the material can be heated to improve
physical and mechanical properties, although it can lead to shrinkage of parts. The laser-
based AM technology include two methods, selective laser sintering (SLS) and selective laser
melting (SLM). Both have similar process formation of the layers, but the sintering process
of SLS do not fully melt the powder and additionally, SLS can be used for a variety of
polymers, metals and alloy powders while selective laser melting (SLM) can only be used for
certain metals.?” Electron beam melting (EBM) is another PBF method where materials are
placed under vacuum and fused together by direct heating using a high-powder electron

beam as source of energy reaching superior accuracy.?%¢

On the contrary, material extrusion methods are low cost, high speed and simple processes.
Fused fabrication filament (FFF) is an AM technique based on the extrusion of a
thermoplastic polymer. The resin is heated at the nozzle to reach a semi-liquid state and
then extruded on the platform. Parts can be built with single or multiple materials with the
option of a dual extruder nozzle on some platforms. The problematics of FFF are the poor
mechanical properties, the layer-by-layer appearance, low quality (resolution between 0.2
and 0.05 mm), and the limited number of thermoplastic materials. Another kind of extrusion
method is direct ink writing (DIW). DIW extrudes a paste through a thin needle allowing the
processing of relatively dense and viscous materials compared to other AM techniques. It

can print the electrode with a high active material loading and with much less clogging risk.?®

In material jetting (MJ), a print head, similar to a standard inkjet printer head, is used to
dispense materials in a continuous or drop on demand approach onto a platform. Droplets
are released on demand due to the pressure change in the nozzle by thermal or piezoelectric
actuators. The latter permits the use of a wider range of materials. Commercial MJ devices
allow a layer resolution of micron size layer resolution,?® and multiple nozzles can be used

in order to incorporate multiple materials in a single build. As a post processing step, the
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pieces can be cured under UV light to enhance their physical properties. However, it still

faces some challenges related to the limited solvent resistance of the materials.? 262

Inkjet printing is one of the main methods for printing complex and advanced ceramics,
consisting in pumping and depositing the stable ceramic suspensions in the form of droplets
via the injection nozzle onto the substrate. This is a fast and efficient method able to print
complex structures with high resolution and flexibility in design. While direct writing needs
the ink to be high viscosity, i.e., non-Newtonian paste with shear-thinning behaviour, inkjet
printing requires low viscosity Newtonian liquid-like ink. Another similar technology to inkjet
printing is called contour crafting which is widely used for large building structures. This
method is capable of extruding concrete paste or soil by using larger nozzles and high

pressure.®

Binder jetting (BJ) is similar to powder bed fusion method since parts are built up from layers
of powder but they are consolidated with binder agent jetted on demand from a nozzle
head. BJ methods pose similar advantages in terms of resolution. Nevertheless, when the
powder is fused with a binder, the porosity is generally higher compared to laser because it

can print denser parts. 262

Direct energy deposition (DED) is very used for engineering high-performance super-alloys.
DED also uses a source of energy (laser or electron beam) which melts a small region of the
substrate and the feedstock material simultaneously. The melted material is then deposited
and fused into the melted substrate and solidified after movement of the laser beam. The
main difference between DED and SLM methods is that in DED no powder bed is used and
the feedstock is melted before deposition in a layer-by-layer fashion similar to FFF but
employing a higher amount of energy for melting the metals. It has low accuracy and quality

just as FDM and can be used for printing large envelopes due to its high speed.! 262

The last method is sheet lamination where sheets of material are bonded together using an
adhesive or welding and laser cut. A common methodology is laminated object
manufacturing (LOM), a roll-to-roll based process used in various industries such as paper
manufacturing, foundry industries, electronics and smart structures. LOM consists in layer-
by-layer cutting and lamination of sheets or rolls of materials and results in a reduction of

tooling cost and manufacturing time, becoming in one of the best methods for big
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structures. But, it is not recommended for complex shapes because of its inferior surface

quality and resolution.?®

Table 1. Overview of AM classification.?®

Process principle AM Technology Materials Features
Vat Stereolithography (SLA) Photopolymer High resolution
Photopolymerisation Dynamic Light Processing (DLP)  Ceramic Slow process
(VP) Continuous Liquid Interface High cost

Production (CLIP)
Powder Bed Fusion Selective Laser Sintering (SLS) Metal High resolution
(PBF) Selective Laser Melting (SLM) Polymer Slow process
Electron Beam Melting (EBM) Ceramic High cost
Material Extrusion Fused Filament Fabrication (FFF) Polymer Low resolution
Direct Ink Writing (DIW) Ceramic Fast process
Biomaterials Low cost
Material Jetting (MJ) Ink-jetting Photopolymer High resolution
Thermojet Wax Fast process
Polyjet
Binder Jetting (BJ) Ink-jetting Metal High resolution
Polymer Slow process
Ceramic High cost
Direct Energy Direct Metal Deposition (DMD)  Metal Low resolution
Deposition (DED) Laser Deposition Powder Fast process
Laser Consolidation Wire Low cost
Sheet Lamination (SL) Ultrasonic Consolidation Hybrids Low resolution
Laminated Object Metallic Fast process
Manufacturing (LOM) Ceramic Low cost

Over the last years, different methods like Inkjet?® or FFF,*° have been employed for 3D

manufacturing PIL materials, however vat polymerisation has become the preferred

technique for printing PILs. Both, DLP,* 3! and SLA3? methods have been widely used in this

area, for this reason VP techniques will be reviewed in more detail.

1.1.2 Vat Polymerisation Technigues

The vat polymerisation method is so-called because it is carried out in a vat containing a

liquid photopolymer which is selectively irradiated by UV light. The principle of this

technology is based on the chemical reaction known as photopolymerisation. This process
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takes place when liquid light sensitive inks, composed of linear and cross-linking monomers,
photoinitiator, additives and fillers are polymerised or cured upon light irradiation. The
photoinitiator's role is to generate reactive species (radicals or ions) by absorbing incident
light.3® The reactive species when interacting with the reactive groups of the monomer
initiate a set of reactions in the resin, normally by a chain growth mechanism to form
polymeric chains. As the reaction proceeds, the system’s molecular weight increases, and
so does the degree of branching if the formulation contains cross-linkers. Depending on the
type and the number of reactive groups in the monomers/oligomers involved, different

macromolecular structures can be synthesised: linear, branched, or cross-linked.3

During the 3DP process, the object is built on a platform that moves up and down while a
light source strongly enough irradiates each layer in order to activate the
photopolymerisation reaction. This step is repeated layer by layer by immersing the polymer
parts into the liqguid monomer each time. Therefore, it is critical that the solid parts are
insoluble in the liquid resin. For that reason, it is necessary to use some percentage of a
cross-linking polymer to reach the gel point of the material and to obtain an insoluble
polymeric material with physical and chemical properties completely different from those
of the starting material.>> The printing does not require complex machine configurations
and supporting structural materials, and the final macroscopic models are solids that can be
used immediately. However, a post-printing treatment is usually employed to remove the
excess of uncured resins, and also photo-curing or heating to improve the mechanical

properties.3®

This technology was developed in the 1980's, being the first patented additive
manufacturing system. However, in recent years, the interest in this methodology is growing
both in the industrial and research fields. Photopolymerisation techniques are gaining
importance due to the flexibility in the development of starting printable materials that can
be used, opening a broad range of choices. Furthermore, complex-shaped and customised
structures can be produced quite quickly (depending on the size) with excellent printing
resolution.3? This trend is reflected in the increasing number of scientific articles involving

vat polymerisation along the last decade (Figure 1).
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Figure 1. Publications on Vat Polymerisation in the last 3 decades. Data from Web of Science database.

In vat polymerisation there are two different processes of fabrication, where the building
platform moves downwards or upwards during the printing process, represented in Figure
2. In the former, the layers are photopolymerised on the vat surface as the platform moves
downward toward the bottom of the platform so the piece is fully submersed in the
photopolymer resin during the build. In this case, the light source is on the top of the vat.
On the contrary, in the upward configuration, the printed piece is held above the vat of resin
and, fixed in the platform, moves upward. The UV light is projected from underneath the
optically clear vat window. The latter is more advantageous, since it requires less resin
because it is not necessary to cover the entire structure, it is independent of the bath size

and the printable layer is not in contact with the atmosphere, reducing oxygen inhibition.

computer-controlled ; movable

laser S / platform
L resin %
reservoir W
coated / |

glass plate

lens

LCD graymask

digital mirror
device (DMD)

Figure 2. (Left) A lowering platform system with scanning laser, and (right) a upward set-up with digital
light projection. Reproduced from reference [37] with permission.

9



Development of Advanced Materials Based on Polymeric lonic Liquids Formulated for Additive Manufacturing

Stereolithography (SLA), Digital Light Processing (DLP) and Continuous Liquid Interface

Production (CLIP) methods are common VP techniques, summarised in Scheme 1.

VAT POLYMERIZATION TECHNIQUES

|
| | l

SLA DLP CLIP
* Point-by-point technique * Layer-by-layer technique * Continuous technique
* Laser beam * Light beam projector * Control of oxygen levels
*  XYresolution: <10 um *  XYresolution: 40x40 um *  XYresolution: <100 um
* Slow process * Fast process * Faster process
* Expensive * Accessible printable materials *  Optimum for large-scales

* Limited printable materials

Scheme 1. Main characteristics of the different Vat Polymerisation methodologies.
a) Stereolithography (SLA):

SLA is a well-established AM technology since it was one of the earliest methods
implemented. This technique has a laser beam which draws the customised design on the
photopolymer surface and selectively cures point-by-point the liquid resin contained in the
vat (X-Y plane). SLA machines can be configured either in the classical bottom-up approach
where the platform is below the resin surface or the top-down where the building support
is above the vat.3” Due to several disadvantages of bottom-up methodology, including the
extensive cleaning process normally required, top-down systems are gaining more and more

prominence.

SLA is mostly used to create high-quality objects since it can achieve features <10 um at a
fine resolution, however it is slower than other AM techniques, quite expensive, and the
range of printable materials is very limited.! A derivate of SLA technology is the micro-
stereolithography 3D printing (1-SLA) which can achieve 5 pm as a minimum feature size.38
For that reason it is used to create very small size parts such as microcomponents,
micromechanisms and microfabricated devices. Masked Stereolithography (MSLA) is

another type of technique where a mask is used to protect certain areas of the layer during

10
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the curing process. This allows for finer and more detailed layers to be created in the final

piece. MSLA is known for its high precision and resolution.3
b) Digital Light Processing (DLP):

This technique involves the irradiation of an entire layer simultaneously using a light beam
projector. The substitution of the laser by a beam allows to build parts much quicker than
SLA.?” Although laser technology presents higher printing resolutions with finer results in
terms of surface finishing,3* commercial DLP technology is able to reach a layer thickness of
down to 1 um and resolutions as small as 40x40 um.*® In optimised research set-ups,
features of 18x20 um for 3D serpentine flow channels were reported using a custom digital

light processor stereolithographic (DLP-SLA) 3D printer and a custom resin.*!
c) Continuous Liquid Interface Production (CLIP):

An innovative variation of DLP-3D printing is the CLIP method, which uses a projector that
works in continuous instead of layer-by-layer by controlling oxygen levels throughout an
oxygen-permeable membrane. This thin oxygen layer inhibits free-radical polymerisation
only at the interface between the polymer film and the transparent window preventing the
constructed film from adhering to the vat bottom. The printing speed increases dramatically
being the fastest VP technique, but the accuracy is not as high as by DLP, with feature
resolutions of less than 100 um.*? Large-scale structures can be produced with the CLIP

approach.®®

There are other types of photopolymer-based 3D printers that have been developed in
recent years, however to date they have not experienced the impact that SLA or DLP-3D
printing has had.** One of them is Two-Photon Polymerisation (2PP) processes which is
similar to Stereolithography as it uses lasers to scan a photopolymer, but in this method the
photoinitiator absorbs two photons simultaneously.*> Additionally, the laser point can be
moved in the x-y-z-directions to polymerise the resin being possible to use high viscosity
photopolymers and create complex geometries without supporting structures.*® However,
2PP has several drawbacks that make the technique unpopular: the dimensions of the
objects are limited (no more than 1 mm in height), the printing speed is very low, it requires

expensive equipment to generate the pulsed NIR laser beam and needs high energy to cure
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the material. Another alternative is a novel volumetric 3D printing system known as CAL
(Computed Axial Lithography) which is based on computed tomography (CT) scans
technique to generate a hologram.*” The hologram is created by simultaneously projecting
multiple 2D images that propagate through the resin from different angles as the vat
container rotates, generating a 3D image with sufficient energy for light curing. This
technique can polymerise very high viscous resins (up to about 90 000 cP) that are difficult
to achieve with other techniques such as DLP or SLA, but there are some major issues related
to poor surface definition and the slow printing speed of manufacturing that make the

technique uncommon.*®

Photopolymers

The photopolymer is the liquid precursor of the polymer and it can be polymerised by
several methods, although light-induced polymerisation offers remarkable advantages. It
delivers rapid polymerisation rates, room temperature treatments, low energy
requirements, the use of solvent-free formulations, broad range of wavelengths (from X-
rays to NIR) to activate the photopolymerisation,*® and high dimensional accuracy as the
photopolymerisation can be controlled by managing the light settings during the process.
Despite all these positive qualities, the main benefit of photopolymers is that the resin can
be tailored to meet precise requirements.! The combination of the appropriate elements
(monomers, active materials, photoinitiators and additives) must be fine-tuned to achieve
the specific properties (e.g., chemical, mechanical, optical, etc.) and the desired
resolution.3® %4 In conclusion, the photopolymer can be custom-prepared by combining
chemical and reactive compounds (both liquid and powder) to meet the intended
application (Figure 3).3® Some recent studies show great progresses employing self-
assembling molecular systems with stimuli-responsive behaviour to specific external stimuli,
providing new functionalities to the additively manufactured objects.>° The type and degree
of stimulus response of smart polymers can be regulated through precise synthetic design

or via incorporation of additives.’
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Figure 3. Representation of the Vat Photopolymerisation process and some demonstrated
applications. Adapted from references: 23a, 31a, 51.

Photopolymers are widely used in vat polymerisation. Other AM techniques like Inkjet,
Multilet, or some binder jetting methods can also use photopolymers, however, these
methods cannot be considered among the VP techniques, as they build objects by selectively

adding resin along with the support from a jetting head or tiny nozzles.
The photopolymers for 3D printing are usually composed by:

¢ Monomers and oligomers: liquid compounds that have reactive groups necessary to
create the polymeric network. The backbone of these materials defines the final physical
and mechanical properties of the cured part. These reactive species are mainly based on
free-radically polymerisable resins characterised by having unsaturated C=C double bonds,
more frequently (meth)acrylate functionalities since they present high reactivity upon light
irradiation and well-established mechanisms of reactions. Many (meth)acrylate-based
substances compatible with vat polymerisation techniques are already commercially
available.”? Not only acrylates, but also other functionalities can also be employed, such as
unsaturated polyester, vinyl, vinyl ether, or thiol-ene/yne systems.>® Among them, 1,6-

hexanediol diacrylate (HDDA), polyethylene glycol diacrylate (PEGDA), bisphenol A
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ethoxylate diacrylate (BEDA), trimethylolpropane triacrylate (TMPTA) and butyl acrylates
(BA) are some of the most used in light-based 3DP. It may happen that unreacted monomers
are trapped while the polymerisation is going on and consequently, the conversion of the
system will be lower than 100 %.°* In those cases, the isolated species that remain active
may eventually react with another reactive species (like oxygen) by diffusing the polymeric
network. This may be the cause of aging or other changes in the mechanical and chemical

properties of the cured material.

¢ Photoinitiators: chemical compounds that absorb the incident light, generating active
species or radicals capable of initiating the polymerisation process through the reaction with
the double bonds of the monomers.3® > Currently, several chemical compounds act as
photoinitiators and can operate in different wavelengths of the electromagnetic spectrum,
from UV and visible to NIR.>® The choice of the right photoinitiator is essential for the
fabrication of objects; it determines the reaction efficiency and photopolymerisation rates,
which directly influence printing resolution and accuracy.3 That is the reason why these
compounds have been widely investigated in the literature.®” Although most of them are
commercial, there is still a scientific interest to develop more efficient photoinitiators.>® In
general, the absorption spectrum of the photoinitiator selected must match the emission

light from the printer's light source to obtain an efficient photopolymerisation.

¢ Additives: some additives can be used to tailor the printable material features or add
specific properties to both the liquid formulation and the printed part.3?® >° The most
commonly used additives are reactive diluents, dyes or colorants and fillers. The reactive
diluent is added mainly to adjust the viscosity of the photopolymer in order to reach the
range suitable for the vat polymerisation technique, as well as to improve the compatibility
between the other resin components.®® This substance can also be a monomeric species
and, in that case, it will participate in the polymerisation process by forming part of the
polymer backbone after the curing stage.®! The choice of the appropriate reactive diluent
depends on the required characteristics (such as the affinity with the photopolymer
components, the final physical properties of the cured material, the formulation's

processability, the volatility of the substance’s,...).®°
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Dyes are mainly added to control the penetration of the light during 3D printing (Z-axis) and
to enhance the printing accuracy (XY plane).®? These compounds are usually based on
organic or organometallic molecules and the selection of the appropriate one will be
determined mainly by the light source of the 3D printer. The dye is incorporated in low
concentrations, but if it is too low the final printing resolution may be poor. Conversely, high
concentrations of dye can affect the efficacy of the photoinitiator.*! It is therefore important
to find the balance of the dye with the other components of the photopolymer. In the last
few years, some functional dyes have been developed. Functional dyes are of great interest
because they can improve print resolution while conferring specific characteristics to the
printed object.®® Another element frequently added to the photopolymer formulations are
active materials used to develop high-performance polymer composites. These compounds
are mostly composed of organic, inorganic, or metallic compounds, such as graphene,
carbon nanotubes, metal powders, composite polymers.l 3% 6 A precursor can also be
added to obtain exceptional composites. For example, a silver salt can be reduced in a
photopolymer to form silver nanoparticles after the printing process generating a functional
polymer.31 ®5 These elements are incorporated to manufacture structures with enhanced

properties like mechanical strength, thermal resistance, and electrical conductivity.®®

Summarizing, photopolymer composition is a key factor in obtaining reliable 3D-printed
structures.?® 4 Furthermore, both the digital design (3D CAD model) and the printing
parameters must be properly optimised considering the photopolymer composition in order

to obtain high-resolved printings.®’

1.1.3 Applications of 3D Printing

3D printing is capable to build objects with specific shapes and sizes, making the
manufacturing possibilities limitless. Most companies can benefit from these advantages,
being possible to focus more directly on the customer preferences. As a result, this
technology has revolutionised the industry scenario, searching for new ways of fabrication,
opening up new horizons. On the other hand, it does not need expensive tooling and long
production lines as is the case with conventional production methods. The whole process,
therefore, is cheaper (at low production volumes), safer, more environmentally friendly and

much faster. In its early years, 3D printing was primarily used to create prototypes, but as
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Wohlers' report points out,? this trend has changed, and 3DP can now be found in a wide
range of fields, including biomedicine, aerospace, automotive, construction, food

processing, education, and even art and jewellery, to name a few.

One of the main fields where AM technologies are seeing tremendous growth is
biomedicine.?® Implants, prosthetics, synthetic tissues, and organs all need the
development of sophisticated models.®® Moreover, the models must be tailored to the
needs of the patients.”? All of this can be accomplished without difficulty thanks to 3D
printing's design freedom and it can also be used to customise the dosage forms and release
profiles of drugs.”* And, CAD models can be easily exchanged between scientists and
doctors.”? For all these reasons, great effort is being done in the preparation of printable
biomaterials with high biocompatibility.3® In recent years, bioprinting has grown in
popularity.”? The main difference between bio-fabrication and standard AM techniques is

that in the former, cells are introduced into the biomaterial to make bio-inks.”*

Healthcare and cosmetics have also benefited from this technology. In 2021, L'Oréal
announced its partnership with the multinational printing company HP. With the capacity
to tailor the pucks, L'Oréal was able to rapidly design and scale large quantities of
customizable pucks during the Covid-19 epidemic. The cosmetics giant was able transfer,
fill, and label products with greater agility, resulting in a 33 % cost reduction and a 66 %

improvement in time savings.”®

HP’s Metal Jet 3D printing platform has also found application in other fields with partners
like GKN and Volkswagen. Automotive is an industry that needs lightweight and resistant

materials.

Figure 4. A printed part from a Volkswagen car using HP Metal Jet technology. Photo via HP, from
reference [75]. Retrieved 20 November 2022.
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In this respect, 3DP has an important role to play, especially for luxury vehicles with
customised parts.”® The 3D-printed parts obtained by HP Metal Jet technology weighed
almost half of conventional components and have passed crash certification (Figure 4).”> In
addition, the idea of keeping models digitally rather than physically is not only efficient, but

also saves money on manufacturing and storage.”’

Similarly, aerospace industry is another of the key domains where AM technologies are
gaining traction. This field, like the preceding one, employs sophisticated and functional
structures that can be easily developed using AM.%” Besides, this industry relies mainly on
pricy advanced materials, such as titanium, nickel or ultra-high temperature ceramics, which
are difficult to fabricate using traditional processes.’® In contrast, with AM techniques these
materials can be easily processed, reducing material wastes from 95 % to 10 %.”° Another
factor of great relevance in the aircraft sector is to obtain lightweight, high-strength parts.®
NASA's Aeronautics Research Institute is exploring lightweight, temperature-resistant
materials to develop a non-metallic gas turbine engine by 3D printing.?! The use of this
technology with ultra-high temperature ceramics (like ZrB2, ZrC, TiC and others) is becoming

a major research topic.??

The implementation of AM in the construction industry has been another revolutionary
breakthrough. The application of this fabrication technique in construction is still in its early
stages of development, but the potential that it has shown in the last few years makes it a
very promising area.® The construction sector consumes a high percentage of
environmental impact resources, an issue that could be solved with 3DP. However, the most
exciting thing about this approach is that AM can be used in hard-to-reach areas with
geometric complexities and hollow structures and, even on the moon.®* We can already find
several low-cost homes manufactured by 3DP spread all over the world. This technology
may be the best method to respond to the global housing crisis, since it can swiftly increase
supply without compromising quality, beauty, or sustainability. The BOD2, Vulcan or Crane
WASP are some of the 3D construction printers developed in this regard by COBOD, ICON
and WASP companies respectively (Figure 5). The goal is to create a more robust and long-
lasting dwelling compared to conventional constructed homes, while also being quicker,

cheaper and more ecological.® For instance, in 2021, the Italian building firm, WASP, 3D-
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printed an eco-habitat constructed entirely from biomaterials, such as on-site soil, straw

chopped rice, rice husk and hydraulic lime.8®

Figure 5. a) BOD2 printer from COBOD’s company; b) Crane Wasp printer from WASP’s company.
Photos via COBOD’s webpage (https://cobod.com/products/) and Crane Wasp webpage
(https://www.3dwasp.com/en/3d-printing-architecture/). Retrieved 27 January 2023.

Another interesting area where AM is beginning to be used is in food processing. Again, the
design versatility of this system makes it possible to print bespoke structures with eatable
ingredients such as sugar, chocolate or gelatine.®” Chefs and food designers can benefit from
this technology, but also dieticians and nutritionists, as it is possible to tailor foods to each
individual according to their physical and caloric needs.®® However, in order to get
components with the appropriate shape and qualities, it is critical to properly tailor the
physico-chemical properties of the ink prior to printing. Solvent characteristics, like density,
boiling point, solubility, viscosity, specific gravity and surface tension, are particularly
significant parameter for obtaining successful printings.®®> With the right conditions and
parameters, a wide variety of materials can be printed, increasing the number of edible

foods on the market.*°

3DPis not only popular in industry, but it is also gaining ground in fields like education. More
and more schools are adding AM techniques into their courses. 3D printing makes it
straightforward to transform basic graphics on a page into tangible, three-dimensional
objects. 3D printers are now often seen in classrooms and even in public libraries. This
technology may be extremely beneficial to graphic design students, biology students, who
can generate cross-sections of human body organs; or chemistry students, who can make

3D models of molecules and chemical compounds.
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The world of jewellery and art has found an unexpected use of this technology as well. Using
3D printing materials such as gold, or platinum, jewellery may be considerably more
distinctive with sophisticated patterns that are not achievable with traditional production,
at a cheaper cost. This technology is also being used in the realm of art. Banksy, the famous
British graffiti artist, has begun to use powder binding 3DP. Likewise, the Prado Museum
organised a 3D exhibition of paintings by well-known artists to enable visually impaired
people to appreciate works that were previously unavailable to them. Another
implementation of 3DP is in museums, where it can be used to reproduce figures of missing
objects by printing their original shape. An example of this kind of simulation can be found
at the Egyptian museum in Turin, where various 3D-printed amulets and jewels of Kha and
Merit were exhibited, shown in Figure 6. Previous X-ray images of their bodies revealed for
the first time the presence of these objects adorning their bodies. After that, it was possible
to represent the form of the jewels with very accurate drawings and developing the digital

models that were used for the manufacture of the 3D models.

Figure 6. 3D models of Kha and Merit amulets exposed at the Egyptian museum in Turin.

It is important to point out that 3DP has also an important potential in designing materials,
rather than simply designing geometries. Herein, a team of researchers led by the City
University of Hong Kong used digital manufacturing to create a novel titanium-based alloy
that is super-strong, extremely ductile, and super-light.°* This research might open the door
for a new paradigm in material development. Another exciting aspect of AM technology is
its capacity to recycle materials and incorporate them as 3D resin. The serious impact that
plastics have on our environment can be mitigated if it is possible to reuse them. Abax
Innovation Technologies in collaboration with the Polytechnic University of Madrid are

pioneers in this discipline, repurposing old plastic materials like plastic bottles. For example,
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a research group at the University of Bristol has succeeded in converting surgical masks into
printing material by heating and pressing the masks, transforming them into a tough sheet
that is ground into fine grains of polypropylene.®? This is an excellent tool for finding new
applications to trash (Figure 7). Currently, only universities are researching in this topic, but
it is a tremendous business opportunity for the future since it is a strategy to partially solve

the ecological disaster caused by plastics.

Figure 7. Processing surgical masks for transforming them into 3D printing materials. Photos Credits:
University of Bristol, from reference [92]. Retrieved 27 January 2023.

These are just few of the countless ways in which 3D printing technologies are impacting
our world today. Because of the immense promise of this technology, significant study and
investment is being made in it, and as a result, technological improvements in this sector
are advancing by leaps and bounds. A growing number of industries and disciplines are
introducing 3DP into their manufacturing processes, such as textiles, baby diapers, footwear
and electronic applications.®® As shown above, the main intrinsic property of AM that makes
it empowering is its flexibility both in geometric design and in the preparation of the
printable material. This leads to more customised and, in general, more sustainable results.
In the near future, 3DP could monopolise production processes, but it is necessary to
improve this technology, making it more automated, accurate and speedy. At the same
time, novel materials are constantly required to produce functional parts for all kind of
applications.®* Materials are essential to achieve the desired characteristics and properties

in order to obtain functional devices.
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1.1.4 Challenges in 3D Printing

Undoubtedly, 3D printing is a powerful technology able to revolutionise the industrial
processes from electronic devices to biomaterials. The freedom of design and fabrication
that AM offers is leading to the emergence of exciting fields, like 4D printing.®> 4DP will have
tremendous potential, foreseeing advancements in existing manufacturing methods as well
as the emergence of new ones in the coming decade.’® Nevertheless, despite all those
amazing features, there are still some challenges that would require further research and
technological development to adopt ubiquitously this manufacturing methodology in

multiple areas.®’

One of the main drawbacks is related with the final appearance and mechanical properties
of the printed part. For example, the intrinsic porosity between the subsequent layers in
some 3D techniques can be very high, reducing the mechanical performance of the printed
device. Another common problem is the anisotropic behaviour that is caused by the layer-
by-layer printing nature. The microstructure of the material, as well as the mechanical
behaviour inside each layer can be different compared to that of at the boundaries between
layers. The printing direction can also affect the mechanical behaviour of nanocomposites.
Not only the internal properties can be affected, but also the device aesthetics will be
influenced by the layer-by-layer appearance. Moreover, it can diverge from design to
execution because transferring CAD models into a 3D-printer often results in inaccuracies
and defects, particularly in curves surfaces. The generation of supporting materials easy to
remove after printing, and slicing the part into sufficient layers, as well as post-processing

the printed objects are possible solutions to eliminate all these defects.?

Another important challenge is the optimisation of printable smart materials to fabricate
entire smart systems. Most of the AM processes can only manufacture one or two
components of the device but not the full device. Thus, a one-step printing process of a
whole system is a promising route to develop fully-integrated usable devices.?> However,
there is a significant constraint in present technology that makes it hard to build these
sophisticated structures.?® The combination of different AM techniques can be another way
to overcome this issue, using inks.%® Likewise, in terms of design and manufacturing, it would

be quite beneficial to combine emerging 3DP processes with traditional techniques.
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Further, there is still a big limitation of materials suitable for 3DP. The development of
printable inks is crucial to improve the production process and pattern definition. The
materials and their qualities are important not only for the final application, but also for the
manufacturing process. For example, in vat polymerisation, not all the photoactive
monomers can be properly photopolymerised under the printing conditions. A typical
problem that emerges while preparing a photosensitive mixture is the low affinity of the
components used, which has a direct influence on the printed formulation's homogeneity if
they are not effectively integrated.®® For instance, most resins are non-polar reagents, while
other components, like dyes, have a different polarity.'° Mixing those components directly
might cause solvation problems that creates light scattering or reflection during the 3D
printing step due to the dye's aggregation. Thus, inhomogeneous baselines will lead to low
resolutions and inaccurate printings, which could negatively affect the final application.%!
Using a suitable reactive diluent (compatible with the polymeric matrix) as an intermediate
reagent can be a way to boost the dye solubility in the monomer. This issue can be also
found when adding some nanostructured active materials in order to enhance specific
characteristics of the printed objects.'®? The addition of such materials can change the

104 what may affect the

matrix properties, including the transparency®® or viscosity
resolution of the printed parts. Similarly, the incident light that activates the polymerisation
reaction can be modified by the additive since it can also absorb part of the light.1®
Therefore, it is important to find a balance between nanomaterials’ amount and
photopolymer printability in order to design printed parts with the appropriate form and
qualities at high resolution.’®® In some cases, a promising solution to avoid printing
constraints without compromising the quantity of active material added to the resin
formulation may be to functionalise the active materials to increase their compatibility with

the rest of the resin formulation, thus favouring solubility, dispersibility and stability.104 197

Overall, there is a need to explore and broaden the availability of functional printable
materials or, alternatively, materials capable of stabilising and properly integrating smart
agents in homogeneous and compatible formulations. The encapsulation of smart materials
is essential for protecting them against extreme environments, for example providing
electrical insulation or thermal dissipation.®® Polymeric materials can be used to design

robust structures able to resist against natural hazards, with longer lifetimes.% Their facility
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for printing, avoiding typical problems found when printing metallic or ceramic films (i.e.,

fragility, clogging, sintering, low control on particle sizes...), offers significant benefits.6 110

Within this context, ionic liquids and analogous polymeric species are gaining popularity for
manufacturing novel materials due to their ability to encapsulate and stabilise functional
fillers. In addition, ILs and PlLs present some unique properties, like their extended ion-
conductivity and enhanced charge stability, as well as a limitless tunability by changing the
corresponding ions, that make them promising candidates for developing next-generation
3D-printed complexes.?? Polymeric resins and ceramics are mainly electrically insulating,
while some metals may be chemically unstable, requiring long post-treatments that might
not be compatible with all components in the formulation.?> Normally, conductive materials
are manufactured by conventional methods using conductive composites which are
expensive, require extra energy and often lead to composite leaching. Printable ILs materials
are opening new opportunities in material design, as well as, broadening applications for 3D
printing technologies. A wide variety of advanced molecular materials (AMMs) such as
perovskites nanocrystals (PNCs), polyoxometalates (POMs) or metallic nanoparticles (NPs),
carbon-based materials and conductive fillers have been embedded into PILs to enhance
the performance of the printed devices in different applications (Figure 8). In a short period,
these materials have had a significant impact across various areas of AM (e.g., photoactive,

antimicrobial, catalysts, electronics, robotics and bio-applications).?% 3% 31b,51b, 111

Photoactivity Antimicrobial

Figure 8. Common applications of 3D printable PILs capable to stabilise active materials. (PEDOT:
Adapted from Du et al.[112] (under CC BY-NC-SA 4.0 license)).
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1.2 Polymeric lonic Liquids

1.2.1 Properties of lonic Liquids

lonic liquids are organic molten salts in which the ions are poorly coordinated and the salts
melt below 100 °C, or even at room temperature. The first IL, ethanol ammonium nitrate,
was reported in 188813 but, it was few decades ago when the vast potential of these
compounds was noticed. The renewed interest in them is due to their unique
characteristics: chemical and thermal stability, high viscosity, wide electrochemical
windows, low vapor pressure, specific solvating ability, good tuneable solubility, wide solid
to liquids range and high ionic conductivity. The number of publications related to ILs has

been increasing sharply every year for the last two decades, indicating their relevance.!'4

Initially, these materials were mainly used as solvents for organic synthesis and catalysis
since they were more desirable than conventional volatile solvents.!'> Indeed, due to its low
flammability, negligible vapor pressure, low melting point and non-volatility properties, ILs
were considered as “green solvents”,'® although some concerns about its toxicity have
appeared.!!’ But, still these ionic compounds can contribute to make chemical production
and usage more sustainable.!*® In addition, they could create a biphasic system, having the
catalyst solubilised while the products were insoluble in the IL,1° a feature that have also
been widely used in analytical chemistry for separation procedures.'?® Progressively, the
121

uses of ILs have broaden, being used in CO; capture and separation systems,**" in

122 in pharmaceutical industries'?®> and even in space technology.'?* In

electrocatalysis,
particular, these chemicals have shown a lot of promise in the development of green
catalytic technologies.'?> ILs can play the role of solvent in the catalytic reactions, since they
are able to dissolve a wide range of organometallic and inorganic compounds. Furthermore,
the ionic behaviour of these materials can stabilise the catalytic species and the
intermediates.’?® Even more, the ILs itself have been the catalysts in a variety of reactions,
from biodiesel production to CO; conversion.'?’” In some studies, ILs acted as both a solvent

and a catalyst simultaneously.'?®

Likewise, they are extensively used in electrochemical applications as their charge density is

much higher than that of a traditional salt solution.'?® Electrolytes based on ILs offer some
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benefits over aqueous and organic electrolytes making them attractive for use in flexible
and stretchable energy storage systems,3° high temperature supercapacitors,*3! lithium-ion
batteries,'3? and electrochemical CO, reductions.!® Doping IL into polymers is another
process that has recently been investigated, yielding significant changes in both conductivity
and overall mechanical properties.’3* Pure polymer electrolytes generally have a limited
ionic conductivity, thus adding an ionic molecule can be really favourable.'3> The addition of

ILs can benefit not only neutral polymers, but also conductive polymers.*3¢

Despite ILs are very popular in both the academic community and industry due to their well-

known advantages,?’

some downsides have been highlighted. The main problematics in
using ILs are related with the processing difficulties. For example, in catalysis or as a solvent
the employment of ionic moieties can complicate the purification procedure of the product
and it is almost impossible to recycle them. Moreover, ILs cannot be used in fixed bed
reactors, which, along with certain toxicity concerns, are critical challenges to overcome for
future scale-up. Additionally, these compounds are liquids which means that they can liquify
and leach over time. One first approach to overcome all these disadvantages was to use
supported ionic liquid phases (SILPs) prepared by immobilising the ILs onto solid supports.*3®
In many cases the performances improved since the properties of ILs were transferred to
the solid support, and simultaneously, working with a solid material offered additional
benefits.138% 139 Further methods have been developed to prepare IL-based polymers like in

situ polymerisation of neutral vinyl monomers with non-polymerisable ILs or directly

polymerising an ionic monomer of IL structure.'®® A variety of polymeric IL systems such as

140d 141 140b

polycation-type ILs,**% polyanion-type ILs,*** copolymer,**® and poly(zwitterion)'*° have

been reported (Figure 9).
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Figure 9. Schematic representation of the variety of polymeric materials produced from ILs.

1.2.2 Properties of Polymeric lonic Liquids

Polymeric ionic liquids/poly(ionic liquids) (PILs) are the union of multiple anionic or cationic
monomers forming a polymer backbone with its counterion species bonded to it. These
high-molecular-mass compounds combine attractive IL properties with polymer properties
(i.e., particularly durability, low toxicity, potential for facile construction of highly
multifunctional systems combined with easy polymer processing). In other words, during
the development of PlLs it is possible to preserve the specific features of ILs and improve
other ones taking advantage of the polymer nature including mechanical robustness,
thermal stability, hydrophilicity, rapid manipulation via classical polymer processing
methods, optimum assembly and stabilisation properties.}*? Another unique feature of PILs
is that the properties of the polymers can be controlled by changing the corresponding ions.
Depending on the ion pairs it is possible to vary the polymer’s solubility, fusibility,
hydrophilicity, ionic conductivity, molecular mass, glass transition temperature, heat
resistance and thermal stability in a wide range. Main PILs are nitrogen-based polycationic
type, namely imidazolium, pyridine, pyridinium, quaternary ammonium, cholinium,
although phosphorous-containing cationic PlLs are gaining popularity (Figure 10a). While
ILs only can undergo structural variation by ion metathesis or cation/ anion exchange, PILs

can be modified by selecting cations, anions, side chains and functionalities. Even using the
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same ionic species and the same number of monomers, different PILs can be built only
changing the architecture: linear, hyperbranched or star-shaped polymers, getting an
unlimited library of species (Figure 10b).*** Homopolymerisation is an important route to
prepare PILs however, other types of polymers can be added covalently to the PIL to form

PIL block copolymers.

i N s R ..., B
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Figure 10. a) Most common structures of polycations, polyanions and counter-anions of PILs; b)
Different polymeric architectures.

In a first approach, PlLs were considered for improving the properties of ILs. However, the
tailorable physicochemical properties of PILs have provided the basis for further design of
smart materials, implementing this new class of polyelectrolytes in fields from material
science and chemistry to medicine; with applications related with energy and environment,
analytical chemistry, electrochemistry, biotechnology, bioelectronics, catalysis or surface
science among others. Thus, these multifunctional polymers have been recognised as a

separate class from ILs and extensive work have been done in this direction.?3 143-144

Solid electrolytes are very desirable in many electrochemical devices in order to avoid
leakage issues and, additionally, they can improve some electrochemical properties, like
energy density, rate capability and cycling stability. In this regard, PlLs are often less fragile
and less hygroscopic than traditional polyelectrolytes. And what’s more, electrochromic

devices and actuators using PIL-based electrolytes have better performance, cyclability,
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speed, and long-term stability.?'® 14> The ionic polymers are both permanent and strong
polyelectrolytes owing to the ILs species' solvent-independent ionisation state. The unique
dielectric properties of PILs makes them potentially useful not only as polymer electrolytes,
but also as sorbents, and dispersing agents.'*® Several groups have investigated PlL-based
electrolyte membranes for use in alkaline fuel-cell operation where the anion exchange
membrane acts as an electrolyte to transport anions from cathode to anode and is one of
the key components of alkaline fuel cells.'*” It is also remarkable the use of PILs as binders
for electrodes and/or electrolytes in the design of solid-state supercapacitors.*® The
addition of PILs into graphene electrodes, for instance, improve the contact between the
conductive carbon and the liquid electrolyte, facilitating the diffusion of ions into the
electrode and increasing the specific capacity of the supercapacitor by 130 %.14° Moreover,
the addition of PIL improved the cyclability of the supercapacitor, keeping the specific

capacitance almost inalterable after multiple cycles.

In addition, PILs are ideal materials to stabilise and solubilise molecular and nanostructured
materials as a result of their ionic and supramolecular interactions, hence these polymeric
compounds are extensively used for stabilising smart materials.!* In the fabrication of
composite materials by light based 3DP techniques, it is crucial to avoid phase separations
to avoid the presence of turbidity that will undesirably scatter light and thus reduce the
printed resolution. Generally speaking, ionic polymers are able to distribute homogeneously
a broad range of additives in their matrices, thus minimising these problems. For example,
some reports demonstrate the excellent capabilities of PILs to immobilise and stabilise
metal nanoparticles acting as active catalysts in heterogeneous catalytic reactions.’! The
nanoparticles can even be synthesised and immobilised simultaneously, forming the
nanoparticles in situ during the polymerisation process.'> This approach is not limited to
metallic nanoparticles, as a broad range of nanoparticles,’3® macrostructures such as

154 carbon-based materials'> or enzymes®® have been successfully stabilised or

polymers,
immobilised by PlLs. A wide variety of functional materials including porosity-switchable
membranes and coatings,’®” thermally responsive compounds,’>® biosensors,'* flexible
sensorst® or reversible systems switching hydrophobicity/hydrophilicity by exchanging the

anion®®” and the cation'®! have been explored.
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Nevertheless, it is worth to remember that PILs have one of the charges polymerised,
becoming a single-ion conductor. Therefore, the conductivity of neat PILs described in the
literature up to now is usually low and still insufficient for practical use due to the reduction
of the ion mobility. Another factor that has a direct influence in the conductivity is the
increasement of the glass transition temperature after polymerising. Several times, it has
been found that the ionic conductivity values of PILs are at least two magnitudes lower than
the corresponding IL monomer unit.}3¥¢ Accordingly, the conductivity of PILs need to be
improved by doping with other materials like ILs, metallic nanoparticles, conductive
polymers, AMMs, etc., taking advantage of the good stabilisation properties of PlLs. The
preparation of mixtures of ILs with PILs as electrolytes has been explored for different
applications.*® 162 |nto this context, different ILs and PILs have been combined successfully
without observing segregation into two phases due to the similarity in the chemical
structure. The completely compatible formulations have been used, for instance, as polymer
electrolytes, enhancing their performance and conductivity compared to conventional
polyelectrolytes,'®® improving the device lifetimes,'®* the solar cell efficiency,'®®> and the
electromechanical performance of the actuators.'®® By mixing IL and PIL in different ratios
the electrolyte can be tailor-made. The ionic conductivity varies significatively (from 10
S/cm to 10°2S/cm) after increasing IL content. Also, the physical appearance of the polymer
electrolytes change from a transparent solid film (100 % PIL) to a very viscous and sticky gel
(low PIL/IL ratio) with intermediate states where the polymer electrolytes are usually

rubbery and transparent.?? 164

Another matter to be considered when using PILs and ILs, is that the properties of these
materials can vary a lot just by changing the ions. This is helpful for designing customised
PILs. However, in order to meet the specific requirements, it is necessary to have a clear
understanding of how chemical differences affect the final features. Depending on the
chosen PIL, important properties like thermal stability can vary from 150 to >400 °C,2!* 167
measured as the onset for thermal degradation by TGA, and its electrochemical window
from 2.5 to 5.0 V.18 Solubility is another clear evidence of the variations across PILs. For
instance, poly(1-vinyl-3-alkyl-imidazolium) with bromide anions is soluble in water as a
conventional polyelectrolyte and, after substituting the halide anion by tetrafluoroborate or

hexafluorophosphate the polymer become soluble in methanol and polar aprotic solvents,
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but not in water anymore. Then, changing the counter-anion by fluorinated
bis(trifluoromethanesulfonamide) anion or an hydrophobic anion, the polymer become
soluble in non-polar solvents.?!® It is therefore essential to know all the characteristics of

each PIL or IL before using them.

Thus, to get the most from PILs, it is important to combine PILs with advanced materials to
produce composites. The ionic nature of PlLs ensures their outstanding compatibility with
other composites since the active ions across the polymer chains can promote interactions
with other reagents.'®® The hybrid materials obtained after those unions highlight for
having an enhanced performance like increased conductivity, thermal stability,
antimicrobial activity or optical properties.'*® Moreover, PlLs can be manufactured by 3D
methods, what makes them promising candidates for developing next-generation devices.
For all these reasons, 3D printable PIL composites are an exciting and potential research
field.

1.2.3 Combination of lonic Polymers with Advanced Materials

Some required features, including higher stability, flexibility, durability, catalytic activity and
a lower cost are crucial for new types of multifunctional devices used in medical, electronic
or environmental field. Herein, smart materials such as nanomaterials or carbon-based
materials are promising alternatives to meet these requirements since they can improve
mechanical and electrical properties of polymer matrices. Over the past 20 years, a
tremendous expansion in the development of nanostructured composite systems has

emerged and been employed in a wide range of applications.®®

As previously mentioned, PILs' ionic character assures their excellent compatibility with
other composites.’>% Consequently, PILs are good stabilizers and effectively improve the
solubility of nanoparticles and polymers. That is why PIL nanocomposites are an important
and potential research field. Carbon nanotubes (CNTs), graphene, graphite and different
metal nanoparticles have been incorporated in poly(ionic liquid)s to form

nanocomposites. !> 1>

On the other hand, combinations of conductive polymers with PlLs have attracted much

interest as well. Conductive polymer dispersions need non-acidic and non-aqueous
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stabilizers to avoid some issues found in implementation, such as leakage, agglomeration
and solvation.'®* 170 |nto this context, new classes of non-volatile organic solvents with
hydrophobic nature, like PILs, have been studied, combining all beneficial properties of ILs
with those of classical polyelectrolytes. Polyaniline (PANI), polypyrrole (PPy) and poly(3,4-
ethylenedioxythiophene) (PEDOT) organic dispersions have been prepared using PlLs as
stabilizers, having the ionic species covalently bonded to a polymer backbone. This synthetic
method takes advantage of the solubility change of the cationic PIL after anion exchange.
Hydrophobic PEDOT/PIL dispersions have been successfully tested by several groups as
alternative materials for electrochemical applications due to its organic nature, its large
electrochemical window and thermal stability (up to 300 °C).21® 143, 1546 For instance, a
fluorescent organic light emitting diode (OLED) device was fabricated using PEDOT with an
imidazole PIL as a hole-injection layer (Figure 11). In comparison with a control device using
a conventional PEDOT based material, the device with PEDOT:PIL was found to achieve a

significant improvement in terms of device lifetime.%”?
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Figure 11. Structure of the fluorescent OLED device including the chemical structures of PEDOT:PIL
and the luminance decay of PEDOT:PSS and PEDOT:PIL devices as a function of time. Reproduced from
reference [171b] with permission.

Similarly, in dye-sensitised solar cells (DSSC), liquid electrolytes have been widely used,’?
however a single-ion conductive gel polymer electrolyte is highly desirable to avoid

limitations in the long-term operation and practical use due to leakage and evaporation.

The possibility of using a PIL as all-in-one oxidising agent and polymeric stabilizer for the

preparation of PEDOT aqueous dispersions is another exciting area of research.
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Poly(dimethyldiallylammonium) with S;0s? oxidising counter-anion has been used to obtain
PEDOT dispersions in a conventional acrylic polymer latex. The addition of EDOT monomer
into an aqueous solution of the PIL with the persulfate oxidant counter-anion resulted in the
formation of a stable PEDOT blue dispersion due to oxidative polymerisation of the EDOT

monomer. All in all, the poly(ionic liquid) showed oxidising and stabilising properties.1”?

As well, it has been demonstrated that there is an enhancement of the electrical properties
when CNT-based composites are prepared in a conductive polymeric matrix. In order to
avoid the segregation of CNTs and conducting polymers due to the limited miscibility among
them, a third component such as poly(ionic liquids) have been introduced. There are very
few attempts combining CNT-PEDOT complex with a PIL, although it has been established
that CNT and PEDOT integration is possible by interfacial engineering using PIL. As a result,
fine dispersions of CNTs in conducting polymer matrices are achieved. It was found that the
negative charges of PILs stabilise PEDOT positive charges, promoting the binding of PEDOT
chains with CNT-PIL via electrostatic interactions. And the complexes can be prepared in

organic or aqueous solutions by modifying the PIL's structure,1>4< 174

Another example showing good results after mixing PILs with conductive polymers and an
extra active material is a hybrid of PEDOT-PIL-modified Fes0a4. This composite was used
successfully as detection channel material for a chemiresistive sensor to detect VOC
vapours. In this case, the resulting hybrid sensor displayed lower noise and greater
sensitivity than its PEDOT-PIL-only homologue. As with the carbon composites, PIL was used
as the polymerisation template for the oxidative polymerisation of EDOT, providing an
efficient linkage of PEDOT to the surface of the metal nanoparticles. Furthermore, the use
of PILs prevented the aggregation of Fe3O4 nanoparticles as well as acted as stabilizer of the
nanoparticles.'’® Likewise, by mixing hydrophobic PEDOT:PIL with an elastomeric polymer,
it is possible to obtain stretchable conductive materials useful for preparing flexible sensors

and actuators with multiple applications.'’®

1.2.4 PILs in 3D Printing

Nowadays, the development of polymers especially designed to be printed by 3D techniques

is of huge interest. And, at the same time, in both academic research and industry, there is
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a need to create polymeric systems with controlled precision in architecture, domain size,
functionality, polarity, solubility and reactivity. Into this context, PILs combine the tuneable

properties of the ILs with polymeric features, becoming an invaluable material for AM.

In 2014, the first study using printable ionic polymers was reported. 4-vinylbenzyl trioctyl
phosphonium  bis(trifluoromethanesulfonate)imide mixed with diacrylates were
photopolymerised by mask projection micro-stereolithography with low UV light intensity
and high digital resolution. The IL monomers were polymerised during the printing process
together with other comonomers, in the presence of a cross-linker and a photoinitiator. The
resulting electro-active membranes showed high thermal stability, optical clarity and ion-
conductivity.3? In that example, the IL monomers were viscous, hence that formulation was
not proper for all printing techniques. A totally different strategy was proposed for an inkjet
method, generating a variety of low viscosity printable polycationic materials with finely
tuned mechanical, thermal and superficial properties. In this paper, copolymers based on
butyl acrylate and vinyl imidazole were crosslinked with divinylbenzene at different
concentrations of the components in order to find the suitable composition to be 3D printed
by inkjet. The post-polymerisation and modification of the polymer allowed to improve the

mechanical properties of the printed parts (Figure 12).2°
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Figure 12. Schematic representation of the method proposed to inkjet print polyionic films (PILs).
Reprint adapted with permission from reference [29]. Copyright 2018 American Chemical Society.
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Our group has demonstrated for the first time the possibility to successfully design
functional advanced multi-materials and devices based on PlLs with embedded hybrid
organic-inorganic polyoxometalates (POMs). This work exemplified how the unique
photo/redox properties of nanostructured POMs could be translated into a macroscopic
material by DLP as shown in Figure 13. Smart materials containing imidazolium-based PILs
and photochromic POMs were designed allowing fine-tuning of the overall properties of the
3D printed material. The rich redox properties of the POMs were transferred to obtain
geometrically complex photoactive devices with reversible photochromism. These
advanced properties can be useful in different potential applications such as reversible

information storage and temporal reduction/oxidation of pre-formed printed devices.3?
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Figure 13. a) Compositions of the PIL-based 3D printing formulation capable to stabilise the POMs
(C10POM@[BVIM][NTS,]) that were introduced before the printing process; b) Controlled topological
and temporal photoreduction of the POM material with visible light to encode information, ¢) (Up)
Increase in absorption at Amax = 801 nm due to photoreduction of the encapsulated POMs upon
exposure to the project light over time, with the corresponding UV—-vis spectra inset; (Down)
Absorbance intensity at Amax = 801 nm upon cycles of photoreduction (encoding) and oxidation
(erasure). Adapted from reference [31a] with permission.

Similarly, recent works demonstrate that PlLs are ideal materials to stabilise perovskite
nanocrystals (PNCs). Xia et al. has recently published a report showing the advantages of

protecting hybrid perovskites from decomposition in humid environments with in situ IL
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polymerisation. The sensitivity to moisture during the cell fabrication was effectively
reduced, improving quality and long-term stability.}”” Nevertheless, PNCs are not commonly
added as additives into 3D printing materials because of their instability. Therefore,
combinations based on PlILs can represent a great chance for designing photoactive 3D
printed devices for photocatalysis, optoelectronic, conductive, electrochemical and redox

applications among others.

On the other hand, the use of PlLs for antimicrobial applications has expanded
considerably.”® Li et al. 3D printed a tooth model with high precision by DLP using

cholinium-based photopolymerisable ILs with antibacterial properties (Figure 14).512
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Figure 14. a) Schematic representation of the 3D printing process and the monomeric IL involved for
preparing the photosensitive resin; b) Picture of the dental model made by DLP 3DP; c¢) Picture of the
corresponding scan data; d) Growth curves of E. coli using PIL formulation with different contents of
the antibacterial agent; e) Growth curves of Staphylococcus aureus using PIL formulation with different
contents of the antibacterial agent. Adapted from reference [51a] with permission.

The antibacterial resins are essential in the biomedical field. Furthermore, additive
manufacturing contributes to the research and development of biomaterials for prototyping
complex and customised structures with patient-specific necessities.'’® Bioprinting has
become mainstream and, ILs and PILs have a great potential in this area owing to their
tailorable biocompatibility and antimicrobial properties.'® Into this context, PIL-based bio-
inks formulated for 3D printing have been prepared for applications in tissue-engineering

(Figure 15).111a
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- é - 3D printing
3D scaffolds biological activity

Figure 15. Schematic diagram including the synthesis of PILs, the 3D printing process and the detection
of biological activity. Reproduced from reference [111a] with permission.

Additionally, the flexibility to modify the physicochemical properties of these compounds
solve most of the issues found in drugs delivery systems like low bioavailability and drug

insolubility.8!

In catalysis, the use of 3DP is becoming attractive as well. The combination of digital control
over the geometry, function and chemical composition of this technique is having a
significant potential for preparing reactors and structured catalysts.®? For instance, 3D-
printed magnetic stirrers have been successfully designed and implemented for catalysing
chemical reactions.’®® Once the reaction is over, the stirrer can be removed from the
reaction media, washed and reused without further purification steps. Also, a 3DP catalytic
device based in Cu/Al,O3 showed high catalytic efficacy and good recyclability in different

184 Most work in this area focus on improving mass transfer through

Ullmann reactions.
geometry optimisation. The use of PILs can help in this regard. Wu et al. constructed an
agitating impeller (Al), shown in Figure 16, with prismatic structure combining 3DP and PlILs,
and demonstrated that mass transfer, catalyst activity and recovery were enhanced when
using printable PILs loaded with palladium ions. Imidazolium ILs with acrylate groups were
synthesised and modified on the surface of the impeller by photopolymerisation using

SLA 5P
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Figure 16. a) Schematic illustration of the agitating impeller preparation from the digital CAD model
using SLA 3DP technology; b) Degradation curves of 4-nitrophenol (4-NP) catalysed and stirred by three
types of Al-Pd respectively; c) Plot of In(C/Co) versus time spectra for the reduction of 4-NP, showing a
linear relationship. Adapted from reference [51b] with permission.

In a different example, a cellulose-based catalyst was prepared by AM using cellulose
dissolved in a quaternary-ammonium-based IL. The freedom in design of this manufacturing
technique allowed to build-up thin and homogeneous films of different shapes, types and
designs. As a result, the final catalytic printed parts were implemented in specific reactors

for dye removal from wastewater,8

Furthermore, microfluidic reactors can be fully 3D-printed with internal flow channels and
high surface quality.'® The possibility of printing a reactor with a catalytic material properly
supported in the channels can be very beneficial for catalysing reactions. Herein, our group
has reported different 3D printed column architectures using SILPs that were successfully
implemented for the catalysis of CO; cycloaddition to epoxide. The formulations were based
on the polymerisation of glycidyl methacrylate with dimethacrylate as crosslinker, whit

further functionalisation with imidazolium-based ILs (Figure 17a). The catalytic column was
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used in a continuous-flow process of cyclic carbonate preparation from CO; and epoxide
(Figure 17b). The AM generated catalytic reactors with higher catalytic activity than similar
sized packed bed reactors. The catalytic activity and stability of the reactor were kept over

300 hours without loss of activity.®
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Figure 17. a) Preparation of SILPs; b) Continuous flow set-up; c) Application of 3DP catalytic reactor
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column in CO; cycloaddition to epoxide; d) Yield vs. time on stream obtained for the continuous flow
reaction between different epoxides and CO2 (65 bar). Conversion calculated by 'H-NMR. Selectivity >
99%. Adapted from reference [187] with permission from the Royal Society of Chemistry.

The introduction of 3DP in catalysis is a growing field, although ILs and PILs are not widely
employed yet. Nevertheless, the use of IL-based materials in catalysis has been extensively
studied.!®® The most common ionic moieties employed in this field are imidazolium cations

although they are quite sensitive to basic conditions. Phosphonium ionic liquids have

189 190 191

intermediate base stability,”*” while triazolium,”" pyrazolium,”* and cyclic ammonium
(such as pyrrolidinium)!®? cations are often more stable to basic conditions, and are

therefore more appropriate for the preparation of basic ionic liquids.

ILs and PILs, mainly imidazolium-based, have also been widely used for electronic, energy
storage, supercapacitors and conductive applications. Soft somatosensitive actuators were
constructed by directly ink writing with ILs via multi-material embedded which enables the
formation of soft robotic actuators mimicking the human somatosensory system. The sensor

ink consisted in a conductive shear-thinning ionogel formed with an IL and fumed silica as a
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rheology modifier, and exhibited long-term stability and hysteresis-free performance.!1?

Long and co-workers prepared a PIL-based 3D printable resin much more conductive, stable
and environmentally friendly than using styrene, a common neutral polymer.® Extensive
research has been devoted to PllL-based electrolytes,?'® 1°* however, their ionic
conductivities have resulted too low for practical applications. Into this context, as above-
mentioned, mixing PILs with ILs can enhance drastically the polymeric conductivity.
Recently, Darren and co-workers have demonstrated that imidazolium PIL/IL-based
polyelectrolytes are up to six times more conductive as well as more thermally and
electrochemically stable than the analogous neutral polymer. The resulting PIL/IL mixture

formed a photopolymerisable resin capable to be printed by SLA methodology.%3"

Another important consideration is the possibility to manufacture all-printed devices.
Liquids and colloid gels have been used for this purpose, however some serious issues
appeared using a strong-acid or a strong-alkaline electrolyte, as it caused damages to the
deposition nozzles. Electrolytes based on ILs are therefore very favourable for fully-printed
devices, because ILs contribute much less to corrosion and they can work at higher voltages
than traditional electrolytes.?®® Also, PIL materials have been mixed with carbon-based
nanocomposites for preparing 3D-printable resins, resulting very interesting works. In this
regard, flexible and wearable conductive polymers were manufactured by VP using

imidazolium-based PILs for dispersing carbon properly, represented in Figure 18.23
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Figure 18. a) Structure of the PIL used; b) Dispersion mechanism of carbon black by PIL; c) The
preparation process starting from the CAD model; d) Image of the final device coated with carbon,
showing its conductivity. Adapted from reference [23a] with permission.
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Carbon nanotubes (CNTs) have also been 3D-printed with a mixture of ILs and PILs for
developing soft electronics, finding significant increasement of the composites
conductivities (up to 520 S/m adding 15 wt% MWCNT).3% 1% Graphene aerogels that can be
employed for energy storage applications, such as batteries or supercapacitors, were
fabricated by a freeze 3D printing technique, as shows Figure 19. Using an aqueous
dispersion of graphene stabilised in imidazolium-based PILs it was possible to achieve an

electrical conductivity of 149 S/m.1%
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Figure 19. Schematic representation of the PIL-based formulation, the 3D printing process and the
final graphene aerogel. Reprinted with permission from reference [196]. Copyright 2020 American
Chemical Society.

Printable energetic materials based on vinylimidazolium monomers were also
photopolymerised by a DLP printer, manufacturing complex geometries at high resolution
while also providing a great control over the mechanical and energetic characteristics of the
produced objects. The 3D printed polymers allowed to reduce the amount of filler without

compromising the final performance of the device.'®’

Generally, much progress has been made in printing functional and smart materials as well
as improving the printing technologies. For example, hybrid 3D printing processes that
combine different manufacturing processes (multiprocess), have been implemented
resulting in an advanced way to prepare intelligent materials with new and complex
functionalities.’®® Even so, there is still a need to find new and more efficient printable
materials and, simultaneously to engineer a printing process capable to introduce multiple

materials in a single print in order to get the most from the additive manufacturing.
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2.1 Summary

The development of antibiotic-resistance by microbes is becoming common and spreading
rapidly across continents. The preparation of advanced antimicrobial materials is therefore
an emerging concern. Antimicrobial materials can inhibit the growth or kill bacteria on their
surface or in their surroundings with high effectiveness, low toxicity and minimal

environmental impact.

Here, novel 3D printable materials based on polymeric ionic liquids (PILs) with antimicrobial
activity were prepared. The combination of potential antimicrobial properties from PlLs and
their ability to stabilise nanomaterials with antimicrobial properties was studied. More
concretely, nanomaterials based on silver and copper were studied, with the aim of

conjugating antimicrobial properties, biocompatibility and 3D printability.

Initially, different formulations using a variety of monomeric ionic liquids and cross-linkers
were evaluated to encapsulate a silver precursor (AgSbFs). The interaction of the ionic liquid
moieties with the silver precursor enabled the controlled in situ formation and stabilisation
of silver nanoparticles via extended UV photoreduction after the printing process. An
effective decoupling of the device manufacturing from the on-demand generation of
nanomaterials was demonstrated, avoiding the potential aging of the nanomaterials
through oxidation. The printed devices showed a multi-functional and tuneable microbicidal
activity against Gram positive (Bacillus subtilis - B. subtilis) and Gram negative (Escherichia
coli - E. coli) bacteria and against the fungus Aspergillus niger (A. niger). The polymeric
material alone was found to be bacteriostatic, while the AgNPs conferred bactericidal
properties to the material. Additionally, PIL-based formulations were optimised to be 3D-
printed by DLP and MSLA technologies with desired geometries at high resolution.
Moreover, the biocompatibility of different monomeric ionic liquids (mlLs) and
photoinitiators (Pl) was evaluated, reporting enhanced viabilities depending on the mlIL and
Pl chosen. It was found that Ag presented a considerable toxicity towards kidney tissue cells,

which motivated to look for different antimicrobial materials.

In this way, the optimum non-toxic PIL-based formulations were used for encapsulating a
copper precursor (Cu(NOs),) in order to obtain antimicrobial and biocompatible devices. The

stability of the copper particles in the polymer matrix was enhanced after applying a post-
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treatment to the films by heating them at 160 °C. The treated copper-based films exhibited
outstanding antibacterial activity against S. epidermidis. This is a bacterium found in the
human epithelial microflora; however, its ability to form biofilms on indwelling medical
devices can lead to infections. The biofilm protects the bacteria from antimicrobial agents.
One approach to solve that problem is to fabricate medical devices with inherent
antimicrobial properties. Herein, a simulated stent as a demonstrator of a medical device

was successfully manufactured with a Cu@PIL formulation.

The biocompatibility and the antimicrobial properties of our PlL-based formulations were
analysed by the Instituto de Ciencia de Materiales de Aragon (INMA). All the antimicrobial,
fungicidal and cell viability tests reported here were done by Dr. Isabel Franco and Dr. Scott
Mitchell. The experimental results generated in this Chapter have been published in
Biomaterials science 2021, 9 (16), 5397-5406, and there is another publication in

preparation.

2.2 Introduction

In the last decade, antibiotic resistance has emerged as a worldwide concern.®® This refers
to the ability of microorganisms to resist the effects of antibiotics. Antibiotics are a class of
antimicrobial agents that are specifically designed to target bacteria. When bacteria are
exposed to antibiotics, some may survive and reproduce, passing on their resistance to their
offspring. Over time, the population of bacteria may become entirely resistant to the
antibiotic, making it ineffective for treatment. This is a serious problem because it can lead
to the spread of infections that are difficult or impossible to treat. Antibiotic resistance can
occur naturally, but it is also accelerated by the overuse and misuse of antibiotics. To
overcome this issue, new materials with inherent antimicrobial activity are being
developed.?® Antimicrobial activity is the ability of a substance, such as a chemical or a
metal, to inhibit the growth or kill microorganisms, such as bacteria, viruses, fungi, and
parasites. This activity can be broad-spectrum, meaning it targets a wide range of
microorganisms, or it can be specific to a particular type of microorganism. Examples of
antimicrobial agents include antibiotics, disinfectants, and antifungals. This activity can be

bacteriostatic or bactericidal, depending on the way the antibacterial agent acts.
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Bacteriostatic agents are substances that inhibit the growth and reproduction of bacteria,
but do not necessarily kill them.2°! These agents work by disrupting the normal metabolic
processes of the bacteria, making it difficult for them to reproduce and spread.
Bacteriostatic agents are useful in controlling bacterial infections, and can be used in
combination with other treatments to help prevent the development of antibiotic
resistance. Bactericidal agents, on the other hand, are substances that kill bacteria directly.
They do this by damaging the cell membrane, interfering with the bacterial DNA, or
inhibiting vital enzymes.?’? Bactericidal agents are typically more effective than
bacteriostatic agents at eliminating bacterial infections, but they may not be as effective at
preventing the development of antibiotic resistance. Some antimicrobial agents can be both
bacteriostatic and bactericidal depending on the concentration, some others may only have
one of the properties. Also, the same agent may have different action on different types of
microorganisms, for example, a chemical that is bactericidal against Gram-negative bacteria,

may be only bacteriostatic against Gram-positive.?%

Gram-positive and Gram-negative bacteria are two groups of microorganisms that are
characterized by their different cell wall structures and staining properties. Gram positive
bacteria (such as Bacillus subtilis) have a thick peptidoglycan layer and no outer lipid
membrane whilst Gram negative bacteria (such as Escherichia coli) have a thin
peptidoglycan layer and have a complex outer lipid membrane that makes them more
resistant to some antibiotics and other antimicrobial agents.?** The thick peptidoglycan
layer gives Gram-positive bacteria a characteristic blue-purple colour when stained with the
Gram stain. Some bacteria can be both Gram-positive and Gram-negative depending on the
culture conditions. Both types of bacteria can cause a wide range of infections, but some
types of infections are more commonly associated with one group or the other. For example,
Gram-positive bacteria are more commonly associated with skin and soft tissue infections,
while Gram-negative bacteria are more commonly associated with urinary tract infections

and food poisoning.2%°

Polymeric matrices have recently attracted a lot of interest in the antimicrobial field due to
their higher efficiency, lower toxicity, minimisation of environmental problems, resistance

and extended lifetime compared to their small molecular counterparts.?°® Additionally,
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polymers can be designed to be manufactured by 3D techniques. The unprecedent flexibility

in design allows to fabricate medical devices with high resolution.!- 195 197

There are many antimicrobial agents that can be added as fillers into the polymeric matrices.
Silver nanoparticles (AgNPs) exhibit a broad antimicrobial potential.?’” Indeed, several
examples of AgNPs-polymeric materials and hydrogels formulated for being additively
manufactured have been reported.?® The nanoparticles are either dispersed in the resin
before 3D printing or synthesised during the 3D printing process, thus generating ready-to-
use printed devices. A limitation of this strategy is that the metal reduction takes place at
the same time that the printing, what does not allow for tuneable fabrication of
nanoparticles. A potential solution to this issue is to decouple the manufacturing process
from the reduction of the metal. The polymeric matrices need to keep the metal precursor
in the oxidised form to enable a controlled reduction of the NPs at the point of need. In this
way, optimal antimicrobial efficacy is preserved while allowing the design freedom given by
3D printing and the fabrication of parts with the required mechanical properties. Some
papers report the possibility to do this, however they often need post-printing treatments
such as energy-intensive heating steps®° or immersion of the printed piece in a reducing

solution.2®

Another challenge that might arise when working with nanoparticles is their effective
stabilisation.1%’? Different strategies employing 3D printable polymers have been proven
effective to offset this issue.®®® In this regard, the ability of ionic liquids and PILs to stabilise
and support metal nanoparticle precursor salts and nanoparticles has been also
employed.'% 210 |onic liquids are gaining prominence in the clinical use as they present
some desirable characteristics highly relevant, such as improved bacterial resistance,
antibiofilm properties, and the possibility of being designed and 3D-printed to possess
inherently broad antimicrobial properties against bacteria and fungi.?!* Over the last five
years, the use of PlLs for antimicrobial applications have increased considerably, but it is still
in its early stages. Generally, imidazolium based PILs are the most widespread investigated
due to their outstanding thermal stability, low Tg values and easy synthesis.}’® Antimicrobial
activity of imidazolium salts and their polymer derivatives has been extensively
demonstrated,3'® 222 and in contrast to the cytotoxic ILs, PILs have shown to be

biocompatible.?'® Brushes based on imidazolium PIL with high antibacterial activity have
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been successfully printed.?'* Apart from imidazolium groups, cholinium-based PILs have

showed some antimicrobial activity as well.51?

On the other hand, the substitution of silver salts by copper salts is of great interest for
improving the sustainability and biocompatibility of the process and the devices, since Cu
nanoparticles are slightly less toxic than silver.?> Copper and copper-based materials have
been studied for their antimicrobial properties and have been used in a variety of
applications such as medical devices, food packaging, and textiles.?'® The antimicrobial
properties of copper are due to its ability to disrupt the membrane potential of
microorganisms, leading to a loss of vital ions and enzymes, and ultimately cell death.
Muwaffak et al. incorporated metallic copper into an FDA-approved polymer
(polycaprolactone) to produce filaments for 3D printing. In that way, customised wound
dressings were prepared. However, high temperatures are required in the printing
process.?’ In the literature, there are few examples of antibacterial materials mixing PILs
with copper as antimicrobial agent. Zheng et al. reported the antibacterial performance of
three different metals (Cu, Fe and Zn) incorporated into PIL-membranes. PIL-Cu membrane
and PIL-Zn membrane had an enhanced antibacterial activity and all the membranes
presented a low haemolysis toward human red blood cell.?!® Further research is necessary

for developing innovative bioactive polymeric materials.

The analyses carried out in this Chapter to study the biocompatibility and antimicrobial

activity are described here.

A cell viability test is a method used to determine the number of live cells in a culture or
sample. These tests are used in cell biology and biotechnology to measure the health and
growth of cells in culture, and are also used in toxicology to assess the effects of drugs,
chemicals, or other agents on cells. There is a variety of cell viability tests used depending
on the type of cells, the samples and the goals of the experiment. MTT assay is one of the
most common methods, in which live cells convert a yellow tetrazolium salt, MTT, into a

purple formazan product that is quantified by spectrophotometry.?%°

On the other hand, the antimicrobial activity of a material in solution in direct contact with
bacteria is determined using a positive and a negative control. The positive control contains

microbes and culture medium, while the negative control is the culture medium without any
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microorganism, such as water. The antimicrobial activity of the tested material can be
determined by comparing the bacterial growth in the test culture to the bacterial growth in
the positive control culture. The negative control serves as a baseline. Both tests are used
to ensure that the inhibitory effect observed is due to the material, and not to other factors.
After incubating the cultures for a specified period of time at the appropriate conditions,
the growth of the bacteria can be calculated by counting the number of colonies or by
measuring the absorbance (optical density) of the cultures. The material with higher
inhibitory effect on bacterial growth is considered to have more antimicrobial activity.
Additionally, the minimum inhibitory concentration (MIC) and the minimum bactericidal
concentration (MBC) of the tested material can be determined by performing serial dilutions

of the tested material and analysing the growth of the bacteria.??°

Finally, zone of inhibition and halo inhibition tests are another type of test used to measure
the antibacterial activity of a compound or substance. It consists of placing a small amount
of a bacterium on an agar plate, and then applying a disc or circle impregnated with the
substance to be tested. The disc is placed on the agar plate and incubated for certain period
of time. After incubation, the diameter of the area around the disc where there is no
bacterial growth is measured. This area is known as the 'zone of inhibition' or 'inhibition
halo' and its size indicates the effectiveness of the substance in controlling bacterial growth.
The larger the zone of inhibition, the greater the antibacterial activity of the substance. In
this test, a negative control containing only bacteria and a positive control containing

bacteria together with a reference antibiotic are used.?%!

2.3 Objectives

Here, the main goal is to prepare non-toxic antibacterial materials based on polymeric ionic

liquids to be manufactured by DLP and MSLA.

Firstly, 3D printable PILs will be formulated to fabricate multifunctional materials that

feature four key properties:

e Decoupling the synthesis of silver nanoparticles from the 3D printing step

e On-demand photoreductive formation of AgNPs within the material
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e An antimicrobial effect of the PIL backbone

e A broad antimicrobial action afforded by AgNPs
Further objectives are:

e To optimise the formulations in order to obtain high-resolution tailor-made devices

e To investigate the biocompatible properties of the 3D-printed materials

e To stabilise copper salts to prepare environmentally friendly copper-based
compounds

e To evaluate the antimicrobial activity of a variety of copper samples

e To manufacture a medical device using non-toxic and antimicrobial 3D printable

formulations

As a proof-of-concept, a model resembling a medical stent was 3D printed at high resolution
to demonstrate the viability of employing this technology to fabricate biocompatible and

bacterial resistant devices.

2.4 Results and Discussion

2.4.1 Summary of the Nomenclature found in Chapter 2

Table 2. Nomenclature used for naming the films prepared with different miLs (mIL1, mIL2 and mIL3).

Entry Film mliLX (mol%) Cross-linker (mol%) Additive (wt%)

1 PILX 80 BDA (20) -

2 Ag@PILX 80 BDA (20) AgSbFs (1)

3 PILX.1 60 PEGDA 575 (40) -

4 PILX.2 80 PEGDA 575 (20) -

5 PILX.3 90 PEGDA 575 (10) -

6 PILX.4 100 - -

7 PILX.5 80 PEGDA 250 (20) -

8 PILX.6 80 PEGDA 700 (20) -

9 Ag@PILX.2 80 PEGDA 575 (20) AgSbFs (1)
10 Cu@PILX.2 80 PEGDA 575 (20) Cu(NOs)2:3H,0 (2)

Where X =1, 2, or 3 depending on the mlIL used (mIL1, mIL2 or mlIL3, respectively):
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Monomeric lonic Liquids
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1-butyl-3-vinylimidazolium 1-(3-hydroxypropyl)-3-vinylimidazolium [2-(acryloyloxy)ethyl]trimethyl-ammonium
bis(trifluoromethane)sulfonimide bis(trifluoromethane)sulfonimide bis(trifluoromethane)sulfonimide
(miL1) (miL2) {mIL3)

2.4.2 PIL Formulations Containing Silver

Several photopolymers based on mixtures of monomeric ionic liquids (mlLs), cross-linkers
and photoinitiator (PI) were developed to obtain printable antimicrobial materials. The

components used are represented in Figure 20a.

The first tuneable 3D printing ink formulation was based on the polymerisable ionic liquid
1-butyl-3-vinylimidazolium bis(trifluoromethane)sulfonimide (mlIL1) since it had previously
demonstrated to be a suitable PIL for stabilising and solubilising hybrid organic—inorganic
polyoxometalates, and formed mechanically resistant polymers when 3D printed.3!? Based
on the group experience, the initial formulation (PIL1) consisted of mIL1 (80 mol%), the
cross-linker 1,4-butanediol diacrylate (BDA, 20 mol%) and the organic PI diphenyl(2,4,6-
trimethylbenzoyl)phosphine oxide (TPO, 1 wt%), obtaining a clear, pale yellow viscous
liquid. The photopolymerisation of PIL1 resulted in well-defined clear and yellow films
(Figure 20b). To this baseline formulation silver hexafluoroantimonate (AgSbFes, ~1 wt%)
salt was solubilised and stabilised. After 3D-printing, the resulting Ag@PIL1 pieces
presented also a yellow colour which was attributed to the polymer (Figure 20c). Therefore,
we could suggest that the encapsulated silver was still in the Ag* state, despite exposure to

the light during the 3D printing step.
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Figure 20. a) The components employed for the development of 3D printable PiL-based formulations;
b) PIL1 after printing; c) Printed Ag@PIL1 film without post-curing; d) Printed Ag@PIL1 film exposed to
UV light during 20 minutes.

Furthermore, the UV-Visible spectra of the as printed pieces confirmed the absence of an
absorption peak in the region A = 375-475 nm, attributable to the localised surface plasmon
resonance (LSPR) band of the AgNPs.??? As it can be seen in Figure 21a (red line), the UV-
Visible spectra only shows the expected absorption peak features for the photoinitiator
TPO.2%2 Then, upon exposure to UV light, the photo-reduction of Ag* to Ag(0) was initiated
and the colour of the printed parts changed over time to increasingly darker shades of
amber (Figure 20d). UV-Vis transmission spectroscopy experiments with UV post-curing
treatment further confirmed the formation of AgNPs due to the presence of a shoulder peak
centred at A = 450 nm increasing in absorbance, which is attributed to the AgNPs plasmon.
Meanwhile, the absorbance of the peak features attributed to the PI (Amax = 380 nm)
decreased with increasing exposure time (Figure 21a). The presence of Ag(0) was further
confirmed by characterisation with XPS, which revealed the expected peaks in the spectrum
for Ag3ds, and Ag3ds,, (Figure 21b).?2* Indeed, the slight asymmetry of the Ag3ds,, peak
toward higher binding energies could be due to a convoluted peak that corresponds to

aggregated Ag nanoparticles, which further corroborates the presence of AgNPs.??°
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Additionally, Ag3d bands corresponding to the Ag@PIL1 before post-curing (red spectrum)
are broad signals, while the cured film (black spectrum) presented narrow bands that can

be attributed to Ag(0) species.
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Figure 21. a) UV-Vis spectra of a 3D printed Ag@PIL1 film at different post-curing times; b) XPS spectra
of a photo-reduced Ag@PIL1 film revealing the expected Ag3ds., and Ag3ds/2 peaks, compared with
an Ag-based film without curing and a bare PIL1 film.

Mechanical analysis of parts exposed to UV photoreduction for different times indicated an
increase in tensile stiffness with increasing UV exposure time. The samples were individually
analysed and single experiment results are shown. Interestingly, the mechanical properties
(stress-strain curves) showed a dependence on irradiation times. The increase in irradiation
time led to a more mechanically resistant materials (Figure 22a). However, an excessive
curing time led to a more brittle material, presumably due to an overcuring of the polymers.
Moreover, the corresponding tand vs temperature curves revealed that the Tg values also
increased with increasing UV exposure time (Figure 22b). Two maxima were observed,
which was attributed to the presence of small aggregates or nanoparticles. Nevertheless,
FT-IR studies during post-curing revealed only a small decrease in the intensity of the C=C
stretch peak at ~1650 cm™ after 5 minutes of photocuring, and no further changes (Figure
22c). Therefore, it is proposed that the increase in tensile stiffness and Tg upon increased
UV exposure time is due to the continued formation of AgNPs and/or aggregation of AgNPs,

both of which contribute to modifying the mechanical properties of polymer matrices.?2¢
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Figure 22. a) Stress-Strain curves for Ag@PIL1 3D printed parts demonstrating an increase in tensile
stiffness with increasing UV exposure time; b) The tand vs temperature curves, where the Tg values
(defined as the x-axis values at each curve maximum) increase with increasing post-curing time, and
¢) FT-IR spectra demonstrating little to no change in the C=C peak upon increasing UV exposure time.
This suggests that further polymerisation of unpolymerised C=C bonds in the materials is not
contributing to the increases in tensile stiffness and Tg upon UV exposure.

After analysing mlL1-based formulations, we studied the ability of another imidazolium
monomer with a terminal OH in the aliphatic side chain (1-(3-hydroxypropyl)-3-
vinylimidazolium bis(trifluoromethane)sulfonimide, mIL2) to stabilise AgNPs. Interestingly,
changing the monomer in the formulation (PIL2) whilst keeping the rest of the formulation
constant (20 mol% BDA and 1 wt% TPO), led to better resolved plasmons after curing,
showing a well-defined plasmon with a maximum at A = 422 nm (Figure 23a). Similar to
Ag@PIL1, the colour of the films changed upon UV exposure time. However, the printed
Ag@PIL2 parts resulted in excessively rigid samples, which deformed and cracked during
the polymerisation process (Figure 23b). It was hypothesised that the presence of the
hydroxyl group of the cation, combined with the use of BDA as cross-linking agent, had an
influence on the mechanical properties of the resulting material, which in turn affected the
printability. Instead, when poly(ethyleneglycol) diacrylate (PEGDA, M, = 575 g/mol) was
employed as a cross-linking agent in same percentage (20 mol%) (PIL2.2), much more
flexible films with enhanced mechanical properties were obtained (Figure 23c). The new
formulation with PEGDA was able to 3D-print tailored geometries with an error <15 %
(calculated from the difference in the main dimensions set in the CAD file compared to the
actual printed part) (Figure 23d-f). Accuracy was not the key parameter at this point of the
study, and the optimisation of the formulations to achieve optimal printing resolution is

shown in Section 2.4.3.
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Figure 23. a) The UV-Visible peak feature attributed to the AgNPs plasmon of resonance in 3D-printed
and photocured Ag@PIL2; b) Ag@PIL2 films exhibited different colours depending on the post-curing
time (in minutes); c) (Left) 3D-printed parts of Ag@PIL2-based formulation with PEGDA and BDA after
20 mins of UV exposure, and (right) before photocuring, highlighting how the formulation with BDA
deformed during 3D printing, whereas with PEGDA the printing presented good resolution; d) Example
CAD design that was employed as a benchmark for 3D-printing; e) 3D-printed part of AGg@PIL2.2 before
Ag reduction; f) 3D-printed part of Ag@PIL2.2 after generating AgNPs by UV irradiation.
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Figure 24. a) UV-Vis spectra of AG@PIL2 film (using BDA, red curve) and Ag@PIL2.2 film (using PEGDA,
blue curve); b) Transmission electron micrograph of a 3D printed Ag@PIL2.2 film post-cured, showing
the presence of AGNPs dispersed within the PIL matrix.
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The Ag@PIL2.2 film presented a well-defined UV-Visible peak attributable to the LSPR
characteristic of AgNPs centred at 413 nm (Figure 24a, blue spectrum). TEM microscopy
confirmed the presence of spherical AgNPs within the PIL matrix (Figure 24b). A similar
ability to stabilise AgNPs upon extended photoreduction under same conditions was

observed with both cross-linkers.

Likewise, a cholinium-based monomeric ionic liquid containing an acrylate group, [2-
(acryloyloxy)ethyl]trimethyl-ammonium  bis(trifluoromethane)sulfonimide (mlIL3), was
tested, resulting in faster polymerisation than the vinyl group from miL1 and mIL2 due to
the acrylate group. A formulation containing PEGDA (20 mol%) was selected for the
improved mechanical properties. Once again, the UV-Visible spectrum of the printed
Ag@PIL3.2 film confirmed the absence of an absorption peak in the region A = 375-475 nm,
attributable to the AgNPs (Figure 25, blue curve). Whereas, the UV-Vis spectrum of the
same film after UV curing treatment showed the formation of AgNPs by the presence of its

characteristic plasmon of resonance centred at A = 435 nm (Figure 25, black curve).???
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Figure 25. UV-Vis spectra of AG@PIL3.2 film cross-linked with PEGDA (20 mol%) before curing (blue)
and after curing it (black) under UV light during 20 minutes at 40 °C.

On the contrary, when using a commercial resin or lower mIL:PEGDA ratios, the silver was

photoreduced during the printing step.
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Aging experiments were performed to determine the stability of the Ag@PIL parts over
time. To examine the photostability, Ag@PIL2.2 films were stored either under ambient
lighting or under dark conditions. We observed that the films that had been photoreduced
by post-curing exhibited an increase in the magnitude of the absorbance peak attributed to
AgNPs when exposed to ambient light conditions, suggesting the continuous
photoreduction of AgNPs (Figure 26).

Absorbance (a. u.)

300 400 500 600 700 800
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Figure 26. Ag@PIL2.2 film generated by post-curing photoreduction and aged under ambient light
over a period of 18 days, causing an increase in the absorbance of the peak attributed to the AgNPs
plasmon.

When non-photoreduced Ag@PIL2.2 pieces were stored for three weeks under ambient
irradiation, a peak (centred at ~450 nm) in the UV-Visible transmission spectra developed,
suggesting the formation of AgNPs (Figure 27a). In contrast, non-photoreduced 3D printed
Ag@PIL2.2 films stored in the dark showed no LSPR related band (Figure 27b). Therefore,
it was determined that storage in dark conditions was required to prevent photo-aging.
Storage in dark conditions demonstrated the hypothesis that it is possible to decouple the

manufacturing of devices by 3DP from the synthesis of the nanoparticles.
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Figure 27. a) Ag@PIL2.2 film non-reduced and then aged under ambient light highlighting the
development of a peak feature at ~450 nm suggesting the formation of AGNPs; b) Ag@PIL2.2 film non-
reduced and then aged under dark conditions, showing no sign of an AgNPs plasmon. In all cases the
samples were exposed to ambient atmosphere.

In summary, the formulations based on the three miLs were 3D-printed, decoupling the
synthesis of the AgNPs from the additive manufacturing process. The reduction of the silver
was well controlled after the printing process. According to the results, the most suitable
formulations were prepared by mixing 80 mol% of miL, 20 mol% of PEGDA 575 and 1 wt%
of TPO. In some cases, the films were photopolymerised directly under a UV light lamp (20

min at 40 °C in aerobic atmosphere) without involving 3D printing.

Antimicrobial Studies

As mentioned above, the antimicrobial properties of our PlL-based formulations have been
analysed in collaboration with the Instituto de Ciencia de Materiales de Aragon (INMA), by

Dr. Isabel Franco and Dr. Scott Mitchell.

The combination of hydrophobic PILs with AgNPs make potential candidates for
antimicrobial surface coatings to prevent biofilm formation. The antimicrobial activity of
Ag@PILs were evaluated against non-pathogenic E. coli (EC) and B. subtilis (BS) and two
fungi (A. niger (AN) and C. cladosporioides (CC)) via zone of inhibition tests and cell

proliferation assays, combined with biofilm inhibition studies. The different antimicrobial
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tests are described in the Experimental Part (Section 2.6.4). In general, both PIL and Ag@PIL
samples inhibited microbial growth, but Ag-containing PILs were more effective at reducing
bacterial viability. In the first instance a Zone of Inhibition test of PIL1 and Ag@PIL1 revealed
that only the Ag@PIL1 displayed an inhibition halo against EC and BS (Figure 28a). This
inhibition of bacterial growth around the sample is due to the diffusion of the Ag* ions into
the agar, which is the most important factor in the antimicrobial activity of the AgNPs
against bacteria.?!!d No inhibition halo was found with the PIL1 samples due to the lack of
silver. A delay halo -characterised for the mycelium growth- was found around Ag@PIL1
incubated in the plate inoculated with AN. No inhibition nor delay halo was found with PIL1

and neither Ag@PIL1 sample incubated in the plate inoculated with CC (Figure 28b).

a) PIL1 Ag@PIL1 b) PIL1 Ag@PIL1

Y

EC .. ' AN
BS /\ . : cc

Figure 28. a) Zone of Inhibition test of PIL1 with BDA (20 mol%) and Ag@PIL1 against two bacterial
strains (E. coli and B. subtilis); and b) Inhibition halo against two fungi (A. niger and C. cladosporioides).

In order to determine the antibacterial activity of the samples in solution, the bacterial
growth in cell culture media in the presence of the samples was monitored by optical
density. PIL1 repressed the growth of EC and BS in liquid media over a 24-hour period but,
interestingly, the corresponding reduction in bacterial cell viability was lower for the Gram-
positive BS (Figure 29a). This was confirmed by Environmental Scanning Electron
Microscopy (ESEM), which showed a high degree of sporulation in B. subtilis (Figure 29c).
On the other hand, the Ag@PIL1 variant was found to reduce bacterial cell growth of EC and
BS by 86 % and 75 %, respectively, as expected due to the antimicrobial effect of silver.

Evaluation of the antibacterial activity of the PIL2.2 formulation yielded similar results,
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however, Ag@PIL2.2 was found to possess the highest degree of inhibition after 24 hours

of incubation, resulting in a reduction of around 95 % for both bacterial strains (Figure 29b).
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Figure 29. Bacterial cell viability of E. coli and B. subtilis incubated with a) PIL1 and Ag@PIL1, b) PIL2.2
and Ag@PIL2.2; c) ESEM images of PIL1 and Ag@PIL1 inoculated with E. coli and B. subtilis. Both PIL1
and Ag@PIL1 affect E. coli morphology, disrupting the cell membrane. On the other hand, PIL1
stimulates the B. subtilis sporulation, while AG@PIL1 prevents colonisation of the polymeric surface
due to a higher bactericidal effect.

Broth and agar dilution methods are standard methods used to determine the antimicrobial
effect of the compounds, but these assays are standardised for soluble compounds. Hence,
performing a surface antimicrobial assay is essential when using compounds which are
meant to be applied as a coating or, like in this case, they are created directly as a 3D object.
Here, a modified Japanese Industrial Standard (JIS) Z 2801 method, described in Section
2.6.4 was used to determine the surface antimicrobial activity of PIL1 and Ag@PIL1. PIL1
displayed a bacterial reduction of 100 % and 89 % for E. coli and B. subtilis, respectively,
while Ag@PIL1 reduced 100 % of the bacterial cell count. Subcultures of the supernatants
confirmed the bactericidal effect of the Ag@PIL1, while PIL1 only displayed bactericidal

effect against E. coli. These results are commensurate with the results in liquid medium and
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the ESEM images, where the samples containing Ag displayed a higher antimicrobial effect,
with BS being the most resistant strain. The differences in antimicrobial activity between
the solution and the surface activity tests show that the antimicrobial properties are based
primarily on surface contact-killing rather than the release of an active component, such as

Ag* ions, into the local environment.2!1d

On the contrary, the formulations based on mIL3 (PIL3.2 and Ag@PIL3.2) did not report any
antimicrobial effect as shows Figure 30. These results differ from the high antibacterial
activity found for the imidazolium formulations (using miIL1 and mlL2). The chemical
structure of the monomeric ionic liquid employed plays a major role in the final
antimicrobial properties of the materials. The free electrons from the nitrogen of the
imidazolium group are probably responsible for the antimicrobial action. In contrast, the
cholinium used in this study consisted of a quaternary amine with no free electrons. In the
literature, imidazolium PILs are commonly used for antimicrobial applications, while

cholinium-based materials are rather rare.
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Figure 30. Optical density graphs of a) E. coli and b) B. subtilis, incubated with PIL3.2 and Ag@PIL3.2
vs the control experiments (Control 1: positive and Control 2: negative).

2.4.3 Optimisation of Printing Resolution

The polymer formulation was optimised in order to obtain printings with high resolution. A
wide variety of photopolymers were prepared and characterised using the three monomeric

ionic liquids (mIL1, mIL2 and mIL3) and PEGDA as cross-linker with different average

59



Development of Advanced Materials Based on Polymeric lonic Liquids Formulated for Additive Manufacturing

molecular weights (250, 575, 700 g/mol). The molar percentage of mIL/PEGDA was varied,
while TPO (1 wt%) was the selected Pl in the whole study. The range of concentrations of
mIL:PEGDA were varied from 100:0 to 60:40. All the tested formulations are summarised in
Table 3. Additionally, a low concentration of a dye was added to improve the resolution. In

this way, methyl red (MR) was added (0.1 wt%), giving a distinctive red colour on all the
printings.

All the polymerisation reactions were followed by FT-IR spectroscopy. It was possible to
calculate the polymeric conversions by assessing the disappearance of the double bond
bands. To this end, the evolution of the FT-IR signals belonging to the acrylate and vinyl
functional groups before and after 3D-printing irradiation were analysed. The polymeric

conversion was calculated according to the literature.??” The spectra were normalised using

the area of the SO, band at 1350 cm?, belonging to the counter-anion

bis(trifluoromethane)sulfonimide (NTf;). The disappearance of the bands related to the C=C
bond at 1640 cm™ and 990 cm™ verified the conversion of the double bonds after
polymerisation. Dynamic mechanical thermal analysis (DMTA) was performed using printed
flat films (30 mm x 10 mm x 0.5 mm). The glass transition temperature (Tg) was measured

as the temperature corresponding to the maximum of the tand curve. Three replicates were
tested for each formulation (Figure 31).
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Figure 31. The modulus and its respective tand vs temperature curves of PIL3.2 films to exemplify the

methodology followed for calculating the Tg of all the samples. The Tg values were defined as the x-
axis values at the maximum of the tané curve.
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Additionally, thin films (0.3 - 0.6 mm) of each sample were printed and used to calculate the
gel content (insoluble fraction). This test was performed using the standard method ASTM
D2765-16.228 The films were placed in a metal net, previously weighed, and then soaked in
chloroform at room temperature for 24 hours to dissolve the non-crosslinked products. The
samples were then dried overnight at 80 °C, and the gel content percentage was calculated

as the weight change before and after the solvent extraction.

Table 3. Summary of all the formulations prepared and a quantitative assessment of the properties of
the materials developed.

miL PEGDA PEGDA Polymeric Gel Content
Entry  Code ) Tg (2C)

(mol%)  (MW) (mol%) Conversion (%) (%)
1 PEGDA 0 575 100 99 -20.2 99
2 miL1l.1 60 575 40 98 -10.1 81
3 miL1.2 80 575 20 99 -13.9 71
4 miL1.3 90 575 10 99 -14.1 57
5 miL1.4 100 - 0 62 -16.3 50
6 mlL1.5 80 250 20 97 -3.7 68
7 mIiL1.6 80 700 20 99 -27.1 74
8 miL2.1 60 575 40 90 -9.9 90
9 miL2.2 80 575 20 96 1.4 95
10 miL2.3 90 575 10 35 7.5 93
11 miL2.4 100 - 0 48 10.5 89
12 mliL2.5 80 250 20 75 - 67
13 miL2.6 80 700 20 76 -2.9 82
14 miL3.1 60 575 40 98 6.2 99
15 miL3.2 80 575 20 93 23.7 99
16 miL3.3 90 575 10 98 57 98
17 miL3.4 100 - 0 73 64 90
18 mIiL3.5 80 250 20 63 6.8 93
19 mIiL3.6 80 700 20 99 2.5 95

The gel content and the polymeric conversion provided information on the reactivity and
the degree of polymerisation of each formulation. From Table 3 can be concluded that, in
general, mIL3 formulations polymerised more efficiently due to its highest reactivity. In the

Figure 32a, is possible to observe that the C=C peaks disappeared after polymerising, which
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explains the high conversions achieved in most miL3-based formulations, > 90 %. As it was
expected, a larger molar percentage of cross-linker led to higher degrees of polymerisation,
with some exceptions. While pure mlIL formulations (mlLx.4, Table 3, entries 5, 11 and 17),
reported the lowest gel content and polymeric conversion percentage. Simultaneously, the
addition of PEGDA to mIL2 and mIL3 caused a decrease in the Tg, as expected since the Tg
of PEGDA is lower than that of the miLs. Nevertheless, the behaviour of mlL1 is the opposite
due to its low Tg. Table 3 also reveals that formulations using PEGDA 250 were less reactive

than those with PEGDA 575 and PEGDA 700.

Important parameters such as polymerisation kinetics were analysed to get good printing
conditions. Polymerisation kinetics of all formulations were followed by photorheology.
Once the storage modulus reached a plateau the polymerisation was completed. As it can
be seen in Figure 32b, miIL3.2 reactivity (black line) was faster than that of miL2.2 (red line)

and mliL1.2 (blue line) due to its acrylate double bond.
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Figure 32. a) FT-IR spectra before 3D-printing (mIL3.2) and after (PIL3.2), showing the disappearance
of the C=C peaks (at 1640 cm™ and 990 cm™) while the reference peak (1350 cm™) kept constant; b)
Photorheology curves of the three monomers with PEGDA 575 (miL1.2, miL2.2, miL3.2) compared with
pure PEGDA 575 (PEGDA).

The reactivity of mIL3.2 was similar to that of the diacrylate groups of PEGDA (green line).
In contrast imidazolium-based formulations, mIL2.2 and mliL1.2, had a vinyl double bond
which was slightly slower to initiate polymerisation as it can be seen from the delay time.

The delay time before starting the photopolymerisation for miL3.2 was around 0.3 s while
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for miL2.2 and mIL1.2 was more than 2 s. The storage modulus was similar between them,
reaching a plateau around 10° Pascals which means that the polymerisation was completed
at that point. However, great differences were found when measuring the monomeric
formulations without cross-linker (miL1.4, miL2.4, miL3.4), which presented higher delay
times and much lower kinetics (related with the slope gradient) (Figure 33). This behaviour
was expected since pure miL formulations are less reactive, requiring longer time and more
energy to polymerise. Indeed, the miLs without cross-linker were unable to manufacture
solid 3D objects because the polymerisation was only partial as shows the polymeric

conversion and the gel content of the films in Table 3.
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Figure 33. (a,c,e) Photorheology spectra of different concentrations of mILX:PEGDA 575 and, (b, d, f)
Formulations of 80 mol% of mILX with 20 mol% of PEGDA 575/250/700 . miL1 corresponds to 1-butyl-
3-vinylimidazolium bis(trifluoromethane)sulfonimide, miL 2 to 1-(3-hydroxypropyl)-3-vinylimidazolium
bis(trifluoromethane)sulfonimide  and  milL3 is  [2-(acryloyloxy)ethyl]trimethyl-ammonium
bis(trifluoromethane)sulfonimide. Details about the formulations can be found in Table 3.

The printing parameters were adjusted for each formulation to improve the resolutions of
the printed parts (see Table 4). The main parameters modified were the exposure time of
light per layer that depends on the reactivity of the formulations. All printings presented
two different exposure times, one for the first layers and the other for the rest of the
printing. Generally, the first printed layers need a longer light exposure time to ensure their
attachment to the platform, for that reason those first layers are referred in the text as burn-
in section. Other parameters like the light power which affects de kinetics, the separation
and approach velocities, and the slides per layer are also remarkably important. The last one
is a measure of vertical resolution and affects the quality and detail of the printed piece. A
higher number of slides per layer usually results in better surface quality and more detail in
the printed piece. The compositions were processed with an Asiga PICO2 DLP printer to
manufacture complex and bespoke macroscopic devices, with tailored shapes and
properties. By varying the ionic monomer concentration, the molecular weight of the cross-
linker and the display images, precise 3D design and specific polymeric properties were

achieved.
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Table 4. Printing parameters for each formulation.

Burn-in exposure  Exposure  Light power Velocity!  Slides per

Entry PIL time (s) time (s) (mW/cm?) (mm/s) layer?
1 PIL1.1 10 8 38 2 2
2 PIL1.2 14 12 38 2 2
3 PIL1.3 14 12 38 2 2
4 PIL1.5* 16 14 39 2 2
5 PIL1.6* 12 10 39 2 2
6 PIL2.1 5 3 35 4 1
7 PIL2.2 6 5 35 4 1
8 PIL2.3 7 5 39 4 1
9 PIL2.5*% 6 3 38 4 1
10 PIL2.6* 8 6 38 4 1
11 PIL3.1 5 3 35 4 1
12 PIL3.2 5 4 35 4 1
13 PIL3.3 7 5 39 4 1
14 PIL3.5 6 3 38 4 1
15 PIL3.6 4 3 35 1 3

*Only small and flat pieces were 3D-printed. ! “Velocity” includes separation and approach velocities of
the build platform. 2 “Slides per layer” refers to the number of times that the sliding blade (located
underneath the vat) moves to form a new layer in the printed piece. All samples were printed with burn-
in thickness of 0.3 mm and layer thickness of 0.1 mm. All formulations prepared contained MR (0.1 wt%)
to improve the printing accuracy.

All the printings were scanned by a 3D scanner to evaluate the fidelity of the printed part to
the digital design. That equipment reported the resolution of the printings after comparing

the scanned figures with the original CAD models (Figure 34).

Both mIL3 and mIL2 formulations could be printed with similar parameters, although their
composition was quite different, since mIL3 was a cholinium monomer and mIL2 was an
imidazolium. While the other imidazolium monomer miL1 needed much more time and
slides per layer in order to obtain good printings. Still, the resolution of both imidazole
monomers was remarkably lower (with a standard deviation (o) between the scan data and
the reference model of 0.37 mm), probably due to the inferior reactivity of the vinyl groups

from imidazolium in contrast to the acrylates from the cholinium (o = 0.20 mm) (Figure 35).
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sssasissia”!

Figure 34. 3D-printed structures of PIL3.2 and the evaluation of the printing resolution by comparing
the STL file to the scanned image acquired from the printed parts. The part in the right shows columns
with decreasing thickness from 500 to 50 um. The printed part is accurately reproducing the original
STL file, thus demonstrating a resolution of 50 um in the printed parts.
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Figure 35. Evaluation of 3D printing resolution with different formulations: a) PIL1.2; b) PIL2.2; c)
PIL3.2.

Likewise, formulations with PEGDA 250 and PEGDA 700 were not suitable for printing
elaborated devices, only flat bases were properly printed. The parts were either too tightly
cross-linked or not enough cross-linked, in both cases resulting in some deformation in the
complex structures. For that reason, PEGDA 575 was chosen as the cross-linker in the future
tests. Additionally, the printing resolution of formulations with 90 mol% of miL was in
general poor (o ~0.45 mm). In contrast, formulations with 80 mol% of mIL presented really
good printing resolutions (o ~0.25 mm) (Figure 36).
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Figure 36. 3D-printed complex geometries and comparison of the scanned components to the original
CAD model using a) mIL2.2 formulation; b) miL3.2 formulation.

2.4.4 Development of Biocompatible Formulations

The antimicrobial materials are a key point for developing medical devices, but for that

purpose it is essential to prepare biocompatible materials.

In a preliminary test, we found that PIL2.2, which showed good antibacterial activity, also
showed high toxicity (Figure 37). The incubation of Vero cells with PIL2.2 resulted in an
apoptotic state, a form of programmed cell death; while the cells with Ag@PIL2.2 suffered

necrosis, a form of traumatic cell death that results from acute cellular injury.
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Cells after 24h of incubation, control and incubated with the sample

Control PIL2.2 Ag@PIL2.2

In the control wells (without In the wells incubated with PIL  Inthe wells incubated with the Ag-
sample) the cells were live and films in the absence of Ag, the cells  containing PIL films, the cells seem
attached to the well surface were in an apoptotic state, round-  to have suffered necrosis

shaped and floating

Figure 37. Vero cells incubation without sample (control), with PIL2.2 film and with Ag@PIL2.2 film
after 24 hours.

A cell viability test was performed with different polymers using Vero cells (see the test
description in Section 2.6.5). In contrast, PIL1.2 and PIL3.2 presented high viability.
Therefore, the monomer employed was remarkably important in terms of biocompatibility.
Additionally, the effect of the Pl was also evaluated to find non-cytotoxic formulations.
Three different Pls, -phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (BAPO), 2,2-
dimethoxy-2-phenylacetophenone (DPAP) and 2-hydroxy-2-methylpropiophenone (HMPP)-
were used and compared with TPO. The four photoinitiators were characterised by UV-Vis
spectroscopy (Figure 38a). However, HMPP was unable to form robust films, even

increasing the photopolymerising time to 40 minutes (Figure 38b).
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Figure 38. a) UV-Vis spectra of the four Pls employed; b) PIL3.2 film photopolymerised using HMPP as
Pl, under UV light at 40 °C during 40 minutes. The resulting film was very fragile.
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The formulations containing BAPO reported the lowest viabilities. Meanwhile, the
biocompatibility of DPAP and TPO formulations was notably superior. For instance, PIL1.2
was photopolymerised using the three Pls, showing moderate and high viability with DPAP
and TPO, respectively. Both components, miLs and Pls, played an important role for

obtaining biocompatible PIL-based formulations, shown in Figure 39.
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Figure 39. Cell viability test using different formulations, changing the monomers (miL1, miL2, mIL3),
the Pl and the weight percentage of Pls. The control of the experiment was carried out using a highly
biocompatible sample (Control) and dimethyl sulfoxide (DMSQO) (blue) as a reference of a toxic
environment for cells. All formulations were prepared using miL (80 mol%) and PEGDA 575 (20 mol%).

Likewise, the percentage of PI involved resulted to be another critical point. Different
concentrations of Pl were tested (0.5 wt%, 1 wt%), finding an enhanced viability using a
lower concentration. For that reason, all films prepared in this and the following sections
contained 0.5 wt% of PI, unless otherwise stated. Thereby, non-toxic films were obtained by
choosing the adequate combination of monomeric ionic liquids, PI-type and concentration.
In some cases, e.g. PIL3.2 shows a cell viability slightly larger than the control, which is not
unusual in biocompatibility studies. This indicates that the cells are growing in a similar

fashion to the control media.
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Furthermore, a thorough washing protocol (WP) was developed to remove the unreactive

and potential cytotoxic products (monomers and photoinitiator), thus it is another key

factor for reducing material’s toxicity. The protocol followed for washing all the bare films

and Ag@PIL printings consisted in immersing them into a vial with ethanol (EtOH, 96 %),

keep them in ultrasounds during 1 hour and then keeping them in EtOH one day. The

washing was also performed with isopropanol (IPA), however ethanol removed better the

excess of Pl as it can be seen in Figure 40a-c. In the Figure 40d-f we can observe that the

silver plasmon did not disappear after the washing step, hence the parts were not damaged.
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Figure 40. UV-Vis spectra before and after washing bare PIL3.2 using different Pls following same
protocol with EtOH and IPA, a) TPO; b) DPAP; c) BAPO,; and UV-Vis spectra before and after washing
with EtOH Ag@PIL3.2 films using different Pls, d) TPO, e) DPAP; f) BAPO.

The washing was done for films using the three different Pls (TPO, DPAP and BAPO). Similar

results were obtained for all of them, demonstrating that there was no leaching effect of

mlL, Pl or AgNPs, so all three Pls were able to encapsulate the silver. The thickness of the

films was optimised as well, since too thick films saturated the signal in the UV-Vis spectra.

According to Figure 41, the optimum thickness was set between 1 mm and 0.5 mm.
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Figure 41. UV-Vis spectra of Ag@PIL3.2 films with different thickness, a) using TPO as PI; b) using
DPAP as Pl. In both cases, the samples with a thickness of 2 mm presented a saturated band that
corresponds to the PI.

2.4.5 PIL Formulations Containing Copper

Afterwards, the capacity of the monomeric ionic liquids to stabilise other metallic salts was
evaluated. Silver nanoparticles are not very environmentally friendly, so we changed silver
by another more sustainable metal.?!> The natural antimicrobial activity of copper, copper
oxide (CuO) and copper alloys is well established.??® Some studies demonstrated that the
addition of copper nanoparticles to polymers used in AM was beneficial for developing
medical devices, enhancing the antimicrobial properties and avoiding bacterial growth.?3°
Polymers are widely used for medical device prototyping, so the improved antimicrobial
performance after copper addition may provide an alternative to rapidly manufacture

tailored medical devices and parts during a disaster or pandemic.?3!

The first step was to find a suitable copper salt that could be solubilised into our
formulations without the use of any additional solvent or additive, taking advantage of the
solvent properties of the PILs. Different copper-based salts were tested, finding that not all
of them were properly solubilised in our formulations. The tested salts were: copper iodide,
copper dichloride, copper thiocyanate, copper acetate and copper dinitrate. The latter one
(Cu(NOs3)2:3H,0) was the unique salt that was solubilised into the mIL:PEGDA mixture. The
formulations were prepared using PEGDA 575, in a molar relation 80:20 mol/mol

(mIL:PEGDA), which was found to be the formulation with the highest printing resolution,
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shown in Section 2.4.3. TPO was then added in an amount of 0.5 wt%, as this was the
amount determined in Section 2.4.4. Curiously, we found that the delay times of
imidazolium-based formulations were reduced after adding metallic salts as shows Figure

42 (red and blue spectra).
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Figure 42. Photorheology spectra of miIL1.2 formulation (black) and same formulation with silver (red)
and copper (blue).

The blue colour from the copper salt changed during the film preparation, resulting a green
photopolymer. That change in colour may be due to ambient conditions (moisture or
oxygen), promoting a change in the copper salt formulation, from Cu(NOs),:3H20 to another
specie. According to the literature, is possible to generate Cuz(OH)sNOs, which is a green
solid, by heating (> 160 °C) or submitting the Cu(NOs),-3H,0 to basic conditions.?3? The
resulting substance could be a mixture of the both species and it would explain the colour
changes. The copper complex formed will be studied below. However, this change in the
mixture colour did not always occur (Figure 43a). Despite the different colours of the film,

no big changes in the UV-Vis spectrum were observed (Figure 43b).
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Figure 43. a) (Left) Blue colour of Cu@PIL3.2 formulation, (right) green colour of Cu@PIL3.2
formulation; b) UV-Vis spectra of the blue and the green filmes.

Both mIL1 and mIL3 were capable to encapsulate the copper species, since a characteristic
band appeared in the UV-Vis spectra (Figure 44a). In both cases, the band had a maximum
at 787 nm, which is in agreement with the absorption band of Cu(NOs), that appears in the
range of 650-950 nm.?33 Moreover, the three photoinitiators (TPO, DPAP and BAPO) were

capable to encapsulate copper during the photopolymerisation (Figure 44b).
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Figure 44. UV-Vis spectra of a) different PIL films with 2 wt% of copper and TPO (0.5 wt%); b) PIL3.2-
based films with 2 wt% of copper and different Pls (0.5 wt%).

Different concentrations of copper salt (1 and 2 wt%) were tested using TPO (Figure 45a)

and DPAP (Figure 45b). As expected, the copper band was significantly superior using 2
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wt%. On the other hand, copper presents less bactericidal effect than silver,??°® thus we
decided to use 2 wt% of copper concentration in all our tests. An aging study of Cu-based
films was also carried out. An experiment similar to that conducted with the silver
compounds was performed for the copper samples, testing a Cu@PIL3.2 film under ambient
light (Figure 45c) and under dark conditions (Figure 45d). The copper band was not
modified when the film was kept under dark conditions, however it changed under ambient

light, meaning that the light had an impact in the copper particles.
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Figure 45. UV-Vis spectra of a) TPO-based PIL3.2 films with different concentrations of Cu(NOs)z (1

wt% and 2 wt%); b) DPAP-based PIL3.2 films with different concentrations of Cu(NO3)> (1 wt% and 2

wt%), and PIL3.2 film with copper (2 wt%) stored ¢) under ambient light during 23 days, and d) under
dark conditions during 23 days, showing no change in the copper band.
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Moreover, after 3D-printing, the films already presented a signal belonging to the copper
(black spectrum). It could be that the printing process photoreduced the copper
simultaneously. In order to analyse this effect in detail, we compared the copper salt signal
(blue spectrum) with the one of our samples, before and after 3D-printing, finding
insignificant changes (Figure 46). Therefore, we can suggest that the copper was not

reduced to Cu (0) nanoparticles as it happened with silver.
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Figure 46. Normalised UV-Vis spectra of Cu@PIL1.2 film (black), the photopolymer (red) and pure
copper salt (blue).

In order to improve the biocompatibility of the copper-based films, the above-mentioned
washing protocol (WP) with EtOH was performed. Nevertheless, CU@PIL samples needed a
less aggressive WP, otherwise the films presented significantly leaching of copper from the
film. This effect was confirmed by UV-Vis transmission spectroscopy, showing the
disappearance of the copper characteristic signal, independently of the Pl used (Figure 47a-
c) as well as the mIL employed (Figure 47d). For that reason, the WP for Cu@PIL samples
was changed and consisted in immersing them in ethanol during 1 hour to remove non-
reactive monomers and excess Pl. This new protocol did not damage the films prepared with
TPO, since the copper band was not modified as shows Figure 47e. However, the films
photopolymerised using DPAP still presented some leaching during the washing. In that

case, a yellowish solution appeared after the WP due to the leaching of the copper, Figure
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47f. This is indicative that the copper was not properly integrated into DPAP-based films.

For this reason, this Pl was not employed in subsequent studies.
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Figure 47. UV-Vis spectra before and after washing Cu@PIL3.2 films using different Pls following the
first washing protocol (immersing films in EtOH 1 h in ultrasounds and then kept them in EtOH one
day), a) TPO; b) DPAP; c) BAPO; d) UV-Vis spectra before and after washing Cu@PIL1.2 with TPO
following the first washing protocol; e) UV-Vis spectra before and after washing Cu@PIL3.2 with TPO
following the second washing protocol (immersing film in EtOH during 1 hour); f) Different films
immersed in EtOH during 1 hour, (left) Cu@PIL3.2 film with TPO and (right) Cu@PIL3.2 film with DPAP.

The presence of copper into the films was further confirmed by characterisation with XPS.
Figure 48 exhibits the high-resolution (HR) XPS Cu 2p and Cu LMM Auger spectra of the
Cu@PIL1.2 film, where a doublet located at ~932/952 eV was obtained. However, the
typical satellite of Cu (Il) was not identified. The doublet identified is characteristic of
Cu(OH)3NOs species,?* while it does not appear in the XPS of Cu(NOs), found in the

literature.?®® The spectra were calibrated using the energy reference of the C 1s (C-C) at 285
ev.
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Figure 48. HR-XPS of Cu 2p and Cu LMM Auger spectra for Cu@PIL1.2 sample.

The copper in PIL1.2 film could be a mixture of Cu (l) and Cu (Il), explaining the absence of
Cu (Il) satellites. According to similar XPS results found in the literature, copper (I) could
form a complex with the C2 of the imidazolium group.23® Still, the copper contained in our
films seemed to be very reactive and unstable, so probably we had a mixture of copper
species. This factor made difficult to identify the copper state by FT-IR and Raman

spectroscopy, where we could not identify any characteristic band (Figure 49).
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Figure 49. a) FT-IR spectra, and b) Raman spectra of PIL1.2 and Cu@PIL1.2 films.

The UV-Vis spectrum showed the expected absorption peak centred at A = 750 nm
attributed to copper moieties (Cu(NOs), or Cu(OH)sNOs). PIL-based formulation may not be
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a strongly stabilising system for the copper species formed. This is consistent with the
copper leaching observed during the washing of Cu-based films due to poor copper
encapsulation. The conversion from Cu(OH)sNOs to CuO after heating at 160 °C is well-
reported.?3?* 237 Thus we treated our copper samples at 160 °C for 30 min (Cu@PIL1.2-h),
finding that the colour of the films changed from green to a dark brownish appearance
(Figure 50a). Whereas, neither our pristine formulation PIL1.2 nor pure Cu(NOs), changed
their colour to dark brown after heating. This indicates that a reaction of the copper species
occurred in presence of PIL formulation. However, XPS analysis was inconclusive since
copper signals were not detected after heating (Table 5). Copper species may have migrated
from the surface to the core of the sample due to a possible encapsulation effect of the

monomer after the thermal treatment, becoming undetectable by XPS.

Table 5. Chemical atomic composition of PIL1.2 with copper (2 wt%) and the film with copper heated
at 160 °C (Cu@PIL1.2-h).

C(CH) C-N,C-O (C=0)-0-CC C=0 (C=0)-0C Cu* CN CF

Sample
(at.%) (at.%) C-S(at.%) (at.%) (at.%) (at.%) (at.%) (at.%)
Cu@PIL1.2 14.83 8.10 18.13 1.10 1.08 0.18 287 17.74
Cu@PIL1.2-h 13.06 18.04 7.68 0.77 0.86 - 3.25 21.37

In both samples C 1s have the same chemical species, however the intensity of C-N / C-O
and (C=0)-0-C / C-S species is evidently different, this could be due to the encapsulation

after the thermal treatment.

UV-Vis analysis was performed after heating the simples at different temperatures. In Figure
50b, it can be seen the absorption peak features for the CuO (at 430 nm) in the sample
heated at 100 °C (blue spectrum). In the rest of the samples, that band was not so visible,
since the absorption of species in the UV region seems to saturate the signal observed. The
more heated the films were, the more yellowish/brownish they appeared (Figure 50c). That
must be the reason why the signal started to be saturated around 450 nm, where
compounds with yellow colour absorbs. The film heated at 100 °C presented lower
absorption and thus, the signal was less saturated. In this case, a convoluted band attributed

to CuO was observed. Thinnest films could avoid saturation but it was not possible to
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prepare thinner films consistently. Furthermore, the characteristic signal of CuO is a band

of low absorption.?38
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Figure 50. a) Cu@PIL1.2 formulation at 25 and 160 °C; b) UV-Vis spectra of Cu@PIL1.2 film heated at
different temperatures; c) Colour of the films after heating at different temperatures.
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After heating the samples for 30 min at 160 °C, the resulting copper species seemed better
stabilised than untreated samples, probably due to the formation of copper nanoparticles,
since no leaching was observed during the washing process. The formation of the
nanoparticles was confirmed by TEM (Figure 51). As a result, the antimicrobial activity also
changed after treating the samples, finding an enhanced antibacterial effect for the
Cu@PIL1.2-h films (described below).

In addition, copper and silver-based films cured by heating them at 160 °C presented a
higher Tg. Ag@PIL3.2-h film had a Tg more than 10 °C higher than the Tg of the bare film (it
increased from 24 °C to 36 °C). While, the Tg of the film PIL1.2 changed from -14 °C to 14 °C
after adding copper and heating. The Tg of the bare polymers can be seen in Section 2.4.3,
Table 3. Probably, those changes are attributed to the nanoparticles aggregation which

contribute to modifying the mechanical properties of polymeric matrices.

79



Development of Advanced Materials Based on Polymeric lonic Liquids Formulated for Additive Manufacturing

8 11.08 23 Acquire EDX Acquire HAADF Area 1 |

5 10
Energy (keV)

Figure 51. TEM images of a Cu@PIL1.2-h sample.

Antimicrobial Studies

The antimicrobial activity of Cu@PIL materials especially formulated for AM was evaluated
by the Instituto de Ciencia de Materiales de Aragdn, following the same procedure

previously described in Section 2.4.2.

The antimicrobial analysis was mainly focused on Cu@PIL1.2 films, since PIL1.2 formulation
had reported high biocompatibility and antimicrobial activity. Despite having high cell
viability, PIL3.2 films were found to have a poor antimicrobial activity, and PIL2.2-based
films were fairly toxic. The bactericidal properties of the Cu based films before (Cu@PIL1.2)
and after thermal treatment at 160 °C (Cu@PIL1.2-h) were studied against non-pathogenic
E. coli and B. subtilis in solution, using a positive and a negative control (Figure 52a). All the
films were washed for 1 hour in a 24 well-plate with 1 mL of EtOH before being tested. After
the washing step, the samples were dried in a clean well inside a laminar flow cabinet and

then placed in a new 24-well plate. The bacterial growth in cell culture media in the presence
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of the films was monitored by optical density. Cu@PIL1.2-h presented the highest degree
of inhibition after 24 hours of incubation due to the presence of copper nanoparticles. This
effect was more remarkable for E. coli strains, although both samples, Cu@PIL1.2 and
Cu@PIL1.2-h, showed a very large variability in the results. The wide variation in
performance makes it difficult to draw a definitive conclusion about the effect on this strain.
On the other hand, highly reproducible results were obtained against B. subtilis with both
samples. In this case, the antimicrobial performance was similar for the films Cu@PIL1.2 and

Cu@PIL1.2-h, both showing moderate activity, resulting in a reduction of around 70 %.
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Figure 52. Bacterial cell viability of a) E. coli and B. subtilis and b) S. epidermidis, incubated with
Cu@PIL1.2 and Cu@PIL1.2-h vs the control experiment.

Additionally, in order to exploit the biocompatibility of the PIL materials for medical devices,
a skin strain Staphylococcus epidermidis (S. epidermidis) was also evaluated (Figure 52b). S.
epidermidis is a Gram-positive bacterium that is commonly found on the skin and in the
nasal passages of humans, without causing harm.?3°> However, in certain situations, this
bacterium can cause infections that are acquired in a healthcare setting. These infections
can include skin and soft tissue infections, wound infections, and bloodstream infections. It
has been reported to be a frequent colonizer of indwelling medical devices, such as
catheters, prosthetic joints and heart valves, where it can form biofilms. Still, S. epidermidis
is considered to be less resistant to antibiotics than some other bacteria, owing to its
structure.?%? In our study, Cu@PIL1.2-h samples repressed the growth of that strain in liquid

media outstandingly (98 %). This is an extremely efficient outcome, with high reproducibility
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and reliability. In contrast, Cu@PIL1.2 presented a degree of inhibition of around 70 % with
higher variability in the results. The differences in the antimicrobial activity of the two
copper samples can be explained by the rearrangement of the copper after being treated at
160 °C. The proper stabilisation of the copper promotes the formation of nanoparticles what

makes the film more antibacterially active.

In summary, Cu@PIL1.2 only displayed bacteriostatic effect against S. epidermidis, meaning
that the sample was able to partially inhibit the bacterial growth, but could not kill the
bacteria; while Cu@PIL1.2-h PlLs had a bactericide effect on S. epidermidis.

2.4.6 3D-Printed Medical Demonstrator

Finally, with the goal to fabricate a customised medical device with antimicrobial and

biocompatible properties, a medical stent was 3D-printed as a proof-of-concept.

In a first study, the stent was manufactured using a formulation based on PIL3.2 owing to
its good printability shown in Section 2.4.3. Cu@PIL3.2 stents were successfully 3D-printed
at high resolution using a MSLA printer. The printing parameters needed to be optimised
since the addition of copper modified the polymerisation time. As shows Figure 53, the

exposure time was enhanced until obtaining the complete stent.

6 seconds 8 seconds 12 seconds 14 seconds 15 seconds

Figure 53. Evolution of Cu@PIL3.2 3D-printed stent modifying the exposure time.

The stent was properly printed with and without copper. The resolution of the stent based
on PIL3.2 without copper was quite low with a variance between the scan data and the
reference model of 0.2 mm? and a standard deviation (o) of 0.48 mm (Figure 54a). The
printing resolution was notably enhanced after adding methyl red to the formulation,
reporting a variance of 0.05 mm?and o = 0.23 mm (Figure 54b). The addition of copper also

helped to improve printing accuracy (o = 0.21 mm) (Figure 54c). Nevertheless, adding MR
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to the copper-based formulation was counter-productive, since the resolution of the stent
decreased (6 = 0.50 mm) (Figure 54d). We can suggest that this effect may be produced
because both elements (MR and copper) reduce the reactivity of the mixture and the
photopolymer colour was dark, hindering the focusing of light on the layer that was being
printed. Therefore, that formulations needed more time to photopolymerise, and the light

penetration was lower, which affected the printing quality.
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Figure 54. Stents of 3 mm of diameter using different formulations, a) PIL3.2; b) Cu@PIL3.2; c) PIL3.2
with MR (0.1 wt%); d) Cu@PIL3.2 with MR (0.1 wt%).

The microscopic images obtained for the different stents show the impressive detail of the
printings Figure 55a, b. Furthermore, it was possible to print a Cu@PIL3.2 stent with the
size halved at very high precision, with an error <5 % (calculated from the difference in the
main dimensions set in the CAD file compared to optical microscopic images of the printed
part) (Figure 55c-e).
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Figure 55. Microscopic images of a) a Cu@PIL3.2 stent; b) a PIL3.2 stent with MR, ¢) a Cu@PIL3.2
stent with the size reduced by half (1.5 mm of diameter); d) Reduced Cu@PIL3.2 stent under magnifier
glass; e) Optical microscopic images of a reduced Cu@PIL3.2 stent.

The heating treatment (30 min at 160 °C) that was necessary to obtain copper nanoparticles
did not affect the polymer matrix or the physical structure of the material, thus it was

possible to obtain stents with NPs of copper without affecting the structure (Figure 56a).

In contrast, the antimicrobial formulation based on mIL1.2 with copper was not able to build
the complex stent structure. As it can be seen in Figure 56b, only the supporting base of
the object was properly printed. The exposure time of light per layer was increased to
ensure the photopolymerisation of each layer. However, after increasing the exposure time,

no changes were found and from 60 seconds the layers were sticked on the bath.

~ Layer Thickness: 50 um
Exposure Time: 45 s

Burn-In Thickness: 300 um
Burn-In Exposure Time: 100 s
Lifting Speed: 160 mm/min

Figure 56. a) Cu@PIL3.2 stent treated at 160 °C for 30 minutes; b) Picture of Cu@PIL1.2 3D-printed
base with the printing parameters.
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2.5 Conclusions

In this Chapter, a broad variety of novel antimicrobial formulations based on imidazolium
and cholinium PILs were developed, fully characterised and optimised to be printed with
high resolution by DLP and MSLA. In a first study, different formulations were functionalised
with silver nanoparticles (AgNPs). The fabrication of low polydispersity AgNPs was
effectively decoupled from the manufacturing process. Moreover, the studied
photopolymers were capable of controlling the synthesis from the on-demand generation
and stabilisation of AgNPs via photoreduction, and thus, their synergistic antimicrobial
activity. Imidazolium-based formulations presented a bacteriostatic activity while those
materials with silver exhibited bactericidal properties against Gram-positive Bacillus subtilis
(B. subtilis) and Gram-negative Escherichia coli (E. coli) bacteria, and Aspergillus niger (A.
niger) fungi. On the contrary, cholinium-based PILs, both with and without silver, did not

show any antibacterial activity.

Afterwards, the 3D printable formulations were optimised in order to achieve desired
geometries with high resolution. The photopolymer’s composition as well as the printing
parameters were modified to obtain 3D printed parts with high resolution (c ~ 0.20 mm).
And then, the biocompatibility of those formulations was evaluated. Non-cytotoxic
materials were developed using appropriate combinations of mlLs and Pls. The effect of the
monomeric ionic liquid and the photoinitiator employed was tested finding that they both
played an important role for obtaining biocompatible formulations. While mIL1 and mIL3
had low toxicity, mIL2 was highly toxic probably due to the hydroxyl group. Likewise,
formulations using BAPO were very toxic compared to those using DPAP and TPO. The
amount of Pl added was also considerably important, finding slight improvements in cell
viability when 0.5 wt% of Pl was used. It is noteworthy to remark that not only the selection
of suitable materials but also an adequate post-printing protocol was necessary for

developing biocompatible materials.

Lastly, the stabilisation of copper salts was studied in order to improve the sustainability of
the materials compared with silver composites. Only Cu(NO3s),:3H,0 salt (2 wt%) was
properly solubilised into the formulation based on PIL1 (80 mol%) and PEGDA (20 mol%)
without the addition of a solvent (Cu@PIL1.2). A treatment based on heating the
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photopolymerised samples at 160 °C was necessary to form copper nanoparticles and
enhance the stabilisation of the metal in the films (Cu@PIL1.2-h). The antimicrobial activity
of the Cu-based films was investigated for both the treated and non-treated samples, finding
a higher activity for the former ones. In particular, Cu@PIL1.2-h films exhibited remarkable
potential to inhibit the growth of S. epidermidis bacteria (98 %). These functional
formulations with biocompatible and antimicrobial properties were evaluated to 3D-print a
medical demonstrator, although only Cu@PIL3.2 stents were successfully manufactured at

high resolution (o =0.21 mm).

2.6 Experimental Part

2.6.1 Materials

Unless otherwise stated, all reagents in this PhD work were purchased from Sigma-Aldrich
and used without further purification. Lithium bis(trifluoromethane) sulfonimide (LiNTf,, 99

%) was purchased from IOLITEC GmbH and used as received.

2.6.2 Equipment

In this study, UV—vis spectra were collected using a Jasco V-780 UV—vis spectrophotometer
and a Perkin Elmer UV-vis—NIR spectrophotometer. *H NMR spectra and '3C NMR spectra
were recorded on a Bruker ASCEND™ 400 (400 MHz) spectrometer at ambient temperature.
The mechanical analyses were performed using a Tritec 2000 dynamometer (Triton 6
Technology Ltd, London UK), varying the temperature from -70 °C to 80 °C. The moduli
measurements as a function of temperature were measured using a strain amplitude of 0.1
% and frequency of 1 Hz. Two different FT-IR spectrometers were used. The first one was a
Nicolet iS50 FT-IR from Thermo Fisher Scientific, equipped with an attenuated total
reflection (ATR) accessory (Smart iTX, Thermo Fisher Scientific). The second one was a FT/IR-
6200 from Jasco, equipped with an ATR accessory (ATR Pro One, Jasco). The spectra were
recorded with a resolution of 4 cm™ in the wavelength range between 650 and 4000 cm™
averaging 16 scans for each spectrum. Raman Spectroscopy was performed with Raman

Confocal Microscope apyron, from WITec. Real-time rheological measurements were
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performed using an Anton Paar rheometer (Physica MCR 302) in parallel plate mode with a
Hamamatsu LC8 lamp with visible bulb and a cut-off filter below 400 nm equipped with 8
mm light guide. The distance between the two plates was fixed to 0.2 mm. The sample was
kept at an established temperature (25 °C) and shear frequency (1 rad/s). In order to allow
the system to stabilize, the visible light was switched on after 60 seconds. Concomitant
changes in viscoelastic material moduli during polymerisation were measured as a function
of exposure time. Thermal gravimetric analysis was performed on TGA-DSC3 analyser from
Mettler Toledo. Samples for TGA analysis were heated in an inert atmosphere up to 800 °C
with a heating rate of 10 °C/min. Then, the equipment used at INMA for microscopy analyses
consisted in Environmental Scanning Electron Microscopy and Transmission Electron
Microscopy. Environmental Scanning Electron Microscopy (ESEM) data was collected on a
Quanta FEG-250 (FEI Company) field emission SEM for high-resolution imaging working in
ESEM mode using a GSED detector under high relative humidity conditions. Transmission
Electron Microscopy (TEM) measurements were performed using a JEOL 2000-FX operated
with an accelerating voltage of 200 kV. The samples were prepared using ultramicrotomy
process, where sample slices of few nanometers thickness were deposited on TEM grids.
Surface chemical composition and electronic state of the materials were determined by X-
ray Photoelectron Spectroscopy (XPS, ESCA-2R, Scienta-Omicron). Spectra were recorded
using monochromatic Al Ka = 1486.6 eV. The following sequence of spectra were recorded:
survey spectra, C 1s, Cs 3d, Pb 4f, Br 3d, O 1s, N 1s, F 1s, S 2p and C 1s again to verify the
stability of the charge as the function of time. The survey and high-resolution spectra were
recorded at a pass energy of 150 and 20 eV, respectively. Binding energy scale was
referenced to adventitious carbon (284.8 eV). CasaXPS processing software (Casa software
Ltd) was used to analyse the data and the quantitative analysis was made using sensitivity

factors provided by the manufacturer.

A DLP printer (Asiga PICO2) and a MSLA printer (Elegoo mars 2 Pro), were the 3D printers
employed. The DLP printing system was equipped with a LED light source operating at 405
nm. The Elegoo Mars 2 Pro printer was equipped with a 2560 x 1620 mono liquid crystal
display (LCD), illuminating at 405 nm. The CAD files were designed and converted to STL-
type files using SolidWorks CAD software. The digital light processing fabrication in both
printers began by slicing the 3D CAD model into individual 2D images for projecting onto the
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photocurable liquid. For Asiga PICO2 printer, the additive manufacturing software used to

create slices was Asiga Composer. For the Elegoo Mars 2 Pro 3D printer the slicer software

employed was ChituBox.

2.6.3 Printing Process

The procedure for 3DP monomeric ionic liquids was the same for all formulations studied in
this PhD thesis. The AM software allowed to specify a desired thickness, control the
projection time of the images by the projector, and the velocity in the movement of the
build plate. Then, the printer vat was filled with the different formulations and the build
plate was lowered into the mixture at bottom of the vat. At this point, the software
controlled the projector to display a black background with white images of each of the
layers which were to be photocured. The UV light passed through the transparent bottom
of the vat. Each layer was cured during the previously determined time. After that time, the
printer showed a black background while the build plate was automatically lifted at a
predetermined speed. This methodology was followed for each layer until the object was
completed. After manufacturing, the device was removed and cleaned with isopropyl
alcohol to eliminate any uncured ink. Finally, the part was photocured under UV light for 20

minutes at 40 °C.

The samples were scanned by a 3D optical scanner, 3Shape E3, to compare the printed parts
with the CAD models. Then, 3Shape Convice Analyzer was used for performing the
comparative analysis between them (accuracy 0.007 mm — ISO 12836). Before analysing
deviations, the scan data and the reference model must be aligned. In this work, the
alignment was done using the "Best Fit" approach, which employs the least squares
principle, i.e., the differences between the scan and the models are mathematically divided.

The comparative analysis is frequently shown as a coloured 3D map.

2.6.4 Antimicrobial Studies

The antimicrobial studies were carried out in collaboration with the Instituto de Ciencia de
Materiales de Aragon (INMA). All the data related with these tests are described in our

published paper.3'® All tested samples were 3D-printed with the same size (circles of 5 mm

88



Chapter 2

in diameter and 0.5 mm of thickness, and squares 2x2 cm and 0.5 mm of thickness) to

improve the reproducibility of the tests.

Microorganisms and growth conditions: Three bacterial strains were tested in the
antibacterial assays: Escherichia coli DH5a as a Gram-negative model and Bacillus subtilis
1904-E and Staphylococcus epidermidis as Gram-positive models. Two fungi from the
“Coleccién Espainola de Cultivos Tipo (CECT)” were tested in the antifungal assays:
Aspergillus niger CECT 2088 and Cladosporium cladosporioides CECT 2111. Fungal spore
suspensions were stored in 0.1% Tween, 20% glycerol at -80 °C prior to use. The following
culture media was used: Tryptone Soy Agar (TSA) (Thermo ScientificTM), Sabouraud
Dextrose Agar supplemented with chloramphenicol (SDA) (Scharlab, S. L.), as solid media;
Luria-Bertani (LB) and Nutrient Broth (NB) (Scharlab, S. L.) as liquid media. The microbial

growth conditions are summarized in the Table 6.

Table 6. Microorganisms and growth conditions.

Solid Liquid Incubation Pre-inoculum
Microorganism
medium  medium temperature (°C) incubation

E. coli TSA LB 37 24 hours
Bacteria  B. subtilis TSA NB 37 24 hours

S. epidermidis TSA NB 37 24 hours

A. niger SDA - 35 4 days

Fungi
C. cladosporioides SDA - 25 4 days

Bacterial cell proliferation assay: Bacterial growth was recorded measuring the optical
density (OD) of the samples at 600 nm over a 24-hour period using a microplate reader
(Thermo Scientific MULTISKAN GO). Results were compared with the OD variation of a
control culture containing only E. coli, B. subtilis or S. epidermidis. The data for all control
experiments and antibacterial assays are based on a total of six repeats to verify the
reproducibility of the results and to calculate the mean values and the standard deviation;
each experiment was repeated a minimum of three times to verify the results between
different inoculations. The PIL samples, previously sterilised with ethanol 70 %, were placed

in a 24-well plate inoculated with 1 mL of the inoculum (1x10’ CFU (Colony Forming
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Units)/mL of E. coli, B. subtilis or S. epidermidis), incubated at 37 °C with mild shaking, and
the antiproliferative effects induced by the samples were observed by plotting optical
density (OD) vs. time. Bacterial growth was recorded measuring the optical density (OD) of
100 L collected from each well of the 24-well plate, in a 96-well plate. Measurements at
600 nm were performed using a microplate reader, each hour during the first 8 hours and
at 24 hours as a final point. To maintain the final volume (1 mL) during the experiment, the
100 plL subtracted from the wells from the 24-well plate were replaced with 100 pL of
medium. Results were compared with the OD variation of the positive control culture
containing only bacteria (1 mL 107 CFU/mL of E. coli, B. subtilis or S. epidermidis). The
negative control contained 1 mL of liquid media and served as baseline. Statistical analysis
was performed using unpaired t-test. P values <0.05 were considered significant. Single stars

denote 0.01<P<0.05.

Agar diffusion test: A modified Kirby Bauer disk diffusion technique was used. The 3D
printed samples (3 mm-diameter circles of PIL and Ag@PIL) were first sterilised with ethanol
70 % and then they were placed in solid media previously inoculated with a bacterial lawn
(107 CFU/mL) of E. coli or B. subtilis. After 24 hours of incubation at 37 °C, the inhibition halo

around the samples was observed.

For the antifungal assay, the 3D printed samples (20 mm-diameter circles of PIL and Ag@PIL)
were sterilized with ethanol 70 % and then placed in solid media previously inoculated with
a spore solution (10* conidia mL?) of A. niger or C. cladosporioides. After 96 hours of
incubation at the corresponding temperature (see Table 6), the inhibition halo around the

samples was observed.

Surface antimicrobial activity: The surface antimicrobial activity was studied using a
modified JIS Z 2801 standard. The protocol lasts three days. On the first day a bacterial
suspension of 1x10” CFU/mL is prepared and then 50 pL of this suspension is added over the
surface of the samples of interest (2x2 cm) and over a reference sample with no
antimicrobial activity (2x2 cm) after the sterilisation of these samples with ethanol 70 %. In
order to even the contact surface, a coverslip was put above the 50 uL of bacterial
suspension in all the samples. The samples were incubated into a humid chamber at 37 °C

for 24h. After the 24h of incubation the bacteria over the samples were extracted into liquid
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medium by putting the samples into a 50 mL falcon with 15 mL of culture media and shaking
them one minute with a vortex. The culture media with the extracted bacteria was then
diluted and sown in agar plates, which were incubated at 37 °C during 24h. On the last day,
the CFU of the cultivated agar plates were counted. The percentage of bacterial reduction
was obtained using the following formula: Log Reduction = log (CFU reference sample) — log

(CFU antimicrobial sample).

2.6.5 Biocompatible Studies

The cytotoxicity of the PIL-based materials was carried out by an MTT assay. Vero cell lines
were used in the tests, which are a type of fibroblast-like cell extracted from the kidney
tissue of the African green monkey. All films were 3D-printed with the same size (circles of

5 mm in diameter and 0.5 mm of thickness) to improve the reproducibility of the tests.
Day 1
1. Preparation of the samples

The samples were sterilized with ethanol 70 %, rinsed with sterile distilled water and dried
inside the cabinet. Each sample was then incubated inside a 96-well plate well with 200 pL
of DMEM (Dulbecco's Modified Eagle Medium) culture media with phenol red for 24 hours
at 37 °C. The PILs were used in quadruplicates. Four replicates were performed for each

sample.
2. Preparation of Vero cells

Another 96-well plate was incubated with 10000 cells/well (200 uL each well, cell solution
50000 cells/mL) for 24 hours at 37 °C.

Day 2

The medium of the cells was replaced with the DMEM incubated with the PILs. The medium
of the positive controls was replaced with fresh DMEM. Then, the plate was incubated 24

hours at 37 °C.

Day 3
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Before the MTT protocol, the cells were visualised in the optical microscope. The cells were
washed twice with 100 pL of PBS (phosphate buffered saline) and then incubated with 200
pL of the MTT solution (0.5 mg/mL) for 1.5 hours. Afterwards, the plate was centrifuged for
25 min (2500 rpm, 25 °C) and the supernatant was discarded. The MTT crystals were
resuspended in 200 uL DMSO and the plate was read at 570 nm after 10 minutes of stirring.
Each well was diluted 1/5 (50 uL of each well plus 200 pL DMSO (Viot = 250 pL) to avoid
absorbances >1. The viability of the cells was calculated using the absorbance data of each

sample in comparison with the control samples (100 % viability).

2.6.6 Synthesis and Characterisation of Monomeric lonic Liguids

The main monomers evaluated in this Chapter and, in general, in this PhD work were 1-
butyl-3-vinylimidazolium bis(trifluoromethane)sulfonimide (mlIL1), 1-(3-hydroxypropyl)-3-
vinylimidazolium bis(trifluoromethane)sulfonimide (mIL2) and [2-
(acryloyloxy)ethyl]trimethyl-ammonium bis(trifluoromethane)sulfonimide (mIL3). The
three monomers were synthesised from their halide salts by anion exchange as described in
the literature.3'? All the characterising spectra referred in this Section can be found in

Chapter 6: Annex, Section 6.1.
1-butyl-3-vinylimidazolium bromide (BVI.Br)

1-bromobutane (33 g, 240 mmol) dissolved in acetonitrile (10 mL) was added dropwise to a
solution of 1-vinylimidazole (15 g, 160 mmol) in acetonitrile (15 mL). The resulting reaction
mixture was left to react for 18 h at 40 °C. After evaporating the solvent, the crude product
was then washed with diethyl ether (40 mL) four times. During the last wash the product
crystallised becoming a white solid. The solid was re-dissolved in dichloromethane (5 mL)
and slowly added to rapidly stirred diethyl ether (50 mL) to form a purer white solid. The
solid product was dried under reduced pressure at room temperature for 6 h to afford 1-

butyl-3- vinylimidazolium bromide (23.26 g, Yield: 63 %).

The resulting mIL was characterised by *H NMR, 3C NMR, ESI-MS and elemental analysis. *H
NMR (400 MHz, CDCl3): & / ppm = 10.85 (s, 1H), 7.94 (t, J = 2.0 Hz, 1H), 7.66 (t, J = 2.0 Hz,
1H), 7.45 (dd, J = 15.8, 8.4 Hz, 1H), 6.02 (dd, J = 15.8, 3.2 Hz, 1H), 5.36 (dd, J = 8.8, 3.2 Hz,
1H), 4.39 (t, J = 7.2 Hz, 2H), 1.95-1.87 (m, 2H), 1.41-1.31 (m, 2H), 0.93 (t, J = 7.2 Hz, 3H). 13C
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NMR (400 MHz, CDCls): 6 / ppm = 135.9, 128.3, 122.9, 119.5, 109.9, 50.2, 32.1, 19.5, 13.5.
ESI-MS in positive mode: Calculated: 151.12 m/z; Found: 151.1 m/z. ESI-MS in negative
mode: Calculated: 78.92 m/z; Found: 79.1 m/z. Elemental Analysis: Calculated: C, 46.77; H,
6.54; N, 12.12; Found: C, 46.02; H, 6.13; N, 11.98 (Figure A1 and Figure A2).

1-butyl-3-vinylimidazolium bis(trifluoromethane)sulfonimide (mlIL1)

LiNTf, (22.35 g, 78 mmol) was dissolved in water (15 mL) and it was added dropwise to an
aqueous solution (20 mL) of 1-butyl-3-
vinylimidazolium bromide (15 g, 65 mmol), forming two liquid phases. The mixture was
stirred rapidly for 18 h at room temperature. The phases were then separated and the
aqueous phase was extracted three times with dichloromethane (50 mL). The combined
organic phases were washed four times with water (75 mL) and dried over MgSO4
anhydride. The product was further dried under reduced pressure at 45 °C for 3 h (24.40 g,
Yield: 87 %).

The resulting mIL was characterised by *H NMR, 3C NMR, ESI-MS, elemental analysis, FT-IR
and TGA-DSC. *H NMR (400 MHz, CDCls): & / ppm = 8.97 (s, 1H), 7.63 (t, J = 1.6 Hz, 1H), 7.45
(t,J = 2.0 Hz, 1H), 7.12 (dd, J = 15.6, 8.4 Hz, 1H), 5.80 (dd, J = 15.2, 2.8 Hz, 1H), 5.40 (dd, J =
8.4,2.8 Hz, 1H), 4.21 (t, J = 7.6 Hz, 2H), 1.90-1.82 (m, 2H), 1.41-1.32 (m, 2H), 0.95 (t, J = 7.6
Hz, 3H). 13C NMR (400 MHz, CDCls): & / ppm = 134.4, 128.1, 123.3, 121.5, (g, CF3), 119.5,
110.4, 50.4, 31.9, 19.4, 13.3. ESI-MS in positive mode: Calculated: 151.12 m/z; Found: 151.1
m/z. ESI-MS in negative mode: Calculated: 279.92 m/z; Found: 280.1 m/z. Elemental
Analysis: Calculated: C, 30.63; H, 3.50; N, 9.74; Found: C, 31.47; H, 3.75; N, 9.92. FT-IR bands:
3144 cm™ (C=C), 2955 cm™ (C-H), 1656 cm™ (C=N), 1551 cm™ (C=C), 1340 cm™ (SO,), 1178
cm™(C-C), 1133 cm™ (CF3), 789 cm™ (C-S), 738 cm™ (S-N). Tonset: 430.39 °C (Figure A3 - Figure
A5).

1-(3-hydroxypropyl)-3-vinylimidazolium bromide (HVI.Br)

1-bromopropanol (66.5 g, 480 mmol) dissolved in acetonitrile (20 mL) was added dropwise
to a solution of 1-vinylimidazole (30 g, 320 mmol) in acetonitrile (20 mL). The resulting
reaction mixture was left to react for 20 h at 40 °C. After evaporating the solvent, the crude

product was then washed with diethyl ether (100 mL) three times. The crude product was
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re-dissolved in dichloromethane (10 mL) and slowly added to rapidly stirred diethyl ether
(80 mL) to form a white solid. The solid product was dried under reduced pressure at room
temperature for 6 h to afford 1-(3-hydroxypropyl)-3-vinylimidazolium bromide (60.6 g,
Yield: 82 %).

The resulting mIL was characterised by *H NMR, 3C NMR, ESI-MS and elemental analysis. *H
NMR (400 MHz, CDs0D): & / ppm = 9.35 (s, 1H), 8.01 (t, J = 1.6 Hz, 1H), 7.78 (t, J = 2.0 Hz,
1H), 7.36 (dd, J = 15.6, 8.8 Hz, 1H), 5.96 (dd, J = 15.6, 2.4 Hz, 1H), 5.47 (dd, J = 8.8, 2.8 Hz,
1H), 4.40 (t, J = 6.8 Hz, 2H), 3.63 (t, J = 5.6 Hz, 2H), 2.18-2.08 (m, 2H). 23C NMR (400 MHz,
CDs0OD): 6 / ppm = 136.7, 129.8, 124.6, 120.7, 109.9, 58.9, 48.5, 33.3. ESI-MS in positive
mode: Calculated: 153.10 m/z; Found: 153.0 m/z. ESI-MS in negative mode: Calculated:
78.92 m/z; Found: 79.1 m/z. Elemental Analysis: Calculated: C, 41.22; H, 5.62; N, 12.02;
Found: C, 41,65; H, 5.95; N, 12.17 (Figure A6 and Figure A7).

1-(3-hydroxypropyl)-3-vinylimidazolium bis(trifluoromethane)sulfonimide (miL2)

LiNTf, (105.87 g, 370 mmol) was dissolved in water (50 mL) and it was added dropwise to
an aqueous solution (150 mL) of 1-(3-hydroxypropyl)-3-vinylimidazolium bromide (57.31 g,
250 mmol). The mixture formed two liquid phases and it was stirred rapidly for 18 h at room
temperature. The phases were then separated and the agueous phase was extracted three
times with ethyl acetate (160 mL). The combined organic phases were washed three times
with water (300 mL) and dried over MgSO4 anhydride. The product was further dried under
reduced pressure at 45 °C for 3 h (96 g, Yield: 90 %).

The resulting mIL was characterised by *H NMR, 3C NMR, ESI-MS, elemental analysis, FT-IR
and TGA-DSC. *H NMR (400 MHz, CD30D): 6 / ppm =9.24 (s, 1H), 7.97 (t, J = 1.6 Hz, 1H), 7.74
(t, J=2.0 Hz, 1H), 7.19 (dd, J = 15.6, 8.8 Hz, 1H), 5.92 (dd, J = 15.6, 2.8 Hz, 1H), 5.46 (dd, J =
8.4,2.4Hz,1H), 4.38 (t,J=7.2 Hz, 2H), 3.62 (t, J = 6 Hz, 2H), 2.16-2.06 (m, 2H). 3C NMR (400
MHz, CDs0D): 6 / ppm = 136.6, 129.7, 124.6, 122.8, (q, CFs3), 120.7, 109.9, 58.9, 48.5, 33.2.
ESI-MS in positive mode: Calculated: 153.10 m/z; Found: 153.1 m/z. ESI-MS in negative
mode: Calculated: 279.92 m/z; Found: 280.3 m/z. Elemental Analysis: Calculated: C, 27.72;
H, 3.02; N, 9.7; Found: C, 24.5; H, 2.67; N, 8.73. FT-IR bands: 3538 cm™ (-OH), 3142 cm™
(C=C), 2961 cm™ (C-H), 1652 cm™ (C=N), 1550 cm™ (C=C), 1336 cm™* (SO,), 1179 cm™ (C-C),
1130 cm™ (CF3), 790 cm™ (C-S), 741 cm™ (S-N). Tonset: 414.24 °C (Figure A8 - Figure A10).
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[2-(acryloyloxy)ethyl]trimethyl-ammonium bis(trifluoromethane)sulfonimide (mlIL3)

[2-(acryloyloxy)ethyl]trimethyl-ammonium bis(trifluoromethylsulfonyl)imide was
synthesised directly from the commercial halide salt, [2-(acryloyloxy)ethyl]trimethyl-
ammonium chloride. LiNTf, (42.7g, 148 mmol) was dissolved in water (40 mL) and it was
added dropwise to an aqueous solution (40 mlL) of [2-(acryloyloxy)ethyl]trimethyl-
ammonium chloride (24 g, 124 mmol). The mixture formed two liquid phases and it was
stirred rapidly for 18 h at room temperature. The phases were then separated and the
aqueous phase was extracted three times with dichloromethane (100 mL). The combined
organic phases were washed three times with water (125 mL) and dried over MgS0O4
anhydride. The product was further dried under reduced pressure at 45 °C for 3 h (49.5 g,
Yield: 91 %).

The resulting miIL was characterised by *H NMR, 3C NMR, ESI-MS, elemental analysis, FT-IR
and TGA-DSC. *H NMR (400 MHz, (CD3),C0): 6 / ppm = 6.40 (dd, J = 16, 1.2 Hz, 1H), 6.22 (dd,
J=10.4,7.2 Hz, 1H), 5.99 (dd, J = 9.2, 1.2 Hz, 1H), 4.75 (m, 2H), 4.03 (m, 2H), 3.50 (s, 9H). 3C
NMR (400 MHz, (CD3),CO): & / ppm = 165.7, 132.5, 128.7, 122.8, (q, CF3), 66.0, 58.9, 54.7.
ESI-MS in positive mode: Calculated: 158.12 m/z; Found: 158.3 m/z. ESI-MS in negative
mode: Calculated: 279.92 m/z; Found: 280.1 m/z. Elemental Analysis: Calculated: C, 27.40;
H, 3.68; N, 6.39; S, 14,63; Found: C, 26.53; H, 3.68; N, 6.66; S, 14.70. FT-IR bands: 3054 cm
(C=C), 2976 cm™ (C-H), 1727 cm™* (C=0), 1628 cm™ (C=C), 1340 cm™* (SO,), 1174 cm™* (C-C),
1131 cm™ (CF3), 788 cm™ (C-S), 740 cm™ (S-N). Tonset: 361.22 °C (Figure A11 - Figure A13).

95






Chapter 3:

Stabilisation of
Perovskites with
Polymeric lonic Liquids




Development of Advanced Materials Based on Polymeric lonic Liquids Formulated for Additive Manufacturing

3.1 Summary

In this Chapter, metal halide-based perovskite nanocrystals (PNCs) were embedded into
polymerisable ionic liquids (PILs@PS) to enhance the stability of the nanocrystals.
Perovskites have emerged as potential candidates for photonic and optoelectronic
applications because of their outstanding optical properties with controllable size,
composition, morphologies and orientation. However, their sensitivity to humidity, heat and
water represents a great challenge that limits their applications. On the other side,
polymeric ionic liquids (PILs) stand out above other materials for their tuneable properties

and their ability to stabilise molecular and nanostructured materials.

Herein, we demonstrate the synergistic potential of encapsulating caesium perovskites into
PILs. The stability of the nanocrystals after encapsulation was enhanced, showing better
light, moisture, water and thermal stability compared to pure PNCs. Several halide
perovskites nanocrystals based on CsPbXs structure (X = Cl, Br, | and combinations) were

tested. Moreover, a lead-free perovskite (Sn (IlI)-doped CsBr) was also analysed.

The photoluminescence (PL) and photoluminescence quantum yield (PLQY) was maintained
for several months under different harsh conditions, while that of pristine PNCs was fully
quenched along with structure degradation in few days or even hours. Furthermore, the
possibility to exchange the ions of the perovskite for those of the medium was studied. More
importantly, the formulations were 3D printed into complex geometries, enabling the direct

translation of the optical properties of the perovskites to the macrosystems.

Since PNCs are promising candidates as visible-light photocatalysts, a PIL film containing
perovskite nanocrystals was used as photocatalyst in the degradation of methyl red (MR)
using solar energy, and it remained active even after recycles. The experimental results

generated in this Chapter have been published in Nanoscale 2023, 15, 4962-4971.

3.2 Introduction

The chemical industry is responsible for the production of the chemicals and materials
underpinning modern societies. Nevertheless, it is also a major polluter, which needs to be

addressed to become a sustainable manufacturing industry. Within this remit, organic dye

98



Chapter 3

emissions are a major cause of pollution in the environment.?*! In this regard, photocatalytic
degradation is a promising route to convert organic waste into harmless substances.
Photocatalytic degradation is a specific type of photodegradation in which a photocatalyst
material is used to breakdown pollutants or other harmful compounds, altering their
chemical and physical properties by exposure to light. It is a process where the photocatalyst
absorbs light and generates electron-hole pairs that form reactive species, which then react
with the pollutants transforming them into less harmful products. The formation of reactive
species is determined by the energy and wavelength of the absorbed light and the material's
electronic structure. The interactions between the reactive species and the material are
governed by chemical kinetics and thermodynamics.?*> The photocatalytic (PC) activity is
typically measured by the rate at which a specific reaction occurs under defined conditions.
The activity depends on the properties of the photocatalyst, the light source and the
reaction conditions, which can be optimized to improve the performance. It is a sustainable
and cost-effective method for pollution control and remediation, which can be powered by
solar energy. The use of solar energy is particularly attractive because it is a powerful,
abundant and renewable energy source. Additionally, by using solar energy to drive
photocatalytic reactions, it reduces the consumption of fossil fuels, being a way of resolving
the associated energy and environmental issues.?*® Furthermore, it can also lead to cost

savings and greater scalability compared to other forms of energy.

Therefore, to maximise the utilisation of sunlight, it is critical to employ a photocatalyst
capable of absorbing the whole spectrum of visible light in order to improve solar conversion
efficiency. Most investigations have focused on the use of TiO> as photocatalyst, but it can
only absorb UV light (A < 387 nm) due to its wide band gap (3.2 eV) and high recombination
of electron—hole pairs.?** Several visible-light catalysts have been used such as organic
conjugated polymers,?*® inorganic semiconductors,?*® and transition metal complexes.?*’
However, those materials are complicated to prepare and expensive. Perovskite
nanocrystals (PNCs) have appeared as highly effective photocatalysts in the entire UV-

visible-NIR region.

In the past few years, all-inorganic perovskite nanocrystals have been in the spotlight due
to them intrinsic properties including highly oxidizing/reducing power coming from their

tuneable band structure, high absorption coefficient, good light-trapping ability, tolerance
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to defects and narrowband emission.?*® These materials can be synthesised by facile and
low-cost methods with precise control over their size and composition, offering high
photoluminescence quantum vyield (PLQY) up to 100%.2* All these advantages make them
excellent materials to boost the performance of optoelectronic devices including light
emitting diodes (LED), lasers, solar cells, photodetectors, and display backlights.?>°
Moreover, their PC activity, which is determined by their capacity to form electron—hole
pairs for undergoing secondary reactions, combined with solar energy open a new
sustainable pathway into the photocatalysis field.?>! The PC efficiency of the PNCs can be
enhanced by preventing the recombination of photogenerated electrons and holes,
boosting the carrier separation efficiency and lengthening their diffusion distance and

lifetime.

In particular, metal halide perovskites have attracted extensive attention as
photocatalysts.?>> The PC activity of these perovskites cover a broad range of applications:
CO2 reduction,®® hydrogen production,”* organic chemical reactions?>> or pollutant
degradation.?®® Gao et al. used CsPbXs perovskite crystals as photocatalysts for dye
degradation for first time. In this study, the perovskites were able to photodegrade methyl
orange, showing the outstanding photocatalytic activity of CsPbCls and CsPbBr;. Methyl

orange solution turned colourless within 100 min.?*’

Nevertheless, the low resistance of CsPbXs (X = Cl, Br and I) to light, heat, oxygen, and water
limits its use in large-scale applications.?*® Currently, extensive research has been conducted
to overcome the stability limitations of perovskites, mostly due to their ionic nature and low
melting temperatures. For example, embedding them into glass by the melt-quenching
method and subsequent crystallisation process has been a solution, but some aggregation
and clustering issues appeared.?”® Another way to enhance the stability of PNCs is
encapsulating them with stable sol or polymer.?®® Incorporating nanoparticles into
macroscopic polymeric matrices to form thin films has been demonstrated to be an efficient
methodology for protecting semiconductor devices against environmental degradation.?¢?
Some recent reports show the benefits of encapsulating hydrophobic lead-halide NCs into
water-repelling hydrophobic bulk polymers enhancing light stability and retention of optical

properties upon water exposure by preventing access of water to the NCs surface.?%? The

polymeric matrix employed plays a key role to get a good encapsulation. Still, some issues
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including easy leakage of PNCs from the polymeric microspheres or uneven distribution can
arise because PNCs are only physically bounded to the polymer.?®® In this regard, the
encapsulation of PNCs by polymerisation of the monomeric formulation with the
nanocrystals dispersed in it can be a fast and effective way to prepare microspheres in the
presence of NCs, thus solving the above-mentioned problems. The in-situ encapsulation can
be carried out by functionalising and polymerising the PNCs ligands,?®* the perovskite
itself?®> or by adding a co-monomer.24°2 266 Thyjs is still an underexplored field since most of
the methods involve polar reaction medium and relatively high polymerisation temperature
(above 60 °C).2%” Additionally, it is interesting to find polymeric matrices with tailored
hydrophobicity and with improved ligand-polymer interactions.?%?® Recently, our group has
published the implementation of non-toxic and low-cost vitamins for enhancing the
photophysical properties and stability of perovskite nanocrystals into a 3D printable

formulation.?%8

As it has been previously described in Chapter 1, polymerisable ionic liquids are ideal
materials to stabilise molecular and nanostructured materials as a result of their ionic and
supramolecular interactions.?3® Several articles introduce the use of PlLs/ILs together with

PNCs in order to improve the applicability of their systems, for instance as gating material

269 270

for electronic applications,?®® as hole/electron transport material in perovskite solar cells,

271 as perovskite/ionic liquid interfaces for transient opto-

as candidate for absorbing CO,,
electronic conversion in AC photovoltaic devices.?’2 However, in those examples PILs are not
used as a perovskite stabiliser. Xia et al. has recently published a report showing the
advantages of protecting hybrid perovskites from decomposition in humid environments
with in situ ionic liquid polymerisation. The sensitivity to moisture during the cell fabrication
was effectively reduced, improving quality and long-term stability.'”” Likewise, PILs and ILs
have been used as perovskite passivation agents, improving the solar cell performance and
reducing the degradation rate.?’”? Furthermore, these polymers can be especially designed
to be printed by 3D techniques, which is of huge interest since traditional polymerisation
techniques limit the geometries that can be potentially generated.3!® Although organic
room-temperature phosphorescent luminogens?’4 and fluorescent quantum dots?’®> have

been added as additives into 3D printing materials, perovskites are not as common yet

because they are sensitive to environments such as polar solvents, humidity and heat.?’* To
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date, the thermoplastics capable to encapsulate PNCs for 3D printing have not been fully
explored. Tai et al. studied different polymers and found that only polycaprolactone (PCL)
could effectively encapsulate PNCs, transferring them optical properties to the printed

objects. This was possible thanks to the low melting point of PCL.27®

For these reasons, combinations based on PILs can represent a great chance for designing
photoactive 3D printed devices for photocatalysis, optoelectronic, conductive,
electrochemical and redox applications among others. To the best of our knowledge, the
development of advanced formulations stabilising photoluminescence (PL) all-inorganic
perovskites with polymerisable ionic liquid especially designed for additive manufacturing

has not been widely exploited yet.

The theoretical underpinnings of the fluorescence techniques used in this Chapter are
described here. A fluorometer and a PLQY instrument are both used to measure the

fluorescence of a sample, although they have different features and applications.

A fluorometer is an instrument that measures the intensity of light emitted by a sample
when it is excited by light of a specific wavelength. The excited molecule then returns to its
ground state by releasing the absorbed energy in the form of light (fluorescence). This light
is usually in the form of a photon, and is emitted at a longer wavelength than the excitation
light. This technique is mainly used to measure the concentration of specific molecules in a
sample, such as DNA, RNA, proteins, and small molecules like ions or metabolites.?’”” The
sample is placed in the sample holder, and the light source is turned on to excite the
molecules in the sample. The emitted light is then passed through the filter or
monochromator (to select the specific wavelength of light and separate the excitation light
from the emitted light) and detected by the detector. The intensity of the emitted light is
then measured and is proportional to the concentration of the specific molecules in the
sample. This data is analysed and processed by a computer to determine the concentration

of the specific molecules in the sample and the fluorescence of the material.?’®

A Photoluminescence Quantum Yield (PLQY) instrument measures the efficiency with which
a sample converts absorbed light energy into emitted light energy. It is used to evaluate the
quantum efficiency of a sample, such as semiconductors, organic materials, and biological

samples. An integrating sphere, also known as an Ulbricht sphere, is an important
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component of a PLQY instrument. It is used to collect and redistribute the emitted light from
the sample so that the detector inside the sphere can measure light coming from all
directions, thus integrating all the light from the source. The integrating sphere ensures that
all the emitted light is collected, regardless of the emission pattern of the sample, which is
important for accurate PLQY measurements. The detector can be a simple photometer, a

spectrophotometer or a radiometer.?’®

By measuring the total emitted light intensity inside the sphere, and knowing the energy of
the excitation light, the PLQY of the sample can be calculated as the ratio of the emitted
light (photon emission rate) to the absorbed light (photon absorption rate). PLQY is an
intrinsic property of the sample and not dependent on the excitation light intensity,
therefore, it is usually normalized by the absorbed energy. It is a dimensionless parameter
between 0 and 1, where 1 means that 100% of the excitation energy is converted into
photoluminescence. There are different ways to measure the photon emission rate and the
photon absorption rate, depending on the type of sample and the experimental setup. One
way to measure the photon emission rate is by using a detector to measure the intensity of
the emitted light, and then calculating the photon emission rate based on the detector
sensitivity and the light intensity. To measure the photon absorption rate, the sample can
be exposed to light of a specific wavelength and the intensity of the absorbed light can be

measured using a technique such as absorption spectroscopy.?®°

3.3 Objectives

The main objective of the work performed in this Chapter is to develop for first-time novel
3D printable PIL materials capable to effectively stabilise all-inorganic halide perovskite

nanocrystals.
To meet this goal, different specific objectives are devised:

e To evaluate different miLs and cross-linkers to encapsulate PNCs in order to prepare
fluorescent formulations
e To transfer the optical properties of the PNCs to the photopolymerised solids

e To improve the stabilisation of the PNCs optimising the photopolymer composition
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e To embed a variety of lead perovskites based on CsPbX3 structure (X = Cl, Br, | and
combinations) into the optimised formulations

e To embed lead-free perovskites into the optimised formulations

Then, to demonstrate the ability of PIL materials to stabilise PNCs, different studies will be

performed:

e Characterisation of the PL and PLQY of the polymer composites for over 700 days
under different conditions (closed in the dark at 25 °C, exposed to atmospheric air,
closed in liquid water at 25 °C and opened in an oven at 70 °C) using a variety of
formulations, which allows the analysis of structure-activity relationships.

e Analysis of the ionic exchange of the ions from the PNCs embedded in the PILs by
those in solution.

e 3D printing the photopolymer in order to obtain optically active devices with
tailored geometries.

e Evaluation of the photocatalytic activity of a PlL-based film with perovskite

nanocrystals (PIL@PS) for the photodegradation of organic dyes.

3.4 Results and Discussion

3.4.1 Summary of the Nomenclature found in Chapter 3

Table 7. Summary of the nomenclature used for naming the miL3-based films depending on the
formulation employed.

Entry Film miL3 (mol%)  BA (mol%) BDA (mol%)

1 PIL3a 100 - -

2 PIL3b 95 - 5 Monomeric lonic Liquid

3 PIL3c 90 5 5 Oy,

4 PIL3d 80 15 5 /\n,o\/\++_

5 PIL3e 75 20 5 °

6 PIL3f 65 30 5 [2-(acryloyloxy)ethyl]trimethyl-
ammonium

7 PIL3g 20 75 5 bis(trifluoromethane)sulfonimide

(miIL3)
8 PIL3h - 95 5
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Table 8. Nomenclature of miL3-based films embedding different perovskite nanocrystals.

Entry Film Perovskite Structure (2 wt%)
1 PIL3a@PS CsPbBr;
2 PIL3a@PS1 CsPbCls-Sr
3 PIL3a@PS2 CsPbCl,.25Bro.7s
4 PIL3a@PS3 CsPbCly5Bris
5 PIL3a@PS4 CsPbBro.7sl2.25
6 PIL3a@PS5 CsPbl;
7 PIL3a@PS6 Sn (II)-doped CsBr

3.4.2 Preparation of Photoluminescent Films

Caesium lead halide nanocrystals based on CsPbX3 structure (X = Cl, Br, | and combinations)
were prepared at the Group for Advanced Semiconductors (GAS) from the Institute of
Advanced Materials (INAM). The nanocrystals were received in a hexane dispersion (50

mg/mL).

A family of monomers were tested for stabilising CsPbBr; NCs (1 wt%), showing that not all
the monomers were capable to encapsulate and stabilise the nanocrystals. The monomers
synthesised and evaluated were: 1-butyl-3-vinylimidazolium
bis(trifluoromethane)sulfonimide  (mlL1), [2-(acryloyloxy)ethyl]trimethyl-ammonium
bis(trifluoromethane)sulfonimide  (mIL3),  1-butyl-3-vinylimidazolium  dicyanamide
(BVI.N(CN)2), 1-butyl-3-vinylimidazolium iodide (BVI.I), [2-(acryloyloxy)ethyl]trimethyl-
ammonium chloride (AcrEMA.CI), [2-(acryloyloxy)ethyl]trimethyl-ammonium dicyanamide
(AcrEMA.N(CN),), [2-(acryloyloxy)ethyl]trimethyl-ammonium iodide (AcrEMA.I) and [2-
(acryloyloxy)ethyl]trimethyl-ammonium tetrafluoroborate (AcrEMA.BF.), as well as the
neutral monomer vinyl imidazolium (Vilm). In a first stage, it was studied their capacity to
form films, finding that only some of them were able to polymerise forming robust solid
parts. In the case of AcrEMA.CI, AcrEMA.l and AcrEMA.BF4, they were solid compounds, so
different strategies were tried to generate liquid formulations. They were mixed with mlIL1,
mliL3, butyl acrylate (BA), PEGDA and BDA but it was not possible to dissolve them at room
temperature or at 40 °C. BVL.I, BVI.N(CN), and AcrEMA.N(CN), were very viscous and sticky.

For this reason, it was necessary to use a cross-linker to reduce the viscosity of the mixture
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and to photopolymerise them. After that, rigid films were formed. On the other hand, miL1
and mIL3 were polymerised without further issues as we have reported in Chapter 2. The
neutral monomer, Vilm, was also easily photopolymerised. Therefore, the monomers
considered for encapsulating PNCs were Vilm, mIL1 and mIL3 and their analogous with
iodide (BVI.I) and dicyanamide (BVI.N(CN); and AcrEMA.N(CN),). However, only mIL1 and
mlL3 were able to stabilise the perovskite into the liquid precursor and after polymerisation
without quenching the PNCs photoluminiscence. The neutral monomer (Vilm) was totally
unable to stabilise the PNCs, as evidenced by a complete degradation of their PL after 10
minutes of stirring. BVI.N(CN),, even with a cross-linker, was too sticky, and it was
impossible to mix it with CsPbBrs. AcrEMA.N(CN); and BVI.| derived photopolymers were
able to stabilise partially the PNCs but after polymerisation, the CsPbBr; was totally
deactivated (Figure 57). Similarly, the PNCs were quenched after a while being simply in
contact with the discarded solid monomers (AcrEMA.CI, AcrEMA.I and AcrEMA.BF,). All the

results are summarised in Table 9.

Figure 57. (Left) AcrEMA.N(CN),-based photopolymer with 5 mol% of cross-linker (BDA) and CsPbBrs3;
(right) the film formed after polymerisation. The absence of the green colour under UV illumination
indicates that the PNCs are completely degraded.

The monomer mlL1 was miscible with hexane, so, in the first studies, the perovskite was
mixed directly with mIL1 without further treatment. However, those films exhibited some
bubbles and, after evaporating the hexane (70 °C, 30 min), the films were visually observed
to be more photoactive (Figure 58a), as indicated by an increased photoluminiscence. In
addition, since mIL3 was immiscible with hexane, the methodology followed for the rest of
the mixtures using CsPbX3; NCs was to evaporate the hexane under reduced pressure at 45

°C after adding the miL.

Following the methodology implemented to stabilise metallic nanoparticles in Chapter 2,

PEGDA 575 was used as cross-linker in a concentration 80:20 mol/mol (mIL:PEGDA).
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Nevertheless, PEGDA contributed to the deactivation of the PNCs (Figure 58b, left). Both,
mIL1 and mIL3 formulated with PEGDA were unable to stabilise the PNCs. The reduction of
the amount of cross-linker to 95:5 mol/mol (mIL:PEGDA) did not solve the problem. Hence,
the cross-linker was changed to BDA in a percentage 95:5 mol/mol (mIL:BDA). With the new
cross-linker, mIL1 and miL3 offered a good encapsulation of CsPbBrs, specially mIL3 (Figure
58b, right). The films obtained using BDA were much more rigid than with PEGDA. From
now, the films containing BDA (95:5 mol/mol, mIL:BDA) are referred as PILXb and PILXb@PS

when adding CsPbBr3, which was the main PNCs studied in this work.

a)

Figure 58. a) (Left) PILIb@PS film prepared without removing the hexane, and (right) after
evaporating the hexane from the PNCs; b) (left) miL3 with PEGDA (80:20 mol/mol) and CsPbBrs,
showing a white mixture due to the deactivation of the perovskite, and (right) miL3 with BDA (95:5
mol/mol) and CsPbBrs (1 wt%), showing a greenish mixture corresponding to the emission colour of
the perovskite.

The films were analysed by fluorescence techniques, using a fluorometer to confirm the
presence of the PNCs. Nevertheless, an important issue appeared for miL1-based films,
since the imidazolium group had the emission signal from 450 to 600 nm, in the range where
appears the emission band of CsPbBrs;, as we can see in Figure 59a. Thus, the signal
corresponding to the perovskite was overlapped by the imidazolium. Moreover, in Figure
59b it can be appreciated that 3D-printed PILLb@PS films presented a partial blue emission

attributed to the imidazolium.
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Figure 59. a) PL spectra of PIL1b film and PILIb@PS film (Aex= 365 nm); b) (left) the intrinsic
photoluminiscence of miL1, (right, up) PIL1b printed films and (right, down) PIL1b@PS printed films.

Additionally, as shows Table 9, the PLQY achieved by mIL1 was extremely low for being used
in future applications, while PLQY of mIL3 was remarkably good. Therefore, the monomer

employed for the following experiments was mlL3.

Table 9. Summary of the monomers employed, specifying their capacity to form a film, to stabilise
CsPbBr; after polymerisation and the PLQY reached.

Entry miLs Monomer phase  Polymerisation PL Activity PLQY
1 BVL.I Liquid Vv X -
2 BVI.N(CN) Liquid Vv X -
3 miL1 Liquid Vv Vv 6
4 AcrEMA.CI Solid X X -
5 AcrEMA.I Solid X X -
6 AcrEMA.N(CN), Liquid Vv X -
7 AcrEMA.BF,4 Solid X X -
8 mliL3 Liquid Vv \Y 45
9 Vilm Liquid Vv X -

The photopolymer matrices were prepared mixing mIL3 with BDA (5 mol%) as cross-linker
and TPO (1 wt%) as photoinitiator. The liquid mixture was 3D-printed or photopolymerised

following standard conditions (illuminating upon UV light for 20 minutes at 40 °C under
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aerobic atmosphere). Afterwards, solid photoluminescence films were obtained with a

tailored geometry.

XPS analysis was performed to elucidate the influence of PIL3b on the composition and
chemical environment of PNCs. The presence of Cs, Pb, Br, N, in addition to the co-existence

of F and S from the mlIL3 was observed in the XPS spectra (Figure 60a).
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Figure 60. a) XPS survey and HR-XPS; b) F 1s; and c) S 2p spectra for pristine CsPbBrs and PIL3b@PS
samples.

The corresponding chemical composition of the PNCs in absence and presence of PIL3b is
summarised in Table 10. Figure 61a exhibits the high-resolution (HR) XPS Cs 3d spectra of
the samples, where a characteristic doublet located ~725/738 eV was obtained. This
doublet represents the Cds;; and Cdsj; core levels, indicating the presence of Cs* into the
CsPbBr; lattice.?®! Then, we acquired the typical HR-XPS Br 3d spectra of PNCs with and
without the monomer, achieving a doublet located ~68/69 eV (Figure 61b). These peaks
attributed to the Brs;; and Brsj; core levels, are representative of the formation of Pb-Br
bonds coming from the [PbBre] octahedra contained into the nanocrystals.?®? Last, Figure
61c shows the HR-XPS Pb 4f spectra of the samples, observing the characteristic Pb 4f;/; and
Pb 4fs/; core levels ~138/143 eV, respectively.?®® These signals correspond to the presence
of Pb?* contained into the nanocrystal lattice. On the other hand, Figure 61d displays the
HR-XPS N 1s spectra of the pristine and modified PNCs with monomer, noting some
differences in the chemical contributions from the main N 1s signal. In the case of pristine
PNCs, two signals are evidenced ~400 and 402 eV, ascribed to C-NH; and C-NHs* species,
respectively. These species are attributed to the attached oleyl ammonium cations covering

the PNCs surface.?®* Interestingly, after the addition of the polymeric formulation, the
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abovementioned signals were displaced to 399 and 403 eV, respectively. We attributed
these peaks to the emergence of C-N and S-N coming from the AcrEMA cation and NTf;

anion, respectively. At this stage, it is deductible that PNCs are entirely covered by the

monomer.
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Figure 61. HR-XPS a) Cs 3d; b) Br 3d; c) Pb 4f; and d) N 1s spectra for pristine CsPbBr; PNCs and
PIL3b@PS samples.

The stoichiometry of the pristine PNCs (Table 10) are far from the typical Cs:Pb:Br molar
ratio = 1:1:3, suggesting that the material shows a high density of surface defects. This is
probably due to the PNCs synthesis and purification methodologies.?®> However, after
encapsulating the PNCs with the PIL formulation, the Cs* deficiency is compensated, while

the Br content is lower. We attributed this improvement to the incorporation of fluorine
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and sulfur species coming from the monomeric ionic liquid, replacing/filling halide sites in
the nanocrystals. Through HR-XPS F 1s and S 2p spectra obtained from the PIL3b@PS
combination (Figure 60b, c), we identified the presence of C-F (689 eV), and SOx bonds
(doublet at 169/170 eV), respectively, from the bis(trifluoromethanesulfonyl)imide ion.?%®
In this context, this species could mediate the PNCs surface complexation through the

sulfonyl/fluoride-metal surface interaction.

This hypothesis is reinforced by the shift of BEs of the Cs 3d, Br 3d and Pb 4f doublets to
higher values (Figure 61). This indicates the introduction of a more electronegative element
into the perovskite structure, as the case of F or O atoms from NTf,. Therefore, we can
conclude that PlLs can favour the surface defect passivation of PNCs, which is a key factor
to promote a long-term stability and good optical properties such as PLQY, into the PIL

matrix.

Table 10. Chemical atomic composition of pristine CsPbBr; PNCs and PIL3b@PS samples.

C (0] Pb Br Cs N F S
Samples o) (at%) (at%) (at%) (at%) (at%) (at%) (at%) /PP Br/Pb
Pristine
PNCs 7385 2034 103 269 064 145 - - 062 261

PIL3Bb@PS 5761 18.67 0.03 0.06 0.03 5.55 12.84 521 1.00 2.00

3.4.3 Optimisation of the Formulation

According to the literature, butyl acrylate (BA) is commonly used to increase the flexibility
of polymeric matrices, since it reduces the glass transition temperature (Tg) of the
material.?” Thus, different formulations using miIL3 (100-0 mol%) and butyl acrylate (BA,
0-95 mol%) were prepared in order to obtain adequate mechanical and optical properties,
following the polymerisation reaction shown in Figure 62a. Nevertheless, not all the
combinations were efficient matrices for stabilising the CsPbBrs, as the PNCs were totally
deactivated after their encapsulation in some of the formulations. The complete list of
formulations evaluated and their PL activity after embedding CsPbBrs is shown in Figure
62b.
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Formulation miL3 BA BDA PL
(mol%) (mol%) (mol%)
PIL3a@PS 100 0 0 v
PIL3b@PS 95 0 5 v
PIL3c@PS 90 5 5 v
PIL3d@PS 80 15 5 v
PIL3e@PS 75 20 5 X
PIL3f@PS 65 30 5 X
PIL3g@PS 20 75 5 X
PIL3h@PS 0 95 5 v

Figure 62. a) Components used in the polymerisation reaction; b) Different formulations prepared for
encapsulating CsPbBrs NCs and their PL activity.

PIL3a@PS was sticky and fragile, which demonstrated that the cross-linker (BDA) was
necessary to obtain robust films. On the other hand, the neutral polymer butyl acrylate
(PIL3h@PS) needed 5 mol% of cross-linker to form a film, and still that formulation had
the poorest mechanical properties, because really fragile films were obtained. The
fluorescence of the films decreased with increasing the mole percent of butyl acrylate, and
above 15 mol% of additive (BA) the films were not fluorescent anymore (PIL3e@PS,
PIL3f@PS, PIL3g@PS) as it can be seen in Figure 63. The combination of high
concentrations of BA with mIL3 generated an unstable matrix for CsPbBrs3, promoting its

guenching.
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Figure 63. Photoluminescence spectra of all the formulations using CsPbBrs.

Additionally, PNCs concentration was varied and the optimal concentration was 2 wt%
with respect to the weight of the formulation, since it presented a PLQY around 45 %.
Lower concentrations reported poorer PL (Figure 64) while using higher concentrations (5
wt%), the PLQY was notably decreased to 26 %. Hence, in following experiments a

concentration of 2 wt% was employed.
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Figure 64. PL spectra of PIL3d@PS films using different perovskite concentrations (2 wt%, 1 wt%, 0.5
wt%).
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3.4.4 Stability Studies

CsPbBr; stability was evaluated using different PIL formulations. The specific conditions for
performing the stability tests are described in the Experimental Part, in Section 3.6.3. The
first study was done storing the films in the dark within more than 2 years (see Figure 65).
The samples were covered with aluminium and kept in a drawer. According to the results,
PIL3a@PS, PIL3b@PS and PIL3c@PS were the best formulations for stabilising PNCs (2
wt%), keeping the PLQY of the films around 50 and 60 % (stored under aerobic atmosphere
in the dark, at room temperature with a relative humidity of 60 %). The PL was notably
increased during that time. This can be attributed to the dynamic rearrangement of the
PNCs, since surface defects can be passivated with active materials,?® in this case PILs. On
the contrary, the PLQY of not embedded CsPbBr; decreased 70% in less than 200 days.
However, not all the polymeric matrices were good for stabilising PNCs since PIL3d@PS and

PIL3h@PS loose partially and even totally their photoluminescence after less than 300 days.
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Figure 65. Stability study in the dark at 25 °C performed along more than 700 days, measuring a)
PLQY; b) Normalised photoluminescence of all PIL3x@PS formulations capable to stabilise CsPbBrs.

Although the stability and PL activity of PIL3a@PS was remarkably high, that formulation
was not used in further tests since the film was very brittle and sticky as mentioned in
Section 3.4.3. Only PIL3b@PS and PIL3c@PS films were employed to study the stability of
the CsPbBr; at different conditions: exposed to air and light at 25 °C (Figure 66a), at 70 °C
without light irradiation (Figure 66b) and immersed in liquid water under day light
conditions at 25 °C (Figure 66c, d).
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Figure 66. a) PLQY of PIL3b@PS and PIL3c@PS films compared with pure CsPbBrs being opened to air
and light; b) PLQY of PIL3b@PS, PIL3c@PS and PIL3d@PS films compared with pure CsPbBrs at 70 °C;
¢) PLQY of PIL3b@PS and PIL3c@PS films compared with pure CsPbBrs in water at 25 °C; d) Normalised
PL of PIL3b@PS, PIL3c@PS and PIL3d@PS films compared with pure CsPbBrs in water at 25 °C. Details
about the formulations can be found in Figure 62.

Under challenging conditions, pristine PNCs lost more than 90% of their photoluminescence
in less than 5 days, specially upon immersion in water where PNCs degrade within minutes.
Encapsulated PNCs in PIL3b, however, stored under ambient conditions (oxygen, light and
humidity) and exposed at 70 °C only exhibited a decrease of the PLQY around 15% after the
first 40 days. In both cases, the PLQY was measured for more than 200 days, reporting still
some PL. In water conditions, PIL3b formulation was able to stabilise CsPbBrs;, maintaining
the PLQY for almost 150 days. On the other hand, PIL3d formulation was totally unable to
stabilise PNCs in thermal and in water conditions. The high stabilization observed with PIL3b

formulation (95 mol% of mIL3 and 5 mol% of BDA) was obtained due to the material’s

115



Development of Advanced Materials Based on Polymeric lonic Liquids Formulated for Additive Manufacturing

hydrophobicity as the NTf, anion from the PIL is a hydrophobic anion.% 1462 While PIL3d
contained a lower amount of mIL3 (80 mol%) combined with a neutral polymer (BA, 15
mol%). In addition, the films were not hygroscopic and did not present porosity, as shown
by SEM and profilometry analyses (Figure 67). These results, in combination with the data
obtained from the XPS analysis shown in Section 3.4.2, demonstrate a high stabilisation

capacity for the PIL3b formulation.

a)

Figure 67. Images of a PIL3b@PS film obtained by a) SEM, and b) profilometry.

For the air stability test, the samples were left opened on the laboratory bench. The aqueous
stability tests were done immersing the photomaterials in water and stored under day light
conditions. In the thermal stability experiment, we found that the PNCs composites were
degraded after being some hours at 115 °C as shown in Figure 68. Then, we decided to
conduct the test in an oven at 70 °C without light irradiation.

a) b)

Figure 68. a) Initial PL of PIL3b@PS film under UV light; b) PIL3b@PS film under UV light after being
several hours at 115 °C. The colour disappearance means that the PNCs were degraded.
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3.4.5 Stabilisation of Different Perovskites

Apart from studying the stabilisation of CsPbBr3; nanocrystals, we also analysed the stability
of a variety of PNCs based on CsPbXs; structure where X = Br, Cl, |, and Cl:Br, Br:l
combinations: CsPbCls-Sr (PS1), CsPbCl,.2s5Bro7s (PS2), CsPbClisBris (PS3), CsPbBro.sslzas
(PS4), CsPbls (PS5). The different perovskites (2 wt%) were encapsulated using PIL3a and
PIL3b formulations, reporting the PLQY in Table 11. Unfortunately, the PNCs with iodide
(PS4 and PS5) were unstable into both polymeric matrices. The set of formulations prepared
in this regard are named PIL3Xx@PSy, where vy is referred to the perovskite used (1-5). By
changing the halides, the absorption wavelength of the perovskite was modified obtaining

films with different colours (see Figure 69).

Table 11. Summary of the PLQY and wavelength (in nm) of different PNCs structures and they
embedded in two different formulations (PIL3a and PIL3b).

Entry Sample Perovskite Structure PLQY (%) Wavelength (nm)
1 PS1 CsPbCls-Sr 7 408
2 PIL3a@PS1 CsPbCls-Sr 2.4 407
3 PIL3b@PS1 CsPbCls-Sr 3.3 407
4 PS2 CsPbCly.25Bro.75 6 418
5 PIL3a@PS2 CsPbCl;.25Bro.75 1.2 413
6 PIL3b@PS2 CsPbCl;.25Bro.75 14 413
7 PS3 CSPbC|1_sBr1_5 4 458
8 PIL3a@PS3 CSPbC|1_sBr1_5 1.5 448
9 PIL3b@PS3 CsPbClysBris 1.2 450

PIL3a@PS1

PIL3a@PS2 PIL3a@PS3

Figure 69. Pictures of the films obtained using PIL3a formulation with the tested PNCs.
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The encapsulation of these different PNCs was also evaluated using mlL1, but this monomer
could not stabilise them. And, the combination of CsPbBrXs with mIL3:PEGDA 575 (95:5
mol/mol) formulation did not report any photoactivity, similar to what happened with
CsPbBr; (reported in Section 3.4.2).

Although the toxicity of lead perovskites limits their commercial use and scalability, yet the
most common all-inorganic perovskite photocatalysts are lead-based. Recently, lead-free
perovskites are gaining popularity but still suffer from poor efficiency and instability. Herein,
a non-lead-perovskite has also been tested and properly stabilised: Sn (ll)-doped CsBr (PS6).
Figure 70 shows the normalised photoluminescence of all the PNCs stabilised and properly

photopolymerised into PIL3a formulation.
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Figure 70. Normalised photoluminescence spectra using different PNCs: PS1 (CsPbCls-Sr), PS2
(CsPbCl525Bro.75), PS3 (CsPbCly.sBr1.5), PS (CsPbBrs) and PS6 (Sn-doped CsBr).

Lead-free composites were prepared using previously synthesised Sn-doped CsBr NCs
dispersed in toluene. In one attempt to use the solid nanocrystals without solvent, the
photopolymer was not homogeneous and, for instance, the addition of BA quenched the
nanocrystals. It was tried to follow the same procedure implemented for encapsulating
CsPbBrXs: evaporating the toluene at 60 °C. Nevertheless, the solvent was not totally
removed and the films were not well-formed. Afterwards, we decided to centrifugate
toluene from a mixture of mIL3 with Sn-doped CsBr. In this way, the resulting mixture was

completely homogeneous. Then, cross-linker and Pl were added to the dried mixture,
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obtaining a homogeneous photoluminescence polymer (Figure 71). The centrifugation
process was performed at 1500 rpm during 5 min, and was repeated several times to
ensure the complete absence of toluene. The results obtained were very promising since
the PLQY achieved (22 %) were remarkably similar to the one of the pure Sn-doped CsBr
NCs (24 %).

PLQY: 22 %
Wavelenght: 580-620 nm

Figure 71. Optical image of the photoluminescence observed in PIL3a@PS6.

The stability in the dark of all these perovskite materials was tested as well. Into this
context, films using PIL3a and PIL3b formulations with the different PNCs were kept
wrapped in aluminium foil for more than 2 years. The PLQY and the photoluminescence of
the films were measured over this period, revealing good retention of the optical
properties and even an improvement in the PL activity, as well as the PLQY, after several
months (Figure 72). Although the photoluminescence values achieved with these PNCs
were not very impressive, a clear enhancement over time was observed with most of the
samples. This effect may be due to a rearrangement of the structure of the perovskite

nanocrystals as a result of their good stabilisation in the PIL matrix.

The polymerisation reaction of all the films was performed using the standard conditions

(under UV light for 20 min at 40 °C in aerobic atmosphere).
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Figure 72. a) PLQY and b) Normalised PL of PS1, PS2 and PS3 NCs embedded in PIL3a formulation; c)
PLQY of PS1 and PS3 NCs embedded in PIL3b formulation,; d) Normalised PL of PS1, PS2 and PS3 NCs
embedded in PIL3b formulation; e) PLQY and f) Normalised PL of non-lead perovskite, PS6,
encapsulated into PIL3a and PIL3b formulations. All samples were measured along more than 700

days.
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3.4.6 lonic Exchange Study

The possibility of changing the halides from the perovskite is a really exciting approach, since
it makes possible to tailor the absorption wavelength of the material by a simple anion

exchange.

For this purpose, it was studied the possibility of mixing halide-based miLs with different
perovskites in order to see the exchange between the anionic halides. Unfortunately,
AcrEMA.CI and AcrEMA.I could not form films, only BVI.I was capable to form films. A
miscible mixture of mIL1:BVI.l (1.5:1 mol/mol) with CsPbBr3 reported a green colour that
was slowly becoming orange on the walls of the vial while the green colour went
disappearing until PNCs were deactivated (Figure 73). The introduction of mIL1l was
necessary to act as an intermediate between BVI.l and the perovskite; otherwise, they kept
immiscible without mixing. Before adding mlL1, the perovskite kept its fluorescence and did
not change its colour. However, after adding miL1, all the components were properly mixed

turning to orange and ending deactivating the PNCs.

Figure 73. A mixture based on miL1:BVI.I (1.5:1 mol/mol) with CsPbBrs.

Another interesting field is the possibility to exchange the halides from the PNCs embedded
in solid materials, changing the colour of the films. This phenomenon was studied in
different films: PIL3b@PS, PIL3c@PS (the two formulations that stabilised more efficiently
PNCs, shown in Section 3.4.4) and the neutral formulation based on butyl acrylate
(PIL3h@PS). The test consisted in immersing the films into a solution of potassium iodide
(K1) in methanol (MeOH, 10 mg/mL) to substitute the bromide anions from CsPbBrs with the
iodide from KI. When that substitution took place, the wavelength of the CsPbBr3 shifted
from the green to the red (the iodine emission range). We found that PIL3h@PS was the
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only tested film that modified its emission wavelength from 510 nm to 651 nm within few

minutes (Figure 74). The film was totally red in less than 10 minutes.
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Figure 74. a) Images showing the evolution in the colour change of PIL3h@PS film within less than 10
minutes in Kl solution; b) PL spectra of the film’s initial emission wavelength (green) and the film
emission wavelength after 5 minutes immersed in a solution of Kl (red); ¢) Initial PLQY of the film and
after 5 minutes immersed in a solution of Ki, with its corresponding wavelength.

Meanwhile, PIL-based formulations probably encapsulated PNCs more strongly, preventing
the passage of iodide through the polymer matrix. The films kept the green colour until its
degradation due to the effect of the methanol. The PLQY of the samples was reduced from

40 % to 1 % after 30 minutes into the solvent, however the emission wavelength remained

unaltered at 512 nm.

Previously, we tried to do the test in water instead of using MeOH as the embedded PNCs
were relatively stable in that medium (see Section 3.4.4), however no changes in colour

were detected for any tested film (Figure 75).

Figure 75. (Left) PIL3b@PS film, (centre) PIL3c@PS film, (right) PIL3h@PS film, immersed in a solution
of potassium iodide (KI) in H,0 (10 mg/mL) during more than 2 hours.
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Therefore, MeOH was the solvent chosen for carrying out these experiments. Since it was
possible to exchange the bromide anions of PIL3h@PS film by iodide anions, it was tried
using that formulation to do the reverse process, turning the modified film (PIL3h@mPS)
back to green. In this study, firstly, as above explained, a PIL3h@PS film (green) was
introduced into a solution of Kl in MeOH (10 mg/mL) during 15 minutes, so the colour of the
film changed to red. And then, after drying the PIL3h@mPS film in vacuum during 2 hours,
it was immersed into a solution of potassium bromide (KBr) in MeOH (10 mg/mL). As we
expected, the iodide anions were replaced by the bromides from the solution, returning the
green colour of the perovskite as it can be seen in Figure 76. The film was totally green in

less than 20 minutes.
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Figure 76. a) Images showing (1) the initial PIL3h@PS film, (2) after put it in KI-MeOH (turning red),
(3) then, the modified PIL3h@mPS film was introduced in KBr-MeOH (turning green again) and (4)
pieces of both films (green and red) together, keeping their PL for several days; b) PL spectra of
PIL3h@PS film measured at different moments during the anion exchange reaction; c) PLQY of the film
measured at different moments during the anion exchange reaction.

Another interesting approach would be to shift the wavelength of CsPbBr; towards the blue
emission colour. For this study it was used PIL3h@PS film that was introduced into a sodium
chloride (NaCl) solution (5 mg/mL) in MeOH. NaCl was used because KCl was totally
insoluble in MeOH, chlorobenzene, tetrahydrofuran, dichloromethane and chloroform.
However, the wavelength emission slightly changed, from 520 nm to 495 nm. Further
studies were performed using the precursor of the perovskite methylammonium chloride

(MACI), which was soluble in butanol. But still, no changes in colour were detected. Also,
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MAI dissolved in butanol was used for repeating the iodide exchange, finding that the PLQY
of the films did not decay as fast as with MeOH.

Also, it was possible to demonstrate that the exchange reaction can occur even directly on
the surface of the films without immersing the sample into a solution. In this regard, the
liquid precursor of PIL3h@PS was photopolymerised on the surface of a glass and, after
adding some drops of a Kl solution, the film turned red immediately as shows Figure 77a.
On the other hand, the formulation used was modified to evaluate the effect of the different
components. For example, when the content of cross-linker was increased to 10 mol% BDA,
the exchange reaction with iodide was much slower (more than 30 minutes to observe some
red colour) and only part of the film was modified as it can be seen in Figure 77b. Therefore,

it was concluded that the more cross-linked the film was, the less exchange took place.

Figure 77. a) PIL3h@PS film on the surface of a glass, before and after dropping Kl solution; b) Film
prepared with 90 mol% of BA and 10 mol% of BDA after being 30 minutes into KI solution; c) Film
prepared with 60 mol% of BA, 20 mol% of PEGDA and 20 mol% of BDA after being 10 minutes into Kl
solution.

Since the non-ionic material was favourable for the exchange reaction, a completely
different neutral formulation based on a mixture of BA, PEGDA and BDA (60:20:20
mol/mol/mol) was tested. Nevertheless, this formulation was totally unable to stabilise
properly CsPbBrs3. At 70 °C, the PNCs were completely quenched in less than 5 days, while
in water PLQY decayed in less than 5 hours. For that reason, the exchange reaction carried

out in MeOH medium deactivated the PNCs in few minutes, shown in Figure 77c.

3.4.7 3D-Printable Formulation

The most efficient formulations for the stabilisation of PNCs (PIL3b and PIL3c) were

successfully 3D printed. The photopolymers were able to stabilise CsPbBrs; nanocrystals (2
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wt%) during the printing process and transfer their intrinsic PL properties to the printed
parts, as shown in Figure 78. In this example, the manufacturing was performed by a
masked stereolithography printer (MSLA, Elegoo Mars 2 Pro) using a LED light (405 nm) to
drive the photopolymerisations. Then, the parts were washed in hexane during 5 minutes
to remove any excess of unreacted monomers and post-cured using an UV light for 20 min
at 40 °C.

Figure 78. Logo of INAM 3D-printed with PIL3b formulation (up) with CsPbBrs; NCs (2 wt%) (down)
without PNCs. Picture taken under UV light.

The printing parameters were adjusted for the formulation regardless of the presence of
perovskite nanocrystals, as their aggregation did not significantly affect the printing
conditions. The exposure time of light for the layers were 6 seconds, and 8 seconds for the
burn-in layers (i. e., the first six layers attached to the platform), and all layers had 0.1 mm
of thickness. The light power was fixed at 40 W. This light power refers to the power of the

UV lamp that is used to cure the resin during the 3D printing process.

3.4.8 Application in Dye Photodegradation

Organic dye emissions from industry are a major cause of pollution in the environment.
Herein, photocatalytic degradation is a promising route to convert organic waste into
harmless substances. Perovskite nanocrystals are very efficient photocatalysts in the visible

region, allowing them to fully utilize solar energy.?>!
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Within this context, the resultant PIL3b@PS film was tested as photocatalyst for the
degradation of methyl red (MR). In this study, PILs were not only acting as good stabilizers
of the perovskites, but also as good adsorbent materials. The experiment consisted in
introducing the photocatalyst, a PIL3b@PS film, into a 30 uM solution of MR in hexane,
illuminating the sample with 1 sun of visible light, using an UV filter (for further details see
the Experimental Part, Section 3.6.4). In a first attempt, we tried to carry out the test in
aqueous media but the dye degradation did not take place in water. Instead a wavelength
shift was observed as previously reported.?®® The solution colour changed from yellow to
red after 22 hours illuminating the sample with 1 sun due to a shift in the MR structure,

which may be caused by a change in the pH of the medium (Figure 79).28%
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Figure 79. Absorption spectra of methyl red in water using a PIL3b@PS film as photocatalyst under
visible light irradiation for 22 h.

MR dye solution in hexane showed two absorption bands with a Amax at 450 nm, responsible
for the yellowish colour. According to the literature, the visible absorption bands are
attributed to the n = m* transition associated to the chromophoric -N=N- group found in
azo dyes, while the UV bands are attributed to the benzene rings.?®® During the
photodegradation, both bands decreased, indicating that the decomposition of MR involved
the cleavage of benzene rings and the chromophore groups. After 22 h of reaction, the
decolourisation was nearly completed, obtaining 95 % of MR degradation (Figure 80a). The

control experiment (blank) was performed under same conditions without introducing any
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photocatalyst (Figure 80b), and the effect of the bare film without PNCs (PIL3b) was
evaluated as well (Figure 80c), resulting in a MR degradation of 50 % and 70 %, respectively.
Moreover, insignificant change in the absorption peak intensity was observed in dark and

under laboratory light after 22 h (in the presence or absence of PIL3b@PS film).
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Figure 80. Absorption spectra of methyl red during photocatalytic degradation along 22 h under visible
light irradiation a) using PIL3b@PS film; b) for the blank experiment; c) using PIL3b film.

Differences between the MR concentration using PIL3b and the blank can be attributed to
the adsorption of MR on the surface of the film. Likewise, the light had also an effect on the
MR degradation, as it can be seen from the blank sample, although it was almost negligible
compared with the high kinetics promoted by the PNCs (Figure 81a). The kinetics of the
three samples fits well with a pseudo-first order equation, demonstrating that the rate of
decay related to the PIL3b@PS experiment is the greatest one in absolute value (Ks = 0.06
h') compared to PIL3b (Ks = 0.02 h') and blank (Ks = 0.01 h?). Additionally, the
decolourisation of MR is notable after comparing the solution initial colour (dark yellow,
Figure 81b-1) and the final colour after 22 h of reaction by using PIL3b@PS film (almost
transparent, Figure 81b-2). On the other hand, while using PIL3b film the solution remained
yellowish (Figure 81b-3). The colour of the films also changed after the experiments. The
PNCs composite (PIL3b@PS) depicted a dark yellow colour after 22 h of MR degradation
(Figure 81c-2), similar to the initial colour of the film (Figure 81c-1). Whereas the film
without PNCs (PIL3b) ended reddish due to the adsorption of MR in the film (Figure 81c-3).
This confirms that the photodegradation in case of PIL3b@PS was nearly completed.
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Figure 81. a) The logarithm of the ratio between the concentration after photocatalytic degradation

and the initial concentration of dye showing the kinetics of the blank, using a PIL3b film and a PIL3b@PS
film; b) (1) Initial colour of MR solution; (2) MR solution colour after 22 h with a PIL3b@PS film, (3) MR
solution colour after 22 h with a PIL3b film; c) (1) Initial colour of PIL3b@PS film; (2) PIL3b@PS film
after 22 h into MR solution; (3) PIL3b film after 22 h into MR solution.

The total degradation of MR was also confirmed by ESI-MS, where the representative peaks

related to MR completely disappeared after the photodegradation reaction (Figure 82).

Instead, new peaks that could not be identified appeared.
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Figure 82. ESI-MS spectra of pure methyl red (MRsolido) and MR after photodegradation (MR1) using
PIL3b@PS film as photocatalyst, a) in positive mode; b) in negative mode.

Nevertheless, the polymer matrix of PIL3b and PIL3b@PS was not degraded during the

photocatalysis reaction, as no differences were observed in the FT-IR spectra (Figure 83).
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Figure 83. FT-IR spectra before and after photocatalysis reaction of a) a PIL3b film and, b) a PIL3b@PS
film.
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The films were recycled, without any further treatment, three times with new MR solution
(Figure 84). Clearly, the experiment with PIL3b@PS (green one) was over the three cycles

the most effective system.
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Figure 84. Concentration lost at 6h and 22 h for the blank, using a PIL3b film and using a PIL3b@PS
film as photocatalyst within 3 cycles.

In the third cycle, after 22 h, the degradation is far from complete, only 68 % of MR is
degraded. For that reason, PIL3b@PS film presented a reddish appearance (Figure 853,
left), similar to PIL3b film (Figure 85a, right). At this point, we can suggest that there are no
more active PNCs on the surface of the film since the PLQY was not detectable. However,
some fluorescence was observed by the fluorometer, thus indicating that there was still

PNCs remaining in the core of the film as shows Figure 85b, c.
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Figure 85. Analysis of the film PIL3b@PS after three cycles of dye degradation experiments. a) Colour
of the films PIL3b@PS (left) and PIL3b (right) after the third cycle illuminating the films immersed in
MR solution with 1 sun; b) PL spectra of initial PIL3b@PS film and after 3 cycles immersed 22 h each
cycle into a solution of MR and illuminated with visible light; c) Film PIL3b@PS after the third cycle,
under UV light.

Therefore, embedding the perovskite into a polymeric matrix allows to recycle it for several
reaction cycles. The material without encapsulation was deactivated after the first cycle

(Figure 86).
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Figure 86. Absorption spectra during MR photodegradation employing pristine CsPbBrs dissolved in
hexane as photocatalyst illuminated with visible light for 24 h. The methyl red solution was measured

before adding PNCs (MR-initial) and after adding the PNCs (MR-PS-initial). After 22 h, not only MR but
also the PNCs signal disappeared.
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Similar as well-known semiconductor based-photocatalysts, PNCs can absorb visible-light
photons to promote the generation of electron-hole pairs, which are the key factor to trigger
oxidation-reduction reactions, respectively.?*®® 2° |n order to precisely determine if the
photodegradation in our system took place by the electrons or the holes, a hole scavenger
(MeOH, 1 mM) was introduced. In presence of this alcohol (0.1 pL in 3 mL of hexane), the
kinetics of MR photodegradation slowed down, becoming very similar to that of the film
without PNCs (Figure 87). It is evident that the film PIL3b@PS with a hole scavenger was
acting only as an adsorbent material with lower PC activity. The graphic shows that using a
hole scavenger, PIL3b@PS film had same behaviour as PIL3b film. Hence, in this case the
PNCs are not involved in the degradation process, since the holes are being blocked by
MeOH. Therefore, the experiment confirms that the photoexcited holes generated in

CsPbBrs; NCs upon illumination are responsible for the decomposition of the dye.
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Figure 87. a) UV-Vis spectra showing the MR photodegradation using PIL3b@PS film and a hole
scavenger (MeOH) during 22 h illuminated with visible light; b) Comparison of the kinetics of the blank,
PIL3b, PIL3b@PS and PIL3b@PS with a hole scavenger (MeOH).

We can suggest that the holes photogenerated in the PNCs may migrate to the surface of
the film to be in contact with MR and carry out the oxidation of the dye (Figure 88). After
the first cycle, the number of PNCs in the surface of the film decreased as demonstrated the
PLQY (fell from 40 % to 15 %), since the electrons were not efficiently removed from the
medium, which eventually caused the degradation of the perovskite in the surface.
However, the film was still photoluminescent, so the photoexcited holes may come from
the PNCs remaining in the core of the film. This explains why the efficiency of the system

was reduced and needed longer times for degrading MR, but still PIL3b@PS film presented
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a photodegradation effect after the third cycle. In conclusion, the advanced material

PIL3b@PS is acting as a bifunctional advanced film capable to adsorb and, simultaneously,

photodegrade organic dyes.
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Photogenerated holes
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MR in hexane | )
Photodegraded MR

Figure 88. Proposed mechanistic description for the adsorption and photocatalytic degradation of
methyl red over the surface of PIL3b@PS film under sunlight. Our results suggest that the holes are
responsible for the photodegradation of the dye.

Apart from methyl red, other dyes and pollutants were tested such as benzyl alcohol and

indigo. In the case of benzyl alcohol, the absorbance wavelength was around 250 nm, which

overlapped with other signals and therefore the results were not reliable. The indigo was

tested both in water and hexane, obtaining better results in the former one. Still, the

photodegradation was not completed after 22 h, as it can be seen in Figure 89.
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Figure 89. a) Absorption spectra of indigo in water using PIL3b@PS photocatalyst along 22 h under
visible light irradiation; b) FT-IR spectra of PIL3b@PS photocatalyst before and after the photocatalysis,
showing some characteristic indigo bands after the photocatalysis.
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3.5 Conclusions

In this Chapter, perovskite nanocrystals have been embedded in polymeric ionic liquid
matrices exploiting their well-established ability to stabilise molecular and nanostructured
materials. The ionic and supramolecular interactions of PILs with the PNCs ions stabilise the
nanocrystals before and after the polymerisation. The incorporation of fluorine and sulfur
species coming from the monomeric ionic liquid, replaced/filled bromide vacancies formed

during the synthesis of the PNCs.

Different formulations were prepared and characterised in order to find the most suitable
encapsulating materials. The monomeric ionic liquid [2-(acryloyloxy)ethyl]trimethyl-
ammonium bis(trifluoromethylsulfonyl)imide (mIL3) was able to effectively stabilise CsPbBrs;
NCs by in-situ photopolymerisation forming insoluble and hydrophobic cross-linked films.
Then, the formulation was optimised by modifying mIL3 content. The photopolymer that
reported best optical and mechanical performance was the mixture of mIL3 (95 mol%) with
5 mol% of BDA and 2 wt% of CsPbBr; (PIL3b@PS).

A variety of PNCs based on CsPbX; structure (X = Cl, Br and combinations) and lead-free
perovskites were also properly encapsulated, reporting a stable PL and PLQY along more
than 700 days. In particular, PIL3b@PS films exhibited impressive quantum yields (~50 %)
and photoluminescence with enhanced water, air, light, oxygen, humidity and heat
resistance. Moreover, these PNCs were specially formulated to be 3D-printed in tailored
geometries, directly translating the perovskite properties to the additive manufactured

objects.

On the other hand, PlLs are good adsorbent materials, meanwhile the PNCs are well-known
for their photocatalyst activity. In this regard, it was demonstrated the possibility to embed
PNCs into PILs to form solid photocatalysts capable to adsorb and degrade organic dyes. A
PIL3b@PS film was used as photocatalyst for increasing the rate of methyl red
decomposition (95 %) under visible light. In all the studies conducted, the kinetics of the
photocatalysis reactions were calculated. The film was recycled finding that after the third
cycle there was still moderate activity (68 %) compared to control experiment. The

mechanism of photodegradation was proposed through photoexcited holes.
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3.6 Experimental Part

3.6.1 Materials

As mentioned in Chapter 2, all reagents were purchased from Sigma-Aldrich and used
without further purification, unless otherwise stated. Lithium bis(trifluoromethane)

sulfonimide (LiNTf;, 99 %) was purchased from IOLITEC GmbH and used as received.

3.6.2 Equipment

In this Chapter, same equipment described in Chapter 2 have been employed.

Additionally, a fluorometer and an absolute-PLQY were used to measure the
photoluminescence of the samples. Photoluminescence (PL) spectra of the films containing
CsPbBr; and Sn (ll)-doped CsBr NCs were recorded on a HORIBA photoluminescence
spectrometer from 450 to 750 nm with an integration time of 1 nm/s under an excitation
wavelength of 420 nm. While PL spectra of the materials containing CsPbX3 structure with
X = Cl:Br combinations were recorded from 395 to 500 nm with an integration time of 1

nm/s under an excitation wavelength of 380 nm.

The absolute photoluminescence quantum yield of the PNCs was estimated through a
Hamamatsu PLQY Absolute QY Measurement System (€9920-02, equipped with an
integrating sphere, at an excitation wavelength of 385 or 420 nm depending on the
perovskite tested. Before conducting the measurements, absorbance was fixed in an
interval range around 0.4 - 0.5, being these values adequate to achieve the maximum PLQY

in the samples.

3.6.3 Stability Tests of the Perovskite Nanocrystals Composites

Four different studies were performed to compare the stability of pristine CsPbBr; with
PNCs encapsulated in polymeric ionic liquids using different formulations. For the test in the
dark the samples were covered with aluminium and kept in a drawer at room temperature
with a relative humidity of 60 % under aerobic atmosphere. Simultaneously, for the air

stability test, the samples were left on the laboratory bench open to atmospheric conditions
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(air, light and humidity) at room temperature. The aqueous stability tests were done
immersing the samples in deionised water in a closed 5 mL vial and stored under day light
conditions at room temperature. The temperature stability experiments were conducted in

open 5 mL vials placed in an oven at 70 °C without light irradiation.

3.6.4 Set-up for the Photodegradation Experiments

A 30 uM solution of methyl red (MR) in hexane was prepared and introduced into
fluorescent cuvettes together with the corresponding film. All the solution were prepared
under aerobic conditions. The system was properly closed to avoid the evaporation of
hexane. Then, the cuvettes were kept under visible light for 22 hours using a xenon lamp of
300 V at 100 mV/cm? (Figure 90). An UV filter was employed to avoid the effect of UV light
for degrading the dyes.

Figure 90. Experimental set-up used for photodegrading methyl red.

The UV-Vis absorbance of the methyl red was measured at different times to study the
kinetics of the degradation reaction. All the experiments were repeated at least twice. For
the recycle test, the films were removed from the solution and used in the next cycle with

new MR solution without any additional treatment.

3.6.5 Synthesis and Characterisation of Monomeric lonic Liquids

The synthesised monomers were: miL1, mIL3, BVI.N(CN),, BVI.I, AccEMA.N(CN),, AcrEMA.I,
AcrEMA.BF.. The synthetic procedure of the first two (mIL1 and mlIL3) was previously
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explained in Chapter 2, Section 2.6.6. In this section, we will describe the synthesis of the

other monomers.

The monomer Vilm was used directly from the commercial bottle (1-vinylimidazole), while
[2-(acryloyloxy)ethyl]trimethyl-ammonium chloride (AcrEMA.CI) was obtained after
evaporating the water from the commercial reagent, [2-(acryloyloxy)ethyl]trimethyl-
ammonium chloride (80 wt%, in H20). All the characterising spectra referred in this Section

can be found in Chapter 6: Annex, Section 6.2.
1-butyl-3-vinylimidazolium dicyanamide (BVI.N(CN)>)

1-butyl-3-vinylimidazolium dicyanamide was prepared following a procedure found in the
literature.3'? Firstly, Ag[N(CN),] was synthesised by mixing sodium dicyanamide with silver
nitrate. Sodium dicyanamide (7.8 g, 84 mmol) was dissolved in mili-Q water (50 mL) and the
solution was added dropwise to a saturated aqueous solution of silver nitrate (14.31 g, 84
mmol) in a 100 mL round-bottom flask with a Teflon coated magnetic stir bar. Immediately,
a white solid precipitated. The reaction mixture was stirred overnight in darkness at room
temperature. The resulting white solid was filtered and washed with mili-Q water and
methanol. Then, the Ag[N(CN):] solid product was dried in a vacuum oven at 70 °C for 24 h
(14.32 g, Yield: 98 %). 1-butyl-3-vinylimidazolium dicyanamide was prepared mixing
Ag[N(CN)2] (2.07 g, 12 mmol), in slight molar excess, with 1-butyl-3-vinylimidazolium
bromide (2.56 g, 11 mmol) dissolved in mili-Q water (12 mL). The resulting suspension was
stirred overnight in the dark at room temperature and then filtered to remove any trace of
AgBr and unreacted Ag[N(CN):]. Evaporation of the filtrate was performed under reduced

pressure at 40 °C to give a white viscous liquid (2.32 g, Yield: 97 %).

The resulting mIL was characterised by *H NMR, 3C NMR, ESI-MS and elemental analysis. *H
NMR (400 MHz, CDCl3): 6 / ppm =9.49 (s, 1H), 8.11 (t, J = 2 Hz, 1H), 7.87 (t, J = 1.9 Hz, 1H),
7.34 (dd, J = 24, 8.4 Hz, 1H), 6.10 (dd, J = 18.4, 2.8 Hz, 1H), 5.66 (dd, J = 11.2, 2 Hz, 1H), 4.44
(t, J = 7.2 Hz, 2H), 2.10 (m, 2H), 1.61 (m, 2H), 1.19 (t, J = 7.6 Hz, 3H). 13C NMR (400 MHz,
CDCls): 6 / ppm: 127.7, 122.7, 119.2, 118.9, 109.9, 49.4, 31.2, 18.8, 12.3. ESI-MS in positive
mode: Calculated: 151.12 m/z; Found: 151.1 m/z. ESI-MS in negative mode: Calculated:
66.01 m/z; Found: 66.1 m/z. Elemental Analysis: Calculated: C, 60.81; H, 6.96; N, 32.23;
Found: C, 58.90; H, 6.39; N, 31.06 (Figure A14 and Figure A15).
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1-butyl-3-vinylimidazolium iodide (BVL.I)

1-butyl-3-vinylimidazolium iodide was prepared using the method developed by Salamone
and co-workers.??? Vinyl imidazole (5 g, 53 mmol) was dissolved in acetonitrile (5 mL). Then,
butane iodide (14.66 g, 80 mmol) dissolved in acetonitrile (5 mL) was added dropwise. The
resulting mixture was stirred during 6 hours at 40 °C. Afterwards, the solvent was
evaporated under vacuum at 45 °C to give viscous liquid. The liquid was washed five times
with ether (20 mL) and then, it was re-dissolved in dichloromethane (minimum amount) and
slowly added to rapidly stirred ethyl acetate (20 mL) to form a purer solid. This procedure
was also repeated five times. The liquid was dried in an oven at 45 °C for 24 h to give a dark

red viscous liquid (8.95 g, Yield: 61 %).

The resulting miIL was characterised by *H NMR, 3C NMR, ESI-MS, elemental analysis, FT-IR
and TGA-DSC. *H NMR (400 MHz, CDCls): 6 / ppm = 10.49 (s, 1H), 7.87 (t, J = 1.9 Hz, 1H), 7.66
(t,/=1.9 Hz, 1H), 7.41 (dd, J = 15.6, 8.7 Hz, 1H), 6.02 (dd, J = 15.6, 3.1 Hz, 1H), 5.41 (dd, J =
8.7,3.1Hz, 1H), 4.41 (t, J = 7.4 Hz, 2H), 1.93 (m, 2H), 1.38 (m, 2H), 0.94 (t, J = 7.4 Hz, 3H). 13C
NMR (400 MHz, CDCl3): & / ppm: 135.1, 128.1, 123.1, 119.7, 110.5, 50.3, 32.1, 19.5, 13.5.
ESI-MS in positive mode: Calculated: 151.12 m/z; Found: 151.3 m/z. ESI-MS in negative
mode: Calculated: 126.91 m/z; Found: 126.9 m/z. Elemental Analysis: Calculated: C, 38.87;
H, 5.44; N, 10.07; Found: C, 38.81; H, 5.52; N, 9.96. FT-IR bands of the compound hydrated:
3447 cm™ (H20), 3060 cm™ (C=C), 2948 cm™ (C-H), 1656 cm™ (C=N), 1544 cm™* (C=C), 1165
cm™® (C-C). Tonset: 286.00 °C (Figure A16 - Figure A18).

[2-(acryloyloxy)ethyl]trimethyl-ammonium dicyanamide (AcrEMA.N(CN),)

[2-(acryloyloxy)ethyl]trimethyl-ammonium dicyanamide was prepared following same
procedure used for synthesising BVI.N(CN)..3'? Silver dicyanamide (1.9 g, 11 mmol) was
mixed with [2-(acryloyloxy)ethylltrimethyl-ammonium chloride (2 g, 10 mmol) dissolved in
mili-Q water (10 mL) in a 50 mL round-bottom flask with a Teflon coated magnetic stir bar.
An emulsion appeared, changing the solution colour from transparent to reddish. The
resulting suspension was stirred overnight in the dark at room temperature and then filtered
and washed with mili-Q water to remove any trace of AgCl and unreacted Ag[N(CN),].
Evaporation of the filtrate was performed under vacuum at 45 °C to give viscous liquid. Then,

the product was re-dissolved in methanol (15 mL) and dried over MgSO4 anhydride to
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remove the remaining water. The white product was decanted and dried under reduced
pressure at 37 °C (1.8 g, Yield: 77 %).

The resulting mIL was characterised by *H NMR, 3C NMR, ESI-MS, elemental analysis, FT-IR
and TGA-DSC. *H NMR (400 MHz, MeOD): 6 / ppm = 6.44 (dd, J = 16, 1.2 Hz, 1H), 6.24 (dd, J
=11.2, 6.8 Hz, 1H), 6.00 (dd, J = 9.2, 1.6 Hz, 1H), 4.65 (m, 2H), 3.77 (m, 2H), 3.24 (s, 9H). 13C
NMR (400 MHz, MeOD): & / ppm: 166.5, 132.8, 128.7, 120.5, 66.1, 59.0, 54.5. ESI-MS in
positive mode: Calculated: 158.12 m/z; Found: 157.9 m/z. ESI-MS in negative mode:
Calculated: 66.01 m/z; Found: 65.9 m/z. Elemental Analysis: Calculated: C, 53.56; H, 7.19; N,
24.98; Found: C, 51.58; H, 7.83; N, 23.44. FT-IR bands: 3454 cm™ (N-C=N), 3032 cm™ (C=C),
2969 cm™ (C-H), 2234-2133 cm™ (C=N), 1726 cm™ (C=0), 1628 cm™® (C=C), 1263 cm™* (C-N),
1179 cm™ (C-C), 951 cm™ (C-N), 521 cm™ (N-C=N). Tonset: 237.81 °C (Figure A19 - Figure
A21).

[2-(acryloyloxy)ethyl]trimethyl-ammonium iodide (AcrEMA.I)

[2-(acryloyloxy)ethyl]trimethyl-ammonium iodide was prepared by the same procedure
used for BVI.1.2%2 [2-(acryloyloxy)ethyl]trimethyl-ammonium choline (2 g, 14 mmol) was
dissolved in dry tetrahydrofuran (5 mL). Then, methyl iodide (2.3 g, 16 mmol) dissolved in
dry tetrahydrofuran (4 mL) was added dropwise. Immediately, a solid precipitate and more
dry tetrahydrofuran (2 mL) were added. The resulting mixture was stirred during 18 hours
at RT. Afterwards, the solid was washed with cold hexane and evaporated under vacuum at

45 °C to give a very hydrophilic white solid (3.4 g, Yield: 88 %).

The resulting mIL was characterised by *H NMR, 3C NMR, ESI-MS, elemental analysis, FT-IR
and TGA-DSC. *H NMR (400 MHz, D,0): 6 / ppm = 6.50 (dd, J = 16.6, 8.4 Hz, 1H), 6.29 (dd, J
=15.1, 2.1 Hz, 1H), 6.11 (dd, J = 10.7, 1.8 Hz, 1H), 4.71 (m, 2H), 3.84 (m, 2H), 3.29 (s, 9H). 13C
NMR (400 MHz, D;0): 6 / ppm: 167.3, 133.3,127.0, 64.6, 58.5, 53.9. ESI-MS in positive mode:
Calculated: 158.12 m/z; Found: 158.4 m/z. ESI-MS in negative mode: Calculated: 126.91 m/z;
Found: 127.3 m/z. Elemental Analysis: Calculated: C, 33.70; H, 5.66; N, 4.91; Found: C, 32.13;
H, 5.92; N, 4.17. FT-IR bands: 3012 cm™ (C=C), 2948 cm™ (C-H), 1727 cm™ (C=0), 1628 cm
(C=C), 1265 cm! (C-C). Tonset: 234.46 °C (Figure A22 and Figure A23).
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[2-(acryloyloxy)ethyl]trimethyl-ammonium tetrafluoroborate (AcrEMA.BF)

[2-(acryloyloxy)ethyl]trimethyl-ammonium tetrafluoroborate was synthesised by an anion
exchange with sodium tetrafluoroborate according to a similar protocol reported.?*3 Sodium
tetrafluoroborate (1.4 g, 13 mmol) was dissolved in mili-Q water (10 mL) and it was added
dropwise to an aqueous solution (10 mL) of [2-(acryloyloxy)ethyl]trimethyl-ammonium
chloride (2 g, 10 mmol). The mixture was stirred for 20 h at RT. Afterwards, the product was
totally dissolved in the water. The mixture was put at 0 °C and after a while some product
precipitated. It was redissolved in acetonitrile and evaporated under vacuum at 45 °C to give

a white solid (0.7 g, Yield: 35 %).

The resulting miIL was characterised by *H NMR, 3C NMR, ESI-MS, elemental analysis, FT-IR
and TGA-DSC. *H NMR (400 MHz, D,0): 6 / ppm = 6.49 (dd, J = 15.8, 7.7 Hz, 1H), 6.28 (dd, J
=16.1, 2.3 Hz, 1H), 6.10 (dd, J = 10.7, 1.9 Hz, 1H), 4.69 (m, 2H), 3.82 (m, 2H), 3.27 (s, 9H). 13C
NMR (400 MHz, D,0): & / ppm: 167.3, 133.2, 127.0, 64.6, 58.4, 53.8. °F NMR (400 MHz,
D20): & / ppm: -150. ESI-MS in positive mode: Calculated: 158.12 m/z; Found: 158.2 m/z.
ESI-MS in negative mode: Calculated: 87.00 m/z; Found: 87.2 m/z. Elemental Analysis:
Calculated: C, 39.22; H, 6.58; N, 5.72; Found: C, 34.28; H, 6.27; N, 4.81. FT-IR bands: 3046
cm™ (C=C), 2984 cm™ (C-H), 1733 cm™ (C=0), 1635 cm™ (C=C), 1200 cm™ (C-C), 526 cm™ (B-
F). Tonset: 331.35 °C (Figure A24 - Figure A26).

Synthesis of CsPbX3 (X = Cl, Br, | and Cl:Br, Br:l combinations)

All the CsPbXs PNCs used in this work were prepared in collaboration with Mora’s group
(INAM) by Andres Gualdrén-Reyes and Alexis Villanueva-Antoli. The CsPbXs PNCs were
prepared using hot injection method previously described in literature with some
modifications.?®2 To prepare the Cs-oleate solution, 0.407 g Cs,COs, 1.5 mL oleic acid (OA,
90 %) and 20 mL of 1-octadecene (1-ODE, 90 %) were mixed into a 50 mL-three neck flask,
under vacuum for 30 min at 80 °C under vigorous stirring. The temperature was increased
to 120 °C and kept under vacuum for 30 min. The mixture was heated at 150 °C under N,
atmosphere, until complete Cs,COs dissolution. The resultant transparent solution was kept
at 120 °C before use.
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For the synthesis of CsPbCls-Sr, CsPbBrs, CsPbBrls and the combinations, CsPbCls.«Bry,
CsPbBrs«lx, 0.8 g PbX; and the corresponding Cl:Br, Br:l molar ratios (3:1 and 1:1) (using PbCl,
and Pbl,, respectively) were mixed with 50 mL 1-ODE into a 100 mL-three neck flask and
degasified at 120 °C for 1 h under stirring. Then, 5.0 mL of each preheated OA and
oleylamine (HT-OA, 98 %) were added to the flask to promote the PbX; dissolution. Then,
the temperature of PbX; mixture was rapidly increased to reach 180 °C and 4 mL of
preheated Cs-oleate was swiftly injected, obtaining a green precipitate in the colloidal
solution. The flask was immediately added into an ice bath for 5 s to quench the reaction
mixture. To isolate the final product, PNCs are centrifuged at 5000 for 5 min with methyl
acetate (MeOAc, 99.5 %) (30 mL of PNCs liquor washed with 60 mL MeOAc). The
supernatant is discarded, the PNCs pellets are redispersed in hexane at a concentration ~50

mg/mL and stored in the fridge for 24 h.
Synthesis of Sn(ll)-doped CsBr

Lead-free perovskites were also prepared in collaboration with Mora’s group (INAM) by
Samrat Das Adhikari. 212 mg (1 mmol) of CsBr and 278 mg (1 mmol) of SnBr, were added to
25 mL of DMF and stirred for 30 min to obtain a clear solution. Finally, this solution was used
as the precursor solution. Two different flow pumps were used and connected with a “T”
junction. Herein, toluene was used as the antisolvent. Toluene was pumped using one of
the pumps connected parallel to the product-side capillary, and precursor solution was
pumped using another pump, which was connected perpendicular to the product-side
capillary. The flow-rate of toluene was fixed to 1 mL/min and the flow-rate of precursor

solution was changed from 0.1 to 0.5 mL/min.?**

Viscosity Studies

Additionally, we studied specific properties, such as viscosity, surface tension (ST) and
density, of some formulations using mlL3. The rheological analysis reported very high
viscosities. For that reason, some solvents were added in very low concentrations to reduce
the viscosity of the material. The selected solvents were tert-butanol (t-BOH), acetylacetone
(Ac), chloride benzene (Clbz) and 2,4-pentanodione (Pne) taking into account some of their

features like high boiling point, low viscosity, low density and slightly high surface tension,
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as well as their ability for stabilising PNCs. Different concentrations of the solvents were
evaluated. In the case of the tert-butanol, we found that at low concentrations, both the
monomer and PNCs were well dissolved and stabilised, however at concentrations higher
than 100 mol% the mixture was miscible but the PNCs were quenched. Otherwise, using
huge amounts of solvent (1 mL) the monomer was not solubilised and the PNCs precipitated

without quenching.

The rheological as well as the surface tension measurements of miL3b formulation were
realised at 35, 40 and 45 °C, while the density was measured at 30, 35 and 40 °C (being 1.46,
1.45 and 1.42 g/mlL, respectively). The results obtained for rheological and ST

measurements are summarised in the following Table 12.

Table 12. All the formulations prepared specifying the solvent and the percentage used and their
respective viscosity and surface tension.

35°C 40°C 45°C
. Viscosit ST Viscosit ST Viscosit ST
Entry Formulation (cP) ’ (dyne/cm) (cP) ’ (dyne/cm) (cP) ’ (dyne/cm)
1 mlL3b 190.33 37.15 101.40 36.37 61.78 33.42
2 miL3b-10% t-BOH 154.23 36.10 86.96 35.96 52.19 34.40
3 mlL3b-20% t-BOH 145.03 - 81.07 35.93 50.22 34.30
4 miL3b-30% t-BOH 127.32 - 72.13 35.27 45.63 32.03
5 mlL3b-40% t-BOH 106.30 - 61.68 33.57 39.93 31.95
6 mlL3b-50% t-BOH 109.56 - 61.48 32.93 38.02 32.02
7 mlL3b-60% t-BOH 100.64 32.91 59.49 32.25 38.14 32.20
8 mlL3d-40% t-BOH  83.50 33.23 50.10 32.79 32.38 33.81
9 miL3d-5% Ac 64.73 - 50.60 - 40.61 -
10 miL3d-10% Ac 52.24 - 41.54 - 33.78 -
11 miL3d-20% Ac 33.90 34.54 28.48 34.10 24.17 34.13
12 m'Bdgzs'ZO% 4242 2857 34.62 28.05 27.09 30.40
13 mIL3d@PS-20% Ac  39.88 21.96 34.22 21.10 32.82 21.10
14 miL3d-5% Clbz 65.10 - 51.12 32.74 41.50 31.66
15 mlL3d-10% Clbz 59.41 - 46.44 - 36.82 -
16 miL3d-5% Pne 61.83 - 48.66 - 39.33 -
17 mlL3d-10% Pne 57.58 - 45.18 - 35.98 -

The percentage of solvents referred in the table were calculated in molar %. *In this sample the amount
of CsPbBrs was 1 wt% instead of the usual 2 wt%. The solvents used were tert-butanol (t-BOH),
acetylacetone (Ac), chloride benzene (Clbz) and 2,4-pentanodione (Pne).
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3.6.6 Characterisation of the Films

On the other hand, the photopolymerised films were characterised by FT-IR, Raman, TGA-
DSC, UV-Vis, SEM, optical microscopy and profilometry (see Figure 91-Figure 95).
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Figure 91. (Left) FT-IR spectra and (right) Raman spectra of PIL3-based film (black) and PIL with
perovskite nanocrystals (2 wt%) (green).

As it can be seen in Figure 91, the presence of PNCs is imperceptible in these
measurements. Likewise, the differences in the bands from the polymer matrix of the

studied formulations were insignificant.
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Figure 92. DTG spectra of different PIL3x@PS formulations capable to stabilise CsPbBrs, and a
summary of the Tonset Values obtained from the TGA spectra of the formulations and the monomeric
ionic liquid (mlIL3). The addition of cross-linker (BDA) reduces the thermal decomposition temperature
(Tonset) due to its low Tonser, and the presence of PNCs also has a negative influence.
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Films with a higher BA percentage (like PIL3d) were less transparent than films without BA
(PIL3b) as it can be seen in Figure 93 (left).
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Figure 93. (Left) Transmittance spectra of PIL3b (black) and PIL3d (red); (centre) Transmittance
spectra of PIL3b (black) and PIL3b@PS (green), showing a remarkable influence of CsPbBrs in the range
where the green perovskite absorbs (from 400 nm to 500 nm); (right) Absorbance spectra of PIL3d
(black) and PIL3d@PS (green), showing the characteristic absorption band of CsPbBrs.

Also, the presence of the nanocrystals was observed in the film by scanning electron

microscopy (SEM) (Figure 94) and optical microscopy (Figure 95). Aggregates of 1 um were
formed inside the film.

Figure 94. SEM images of, a) PIL3b film at zoom 500; b) PIL3b@PS film at zoom 500; c) PIL3b@PS film
at zoom 9000; d) PIL3b@PS film at zoom 20000.
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Figure 95. Optical microscopy images of a) PIL3b@PS film; b) PIL3b film measured with zoom 10x.

Porosity Studies

The porosity of film PIL3b and PIL3b@PS was analysed. A minimum amount of solvent was
added to increase the porosity of the material. The solvents involved were tert-butanol,
hexane and combinations of both of them, since those solvents do not damage the PNCs.
We prepared PIL3b@PS films with hexane (14 % v/v), with tert-butanol (10 % v/v) and
hexane : tert-butanol (7 % : 10 % v/v). And, similarly, we prepared three PIL3b films with
same solvents at a concentration of 17.5 % v/v. The resulting films were characterised by
SEM, optical microscopy and by profilometric laser. The addition of hexane had almost no
effect in the formation of porous (Figure 96b), while some porosity was achieved in the

films containing tert-butanol as can be observed in Figure 96c, d.
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Figure 96. a) Profilometric and SEM images from PIL3b film without solvent; b) Profilometric image of
PIL3b film with 17.5 % v/v of hexane; c) Profilometric, SEM and optical microscopy images of PIL3b film
with 17.5 % v/v of tert-butanol, showing porous of 3.65 um of diameter; d) Profilometric and SEM
images of PIL3b film with 17.5 % v/v of hexane and 17.5 % v/v of tert-butanol, showing big porous as

well.
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4.1 Summary

In the preceding chapters, some unique features of PILs have been demonstrated, such as
their high tuneability, biocompatibility, ionic transport and their ability to stabilise different
nanomaterials. Furthermore, it was possible to 3D-print the PIL-based formulations with
different geometries at high resolution. In this Chapter, conductive materials were added as

additives into the formulations to modify their electric properties.

On the one hand, a conductive polymer was added either in the polymeric phase or as a
monomer for further polymerisation. The conductive polymer involved was poly(3,4-
ethylenedioxythiophene) (PEDOT). Different concentrations of both PEDOT and its
monomer EDOT were analysed. Two different procedures were considered when using
EDOT, since the polymerisation of EDOT could be performed before or after polymerising
the PIL formulation. Likewise, the EDOT oxidation was done using an oxidative atmosphere
and using an oxidative chemical. A variety of samples was obtained following the different

methodologies.

Moreover, the introduction of homogeneous ionic liquids (ILs) into PEDOT:PIL systems has
been also evaluated for enhancing the conductivity of the materials. Herein, we prepared
PIL-based films using either EDOT or PEDOT mixed with ILs (E/PxIL,PIL). The conductivities
of those materials were compared to their analogous IL,PIL films. On the other hand, it was
investigated the possibility to obtain optoelectronic devices mixing the optical properties of
perovskite nanocrystals (PNCs) with conductive polymers. While EDOT systems (ExPIL) were
not capable to stabilise CsPbBrs NCs; PEDOT-based films with perovskite (PxPIL@PS)
reported high photoluminescence (PLQY, ~40 %). The stabilisation of the PNCs in IL-based
systems (ILyPIL@PS) was also evaluated.

Furthermore, the conductive properties of bare PIL films with PNCs (PIL@PS) as well as
PxPIL@PS and IL,PIL@PS systems were studied to see the influence of CsPbhBr3 in the
electrical behaviour of the material. Finally, metallic compounds were formulated by adding
different metallic salts at different concentrations, as metal salts and metallic nanoparticles
can increase the conductivity of polymer composites by introducing free electrons into the

polymer matrix.
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The complex impedances and conductivities of all the materials prepared were analysed.
These measurements were performed in collaboration with Agustin Alvarez Ojeda and Prof.
Fabregat from GAME group (INAM) and in collaboration with Pietro Zaccagnini from
Politecnico of Torino. At present, studies in this area are still ongoing and further research

is needed to draw good conclusions from the results obtained.

4.2 Introduction

In the field of electrochemical device applications there is a continuous need for new and
improved electrical materials with advanced properties. The recent emergence of hybrid
organic/inorganic polymer systems have allowed a rapid development of organic electronic
technology, presenting several advantages such as cost, flexibility or functionality compared
to conventional devices.?®® Electrically conductive polymers (ECPs) represent a class of -
electron conjugated polymers widely studied since 1970’s due to their unique features like
high ionic and electronic conductivity and excellent mechanical properties. They can store
charge and also exhibit high redox capacitance switching between p-type and n-type doped

forms, which makes them very attractive for electrochromic applications,?*® rechargeable
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batteries,?®” supercapacitors,?®® sensors,?* etc. Polythiophene, polyaniline and polypyrrole
and their derivatives have attracted a great deal of attention in electroanalysis due to their
good electrical conductivity and electrochemical stability. In particular, the family of
polymers of poly(3,4-alkylenedioxythiophenes) (PXDOTs) have an electron-rich character

that yields especially low switching potentials and long switching lifetimes.3%

One of the most applied m-conjugated polymers is poly(3,4-ethylenedioxythiophene)
(PEDOT) due to its several advantageous properties such as excellent thermal and
electrochemical stability, high conductivity (300 S/cm), biocompatibility, low band gap, as
well as the possibility to utilize eco-friendly aqueous electrolytes without instant
degradation of the polymer.3°! Besides, EDOT can be easily polymerised by standard

|154b, 1716 or electrochemical polymerisation3®? because it has one of the

oxidative chemica
lowest oxidation potentials among thiophene derivatives, a well-defined polymer backbone
structure with a small amount of possible defects, and changes its colour from almost

transparent or light blue in oxidised (p-doped) state to dark blue in its undoped state.3%* For
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all these exceptional properties, in the early 2000s, PEDOT was developed to the point of
commercialisation (Baytron P, Bayer AG and AGFA),3%° and nowadays it is thoroughly studied
in multiple applications including supercapacitors,3** electrochromic devices,?* organic

306

solar cells3% and sensors,3°” to mention a few.

Despite their good performance, conductive polymers are difficult to process because their
insolubility in common solvents. PEDOT itself does not dissolve in either aqueous or organic
solvents because of its extended m-conjugation, thus it needs some stabilizer (such as an
electrolyte) to enable the dispersion. A common methodology was to use a liquid containing
electrolyte (a salt solution in an organic solvent) or high-boiling plasticizer polymer gel
electrolyte as poly(methylmethacrylate), and lithium bis(trifluoromethylsulfonyl)imide.
Although those polyelectrolytes worked properly, the speed of the electroactive device was
limited by the ability of the ions to move in and out of the polymer layers and the low
conductivity of the medium.3%° Moreover, liquid electrolytes do present some drawbacks
difficult to overcome, such as leakage and evaporation. An all solid-state polymer electrolyte
has important advantages including mechanical stability, safety and simple processing.'®* In
this regard, poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS)
complexes have been widely used as electrode material for electroanalysis due to its high
conductivity, thermal stability and low redox potential.3%® In optoelectronic devices like
organic light emitting diodes (OLEDs) it is also common to find PEDOT:PSS as a thin hole-
transporting layer.3%® However, the hydrophilic nature of PEDOT:PSS complexes often limits
its commercial use. Furthermore, the presence of residual water and the acidic PSS stabilizer
can detrimentally affect the lifetime, the stability and often compromises the electrical
performance of the final devices.}’® Doping PEDOT:PSS with ionic liquids, organic solvents,
acids or salts can improve the conductivity, sensitivity to water and air and the acidity of the
materials. The incorporation of some additives reduces the interaction between PEDOT and
PSS, and promotes the phase separation of PEDOT and PSS, avoiding corrosion. Along these
years, it has been shown that PEDOT films cycled in ionic liquids do not present a memory
effect,3° enhance the switching lifetimes of the devices,7'® 3% and have higher
electroactivity compared to films fabricated in common organic electrolytes (acetonitrile or
propylene carbonate).3'! Moreover, the synergistic combination of PEDOT:PSS with a

suitable ionic liquid can increase up to 5000-fold the electronic conductivity of the resulting
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composites. This phenomenon occurs because the IL ions are intercalated between PEDOT
and PSS, resulting in a facilitated charge transport via conjugation in the PEDOT chains.3®
On the other hand, the combination of ILs with PEDOT has reported conductivities as high
as 30000 S/m, two orders of magnitude larger than pure PEDOT:PSS.3'? Likewise, the
introduction of PILs to create a PEDOT:PIL system have been also successfully tested. The
hydrophobic PEDOT:PIL dispersions represents an alternative material for electrochemical
applications due to its organic nature, its large electrochemical window and thermal stability
(up to 300 °C).?'a 143, 154 Flyorescent OLED devices prepared using a PEDOT:PIL hole-

injection layer presented a longer lifetime than conventional PEDOT:PSS based OLEDs."!

Additionally, the incorporation of ionic liquids in PIL formulations have been widely used to
enhance the conductivity of the materials.'3>13¢ While ILs have their free charges moving
freely, PILs are quasi-single-ion conductors, which leads to a decrease in the conductivity
from ~102 to 10°® S/cm after polymerisation.3!3 For that reason, mixtures of ILs with PILs are
very desirable and can be successfully prepared avoiding segregation into two phases due
to the similarity in the chemical structure.?!® 148 162,164 pargyskite nanocrystals have been
also explored as a means to enhance the conductivity of a variety of materials, including
polymer composites.3'* Perovskite materials are a class of compounds with a specific crystal
structure, which have shown to have high electrical conductivity apart from optical
properties.3® In general, PNCs can effectively transfer charges to the polymer, resulting in

a substantial increase in conductivity.

Another strategy to increase the conductivity of polymers is the addition of metal salts and
metallic nanoparticles.®® 3¢ The free electrons introduced by the metals can move freely
through the polymer, allowing for the flow of electrical current. The metal salts or
nanoparticles can also increase the mobility of the polymer's own electrons, further
enhancing conductivity. The specific mechanism and degree of enhancement will depend
on the type and concentration of the metal salt or nanoparticle used, as well as the specific

polymer being modified.

In this Chapter, the main property evaluated was conductivity. Conductivity is the ability of
a material to conduct electric current. The control system involved for performing the

conductive measurements include sensors to measure current and voltage, a measurement
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circuit to process the signals, a signal processing system to perform calculations and a user

interface to display the results.

In the case of solid ionic liquids, the ionic conductivity is typically the dominant form of
conductivity, although it is a complex measurement. For that reason, in this work we mainly
studied the electrical behaviour of our systems. The theoretical underpinnings of the
techniques used for measuring the conductivities are described here. The samples must be

homogeneous, isotropic and linear in order to obtain reliable results.

Cyclic voltammetry (CV) is a powerful electroanalytical technique used to study the
electrochemical behaviour of materials, such as redox processes, the capacitance and the
total resistance. It involves the application of a controlled potential sweep to a working
electrode in contact with an electrolyte solution or solid. The resulting current density is
measured as a function of the applied potential, and this measurement is repeated multiple
times to define a cyclic voltammogram. Therefore, the resistance of a material can be
calculated using the inverse of the slope of a cyclic voltammetry curve. Similarly, the
capacitance can be determined by the hysteresis of the j-V curve as a function of scan rate.
CV is particularly useful for studying the electrochemical properties of materials such as
redox reactions, adsorption, and electrocatalysis. The resulting voltammograms can provide
information about the kinetics and thermodynamics of electrochemical processes, as well

as the surface area, porosity, and electronic properties of the material.3’

Impedance is a measure of the total opposition to current flow in an alternating current
circuit. It is a complex quantity that can be represented as a vector in the complex plane. It
consists of the combination of resistance and reactance, measured both in ohms (Q). And it
can be expressed as Z = Z' + Z" where Z' is resistance and Z" is reactance. Resistance is a
measure of the opposition to current flow in a circuit that is caused solely by the movement
of electrons through a material. Meanwhile, reactance is a measure of the opposition to
current flow in a circuit that is caused by the presence of inductors and capacitors, which
cause the current and voltage to be out of phase with each other. The value of the reactance
is normally negligible. The impedance of a circuit can be affected by a variety of factors,
including the frequency of the alternating current (AC), the type and value of the

components in the circuit and the overall design of the circuit.3!8
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A Nyquist plot is a graphical representation of the impedance of a material, where the real
part of the impedance (Z') is plotted on the x-axis and the negative of the imaginary part of
the impedance (-Z") is plotted on the y-axis. The real and imaginary parts of the transfer
function can be read off the plot to determine the resistance and reactance of the system,
respectively. Therefore, this plot can be also used to study the electrochemical properties
of a sample and its behaviour as a function of the frequency. From a Nyquist plot, it is
possible to calculate both ionic and electrical conductivity. The method to calculate the
conductivity will depend on the type of material being studied and the type of conductivity
being measured.3!? Electrical conductivity is related to transport resistance of the system.
In general, a Nyquist plot of a material with high electrical conductivity will have a crossing
point near the origin of the x-axis, while a Nyquist plot of a material with low conductivity

will have a crossing point far from the origin of the x-axis.

4.3 Objectives

The aim of this Chapter is to improve the conductive performance of the PIL-based
formulations. The addition of different additives, including conducting polymers, ILs, PNCs
and metallic salts, is evaluated to reduce the resistivity of the materials. Firstly, to prepare

the samples, specific objectives are considered:

e Toanalyse a variety of mlLs and formulations to get good matrices for stabilising the
different additives

e To study three different strategies to prepare PEDOT:PIL systems

e To follow various methodologies to polymerise EDOT in order to obtain PEDOT

e To introduce synthesised ionic liquids into the PEDOT:PIL systems

e To encapsulate CsPbBr3 NCs into the PlL-based formulations in order to obtain
optoelectronic active materials

e To add silver and copper salts (AgNO3 and Cu(NOs);) in the PILs

In addition, different concentrations of the employed additives are investigated in order to
have a wide range of samples. Then, once the samples are prepared and characterised the

objectives are:
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To evaluate the photoluminescence and the stability of the embedded PNCs in the

different formulations

To measure the electrical properties of all the samples using cyclic voltammetry and

impedance spectroscopy

To demonstrate that PlL-based materials are more electrically conductive than non-

ionic films

An in house-made 3D printed setup based on two-probe methodology has been designed

and fabricated to measure the conductive performance of the films in a reproducible and

reliable way.

4.4 Results and Discussion

4.4.1 Summary of the Nomenclature found in Chapter 4

Table 13. Summary of the nomenclature used for naming the EDOT and PEDOT-based films.

Entry Film Polymerising Conductive Additive
Order Additive Content
1 E100PIL3b - EDOT 100 mol% (1:1)
2 PioPIL3b-1a  1tmiIL-2"YEDOT Pol. EDOT by O, 100 mol% (1:1)
3 PsoPIL3b-1b 1% mlL - 2" EDOT Pol. EDOT by APS 50 mol% (0.5:1)
4 PsoPIL3b-2a  1'EDOT - 2™ mlIL Pol. EDOT by APS and H,0 50 mol% (0.5:1)
5 PsoPIL1-2b 1 EDOT-2"mIL  Pol. EDOT by APSand mIL1 50 mol% (0.5:1)
6 PsoPIL1-2c 1 EDOT - 2" mIL  Pol. EDOT by APS and PEGDA 50 mol% (0.5:1)
7 PosPIL3b-3 - PEDOT 0.5 wt%
The abbreviation “Pol.” means polymerised.
Table 14. Nomenclature used for naming IL3-based films.
Entry Film IL3 (mol%) Polymerising Order Conductive Additive
1 EsoPIL3b - - EDOT
2 EsolL375PIL3b 75 - EDOT
3 PsolL375PIL3b 75 18t miL - 2" EDOT Polymerised EDOT by IL3
4 PsoPIL3b-1a - 15t mIL - 2" EDOT Polymerised EDOT by O,
5 PsolL3sPIL3b-1a 5 1 mIL-2"EDOT  Polymerised EDOT by O; and IL3
6 PsolL3ssPIL1 95 15t EDOT - 2" miIL Polymerised EDOT by APS
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Table 15. Nomenclature used for naming the films containing CsPbBrs NCs (2 wt%).

Entry Film Conductive Additve Additive Content
1 EsoPIL3b@PS EDOT 50 mol%
2 PosPIL3b@PS PEDOT 0.5 wt%
3 PsoPIL3b@PS Polymerised EDOT by O, 50 mol%
4 ILX,PIL3b ILs y=5-10 mol%
5 ILX,PIL3b@PS ILs y=5-10 mol%

Where ILX = IL1, IL2 or IL3:
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1-butyl-3-methylimidazolium 1-dodecane-3-methylimidazolium Choline

bis(trifluoromethane) sulfonimide  bis(trifluoromethane) sulfonimide bis(trifluoromethane)sulfonimide
(IL1) (1L2) (1L3)

4.4.2 Preparation of PEDOT-based Systems

Several PEDOT-based systems were synthesised following different strategies, taking
advantage of the excellent features of PILs as stabilisers. PEDOT:PIL organic dispersions
could be prepared by introducing the two monomers (EDOT and milL), polymerising first one
and then the other one, or by adding already polymerised PEDOT. In all the films prepared,
the percentage of EDOT and PEDOT added was calculated based on the amount of the miL.
Both products (EDOT and PEDOT) are commercially available. Three different approaches
were evaluated: PxPIL-1, PxPIL-2 and Py«PIL-3, where x refers to the amount of EDOT or
PEDOT added. The details of each procedure are described in Scheme 2.

P,PIL-1: EDOT as precursor, first photopolymerise miL
/ (EDOT:PIL) and then polymerise EDOT

PEDOT:PIL P,PIL-2: EDOT as precursor, first polymerise EDOT
Systems (PEDQOT:mlL) and then photopolymerise miL

~

P,PIL-3: PEDOT as precursor

Scheme 2. Three methodologies considered for preparing PEDOT:PIL systems.

155



Development of Advanced Materials Based on Polymeric lonic Liquids Formulated for Additive Manufacturing

1. PyPIL-1: EDOT as precursor, first photopolymerise miL (EDOT:PIL) and then
polymerise EDOT.

Monomeric EDOT (50 mol% and 100 mol%) was mixed with monomeric ILs (mIL1 and mIL3)
in a molar ratio of 0.5:1 and 1:1. Then, a cross-linker (PEGDA, 20 mol% or BDA, 5 mol%) and
TPO (1 wt%) were added and the mixture was photopolymerised by UV light during 30 min
at 40 °C. Afterwards, transparent, flexible and sticky films were formed (EsoPIL1.2, EsoPIL3b).
The name of the formulations follows the structure defined in Chapter 2 and 3, Section 2.4.3
and 3.4.3. According to the literature, EDOT can be polymerised by an electrochemical
reaction or by oxidative reaction.3®3 The electrochemical polymerisation was tested here
without success. On the contrary, two different ways to oxidise EDOT were successfully
implemented. The first approach was to oxidise the transparent film under an O
atmosphere at 65 °C, represented in Figure 97a. After several hours the film became
completely black (PsoPIL1.2-1a, PsoPIL3b-1a) (Figure 97b). This oxidation process was

carried out on a hot plate, as EDOT was hardly oxidised at room temperature (Figure 97c).

b)

EsoPIL3b EsoPIL3b

Figure 97. a) Set-up for oxidising the samples under an oxidative atmosphere at 65 °C; b) (Left) An
EDOT-based film before and, (right) after 1 day oxidising EDOT under an Oz atmosphere at 65 °C; ¢)
(Left) An EDOT-based film before and, (right) after 10 days oxidising EDOT under an O, atmosphere at
room temperature, showing a greenish colour, indicating that EDOT was not properly oxidised.
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The second approach was to chemically oxidise EDOT using ammonium persulfate (APS). In
a quick test, we observed that EDOT rapidly oxidised by adding dropwise an aqueous
solution of APS (EDOT:APS, 1:1.2 mol/mol). After few minutes stirring vigorously, the
mixture colour started changing from transparent to greenish, dark blue and in 1 hour it was
totally black. In this regard, a film was immersed into an aqueous solution of APS in excess
(EDOT:APS, 1:3 mol/mol). The colour of both the solution and the film changed from
transparent to blueish, and after 1.5 hours both were blackish (Figure 98).

a) b)
ra-

Figure 98. a) EsoPIL1.2 film, (left) before, and (right) after introducing it into an aqueous solution of
APS in excess (EDOT:APS, 1:3 mol/mol); b) APS solution, (left) in the beginning when EsgPIL1.2 film was
introduced, and (right) after 1.5 hours with the EDOT-based film.

Thus, it can be concluded that some EDOT was leaching from the film and being oxidised in
the aqueous solution. Then, the film was washed with water, ethanol and acetone to dry it,
but the organic solvents also removed some PEDOT from the film, since it lost 5 % of weight
during the washing. All these means that the film was not immobilising EDOT properly. In
order to avoid these issues, an aqueous solution of APS was added dropwise directly over
the film. After 7 hours at 60 °C, the solution was completely absorbed by the film and it
became black (PsoPIL3b-1b) (Figure 99a). On the contrary, at room temperature the

oxidation and colour changing did not occur (Figure 99b).

b)

Initial 5 hours at 60°C 7 hours at 60°C Initial 1 day atRT

Figure 99. EsoPIL3b films: a) Oxidative evolution of EDOT-based film with APS solution above the film
under atmosphere conditions at 60 °C; b) Same oxidation procedure at room temperature.
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The resulting films obtained from the oxidation with APS (PsoPIL3b-1b) presented a different
appearance than the previous films oxidised with molecular oxygen (PsoPIL3b-1a) as can be
seen in Figure 100a. The opacity of the films was remarkably different; thus, the change
was measured by UV-Vis spectroscopy to confirm this feature (Figure 100b). Since EsoPIL3b
sample was highly transparent, its spectrum (black) was cut to better appreciate the
variations found between PsoPIL3b-1a and PsoPIL3b-1b spectra (blue and red, respectively).
A hypothesis could be that EDOT from PsgPIL3b-1a film was not fully oxidised. In order to
enhance its opacity, a film was left more than three weeks into an oven at 60 °C, however

no significant changes were found.

a) b) °T—erim
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Figure 100. a) Differences on the films after reacting with different oxidants; b) UV-Vis spectra of the
films oxidated by different methods vs the non-oxidated film (EsoPIL3b) cut from 5 to 70 %.

2. PPIL-2: EDOT as precursor, first polymerise EDOT (PEDOT:mlIL) and then

photopolymerise mlIL

Another possibility considered was to oxidise EDOT in the first place, using an O;
atmosphere, while keeping the mlIL formulation in liquid state. At this point, we found that
pristine EDOT (liquid) at 65 °C under oxidative atmosphere was not oxidised at all, neither
EDOT:mlL mixture (Figure 101).

a)

Figure 101. a) (Left) Pristine EDOT, (right) EDOT:mIL mixture; b) (Left) Pristine EDOT, (right) EDOT:mIL
mixture, after 14 days exposed to an oxidative atmosphere at 65 °C.
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This suggests that probably EDOT needs to be encapsulated into PILs to get oxidised by
oxygen. On the other hand, APS could oxidise EDOT very easily, being a possible way to
oxidise EDOT before photopolymerising the sample. An aqueous solution of EDOT (50 mol%)
and APS in excess was prepared and became black rapidly, resulting in a PEDOT polymer.
Then, the water was evaporated and miL3b formulation (95 mol% mlIL3 and 5 mol% BDA)
was added. The mixture was photopolymerised under UV irradiation for 30 min at 40 °C.
Even though the water had been removed prior to polymerisation, the black film was
smooth and very fragile (PsoPIL3b-2a). Some water could remain within the mixture, thus
affecting the photopolymerisation process. Hence, in order to remove water, solubility tests
of APS and EDOT in mIL1, PEGDA and Vilm were attempted. The resulting mixtures of those
substances with EDOT and APS were left one day stirring at 45 °C. The mixture of
mIL1+EDOT+APS was totally black, but not homogenously liquid (with some solid parts). To
this mixture, PEGDA (100 mol%) and TPO were added forming a really fragile film (PsoPIL1-
2b). The mixture of PEGDA+EDOT+APS resulted also in a completely black, and more
homogeneously distributed material. In this case, mIL1 and TPO were added forming a bit
more robust film (PsoPIL1-2c). Thus, we could find some differences on the resulting film
depending on the order that the components were added. Even though, the polymerisation
of these samples was not optimal, probably because the dark environment reduced light
penetration and radiation efficiency. Likewise, the presence of macromolecules (e.g.,
PEDOT) could hinder the reaction and the cross-linking, both due to steric and mobility
issues. Finally, the mixture of Vilm+EDOT+APS was dark orange and partially solid, so it was

not considered for making a film (Figure 102).

P5°P".3b'za P50P|L1'2b P50P|L1-2C

Figure 102. The different mixtures and the films formed after photopolymerising the previously
oxidised EDOT with APS.
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Another approach was to prepare a film using the hydrophilic monomer BVI.Br. Herein, a
mixture of EDOT with BVI.Br (2:1 mol/mol) was dissolved in mili-Q water (10 mL) and added
to an aqueous solution of APS (EDOT:APS 1:1.2 mol/mol, 1.7 mL). After several hours
stirring, some black points appeared (Figure 103). Then, the black particles in suspension
were recovered by filtration and dried at room temperature under vacuum to constant
weight. Initially, after filtering, the solution was transparent and greenish, but after some
time it got darker until becoming opaque black, probably some remaining EDOT and APS

were reacting on the solution with the time.

Figure 103. (Left) APS solution with EDOT:BVI.Br in 10 mL of water, (right) the same solution after 2
hours. The solution and the solid particles became darker over time due to the oxidation of EDOT.

The solid particles were well-dispersed into an organic solvent, MeOH, and after evaporating
the solvent, dried black particles composed by PEDOT:BVI.Br were obtained (yield: 80 %).
These particles were then used for preparing a film, mixing them with miL1, PEGDA (20
mol%) and TPO (1 wt%). The mixture was properly dispersed and a black film was obtained,

although it was not well polymerised.
3. PxPIL-3: PEDQOT as precursor

Some films were prepared using a commercial solution of PEDOT (nanoparticles <500 nm
dispersed in H,0, 10 mg of PEDOT per 1 g of solution) with different miLs. In a first study,
mliL1.2 (80 mol% mlIL1 and 20 mol% PEGDA) was mixed with 57.7 mg (equivalents to 0.2
wt%) of PEDOT and stirred for 72 hours at room temperature. A well-dispersed mixture was
obtained. Afterwards, TPO (1 wt%) was added and it was photopolymerised under UV light,
30 min at 40 °C. A blackish robust film was obtained, but it presented some bubbles,

probably due to the water (Po.2PIL1.2-3) (Figure 104a). In a second test, miL3b was mixed
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with a higher content of PEDOT (0.5 wt%) and the water was evaporated under vacuum at
45 °C. A blacker film without bubbles was obtained (Po.sPIL3b-3) (Figure 104b).

Figure 104. a) Imidazolium P zPIL1.2-3 film,; b) Cholinium PosPIL3b-3 film.

Lastly, the hydrophilic monomer BVI.Br was tested. This time, a higher amount of PEDOT
was used (5 wt%) and the mixture was stirred for 24 hours. Then, it was mixed with PEGDA
(20 mol%) and TPO (1 wt%) and photopolymerised under UV light for 1 hour at 40 °C. A very
small, sticky and soft black film was formed, probably because it was very hygroscopic and
became soft at open atmosphere. In contrast, the hydrophobic films did not suffer any
softening even after weeks. This hygroscopic effect has also been reported in the

literature.’®*

Table 16. Summary of the films prepared in the Section 4.4.2.

Entry Film Polymerising Order Conductive Additive
1 EsoPIL3b - EDOT
2 PsoPIL3b-1a 15t miL - 2" EDOT Polymerised EDOT by O,
3 PsoPIL3b-1b 1%t miL - 2" EDOT Polymerised EDOT by APS
4 PsoPIL3b-2a 15 EDOT - 2" miL Polymerised EDOT by APS and water
5 PsoPIL1-2b 1 EDOT - 2" mIL Polymerised EDOT by APS and mIL1
6 PsoPIL1-2¢ 1 EDOT - 2" mIL Polymerised EDOT by APS and PEGDA
7 PosPIL3b-3 - PEDOT

4.4.3 (P)EDOT-based Systems with lonic Liquids

Homogenous ionic liquids (ILs) have very interesting properties, which have been briefly
described in Chapter 1. Their use as additives for increasing the conductivity of the materials

owing to their free charges moving freely has been widely reported.3>136
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In this PhD thesis, three ionic liquids were synthesised and evaluated for enhancing the
conductivity of our formulations: 1-butyl-3-methylimidazolium bis(trifluoromethane)
sulfonimide (IL1), 1-dodecane-3-methylimidazolium bis(trifluoromethane) sulfonimide
(IL2), choline bis(trifluoromethane)sulfonimide (IL3). We focused our study on ionic liquids
based on sulfonimide anions because they are effective dopants for conducting polymers.3?°
Additionally, it has been reported that NTf, anion containing polymers presented a higher
conductivity compared to other counter-anions, since the larger the anion the lower the Tg,

although it is more localized than small anions.462

In this regard, ILs were added to the EDOT/PEDOT:PIL systems. Firstly, the miscibility of the
different components was previously evaluated, finding that EDOT:IL3 (1:0.2 mol/mol) was
not miscible, while EDOT:IL1 and IL2 (1:0.2 mol/mol) were miscible. Meanwhile, the three
ILs were miscible with the mlLs and the cross-linker BDA. However, the mixture continued
being immiscible after adding those components to EDOT:IL3. On the other hand, it was not

possible to form consistent films with EDOT:IL1 and IL2 mixtures.

In order to avoid the miscibility issue with IL3, the possibility to add IL3 dropwise over the
film after photopolymerising (EDOT:PIL-based film) was studied. The film was able to absorb
IL3, allowing the formation of new IL systems (ExIL3,PIL3b, where x and y refers to the
amount of EDOT and IL3 respectively). The film EsoPIL3b with IL3 absorbed led to increased
film volume and flexibility. Different concentrations of IL3 in relation to mIL3 were tested:
5,75 and 100 mol% (EsolL3sPIL3b, EsolL375PIL3b and EsolL3100PIL3b). The addition of 75 mol%
increased 20.5 % the volume of the film, whereas 100 mol% of IL3 increased 27 % the film
volume, ending both samples completely dried. An excess of IL3 (200 mol%) was also tested
(EsolL3200PIL3b) to have an idea about the maximum amount that could be absorbed by the
film. Similar to EselL3100PIL3b film, the EsolL3200PIL3b increased its volume by 27 % and ended
wet, thus 100 mol% of IL3 was considered the maximum amount absorbed. In the four cases,
the EDOT from the film was rapidly oxidised under atmospheric conditions at 65 °C obtaining
PEDOT-based films in less than 1 hour (PsolL35PIL3b, PsolL375PIL3b, PsolL3100PIL3b and
PsolL3200PIL3b) (Figure 105a).

These films presented a different appearance compared to the oxidised EDOT-films under

oxidative atmosphere without ILs (PsoPIL3b-1a) (Figure 105b-1 to 4). The opacity of the
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films after adding IL3 was superior to PsgPIL3b-1a, similar to what happened when APS was
used for oxidising EDOT, and this fact was further confirmed by UV-Vis spectroscopy (Figure
105c). EsoPIL3b spectrum (black) is cut to observe in more detail the differences among the
rest of the spectra. Likewise, IL3 (5 mol%) was added dropwise to a film containing pre-
polymerised EDOT by oxygen (PsolL3sPIL3b-1a, Figure 105b-5), finding a great improvement
in its conductivity as we will see below in Section 4.4.5, Table 22, entry 6. After observing
that the addition of IL3 increased the oxidation kinetics of EDOT by oxygen, a mixture of
pristine EDOT with the different ILs was placed under oxygen atmosphere at 65 °C.

Nevertheless, two days later nothing happened and the colour of EDOT did not change.
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Figure 105. a) (Left) EsoPIL3b film with IL3 (75 mol%) above, (right) PsollL375PIL3b film showing the
EDOT from the film completely oxidised (black) after 1 hour; b) (1) EsoPIL3b film, (2) PsoPIL3b-1a film
(oxidised by 0), (3) PsolL35PIL3b film, (4) PsollL375PIL3b film, (5) PsolL3sPIL3b-1a film, showing
differences in their opacity, ¢) UV-Vis transmittance spectra of the films oxidated by different methods
and different amounts of IL3 vs EsoPIL3b spectrum cut from 5 to 70 %.

The combination of IL3:EDOT with an imidazolium monomer (mlL1) was also evaluated,
obtaining a miscible solution. The monomer was mixed with IL3 (5 mol%), EDOT (50 mol%),
PEGDA (20 mol%) and TPO (1 wt%), resulting a really fragile and flexible film after
polymerising. The same procedure was repeated changing the ionic liquid IL3 by IL1, being
miscible as well, but again a really fragile film was obtained. The neutral monomer, vinyl
imidazole, was also photopolymerised with IL3 (5 mol%), EDOT (50 mol%), PEGDA (20 mol%)
and TPO (1 wt%). All the components were miscible; however, the final film was too brittle.

These films resulted to be excessively fragile for being further analysed.
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Finally, the possibility to dissolve APS and EDOT in IL3 was evaluated. After one day stirring
at 45 °C, the mixture was totally black with some solids remaining. Then, mIL1 and PEGDA
(100 mol%) were added and after photopolymerising for 30 min at 40 °C a black and soft
film was obtained (PsolL3osPIL1).

Table 17. Summary of the films prepared in the Section 4.4.3.

Entry Film IL3 (mol%) Polymerising Order Conductive Additive
1 EsoPIL3b 0 - EDOT
2 EsolL375PIL3b 75 - EDOT
3 PsolL375PIL3b 75 15t miL - 2" EDOT Polymerised EDOT by IL3
4 PsoPIL3b-1a 0 15t miL - 2" EDOT Polymerised EDOT by O,
5 PsolL35PIL3b-1a 5 15t miL - 2" EDOT Polymerised EDOT by O, and IL3
6 PsolL345PIL1 95 15t EDOT - 2" miL Polymerised EDOT by APS

4.4.4 Optoelectronic Systems with Perovskite Nanocrystals

PIL@PS Systems Containing EDOT/PEDOT

The introduction of perovskite nanocrystals (PNCs) combined with EDOT and PEDOT in PIL
systems is a novel approach for obtaining optoelectronic devices. The aim of this system
was to obtain a synergistic effect between the conductive polymers and the PNCs in order
to improve the electronic properties of the material while exhibiting some optical features.
Additionally, PNCs can present high electrical conductivity.?'> Indeed, the addition of PNCs

in polymers as a way to improve their conductivity have been investigated.3!4

Films combining mlIL, PNCs and EDOT were prepared and evaluated. The formulation PIL3b
was the only one tested for the study with PNCs, since it had showed a great ability for
stabilizing PNCs, reported in Chapter 3, Section 3.4.4. The concentrations of both EDOT and
PEDOT were calculated always in relation to the mIL3 amount, while the PNCs concentration
was based on the amount of mIL3 plus BDA and EDOT or PEDOT. Firstly, following the
procedure detailed in Section 3.4.2, mIL3 was mixed with CsPbBrs (2 wt%, evaporating the
hexane at 45 °C) and then, different concentrations of EDOT (50 and 100 mol%) were added.
Finally, BDA (5 mol%) and TPO (1 wt%) were introduced and, after photopolymerising
following the standard conditions (illuminating with UV light for 20 min at 40 °C under
aerobic atmosphere), sticky and yellowish films were obtained (EsoPIL3b@PS,
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E100PIL3b@PS) (Figure 106a). The lower the amount of EDOT, the less fragile, flexible and
sticky was the film, since EDOT was a liquid monomer inside a solid. Similarly, some films
were prepared using the same formulation but changing EDOT by PEDOT at 0.5 wt% and 1
wt% concentrations. Water from the commercial PEDOT was removed by evaporation under
reduced pressure, obtaining dried PEDOT dispersed in mIL3. Then, CsPbBr; dispersed in
hexane was added. After removing the solvent, BDA (5 mol%) and TPO (1 wt%) were added
and the mixture was photopolymerised following standard conditions. Depending on the

amount of PEDOT incorporated, the resulting film was yellowish (Po.sPIL3b@PS) or blackish

(P1PIL3b@PS) (Figure 106b).
s 48 i ; -

EsPIL3b@PS  E,ooPIL3b@PS Po.sPIL3b@PS P,PIL3b@PS

Figure 106. Picture of a) EDOT-based films with CsPbBrs; b) PEDOT-based films with CsPbBrs, taken
(up) under UV light, (down) under ambient light.

The amount of PEDOT affected the photoluminescence of the films. PLQY of PosPIL3b@PS
was similar to the original PIL3b@PS film, whereas films with higher concentration of PEDOT
(P1PIL3b@PS) presented a PLQY notably inferior. A high amount of PEDOT had a negative
influence on the photoluminescent properties of the material, as its dark colour hindered
the fluorescence from the PNCs. But, the PLQY remained constant, demonstrating that
PEDOT did not deactivated CsPbBrs. In contrast, the introduction of EDOT quenched the
PNCs within few days, regardless of the concentration used as it can be seen in Figure 107.
In this case, the additive was a liquid monomer, so the PNCs were not properly stabilised
into a solid matrix. The stability test was performed in the dark during several months

following the conditions described in Section 3.6.3.
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Figure 107. Evaluation of the PLQY of different films containing perovskite nanocrystals.

Furthermore, the possibility that PNCs could catalyse the oxidative reaction of EDOT was
considered. Nevertheless, EDOT contained in a film with perovskite nanocrystals
(EsoPIL3b@PS) did not oxidise faster or different than EsoPIL3b films. Thus, perovskite
nanoparticles did not help in the EDOT oxidation under O, atmosphere (Figure 108a).
Additionally, once the EDOT was oxidised (PsoPIL3b@PS), the PNCs were fully quenched,
showing no photoluminescent at all (PLQY decreased from 25.7 to 0.3) (Figure 108b).

t=0 t=5h t=22h

b) EsoPIL3b@PS P5,PIL3b@PS

Figure 108. a) Oxidative evolution along 22 hours, (up) EsoPIL3b film, (down) EsePIL3b@PS film. Films
kept under oxidative atmosphere at 65 °C; b) (left) EsoPIL3b@PS film showing a yellowish appearance
and some PL activity, (right) same film after EDOT oxidation (black, PsoPIL3b@PS), showing none
photoluminescence; pictures taken (up) under ambient light, (down) under UV light.
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PIL@PS Systems Containing Homogeneous lonic Liquids

Firstly, IL-based films without PNCs were prepared. The formulations contained miL3 (95
mol%), BDA as cross-linker (5 mol%), TPO as photoinitiator (1 wt%) and the corresponding
IL (IL1, IL2, IL3) at different concentrations (ILX,PIL3b, where X refers to the corresponding
IL and y to the IL concentration added). The films obtained were light yellow and more
flexible than the analogous without IL (PIL3b). Then, following the methodology described
in Section 3.4.2, PNCs have been introduced into the IL-PIL system. The monomer mIL3 was
mixed with CsPbBrs; NCs dispersed in hexane (2 wt% in relation to mIL3 + IL weight). The
solvent was removed and then BDA, ILand TPO were added. After the photopolymerisation,
solid films were obtained (ILXyPIL3b@PS). In a preliminary test we observed that films with
an IL concentration higher than 20 mol% did not polymerise properly and the PNCs were
totally deactivated. For this reason, a range of concentrations were evaluated in order to
find the optimum molar concentration of IL (in relation to mlL3) for stabilising PNCs

efficiently (Figure 109).

J - \a
o C P ad

PIL3b@PS IL3;PIL3b@PS

IL3,PIL3b@PS  IL3,,PIL3b@PS

y
S
A ’5,75".

Figure 109. Pictures of PIL3b@PS-based films introducing different concentrations of IL3, (up) under
UV light, (down) under ambient light.

The PLQY of the IL:PIL films with different concentrations of IL3 (IL310PIL3b@PS,
IL3sPIL3b@PS and IL3sPIL3b@PS) were analysed as a function of time for two years and
compared to the analogous PIL3b@PS film. The samples were kept in the dark, further
details are described in Section 3.6.3. As it can be seen in Figure 110, the film with 8 mol%
of IL3 (IL3sPIL3b@PS) was not only capable to stabilise CsPbBrs along more than 600 days,
but the PL within that time overcame the photoluminescence of PIL3b@PS. Therefore, IL3
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had a clear influence on the PL activity of the PNCs. After photopolymerising the film, the
PLQY was quite low (25 %), and then it was increasing until the point to surpass the PL of
PIL3b@PS, the formulation that showed better stabilising results in Chapter 3. The longer
the time, the more evident this trend became. The addition of a higher concentrations of
IL3, such as 10 mol% (IL310PIL3b@PS), presented a similar PLQY (27 %) than IL3sPIL3b@PS
the first day, but it decreased sharply after the fourth day. This effect was also observed in
a film using IL2 (12 mol%). In contrast, the film with 5 mol% IL3 showed a high PLQY after
the film preparation (43 %), comparable to the PLQY of PIL3b@PS (40 %). The initial PL of
this film was less influenced by IL3 due to the low concentration. However, in few days the
CsPbBr; started to be quenched. We can hypothesise that by using an appropriate amount
of IL3, homogeneous matrices can be obtained, leading to an outstanding stabilisation of

the PNCs.

S 50-
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Figure 110. PLQY stability study of IL-based films of choline bis(trifluoromethane)sulfonimide (IL3) with
different concentrations (5, 8 and 10 mol%), performed along 651 days stored in the dark.

Thus, the best optical properties were achieved using an IL concentration of 8 mol%. Higher
concentrations of ILs (>10 mol%) reported low PLQY, the material was too plasticised and
the PNCs were not properly embedded, although the films presented a higher thermal
stability (Figure 111a). Nevertheless, the addition of low concentrations of ILs (<5 mol%)
also had a negative influence on the resulting photoluminescence, deactivating in few days

the perovskite nanocrystals.
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At this point, the molar percentage chosen for ILs was 8 mol%. Films with the three different
ILs were prepared to evaluate their capacity to encapsulate and enhance the PL of the
CsPbBrs. In this respect, a stability test was performed by measuring the PLQY for two years
of three different films: IL1sPIL3b@PS, IL2sPIL3b@PS and IL3gPIL3b@PS.

From Figure 111b it is concluded that IL3 achieved the highest PLQY and stabilised CsPbBr3
much better than the imidazolium-based ILs (IL1 and IL2). This is in agreement with the
stabilising behaviour found for the monomeric ionic liquids tested in Chapter 3, where
cholinium miLs could stabilise the PNCs better than imidazolium monomers. This
enhancement of PL activity using IL3 was probably due to ionic interactions between the
CsPbBrs; ions and the quaternary amine of IL choline. The samples were stored in the dark

(see Section 3.6.3).
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Figure 111. a) DTG spectra of IL2-based materials (Tonset Of IL2: 433 °C, Tonset Of IL212PIL3b@PS: 371 °C
and Tonser Of IL2gPIL3b@PS: 355 °C). The higher the IL content, the higher the stability; b) PLQY stability
test of IL-based PIL3b@PS films using IL1, IL2 and IL3 performed along 651 days stored in the dark.

Table 18. Summary of the films prepared in the Section 4.4.4. All the samples contained 2 wt% of
CsPbBrs.

Entry Film Conductive Additve Additive Content
1 EsoPIL3b@PS EDOT 50 mol%
2 PosPIL3b@PS PEDOT 0.5 wt%
3 PsoPIL3b@PS Polymerised EDOT by O, 50 mol%
4 IL3,PIL3b ILs y=5-12 mol%
5 IL3,PIL3b@PS ILs y=5-12 mol%
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4.4.5 Conductivity of PIL Composites Containing Conductive Polymers, lonic

Liquids and Perovskite Nanocrystals

The conductivity of PILs depends on several factors including chemical nature of the polymer
backbone, nature of the counter-ion, glass transition temperature, pressure, temperature,
as well as other external factors such as contaminants, presence of water in the polymers,
external humidity or the measurement technique. This makes difficult to compare the
different conductivity values reported in the literature. Even though, our bare PILs
presented a conductivity of the order of 10 — 10> S/m (analysed below), which is in good
agreement with the values found for PILs in the literature.?!* 32! These conductivities are
usually too low for application in devices. Therefore, in order to increase the intrinsic
conductivity of the PlL-based films, a variety of additives were evaluated, and their

conductive properties were deeply studied.

For this purpose, an in-house developed 3D printed system was designed and fabricated to
measure conductivity and impedance of the different materials in a reproducible and
reliable way. All these measurements were performed in collaboration with Agustin Alvarez
Ojeda from Prof. Fabregat’s group (INAM). Our setup consisted of six electrical probes in a
line, with equal spacing between each of the inner probes while the outer ones where a bit
more separated as shown in (Figure 112a). The six probes were fixed to measure all the
samples at the same contact distance, as shown in Figure 112b. The films were prepared
using a 3D-printed mould; thus, the geometric dimensions were the same for all the samples

(measured with a digital calliper): 26.6 x 7.3 x 2.1 mm.
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Figure 112. a) Home-made set-up for measuring the conductivities and impedances of the prepared
films; b) Schematic representation of the six probes system in contact with a film.
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In the first attempts, metallic gold was evaporated and deposited on the surface of the film
to have a better contact with the measurement probes. A mask was used during the coating
in order to define the geometrical area of the electrode during the charge transfer. After
some preliminary tests, gold was replaced by silver, which showed higher stability with our
samples. Still, when no metal was used, the reproducibility and conductivity results were
improved. Probably, the metal contacts reacted with our polymers since we could
appreciate that, in some cases, the colour of the metal changed, especially when PNCs were

embedded into the films, as it can be seen in Figure 113.

PIL3b-Gold  PIL3b@PS-Gold  PIL3b@PS-Silver Mask

Figure 113. PIL3b films coated with gold and silver; pictures taken under visible and UV light showing
the PL activity of the CsPbBrs; and the mask used for depositing the metal with 9 slots to put the
samples in.

The resistance (R) of the films was determined by the two-point probe method at room
temperature, having the working and the sensing electrodes in one probe and the counter
and reference electrodes in the other probe. The system was prepared to have our samples
directly in contact with the six probes, hence the cyclic voltammetry (CV) and impedance
spectroscopy (IS) were measured changing the contact distance between two probes (1-2,
1-3, 1-4, 1-5, 1-6) for each sample. The applied voltage was the same for the different
distances, so the current intensity varied. The longer the distance, the bigger the resistance
and therefore, following Ohm's law, the lower the intensity. This effect was clearly observed
through the CV and Nyquist plots performed at each distance (Figure 114a and Figure
115a, respectively). All the measurements were made inside a Faraday cage to minimize

the electromagnetic noise.
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Since the resistance is not a material property, it is more appropriate to refer to resistivity
(p). The corresponding resistivity and conductivity of each sample were calculated from both
the IS and CV measurements, and then the average from both values was considered as the
final result, represented in the following tables. The cyclic voltammetry measurement was
repeated three times for each distance (1-2, 1-3, 1-4, 1-5, 1-6) in order to define a cyclic
voltammogram. Since the third measurement provided more stable and less noisy plots,
those plots were used for calculating the linear fitting of the curves (red lines, Figure 114a).
In the cyclic voltammogram trace, the current at the working electrode is plotted versus the
applied voltage. Therefore, considering Ohm’s law (I = V/R), the resistance of each section
was directly calculated as the inverse of the slope (s) reported by the linear fitting. These
values were represented versus their respective contact distances (Figure 114b). Ideally,
the plotted points had a linear trend. The slope of the linear fit of the different points was
used for calculating the resistivity, taking into consideration the geometry of our films.
According to the definition of Resistance (shown in Figure 114b), where R is the resistance
(represented in the Y-axis) and L is the contact distance (represented in the X-axis), the slope
is defined as p/(t-W). The thickness (t) and the width (W) of the samples were well-defined
since a same mould model was used for preparing all the films. The units used for

representing the resistivity were kQ-m. At this point, the surface electric conductivity was

simply given by the inverse of the resistivity, which is calculated from the equation: o = p*

(S/m). This allowed to electrically characterize the materials by measuring surface resistivity.

172



Chapter 4

a) b)

1—1-2 7004
S . r_PL
20{—1-4 & 600- t W /
—1-5
— 10— 16 % 500 s, =P
E ol Fitting 8 400 /
- = T ]
-104 @ 300-
] w
-20- & 200 /
-304 100+
4 2 0 2 4 4 6 8 1012 14 16 18 20 22 24
V app (V) Contact Separation (mm)
s(1-2)=7.3-10° A/V; R=136 MQ
s (1-3) = 3.9:10° A/V; R = 258 MQ S, = 30.8 MQ/mm
s (1-4) = 2.6-10° A/V; R =391 MQ Poy =472 kQ'm
s (1-5) = 2.0-10° A/V; R = 507 MQ o, =2.12:10%S/m

s (1-6) = 1.5-10° A/V; R =668 MQ

Figure 114. a) Cyclic voltammetry plots measured at different contact distances for the sample PIL3b
and their respective linear fitting (from the resulting slopes it was possible to calculate the resistance
measured at each contact distance); b) Linear fit of the obtained resistance values versus the contact
distance (the resistivity was calculated from the slope).

The results obtained following this methodology were compared with the ones determined
by the IS study. The Nyquist plots obtained at each distance were fitted by the Zview
software (red lines), using the equivalent circuit represented in Figure 115a. In equivalent
circuit models of electrochemical systems, the capacitor and resistor are often modelled in
parallel because they represent different physical phenomena that occur simultaneously at
the polymericinterface: the charge transfer (a Faradaic process) and the double layer charge
(a non-Faradaic process). The capacitor (C1) represents the capacitive behaviour of the
system, while the resistor (R1) represents the resistance to charge transport. In our system,
R1 was the only resistance considered for calculating the conductivity, since the contact
resistance (Rs) was the same independently of the contact distance and insignificant
compared to Ri. Therefore, R1 values were represented versus their respective contact
distances, and the resulting slope was used for calculating the resistivity (Figure 115b). The
same procedure above-mentioned was followed to calculate the resistivity and the

conductivity of each sample.
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Figure 115. a) Nyquist plots measured at different contact distances for the sample PIL3b and their
respective fitting (the resistance was considered the R; value obtained from the fitting); b) Linear fit of
the resistance values versus the contact distance (the resistivity was calculated from the slope).

Generally, the results obtained by both methods were very similar as it can be seen in Figure
116, thus demonstrating the reliability of the method. In order to get a more precise result,
the average of the two resistivity values (pcy and pis) was calculated, and then that value was
used for calculating the conductivities shown in the below tables. To simplify the results, we

will represent only the linear regression plots of the CV and IS results for each sample.
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Figure 116. Linear fit of the resistance values obtained from CV and IS studies versus the contact
distance for PIL3b film, with the resistivity values calculated from each technique and the final
resistivity and conductivity.
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Conductivity Results

First, the electronic properties of the bare PIL3x formulations were studied, reaching
conductivities of 2 x 10°® S/m. The electrons in PILs are localized within the individual
molecules, so their mobility is limited by the crystal structure, which reduces conductivity.
Still, the ionic nature of the polymeric ionic liquids improves the electrical charge transfer
and thus PILs exhibit a higher conductivity than neutral polymers. This was well
demonstrated in our study, since the conductivities of totally neutral films such as PIL3h (95
mol% butyl acrylate and 5 mol% BDA) and Vilm (80 mol% vinyl imidazolium and 20 mol%
BDA) (Table 19, entry 4 and 5) were several orders of magnitude lower compared to PIL-
based films. The differences found between the non-cross-linked (PIL3a) and cross-linked
(PIL3b) films were negligible due to the low amount of cross-linker employed (5 mol%)
(Table 19, entry 1 and 2). Nevertheless, remarkable differences were noticed after the

addition of another neutral polymer (PIL3d, containing 15 mol% BA) (Figure 117).

Table 19. Resistivity and conductivity values of different PIL3 formulations based on [2-
(acryloyloxy)ethyl]trimethyl-ammonium bis(trifluoromethane)sulfonimide monomer.

Entr Film miL Neutral polymer BDA Resistivity Conductivity
y (mol%) (mol%) (mol%) (kQ-m) (S/m)
1 PIL3a 100 - - 503 2.00x 10°
2 PIL3b 95 - 5 474 2.11x10°
3 PIL3d 80 BA (15) 5 939 1.07 x 10
4 PIL3h - BA (95) 5 12737 7.85x10%
5 Vilm - Vilm (80) 20 4017 2.49x 107
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Figure 117. Linear fit of the resistance values obtained by a) CV and, b) IS measurements, versus the
contact distance for PIL3a, PIL3b and PIL3d films. PIL3h is not represented here since their resistance
values are two orders of magnitude higher.
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After adding EDOT and PEDOT the conductivities of the PIL materials enhanced several
orders of magnitude. The obtained values are quite similar to those found in the literature
for PEDOT/PIL films, which are of the order of 10° — 10! S/cm.>** 171 The conductivities of
the films containing EDOT increased by over one order (PIL3b vs EsoPIL3b, Table 20, entries
1 and 2, respectively). When we oxidised the film with oxygen to get PEDOT films (PsoPIL3b-
1a), the conductivity decreased, becoming similar to that of PIL3b. The more oxidised the
film, the lower the conductivity (Table 20, entries 3-6). Probably EDOT after polymerising
was not homogeneously distributed, hindering electron mobility. Hence, this pathway to get
conductive films was discarded. On the contrary, the addition of APS for oxidising the films
(PsoPIL3b-1b) showed improved results since the conductivity increased one order of

magnitude, although the films were much more fragile.

Table 20. Resistivity and conductivity values of PIL-based films with EDOT and PEDOT.

Entry Film Conductive Polymerising Resistivity ~ Conductivity
additive order (kQ-m) (S/m)
1 PIL3b - - 474 2.11x10°
2 EsoPIL3b EDOT - 30 3.38x10”
3 PsoPIL3b-1a®  Pol. EDOT by O,  1tmlL-2" EDOT 294 3.41x10°
4 PsoPIL3b-1a°  Pol. EDOT by O, 15t miL - 2™ EDOT 417 2.40x10°
5 PsoPIL3b-1a°  Pol. EDOT by O,  1stmlL- 2" EDOT 798 1.25x10°®
6 PsoPIL3b-1a  Pol. EDOTby O, 1% mliL-2" EDOT 1007 9.93 x 107
7 PsoPIL3b-1b  Pol. EDOT by APS 15t mIL - 2" EDOT 17 5.75x10°
8 PsoPIL3b-2a  Pol. EDOT by APS  15'EDOT - 2™ miL 0.12 8.23x103
9 PsoPIL1-2c  Pol. EDOT by APS  1tEDOT - 2" miL 0.16 6.13x 103
10 PosPIL3b-3 PEDOT - 79 1.26 x 10°®

PsoPIL3b-1a film was oxidised during several days, ®1 day, ®12 days, ©14 days and 921 days. The commercial
EDOT content was 50 mol% and the commercial PEDOT content was 0.5 wt%. The abbreviation “Pol.”
means polymerised.

The films containing a pre-polymerised EDOT (PsoPIL3b-2a and PsoPIL1-2c, entries 8 and 9)
reported promising conductivity values, but they were also soft and fragile. The obtained
conductivities were more than three orders higher compared to PIL3b (Figure 118).
Probably, the soft condition of the films facilitated the passage of the electrons. On the other
hand, the films prepared using commercial PEDOT were slightly less conductive than EDOT-
based films. It is noteworthy to remark that EDOT amount was higher than PEDOT amount,
and EDOT was a liquid monomer. After photopolymerizing, the resulting Po.sPIL3b-3 films
were solid and robust with a conductivity of 1 x 10°S/m (Table 20, entry 10).
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Figure 118. Linear fit of the resistance values obtained by a) CV and, b) IS measurements, versus the
contact distance for PlL-based films with EDOT, polymerised EDOT and PEDOT.

The ionic liquids are broadly used as electrical conductivity enhancers and their
conductivities are usually in the order of 1072 S/cm.2*? For IL:PIL systems, the conductivities
can vary from 10 to 10 S/cm at room temperature with increasing ionic liquid content.6*
As expected, significant conductivity enhancement was observed when a higher amount of
IL was added to the PlL-based material, but the films were more brittle. This is in good
agreement with other studies where it was observed that the physical appearance of the
polymer electrolytes changed from a transparent film (0:100 PIL) to a very viscous and sticky
gel (75:25, IL:PIL) with some intermediate stages where the polymer electrolytes formed
were rubbery and transparent.'% 3122 A slight improvement in the conductivity was obtained
for the films containing 8 mol% of the three different ILs (IL1sPIL3b, IL2gPIL3b and IL3sPIL3b,
Table 21, entries 2-4) compared to the bare film PIL3b. Nevertheless, higher concentrations
of ILs sharply increased the conductivities. For example, a film with 75 mol% of IL3

(IL375PIL3b) enhanced the conductivity in three orders of magnitude (Table 21, entry 5).

A similar film was prepared adding IL3 after the polymerisation (PIL3b+IL375), for testing the
differences between both methods of adding ILs (Figure 119). We observed that the film
IL375PIL3b was more conductive compared to PIL3b+IL37s, probably because in the latter
film, the ionic liquid was not homogeneously distributed. As previously described, at high IL
concentrations, the conductivity of our PIL systems reached values close to those for pure
ILs, although the mechanical stability was compromised since the films presented a rubber-

like and fragile appearance, as it has been reported in the literature.'®
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Table 21. Resistivity and conductivity values of PIL3b-based films with ILs at different concentrations.

Entry Film IL (mol%) Resistivity (kQ-m) Conductivity (S/m)
1 PIL3b - 474 2.11x10°
2 IL1gPIL3b 8 191 5.32x10°
3 IL2gPIL3b 8 95 1.06 x 10°
4 IL3gPIL3b 8 203 4,99 x10°
5 IL375PIL3b 75 0.56 2.00x103
6 PIL3b+IL375 75 1.42 7.02x 10*
IL1:  1-butyl-3-methylimidazolium  bis(trifluoromethane)  sulfonimide, IL2:  1-dodecane-3-

methylimidazolium bis(trifluoromethane) sulfonimide, IL3: choline bis(trifluoromethane)sulfonimide.

a) Data From CV b) Data From IS
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Figure 119. Linear fit of the resistance values obtained by a) CV and, b) IS measurements, versus the
contact distance for PIL3b-based films with ILs at different concentrations.

The combination of EDOT and PEDOT with ILs gave some interesting results, especially when
a low amount of IL3 (5 mol%) was added. The addition of ILs at high concentrations in the
EDOT:PIL systems reported a small increase in conductivity compared to the IL:PIL systems,
as ILs were the main reason for increasing the conductivity, suppressing the role of EDOT.
Still, EDOT (50 mol%) was polymerised during the process and had some synergistic effect
with the IL, reflected on the slight conductive increase found for PsolL375PIL3b,
PsolL3100PIL3b and Psoll3200PIL3b (Table 22, entries 2-4). The differences between
PsolL3100PIL3b and Psoll3200PIL3b were minimal. This fact confirmed that the maximum

amount of IL3 absorbed was 100 mol% as discussed in Section 4.4.3.
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Table 22. Resistivity and conductivity values of PlL-based films with ILs and PEDOT (commercial or

polymerised from EDOT).

Entry Films Conductive L Resistivity Conductivity
additive (mol%) (kQ-m) (S/m)
1 IL375PIL3b - 75 0.56 2.00x 103
2 PsolL375PIL3b Pol. EDOT by IL3 75 0.33 3.06 x 103
3 PsolL3100PIL3b Pol. EDOT by IL3 100 0.11 9.27x 103
4 PsolL3200PIL3b Pol. EDOT by IL3 200 0.10 1.01 x 102
5 PsolL35PIL3b-1a  Pol. EDOT by O, 5 0.38 2.69x103
6 PosIL3sPIL3b-3 PEDOT 5 0.25 3.92x103
7 PsolL39sPIL1 Pol. EDOT by APS 95 0.08 1.21 x 10?2

IL3: choline bis(trifluoromethane)sulfonimide. The commercial EDOT content was 50
commercial PEDOT content was 0.5 wt%. The abbreviation “Pol.” means polymerised.

mol% and the
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Figure 120. Linear fit of the resistance values obtained by the CV measurement versus the contact
distance for PIL-based films with ILs and PEDOT (commercial or polymerised from EDOT).

The most notable improvement in terms of conductivity was found after adding IL3 to an
already oxidised EDOT film under oxygen atmosphere. The oxidised film (PsoPIL3b-1a) had
reported a conductivity of 3 x 10® S/m (Table 20, entry 3), and after adding a low
concentration of IL3 (5 mol%) (PselL35PIL3b-1a), the conductivity increased three orders of
magnitude (Table 22, entry 5). We had seen that low concentrations of ILs barely changed
the conductivities, however, by mixing polymerised EDOT and IL3 at low concentrations, a
notable synergistic effect was appreciated (Figure 120). This test was also carried out on a
film containing commercial PEDOT (Po.sPIL3b-3). Herein, IL3 (5 mol%) was added over the
film (PosIL3sPIL3b-3) and its conductivity also presented a remarkable improvement

(increasing from 1 x 10° to 4 x 103 S/m).
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Then, we measured the conductivity of the film containing a mixture of IL3:APS:EDOT into a
mIL1-based photopolymer (PsolL3gsPIL1). In this sample, IL3 was used to solubilise APS and
EDOT, and then it was mixed with mIL1, PEGDA and TPO. This film showed a high
conductivity (1 x 102 S/m) probably due to its soft and flexible structure. As general trend,
ILs not only acted as dopants for enhancing the conductivity but also as a plasticizer for
PEDOT and PIL structures, modifying the materials robustness. Those changes are consistent

with literature reports.3??

Finally, the influence on the electrical properties of the addition of PNCs in the formulations,
was evaluated. PIL3b-based films were prepared using different concentrations of CsPbBr3;
(1 wt%, 2 wt%, 5 wt% and 10 wt%). The addition of PNCs increased the conductivity of the
material following the expected trend, the greater the amount of PNCs, the higher the
resulting conductivity. In this regard, the highest conductive value was obtained with 10
wt% PNCs (Table 23, entry 4), which was the maximum amount capable to be stabilized
into the film. Even though, the conductivities increased very slightly after adding perovskite

nanocrystals, probably due to a low charge transfer from PNCs to the polymer.

Table 23. Resistivity and conductivity values of CsPbBrs-based films (PIL@PS).

CsPbBr; IL (mol%)/ Resistivity Conductivity

Entry Film (wt%)  PEDOT (wt%)  (kQ-m) (s/m)

1 PIL3b@PS; 1 i 304 3.33x10°
2 PIL3b@PS, 2 - 293 3.44 x10°
3 PIL3b@PS;s 5 i 190 5.33 x 10°
4 PIL3b@PS1 10 - 138 7.27 x 10°®
5 PosPIL3b@PS 2 0/0.5 36 2.80x10°
6 IL1sPIL3b@PS 2 8/0 182 5.57 x 10°
7 IL2sPIL3b@PS 2 8/0 138 7.39x 10°
8 IL3sPIL3b@PS 2 8/0 165 6.24 x 10°

The rest of the samples were prepared using 2 wt% of PNCs, since that was the optimum
concentration, in terms of stability, determined in Chapter 3. After adding 2 wt% of PNCs,
the conductivity of PEDOT-based films was doubled (PosPIL3b@PS, Table 23, entry 5). On
the other hand, the addition of PNCs into IL:PIL systems (IL1sPIL3b@PS, IL23PIL3b@PS and
IL3sPIL3b@PS, entries 6-8) barely improved the conductive results compared to the systems
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without PNCs reported in Table 21, entries 2-4. In particular, the conductivity of
IL25PIL3b@PS was decreased after adding CsPbBrs; the electron transfer may be affected
negatively by the combination of the long chain of IL2 (1-dodecyl-3-methylimidazolium) with
PNCs. Consequently, in general, the PNCs had a very small impact on the conductivity results

(Figure 121).
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Figure 121. Linear fit of the resistance values obtained by a) CV and, b) IS measurements, versus the
contact distance for PIL3b-based films with different concentrations of CsPbBrs3 (1, 2, 5, 10 wt%).
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Figure 122. Linear fit of the resistance values obtained by a) CV and, b) IS measurements, versus the

contact distance for PIL3b@PS-based films with EDOT, polymerised EDOT, PEDOT and different ILs (IL1,
IL2 and IL3).
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4.4.6 Conductivity of PIL Composites Containing Metallic Nanoparticles

Metallic salts and nanoparticles have been widely employed for enhancing the conductivity

of both PIL-based and non-ionic materials.%>% 303

The impedances of some of our formulations were studied before and after adding different
metallic salts. The impedance measurements of the metallic-based films were performed in
collaboration with Pietro Zaccagnini from Politecnico of Torino. An in-house method of the
group was implemented for doing the measurements. The setup consisted of a two-probe
system, in which the film was sandwiched between both probes (Figure 123a). Since the
probes were circular with a diameter of 10 mm, circular thin films (~200 pum of thickness)
with that geometrical area were prepared for these measurements. In this study, only one
contact distance was measured (fixed by the thickness of the film). Therefore, the charge
transport resistance that was obtained after fitting Nyquist plots with the Zview software
using a Randles circuit (represented in Figure 123b), was employed for calculating the
resistivity. In this study, a Warburg element (WSs1) was added in the circuit to represent the
diffusion process of the ions across the film at high frequencies presented in our systems.
Then, the capacitor (Cdl) and the resistor (R1) were represented in parallel to describe the
frequency-dependent behaviour of the system and to better understand the relationship
between the capacitive and resistive elements in the circuit. In this way, the electrochemical
properties of the films were evaluated (i. e., charge transfer and double layer capacitance).

Finally, Rs referred to the contact resistance.

a) 10 mm b) Ny g4
R o ot
|I 200 pm

Figure 123. a) Set-up for measuring the conductivities and impedances of the metallic films; b) Randles
circuit employed for doing the fitting in Zview software.

The resistivity was calculated using the equation showed in Figure 124a, where R was the
charge transport resistance Ri, A was the geometrical area of the circular films (r =5 mm)
and L was the thickness of the films (~200 um). Since the resistivity of the samples was high,
the R did not alter the resistance we read out from our samples, thus we only considered

the transport resistance for calculating the impedances.
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Figure 124. Nyquist plots of a) PIL-based films,; b) PEGDA film.

In the first place, the conductivities of the bare PlL-based films with PEGDA 575 (20 mol%)
(PIL1.2, PIL2.2 and PIL3.2) were evaluated and compared with pure PEGDA 575
conductivity (Table 24). The imidazolium films based on miIL1 resulted to be the most
conductive materials, while, as expected, the non-ionic film composed purely of PEGDA

showed a huge resistance (Figure 124).

Table 24. Resistivity and conductivity values of PIL-based films. Details about the formulation
nomenclature can be found in Section 2.4.3 (Table 3).

Entry Film PIL:PEGDA (mol/mol) Resistivity (kQ-m)  Conductivity (S/m)
1 PIL1.2 80:20 479 2.09x 10°®
2 PIL2.2 80:20 6898 1.45x 107
3 PIL3.2 80:20 1790 5.59 x 10”7
4 PEGDA 0:100 84150 1.19x 108

PIL1 based on 1-butyl-3-vinylimidazolium bis(trifluoromethane)sulfonimide (mlIL1), PIL2 based on 1-(3-
hydroxypropyl)-3-vinylimidazolium bis(trifluoromethane)sulfonimide (miIL2) and PIL3 based on [2-
(acryloyloxy)ethyl]trimethyl-ammonium bis(trifluoromethane)sulfonimide (miL3).

PIL1.2 presented the highest conductivity, since its Tg was the lowest one (-13.9 °C),
reported in Section 2.4.3 (Table 3, entry 3). On the contrary PIL2.2 reported the lowest
conductivity although its Tg value (1.4 °C) was lower compared to PIL3.2’s Tg (23.7 °C)
(Table 3, entries 9 and 15). These conductivity results were remarkably lower compared
to those obtained for the PIL-based formulations using BDA (5 mol%) as cross-linker. The
more cross-linked the film was, the lower its conductivity was, as the charges had less

mobility. Additionally, the increase in the neutral polymer proportion by reducing the
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percentage of PIL also had a negative effect on the resulting conductivities. These results
are interesting, since it could be assumed that the ether groups in PEGDA would improve
ion stabilisation reporting higher conductivity than the apolar cross-linker BDA. However,
BDA was employed in lower amounts, which reinforces that the conductivity properties
are due to the IL moieties in the polymer. Moreover, the methods and equipment used to

measure the samples were different, which could influence the final result.

To the polymer baseline, a silver nitrate salt (AgNOs) was added in a range of concentrations
from 1 wt% to 9 wt%, and their impedances were tested. To obtain metal nanoparticles, the
samples were exposed to UV light for 30 minutes at 40 °C. An addition of more than 9 wt%
of AgNOs resulted in the precipitation of the salt, as it could not be stabilised properly in the
photopolymer. The addition of 1 wt% of the silver salt increased the resistivity of the
material, (Table 25, entry 1), while 2 wt% and especially 5 wt% of AgNO; exhibited an
enhanced conductivity compared to the bare polymer PIL3.2 (Figure 125a). According to
the literature, the resistivity decreases increasing the silver content in the formulation.5>®
This trend fitted well up to the sample containing 5 wt% AgNOs, which was the optimum
concentration; thereafter, higher amounts of silver registered lower conductivity (Figure
125bh).
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Figure 125. a) Nyquist plots of PIL3.2-based films with different concentrations of AgNOs (1, 2, 5, 7.5
and 9 wt%); b) Resistivity values versus the silver concentration.

Hence, we can suggest that in our formulations, a high weigh percentage of silver led to

large agglomerations of the nanoparticles due to a bad distribution of the salt, forming bulks
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and reducing the contact between them. For that reason, the addition of high
concentrations of silver limited the conductive improvements, and thus the conductivity of
the film with 9 wt% AgNOs (Age@PIL3.2, Table 25, entry 6) was very similar to that of the
bare PIL film without silver (PIL3.2).

Table 25. Resistivity and conductivity values of PIL3.2 films with different concentrations of AgNO3.

Entry Film AgNO:; (wt%) Resistivity (kQ-m)  Conductivity (S/m)
1 PIL3.2 - 1790 5.59 x 107
2 Ag1@PIL3.2 1 3116 3.21x 107
3 Ag,@PIL3.2 2 1294 7.73 x 107
4 Ags@PIL3.2 5 780 1.28 x 10°®
5 Ag7s@PIL3.2 7.5 866 1.16 x 10°®
6 Ags@PIL3.2 9 1710 5.85x 107

This test was also performed for PIL1.2-based materials, and in a preliminary study it was
observed that copper-based films exhibited increasing conductivity with the amount of
metal salt added. For that reason, this phenomenon was further studied, evaluating samples
with different concentrations of copper nitrate salt (Cu(NOs)2, 1, 2, 5 and 10 wt%). The
samples were heated for 30 min at 160 °C to get nanoparticles. Once again, the addition of
1 wt% of salt reported a higher resistivity (Table 26, entry 2) than PIL1.2, while the sample
with 2 wt% of salt was almost one order of magnitude more conductive than PIL1.2 (Figure
126). This trend was followed by the samples with 5 wt% and 10 wt% of copper, showing
an enhanced conductivity with the increase of metal nanoparticles. The highest conductivity
was achieved with the film Cui0@PIL1.2 (Table 26, entry 5), as it was not possible to
solubilise a larger amount of copper salt in the formulation without adding a solvent. This
improvement in conductivity with increasing the percentage of copper is due to the higher
number of free electrons introduced by the metal, which can move freely through the
polymer. It can be concluded that the NPs were well distributed. Nevertheless, in both
studies, the sample with 1 wt% of metallic nanoparticles exhibited a higher resistivity than
the bare polymer. Probably, that amount of salt was too low for having a good contact
between the particles, making it difficult the passage of electrons. In addition, the samples
must be homogeneous and isotropic to get good conductivities. It could be possible that the

salt in those samples was not homogenously distributed due to the low amount dissolved.
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Table 26. Resistivity and conductivity of PIL1.2 films with different concentrations of copper nitrate.

Entry Film Cu(NOs), (wt%) Resistivity (kQ-m)  Conductivity (S/m)
1 PIL1.2 - 479 2.09x10°
2 Cu@PIL1.2 1 557 1.80x 10°®
3 Cu,@PIL1.2 2 82 1.21x10°
4 Cus@PIL1.2 5 23 4.35x10°
5 Cu;o@PIL1.2 10 5 2.00x 10*
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Figure 126. a) Nyquist plots of PIL1.2-based films with different concentrations of Cu(NO3z),-3H,0 (1,
2, 5, 10 wt%); b) Resistivity values versus the copper concentration.

4.5 Conclusions

In this Chapter, the conductivity of PIL-based materials was enhanced by adding different
additives. In a first place, a variety of samples were prepared introducing PEDOT or by
polymerising the corresponding monomer. Three different strategies were followed to
prepare the films. And, moreover, two different approaches were considered for
polymerising EDOT monomers, by an oxidative atmosphere or using an oxidative chemical
(ammonium persulfate, APS). We found that EDOT-based films were robust and presented
an improved conductivity (10 S/m) compared to the bare PIL polymer (10 S/m), although
after oxidising them under oxidative atmosphere for obtaining PEDOT, the resistivity
increased. In contrast, EDOT-based films oxidised with APS reported a similar conductivity
than EDOT films but the films were not robust. On the other hand, the pre-polymerisation

of EDOT before photopolymerising the films, led to brittle and inconsistent films with high
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conductivities (10 S/m). Finally, the films prepared using commercial PEDOT were robust

and presented a similar conductivity than EDOT-based films (10> S/m).

In the second place, several homogeneous ionic liquids at different concentrations were
introduced into the PEDOT:PIL systems, finding some remarkable improvements in terms of
conductivity (103 - 102 S/m) due to their free charges moving freely. The addition of ILs on
EDOT-based films conducted to a rapid polymerisation of EDOT. A synergistic effect
between PEDOT and IL3 (choline bis(trifluoromethane)sulfonimide) was observed after
adding 5 mol% IL3 on a PEDOT film. The conductivity increased in two orders of magnitude.
This work has shown that the use of ionic liquids as a secondary doping gives much better

results in terms of electric conductivity, but in return the materials were less robust.

In the third place, it was evaluated the capacity to encapsulate CsPbBrsz in PlL-based
formulations to obtain optoelectronic materials. EDOT:PIL, PEDOT:PIL and IL:PIL systems, as
well as bare PILs were combined with PNCs to improve both optical and electrical properties
of the films. The capability of these systems to stabilise PNCs was evaluated. In particular,
PEDOT-based films (PosPIL3b@PS) and PlLs containing 8 mol% of IL3 (IL3sPIL3b@PS)
reported a high photoluminescence (~45 % and 65 %, respectively), demonstrating a good
ability for stabilising CsPbBrs. Also, the influence of PNCs to improve the conductive
performance was investigated, resulting in improvements of at most one order of

magnitude after adding PNCs.

Lastly, metallic salts (AgNOs and Cu(NOs),) were added to the PlL-based materials in a range
of concentrations (0 — 10 wt%). In these studies, an enhancement of the electrical properties
was observed in both cases, with a maximum using a concentration of 5 wt% for Ag (10
S/m) and 10 wt% for the copper-based samples (10* S/m), observing a direct relationship
between conductivity improvement and copper content. Another remarkable observation
was that the degree of cross-linking showed a negative influence on conductivity. This
indicates that the rigidity of the polymer limits ion mobility and the IL moieties are probably
responsible for the electrical conductivity. The addition of higher amounts of cross-linker
increases the percentage of neutral polymer, reducing the amount of ionic polymer in the

formulation. This may also influence the final conductivity of the films, since it has been
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confirmed that neutral polymers exhibited the lowest conductivity (10 S/m), regardless the

cross-linker content.

In general, it can be concluded that mechanical properties have to be sacrificed in order to
improve conductive properties. And, the conductivity decreases as the amount of neutral

polymer increases and as the polymer becomes more cross-linked.

4.6 Experimental Part

4.6.1 Materials

As mentioned in Chapter 2, all reagents were purchased from Sigma-Aldrich and used
without further purification, unless otherwise stated. Lithium bis(trifluoromethane)

sulfonimide (LiNTf,, 99 %) was purchased from IOLITEC GmbH and used as received.

4.6.2 Equipment

In this Chapter, same equipment described in Chapter 2 and Chapter 3 have been employed.

In addition, the impedance spectroscopy (IS) and the cyclic voltammetry (CV) were
measured with a potentiostat/galvanostat Autolab PGSTAT30 (Eco Chemie) equipped with
a FRA2, keeping the samples inside a Faraday cage to reduce the noise measured. The CV
was performed at a constant rate of 0.2 V/s, from -4.5 V to 4.5 V. For the IS measurement,
a 20 mV AC perturbation was applied. The low-frequency and high-frequency limits were
0.1 Hz and 1 MHz, respectively. The measurements were performed at short-circuit, an

applied voltage of cero. Analysis of all Nyquist spectra was done using Zview software.

4.6.3 Synthesis and Characterisation of lonic Liquids

The ionic liquids evaluated in this Chapter were 1-butyl-3-methylimidazolium
bis(trifluoromethane) sulfonimide (IL2), 1-dodecane-3-methylimidazolium
bis(trifluoromethane) sulfonimide (IL2) and choline bis(trifluoromethane)sulfonimide (IL3).

The three ILs were synthesised from their halide salts by anion exchange as described in the
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literature.31? All the characterising spectra referred in this Section can be found in Chapter

6: Annex, Section 6.3.
1-butyl-3-methylimidazolium bromide (BMI.Br)

1-bromobutane (4.2 g, 30 mmol) dissolved in dichloromethane (14 mL) was added dropwise
to a solution of 1-methylimidazole (2 g, 24 mmol) in dichloromethane (20 mL). The resulting
reaction mixture was left to react for 20 h at 60 °C. After evaporating the solvent, the crude
product was then washed with diethyl ether (20 mL) five times. Then, it was re-dissolved in
acetonitrile (5 mL) and slowly added to rapidly stirred toluene (20 mL) to form a purer solid.
This procedure was repeated two times. During the last wash the product crystallised
becoming a white solid. The solid product was dried under reduced pressure at room

temperature for 3 h (1.16 g, 22 %).

The resulting IL was characterised by 'H NMR, 3C NMR and ESI-MS. *H NMR (400 MHz,
MeOD): 6 / ppm = 8.98 (s, 1H), 7.65 (d, J = 2.0 Hz, 1H), 7.58 (d, J = 2.0 Hz, 1H), 4.23 (t, J = 7.2
Hz, 2H), 3.94 (s, 3H), 1.88 (m, 2H), 1.38 (m, 2H), 0.99 (t, J = 7.5 Hz, 3H). 13C NMR (400 MHz,
MeOD): 6 / ppm = 124.9, 123.6, 50.6, 36.5, 33.1, 20.4, 13.7. ESI-MS in positive mode:
Calculated: 139.12 m/z; Found: 140.4 m/z. ESI-MS in negative mode: Calculated: 78.92 m/z;
Found: 78.9 m/z (Figure A27 and Figure A28).

1-butyl-3-methylimidazolium bis(trifluoromethane) sulfonimide (IL1)

Lithium bis(trifluoromethane) sulfonimide (LiNTf,) (1.6 g, 5 mmol) was dissolved in water (2
mL) and it was added dropwise to an aqueous solution (2.5 mL) of 1-butyl-3-
methylimidazolium bromide (1 g, 4 mmol), forming two liquid phases. The mixture was
stirred rapidly for 18 h at room temperature. The phases were then separated and the
aqueous phase was extracted three times with dichloromethane (15 mL). The combined
organic phases were washed three times with water (20 mL) and dried over MgSO4
anhydride. The product was further dried under reduced pressure at 50 °C for 8 h (2.03 g,
Yield: 63 %).

The resulting IL was characterised by *H NMR, 3C NMR, ESI-MS, elemental analysis, FT-IR,
Raman and TGA-DSC. 'H NMR (400 MHz, CDCls): 6 / ppm = 8.76 (s, 1H), 7.26 (d, J = 1.8, 2H),
7.2 (d, J=1.6 Hz, 2H), 4.17 (t, J = 7.6 Hz, 2H), 3.94 (s, 3H), 1.85 (m, 2H), 1.38 (m, 2H), 0.96 (¢,

189



Development of Advanced Materials Based on Polymeric lonic Liquids Formulated for Additive Manufacturing

J=8.8 Hz, 3H). 3C NMR (400 MHz, CDCls): 6 / ppm = 136.2, 123.8, 122.4, (q, CF3), 50.1, 36.4,
32.0, 19.4, 13.3. ESI-MS in positive mode: Calculated: 139.12 m/z; Found: 139.4 m/z. ESI-MS
in negative mode: Calculated: 279.92 m/z; Found: 280.1 m/z. Elemental Analysis: Calculated:
C, 28.64; H, 3.61; N, 10.02; S, 15.29; Found: C, 28.26; H, 3.64; N, 9.71; S, 14.14. FT-IR bands:
3157 cm™ (C=C), 2968 cm™ (C-H), 1572 cm™ (C=C), 1341 cm™ (SO,), 1177 cm™ (C-C), 1132
cm™ (CFs), 789 cm™ (C-S), 739 cmt (S-N). Tonser: 453.37 °C (Figure A29 - Figure A31).

1-dodecane-3-methylimidazolium bromide (DMI.Br)

1-bromododecane (7.8 g, 31 mmol) dissolved in dichloromethane (16 mL) was added
dropwise to a solution of 1-methylimidazole (2 g, 24 mmol) in dichloromethane (20 mL). The
resulting reaction mixture was left to react for 20 h at 60 °C. After evaporating the solvent,
the crude product was then washed with diethyl ether (20 mL) three times. Then, it was re-
dissolved in acetonitrile (5 mL) and slowly added to rapidly stirred toluene (20 mL) to form
a purer solid. During the last wash the product crystallised, and then the white solid was
filtrated. The solid product was dried under reduced pressure at room temperature for 6 h
(3.6 8,44 %).

The resulting IL was characterised by 'H NMR, 3C NMR and ESI-MS. *H NMR (400 MHz,
MeOD): & / ppm = 7.64 (d, J = 2.0 Hz, 1H), 7.58 (d, J = 2.0 Hz, 1H), 4.22 (t, J = 7.4 Hz, 2H), 3.94
(s, 3H), 1.90 (m, 2H), 1.36-1.29 (m, 18H), 0.90 (t, J = 7.4 Hz, 3H). 3C NMR (400 MHz, MeOD):
6 / ppm = 124.9, 123.6, 50.9, 36.5, 33.0, 30.7-29, 27.3, 14.4. ESI-MS in positive mode:
Calculated: 251.25 m/z; Found: 252.5 m/z. ESI-MS in negative mode: Calculated: 78.92 m/z;
Found: 79.0 m/z (Figure A32 and Figure A33).

1-dodecane-3-methylimidazolium bis(trifluoromethane) sulfonimide (IL2)

Lithium bis(trifluoromethane) sulfonimide (LiNTf,) (2.1 g, 7 mmol) was dissolved in water (2
mL) and it was added dropwise to an aqueous solution (7 mL) of 1-dodecane-3-
methylimidazolium bromide (2 g, 6 mmol), forming two liquid phases. The mixture was
stirred rapidly for 18 h at room temperature. The phases were then separated and the
aqueous phase was extracted three times with dichloromethane (15 mL). The combined
organic phases were washed three times with water (30 mL) and dried over MgSO4
anhydride. The product was further dried under reduced pressure at 50 °C for 8 h (2.03 g,
Yield: 63 %).
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The resulting IL was characterised by *H NMR, 3C NMR, ESI-MS, elemental analysis, FT-IR,
Raman and TGA-DSC. *H NMR (400 MHz, CDCls): 6 / ppm = 8.81 (s, 1H), 7.28 (t, J = 1.8 Hz,
2H), 7.25 (t, J = 1.8 Hz, 2H), 4.17 (t, J = 7.6 Hz, 2H), 3.96 (s, 3H), 1.87 (m, 2H), 1.33-1.25 (m,
18H), 0.88 (t, J = 7.2 Hz, 3H). *3C NMR (400 MHz, CDCl3): 8 / ppm = 136.4, 123.8, 122.3, (q,
CFs3), 50.4, 36.5, 32.0, 30.2-29.0, 26.3, 22.9, 14.2. ESI-MS in positive mode: Calculated:
251.25 m/z; Found: 251.6 m/z. ESI-MS in negative mode: Calculated: 279.92 m/z; Found:
279.9 m/z. Elemental Analysis: Calculated: C, 40.67; H, 5.88; N, 7.91; S, 12.06; Found: C,
39.57; H, 5.86; N, 7.60; S, 12.72. FT-IR bands: 3157 cm™ (C=C), 2923-2856 cm™ (C-H), 1572
cm™ (C=C), 1348 cm™ (SO;), 1180 cm™ (C-C), 1133 cm™ (CF3), 787 cm™ (C-S), 740 cm™ (S-N).
Tonset: 433.21 °C (Figure A34 - Figure A36).

Choline bis(trifluoromethane)sulfonimide (IL3)

Choline bis(trifluoromethane)sulfonimide was synthesised from commercial choline
chloride (Ch.Cl) by an anion exchange reaction with lithium
bis(trifluoromethane)sulfonimide, following Wales et al. protocol.3'® LiNTf, (23.5 g, 82
mmol) was dissolved in mili-Q water (70 mL) and it was added dropwise to an aqueous
solution (30 mL) of choline chloride (24 g, 124 mmol). The mixture formed two liquid phases
and it was stirred rapidly for 20 h at room temperature. The phases were then separated
and the aqueous phase was extracted three times with ethyl acetate (100 mL). The
combined organic phases were washed three times with mili-Q water (100 mL) and dried
over Na;SO. anhydride. The yellowish liquid product was further dried under reduced

pressure at 45 °C for 4 h (22.4 g, Yield: 80 %).

The resulting IL was characterised by *H NMR, 3C NMR, ESI-MS, elemental analysis, FT-IR,
Raman and TGA-DSC. *H NMR (400 MHz, MeOD): & / ppm = 4.04 (m, 2H), 3.52 (m, 2H), 3.25
(s, 9H). 3C NMR (400 MHz, MeOD): & / ppm: (q, CFs), 69.0, 57.1, 54.7. ESI-MS in positive
mode: Calculated: 104.11 m/z; Found: 104.3 m/z. ESI-MS in negative mode: Calculated:
279.92 m/z; Found: 280.1 m/z. Elemental Analysis: Calculated: C, 21.88; H, 3.67; N, 7.29; S,
16.68; Found: C, 18.79; H, 3.08; N, 6.47; S, 15.60. FT-IR bands: 3541 cm™ (-OH), 3059 cm
(C=C), 2975 cm™ (C-H), 1480 cm™ (O-H), 1348 cm™ (SO;), 1178 cm™ (C-C), 1130 cm™* (CF3),
792 cm™ (C-S), 741 cm™ (S-N). Tonset: 417.58 °C (Figure A37 - Figure A39).
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4.6.4 Characterisation of the Films

The resulting films were characterised by UV-Vis, FT-IR, Raman and TGA-DSC (see Figure
127 - Figure 134).
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Figure 127. (Left) FT-IR spectra of pure EDOT (pink), a film with EDOT (50 mol%) (blue) and the same
film after oxidising EDOT under oxidative atmosphere (PsoPIL3b -1a, dark yellow); (right) UV-Vis spectra
of EDOT-based film with CsPbBrs (2 wt%) (green line, showing the characteristic absorption band of
CsPbBrs3) and without (blue).
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Figure 128. (Left) FT-IR spectra and (right) DTG spectra of films with EDOT (100 mol%) and CsPbBrs (2
wt%) (green) and without (blue). The Tonset of EDOT-based films was notably lower than PIL3b films,
decreasing from 390 °C to 343 °C after the addition of EDOT due to the low Tonser of EDOT (112 °C).
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Figure 129. (Left) FT-IR spectra of films with PEDOT at different concentrations (0.5 wt% and 1 wt%)
with and without CsPbBrs; (right) Raman spectra of the PEDOT-based films.
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Figure 130. (Left) DTG spectra of PEDOT-based films. The addition of PEDOT hardly modified the Tonset
of the films (~388 °C); (right) DTG spectra of different IL-based films with CsPbBrs. Similar Tonset were
obtained for the three films (~365 °C).
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Figure 131. (Left) FT-IR spectrum and (right) Raman spectrum of PIL3b film with 1-butyl-3-
methylimidazolium bis(trifluoromethane) sulfonimide (IL1) at 8 mol% (IL1sPIL3b).
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Figure 132. (Left) FT-IR spectrum and (right) Raman spectrum of PIL3b film with 1-dodecane-3-
methylimidazolium bis(trifluoromethane) sulfonimide (IL2) at 8 mol% (IL2gPIL3b).
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Figure 133. (Left) FT-IR spectrum and (right) Raman spectrum of PIL3b film with choline
bis(trifluoromethane)sulfonimide (IL3) at 8 mol% (IL3gPIL3b).
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Figure 134. DTG spectra of different films containing EDOT before and after polymerising it by
different methodologies (by oxygen (PsoPIL3b-1a), by APS (PsoPIL3b-1b), by the presence of ILs
(PsolL35PIL3b, Psoll375PIL3b)). The presence of monomeric EDOT decreased the Tonset Of the film (entry
1), but after polymerising it the thermal stability enhanced, specially by adding ILs (entries 4 and 5).

The samples polymerised with APS (entry 3) reported a similar Tonset than EDOT films, suggesting than

maybe the polymerisation of EDOT was not completed.
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The evolution of additive manufacturing in recent years has been phenomenal. The increased
funding, research and development worldwide will result in a fast transition from
conventional fabrication to 3D printing technologies both in laboratory and large-scale
industrial applications. This technology also allows to go a step further by enabling 4D
printing, which is another emerging field, and it is a key factor for the success of the industry
4.0 paradigm. However, there are still several issues that need to be improved in order to
compete with traditional methods in the bulk production. As discussed, many of the materials
used in additive manufacturing are not yet optimized for the fabrication process. Polymeric
ionic liquids (PILs) are appearing as a very desirable material, capable to properly stabilize
nano and molecular structures. In a short period of time, printable PILs have had a notably
impact across several sectors of 3DP, expanding the uses of this discipline and opening up

alternative options in material design.

In this PhD thesis, a wide variety of PIL-based 3D printable materials has been developed. A
big family of monomeric ionic liquids, mainly based on imidazole and choline monomers, was
synthesised, changing both cation and anion, and thus, modifying their intrinsic features
according to the desired application. The different formulations were characterised and
optimised to generate high-resolution printed parts with vat polymerisation technologies.
Moreover, different active materials were added into the photopolymers, and their
functionalities were successfully transferred to the 3D-printed devices. Depending on the
additives used, a variety of applications were developed. This has led to the realisation and
completion of three different projects, the outcomes of which have been published or are in

the process of publication.

In the first project, 3D-printable materials were functionalised with metallic nanoparticles to
improve the antimicrobial activity of the polymers. The ability of PILs to stabilise active
nanomaterials via UV exposure was demonstrated, and it was possible to decouple the
fabrication of silver nanoparticles from the printing process. The imidazolium printed devices
showed a multi-functional and tuneable microbicidal activity against Gram positive (B.
subtilis) and Gram negative (E. coli) bacteria and against the fungus A. niger, while cholinium
mlL did not exhibit antibacterial properties. Furthermore, the formulations and the printing
parameters were optimised for the additive manufacturing, obtaining high resolutions with

a standard deviation of 0.20 mm. Non-cytotoxic 3D-printed parts were obtained using
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appropriate combinations of miLs and Pls. Additionally, stable copper-based samples were
developed and showed outstanding antibacterial activity against S. epidermidis bacteria.

Finally, a copper-based model of a medical stent was 3D-printed at high resolution.

In the second project, photoluminescent films were prepared by the addition of perovskite
nanocrystals (PNCs). A family of formulations based on [2-(acryloyloxy)ethyl]trimethyl-
ammonium bis(trifluoromethane)sulfonimide (mIL3) was capable to encapsulate and
stabilise all-inorganic PNCs based on CsPbX3 structure (X = Cl, Br, | and combinations) before
and during the printing process. Likewise, lead-free perovskites (Sn-doped CsBr) were also
embedded and stabilised in PIL matrices. The insoluble and hydrophobic cross-linked solids
presented high quantum yields (~50 %) and photoluminescence with enhanced water, light,
oxygen, moisture and thermal resistance. Moreover, these photopolymers were specially
formulated to be 3D-printed in customized geometries, transferring the perovskite
characteristics to the printed structures. In particular, the polymer prepared with miIL3 (95
mol%), BDA (5 mol%) and CsPbBr; (2 wt%) (PIL3b@PS) was used as photocatalyst in the
photodegradation of methyl red under visible light, obtaining 95 % of the dye degradation.
The kinetics of the photocatalysis reaction using PIL3b@PS was three times higher than that

of the film without perovskite. The film remained active even after recycles.

Lastly, in the third project, conductive fillers were added to improve the materials'
conductivity. Several samples that included PEDOT and its corresponding monomer EDOT
were developed. The films were prepared using three distinct strategies based on the order
to polymerise the monomers (mlL and EDOT). Additionally, various methods for polymerising
EDOT monomers were also taken into consideration (by an oxidative atmosphere or using an
oxidative chemical). The electronic and the mechanical properties of the samples varied
depending on the methodology followed. The conductivity range varied between 10~ and 10-
3 s/m. Furthermore, several ILs were synthesised, characterised and added into the
PEDOT:PIL systems, finding remarkable improvements in terms of conductivity (10 S/m).
Nevertheless, the enhancement in electrical properties significantly harmed the mechanical
properties. The encapsulation of perovskite nanocrystals was also evaluated to obtain
optoelectronic devices. The perovskite (2 wt%) was well stabilised in PEDOT-based films and

PILs containing 8 mol% of choline bis(trifluoromethane)sulfonimide (IL3). Finally, PIL

materials were functionalised with metallic salts (AgNOs and Cu(NOs):) in a range of
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concentrations. The optimum concentration of silver salt was 5 wt% since that sample
reached the highest conductive value (1.28 x 10°S/m). Meanwhile, copper-based samples
showed conductivities of the order of 10* S/m. Additionally, the conductivity of copper

samples increased in relation to the amount of salt, being 10 wt% the highest amount added.

In general, imidazolium-based formulations had a high antimicrobial activity, however the
encapsulation of PNCs was totally inefficient. On the contrary, cholinium-based materials
presented a poor antimicrobial activity and lower conductivity values than imidazole, but
showed a remarkable ability to embed PNCs and stabilise them before and after
manufacturing. Therefore, optimal formulations were successfully developed and tailored to
each specific application. This evidences the tuneability of polymeric ionic liquid-based
materials, which can efficiently and synergistically interact with a broad range of substrates
and thus lead to cutting-edge applications in different fields. In all the studies, the counter-
anion that yielded the best results was the bis(trifluoromethane) sulfonimide (NTf,) due to

its hydrophobicity, liquid state, higher thermal stability and high conductivity.

The main purpose of this thesis was successfully achieved since it was demonstrated the
ability of PILs to stabilise and encapsulate different active materials during the printing
process. Moreover, the properties of the functional materials were properly transferred to
the additive manufactured objects. The benefits of stabilising smart compounds on PILs were
noteworthy, finding potential antibacterial and photoactive applications for the composites.
In addition, the possibility to obtain optoelectronic devices was investigated, although further

experiments are necessary.

In conclusion, the combination of PIL-based materials with functionalities provides a
synergistic performance that will pave the way for novel applications, especially when
coupled to the freedom of design inherent in 3DP techniques. By now, several researchers in
the 3DP world have used ILs and PlLs, and we forecast that their use will continue to grow.
However, in order to overcome the limitations imposed by AM, more sophisticated ionic
liquids must be created taking advantage of their tunability. It is imperative to study the
synergic interactions between the components to develop effective photopolymer resins.
And, learning more about the factors that influence in the composites would aid in the design

of more efficient synthesis routes, which would improve the performance of the final devices.

200



Chapter 5

Conclusions Generals

La fabricacid additiva ha evolucionat moltissim en els darrers anys. L'augment del
financament, la investigacié i el desenvolupament arreu del mén donara lloc a una rapida
transicié de la fabricacié convencional a les tecnologies d'impressio 3D tant en aplicacions de
laboratori com industrials a gran escala. Aquesta tecnologia també permet anar un pas més
enlla en permetre la impressio 4D, que és un altre camp emergent, i és un factor clau per a
I'exit del paradigma de la industria 4.0. No obstant aix0, encara hi ha diverses qgliestions que
cal millorar per competir amb els métodes tradicionals en la produccié a granel. Com s'ha
comentat, molts dels materials utilitzats en la fabricacié additiva encara no estan optimitzats
per al procés de fabricacio. Els liquids ionics polimeérics (PILs) estan apareixent com un
material molt desitjable, capacos d'estabilitzar adequadament estructures nano i moleculars.
En un curt periode de temps, els PIL imprimibles han tingut un impacte notable en diversos
sectors del 3DP, ampliant els usos d'aquesta disciplina i obrint opcions alternatives en el

disseny de materials.

En aquesta tesi doctoral, s'ha desenvolupat una gran varietat de materials imprimibles en 3D
basats en PILs. Es van sintetitzar diversos liquids ionics monomeérics, basats principalment en
monomers d'imidazol i colina, canviant tant el catié com I’anid, i aixi, modificant les seves
caracteristiques intrinseques per tal d’aconseguir l'aplicacid desitjada. Les diferents
formulacions es van caracteritzar i optimitzar per generar peces impreses d'alta resolucid
amb tecnologies basades en la fotopolimeritzacid. A més, es van afegir diferents materials
actius als fotopolimers i les seves funcionalitats es van transferir amb éxit als dispositius
impresos en 3D. En funcid dels additius utilitzats, es van desenvolupar diverses aplicacions.
Aix0 ha portat a la realitzacid i finalitzacié de tres projectes diferents, els resultats dels quals

s'han publicat o estan en procés de publicacié.

En el primer projecte, es van funcionalitzar materials imprimibles en 3D amb nanoparticules
metal-liques per millorar I'activitat antimicrobiana dels polimers. Es va demostrar la capacitat
dels PILs per estabilitzar nanomaterials actius mitjancant I'exposicié UV i va ser possible
desacoblar la fabricacié de nanoparticules de plata del procés d'impressié. Els dispositius
impresos amb imidazol van mostrar una activitat microbicida multifuncional contra bacteris
(Gram positius (B. subtilis) i Gram negatius (E. coli)) i contra el fong A. niger, mentre que la

colina no tenia propietats antibacterianes. A més, es van optimitzar les formulacions i els

201



Development of Advanced Materials Based on Polymeric lonic Liquids Formulated for Additive Manufacturing

parametres d'impressié per a la fabricacié 3D, obtenint altes resolucions amb una desviacio
estandard de 0,20 mm. Es van obtenir peces impreses en 3D biocompatibles mitjangant
combinacions adequades de miLs i Pl. A més, es van desenvolupar mostres de coure estables
gue van mostrar una activitat antibacteriana excepcional contra els bacteris S. epidermidis.

Finalment, es va imprimir en 3D a alta resolucié un dispositiu medic basat en coure.

En el segon projecte, es van preparar pel-licules fotoluminiscents mitjancant I'addicié de
nanocristalls de perovskita (PNCs). Una familia de formulacions basades en [2-
(acriloiloxi)etil]trimetil-amoni bis(trifluorometa)sulfonimida (mIL3) va ser capag d'encapsular
i estabilitzar PNCs inorganiques d'estructura CsPbXs (X = Cl, Br, | i combinacions) abans i
durant el procés d'impressio. De la mateixa manera, perovskites sense plom (CsBr dopat amb
Sn) també es van incrustar i estabilitzar en matrius de PILs. Els solids reticulats insolubles i
hidrofobs van presentar alts rendiments quantics (~50%) i fotoluminescéncia amb una major
resisténcia a l'aigua, la llum, I'oxigen, la humitat i a la calor que la PNCs pura. A més, aquests
fotopolimers es van formular especialment per ser impresos en 3D en geometries
personalitzades, transferint les caracteristiques de la perovskita a les estructures impreses.
En particular, el polimer preparat amb mIL3 (95 mol%), BDA (5 mol%) i CsPbBr3 (2 wt%)
(PIL3b@PS) es va utilitzar com a fotocatalitzador en la fotodegradacio del vermell de metil
sota llum visible, obtenint el 95% de la degradacio del colorant. La cinetica de la reaccioé de
fotocatalisi mitjancant PIL3b@PS va ser tres vegades superior a la de la pel-licula sense

perovskita. La pel-licula es va mantenir activa fins i tot després del reciclatge.

Finalment, en el tercer projecte s'han afegit additius conductors per millorar la conductivitat
dels materials. Es van desenvolupar diverses mostres que incloien PEDOT o el seu monomer
corresponent EDOT. Les pel-licules es van preparar mitjancant tres estratégies diferents
basades en |'ordre de polimeritzacié dels monomers (mILi EDOT). A més, també es van tenir
en compte diversos métodes per polimeritzar els monomers EDOT (mitjancant una atmosfera
oxidativa o utilitzant una substancia quimica oxidativa). Les propietats electroniques i
mecaniques de les mostres variaven en funcié de la metodologia seguida. El rang de
conductivitat estava entre 10 i 103 S/m. A més, es van sintetitzar, caracteritzar i afegir
diversos ILs als sistemes PEDOT:PIL, trobant millores notables en les conductivitats (102 S/m).
No obstant aix0, la millora de les propietats eléctriques va perjudicar significativament les
propietats mecaniques. També es va avaluar I'encapsulacié de nanocristalls de perovskita per
obtenir dispositius optoelectronics. Les PNCs (2% en pes) es va estabilitzar bé en films de
PEDOT i films amb un 8 mol% de colina bis (trifluorometa) sulfonimida (IL3). Finalment, els
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materials de PILs es van funcionalitzar amb sals metal:liques (AgNO3 i Cu(NO3s)z). En el cas de
la plata es va trobar que la concentracié optima era 5% en pes de sal ja que aquesta mostra
va assolir el valor conductor més alt (1,3 x 10® S/m). D’altra banda, les mostres basades en
coure van mostrar una conductivitat més alta que les mostres de plata, augmentant en
general en més d'un ordre de magnitud. A mesura que s’augmentava la quantitat de coure,

augmentava la conductivitat dels films.

En general, les formulacions a base d'imidazol tenien una alta activitat antimicrobiana, pero
I'encapsulacié de PNCs va ser totalment ineficient. Per contra, els materials basats en colina
presentaven una activitat antimicrobiana deficient i uns valors de conductivitat més baixos
que l'imidazol, perd mostraven una capacitat notable per incorporar PNCs i estabilitzar-los
abans i després de la impressio. Per tant, es van desenvolupar amb exit formulacions optimes
i adaptades a cada aplicacié especifica. Aixd evidencia la sintonitzacié dels materials basats
en liquids ionics polimerics, que poden interactuar de manera eficient i sinérgica amb una
amplia gamma de substrats i, per tant, conduir a aplicacions d'avantguarda en diferents
camps. En tots els estudis, el contra-anié que va donar millors resultats va ser la
bis(trifluorometa)sulfonimida (NTf) per la seva hidrofobicitat, estat liquid, major estabilitat

térmica i alta conductivitat.

L'objectiu principal d'aquesta tesi es va aconseguir amb éxit ja que es va demostrar la
capacitat dels PILs per estabilitzar i encapsular diferents materials actius durant el procés
d'impressio. A més, les propietats dels materials funcionals es van transferir adequadament
als objectes manufacturats. Els avantatges d’estabilitzar compostos intel-ligents en PILs van
ser destacables, trobant possibles aplicacions antibacterianes i fotoactives. A més, es va

investigar la possibilitat d'obtenir dispositius optoelectronics, tot i que calen més proves.

En conclusid, la combinacié de PILs amb funcionalitats proporciona un rendiment sinérgic
que obrira el cami per a aplicacions noves, especialment quan s'acobla a la llibertat de disseny
inherent a les técniques d’impressié 3D. Per ara, diversos investigadors de 3DP han utilitzat
ILs i PILs, i preveiem que el seu Us continuara creixent. Tanmateix, per superar les limitacions
imposades per la AM, s'han de crear liquids idnics més sofisticats aprofitant la seva
sintonitzacid. Es imprescindible estudiar les interaccions sinérgiques entre els components
gue formen els nous materials per desenvolupar resines foto-polimeriques efectives. | sens
dubte, coneixer millor els factors que influeixen sobre els compostos polimeérics ajudaria a

dissenyar vies de sintesi més eficients, que millorarien el rendiment dels dispositius finals.
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All the characterisation spectra of the synthesised compounds mentioned throughout this
PhD thesis are presented below. This Chapter is divided into three sections, each showing
the spectra of the compounds synthesised in each main Chapter (described in Section 2.6.6,

3.6.5 and 4.6.3, respectively).

6.1 Characterisation of the Compounds Synthesised in Chapter 2
Spectra mentioned in Section 2.6.6.

1-butyl-3-vinylimidazolium bromide (BVI.Br)
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Figure A1.1H NMR and *3C NMR spectra of BVI.Br.
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Figure A2. ESI-MS spectra of BVI.Br in positive and negative mode.

1-butyl-3-vinylimidazolium bis(trifluoromethane)sulfonimide (mlIL1)

n
x
© T
NTf, '
NAN/\/\
7 N_J ®
~N
Q <
5 2g 2
] o~ :
© o 2 - ~
| i n o | [
! < i —
o~ | " |
=2 |
N
S
‘% R @ S & Tom b
a o o & S 9 S Sme 9§
o o oo — o o~ ~NOoO ™ m
105 100 95 90 85 80 75 70 65 60 45 40 35 30 25 20 15 10 0S5

55 5.0
f1 (ppm)

208



@Nsz
JN®

Chapter 6

< ™M
o Z u}
—MNMWINn M~ !
NNRTEES <
NNy %
<
&
|
j illl
160 150 140 130 120 110 100 9 8 70 6 S0 4 30 20 10
f1 (ppm)
Figure A3. I1H NMR and *3C NMR spectra of miL1.
mIL1  scan pos, MeOH, 20V
TQD_VS_0016 1 (0.058) [M]+ Scan ES+
151.1 1.91e8
1004
=
AR LS IR B "”r'”'l'"'|""|""|""|-‘---|mfZ
350 400 450 500 550 600

L L L L L L LA ALl LALES Lasan Lot
50 100 150 200 250 300

209



Development of Advanced Materials Based on Polymeric lonic Liquids Formulated for Additive Manufacturing

miLl , scan neg, MeOH, 20V
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Figure A4. ESI-MS spectra of mIL1 in positive and negative mode.
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Figure AS. (Left) FT-IR spectrum of miL1; (right) TGA-DSC spectra of miL1.

210



Chapter 6

1-(3-hydroxypropyl)-3-vinylimidazolium bromide (HVI.Br)
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Figure A6. 1H NMR and 3C NMR spectra of HVI.Br.
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Figure A7. ESI-MS spectra of HVI.Br in positive and negative mode.

212



Chapter 6

1-(3-hydroxypropyl)-3-vinylimidazolium bis(trifluoromethane)sulfonimide (miL2)
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Figure A8. H NMR and 3C NMR spectra of miL2.
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Figure A10. (Left) FT-IR spectrum of miL2; (right) TGA-DSC spectra of miL2.
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[2-(acryloyloxy)ethyl]trimethyl-ammonium bis(trifluoromethane)sulfonimide (mlIL3)
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Figure A11.H NMR and 3C NMR spectra of miL3.
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Figure A12. ESI-MS spectra of mIL3 in positive and negative mode.
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Figure A13. (Left) FT-IR spectrum of miL3 (blue) and the precursor AcrEMA.Cl (black); (right) TGA-DSC
spectra of miL3.
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6.2 Characterisation of the Compounds Synthesised in Chapter 3

Spectra mentioned in Section 3.6.5.

1-butyl-3-vinylimidazolium dicyanamide (BVI.N(CN)>)
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BVEN(CN), scanneg, MeOH,20 V,

TOD_YS_00088 1 (0.136) Scan ES-
66.1 2.02e6
100+ -
S N(CN),
87.0
// Traces from other samples
=
265.3
J M m/z
B0 : 1] 190 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540 560 580 600

Figure A15. E£SI-MS spectra of BVI.N(CN); in positive and negative mode.

1-butyl-3-vinylimidazoliumiodide (BVL.I)

-—0.94

©
/§®N/\/\

7 N

T
s
g B
= PN 8%
| | 5 R
o - | -
b | w !
~ 4 !
| l l L.
L. i
& e & & & & S
< =N = = =] S 2 2
o O - O — — ~ ~ ~ ™M
105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0
f1 (ppm)

219



Development of Advanced Materials Based on Polymeric lonic Liquids Formulated for Additive Manufacturing

@'6
N/\EN/\/\
VRN

n N
- z 9
o~
o~ ™ 1
l‘-: |
mg \n <«
- 2 2
Jr RN =
& | |
— P !
% [
m
i
!
L
——T—T —————— T
145 135 125 115 105 95 90 85 ?{)( 75)70 65 60 55 50 45 40 35 30 25 20 15 10 5
ppm

Figure A16. H NMR and *3C NMR spectra of BVI.1.
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Figure A17. ESI-MS spectra of BVI.I in positive and negative mode.
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Figure A18. (Left) FT-IR spectrum of BVI.I; (right) TGA-DSC spectra of BVI.1.
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[2-(acryloyloxy)ethyl]trimethyl-ammonium dicyanamide (AcrEMA.N(CN),)
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Figure A19. ’H NMR and 3C NMR spectra of AcrEMA.N(CN),.
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Figure A20. ESI-MS spectra of AcrEMA.N(CN); in positive and negative mode.
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Figure A21. (Left) FT-IR spectrum of AcrEMA.N(CN),; (right) TGA-DSC spectra of AcrEMA.N(CN),.
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[2-(acryloyloxy)ethyl]trimethyl-ammonium iodide (AcrEMA.I)
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Figure A22.1H NMR and 3C NMR spectra of AcrEMA.I.

224



Chapter 6

O O 100- 4
o. I
/\I(])/ \/\@'i‘* 80._
0,4 - -2
60 "o
3 ® =
< o2 404 -0
0,0+ L2
0_
4000 3000 2000 1000 100 200 300 400 500 600 700
Wavenumber (cm™) T (°C)
Figure A23. (Left) FT-IR spectrum of AcrEMA.I; (right) TGA-DSC spectra of AcrEMA.I.
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Figure A25. ESI-MS spectra of AcrEMA.BF4 in positive and negative mode.
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Figure A26. (Left) FT-IR spectrum of AcrEMA.BF4; (right) TGA-DSC spectra of AcrEMA.BF..
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6.3 Characterisation of the Compounds Synthesised in Chapter 4

Spectra mentioned in Section 4.6.3.

1-butyl-3-methylimidazolium bromide (BMI.Br)
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Figure A27.1H NMR and *3C NMR spectra of BMI.Br.
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Figure A28. ESI-MS spectra of BMI.Br in positive and negative mode.

1-butyl-3-methylimidazolium bis(trifluoromethane) sulfonimide (IL1)
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Figure A29. IH NMR and *3C NMR spectra of IL1.
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Figure A30. ESI-MS spectra of IL1 in positive and negative mode.
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Figure A31. (Left) FT-IR spectrum of IL1; (centre) Raman spectrum of IL1 (emission wavelength at 785

nm); (right) TGA-DSC spectra of IL1.
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1-dodecane-3-methylimidazolium bromide (DMI.Br)
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Figure A32. IH NMR and 3C NMR spectra of DMI.Br.
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Figure A33. ESI-MS spectra of DMI.Br in positive and negative mode.

234



Chapter 6

1-dodecane-3-methylimidazolium bis(trifluoromethane) sulfonimide (IL2)
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Figure A34.1H NMR and 3C NMR spectra of IL2.
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Figure A36. (Left) FT-IR spectrum of IL2, (centre) Raman spectrum of IL2 (emission wavelength at 785
nm); (right) TGA-DSC spectra of IL2.
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Choline bis(trifluoromethane)sulfonimide (IL3)
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